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Foreword 
The ACS SYMPOSIUM SERIES was founded in 1974 to provide a 
medium for publishing symposia quickly in book form. The 
format of the Series parallels that of the continuing ADVANCES 
IN CHEMISTRY SERIES except that, in order to save time, the 
papers are not typeset but are reproduced as they are submitted 
by the authors in camera-ready form. Papers are reviewed under 
the supervision of the Editors with the assistance of the Series 
Advisory Board and are selected to maintain the integrity of the 
symposia; however, verbatim reproductions of previously pub­
lished papers are no
research are acceptable  symposi y
types of presentation. 
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Preface 

REST IN THE EFFECTS OF RADIATION on polymeric materials is 
rapidly increasing. Changes in the physical or mechanical properties of a 
polymer can be induced by small amounts of radiation; for example, even 
a few scissions or cross-links per molecule can dramatically affect the 
strength or solubility of a polymer. Such changes determine whether a 
particular polymer will have an application in industry. 

The irradiation of polymers is widespread in many industries. For 
example, microlithograph
integrated circuits that y
volatility of thin polymer resist films by radiation. The sterilization by 
radiation of medical and pharmaceutical items, many of which are 
manufactured from polymeric materials, is increasing. This trend arises 
from both the convenience of the process and the concern about the tox­
icity of chemical sterilants. Information about the radiolysis products of 
natural and synthetic polymers used in the medical industry is required 
for the evaluation of the safety of the process. 

UV and high-energy irradiation of polymer coatings on metals and 
other substrates has been developed for various industrial purposes. 
Irradiation causes the modification of polymer properties, and these spe­
cial properties form the basis of major industries in heat-shrinkable films 
and tubings, cross-linked polymers, and graft copolymers. In the 
aerospace industry, advanced polymeric materials are used in many 
applications because of their high strength and low-weight performance. 
However, these materials are subject to degradation in space by UV and 
high-energy radiation, as well as bombardment by oxygen atoms. 

A thorough understanding of the fundamentals of polymer chemistry 
and the effects of radiation on polymeric materials is therefore critical 
for the aerospace and other industries. Further technological advances 
in this field will require the interaction and collaboration between basic 
and applied researchers. 

This book emphasizes the technological significance of the effects of 
radiation on polymers and draws attention to the major interactions 
between fundamental science and advanced technology. Although the 
field of polymer radiation chemistry is not exhaustively covered, a sam­
pling of the ongoing basic and applied research in this area is presented. 
Review chapters have been included that cover fundamental radiation 
chemistry, spectroscopic methods, materials for microlithography, and 
radiation-durable materials. 
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Chapter 1 

Radiation Chemistry of Polymers 

James H. O'Donnell 

Polymer and Radiation Group, Department of Chemistry, University 
of Queensland, St. Lucia, Brisbane 4067, Australia 

Changes in the properties of polymer materials caused 
by absorption of high-energy radiation result from a 
variety of chemical reactions subsequent to the 
initial ionizatio
experimental procedures may be used to measure, 
directly or indirectly, the radiation chemical yields 
for these reactions. The chemical structure of the 
polymer molecule is the main determinant of the 
nature and extent of the radiation degradation, but 
there are many other parameters which influence the 
behaviour of any polymer material when subjected to 
high-energy radiation. 

Development of new applications of radiation modifications of the 
properties of polymers in high technology industries such as 
electronics and the exposure of polymer materials to radiation 
environments as diverse as medical sterilization and the Van 
Allen belts of space have resulted in a renewed interest in 
fundamental radiation chemistry of polymers. 

The main features of the chemical aspects of radiation­
-induced changes in polymers, which are responsible for changes in 
their material properties are considered in this chapter. 

TYPES OF RADIATION 

High-energy radiation may be classified into photon and 
particulate radiation. Gamma radiation is utilized for 
fundamental studies and for low-dose rate irradiations with deep 
penetration. Radioactive isotopes, particularly cobalt-60, 
produced by neutron irradiation of naturally occurring cobalt-59 
in a nuclear reactor, and caesium-137, which is a fission product 
of uranium-235, are the main sources of gamma radiation. X­
-radiation, of lower energy, is produced by electron bombardment 
of suitable metal targets with electron beams, or in a 
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2 EFFECTS OF RADIATION ON HIGH-TECHNOLOGY POLYMERS 

synchrotron. Photon r a d i a t i o n has a l a r g e h a l f - d i s t a n c e f o r 
absorption compared to the range of p a r t i c u l a t e r a d i a t i o n . 

E l e c t r o n i r r a d i a t i o n i s normally obtained from e l e c t r o n 
a c c e l e r a t o r s to give beams with energies i n the MeV range. The 
corresponding p e n e t r a t i o n depths are then a few mm. Much lower 
energy e l e c t r o n beams, e.g. 10-20 keV, are used i n e l e c t r o n 
microscopy and i n e l e c t r o n beam l i t h o g r a p h y . A l a r g e p r o p o r t i o n 
of the energy i s then deposited i n urn t h i c k polymer f i l m s . The 
e l e c t r o n beams may be programmed to t r a n s f e r a c i r c u i t p a t t e r n 
from a computer to a r e s i s t f i l m of r a d i a t i o n - s e n s i t i v e polymer. 

Nuclear r e a c t o r s are a source of high r a d i a t i o n f l u x e s . 
This comprises mainly neutrons and gamma rays, and la r g e i o n i z e d 
p a r t i c l e s ( f i s s i o n products) c l o s e to the f u e l elements. The 
neutrons l a r g e l y produce protons i n hydrocarbon polymers by 
"knock-on" r e a c t i o n s , so that the r a d i a t i o n chemistry of neutrons 
i s s i m i l a r to that of proton beams, which may a l t e r n a t i v e l y be 
produced using p o s i t i v e - i o

The e f f e c t s of th
ma t e r i a l s i s now of considerable importance due to the i n c r e a s i n g 
use of communications s a t e l l i t e s . Geosynchronous o r b i t 
corresponds to the second Van A l l e n b e l t of r a d i a t i o n , which 
comprises mainly e l e c t r o n s and protons of high energy. 

Alpha p a r t i c l e s cause intense i o n i z a t i o n and e x c i t a t i o n due 
to t h e i r l a r g e mass and consequently produce s u b s t a n t i a l surface 
e f f e c t s . Larger charged p a r t i c l e s may be produced i n p o s i t i v e 
i o n a c c e l e r a t o r s . 

ABSORPTION OF RADIATION 

Photon r a d i a t i o n undergoes energy absorption by p a i r production 
(high energies, > 4 MeV), Compton s c a t t e r i n g and the 
p h o t o e l e c t r i c e f f e c t (low energies, < 0.2 MeV). In the 
p h o t o e l e c t r i c e f f e c t a l l of the energy of the i n c i d e n t photon i s 
t r a n s f e r r e d to an e l e c t r o n ejected from the valence s h e l l , 
whereas i n Compton s c a t t e r i n g there i s a l s o a s c a t t e r e d photon 
(of lower energy). Thus, the r a d i a t i o n chemistry of photons 
occurs mainly through i n t e r a c t i o n of secondary e l e c t r o n s with the 
polymer molecules. 

E l e c t r o s t a t i c r e p u l s i o n between high-energy e l e c t r o n s -
produced from an a c c e l e r a t o r , or by photon i n t e r a c t i o n with 
substrate atoms - and valency e l e c t r o n s i n the polymer cause 
e x c i t a t i o n and i o n i z a t i o n . The chemical r e a c t i o n s r e s u l t from 
these s p e c i e s . 

The absorption of high-energy r a d i a t i o n depends only on the 
e l e c t r o n d e n s i t y of the medium. Mass d e n s i t y i s a reasonable 
f i r s t approximation to e l e c t r o n d e n s i t y . More a c c u r a t e l y , and 
conveniently, the average value of the r a t i o n of Z/A f o r the 
atoms, where Z i s the atomic number and A i s the atomic mass, can 
be used to c a l c u l a t e r e l a t i v e dose. 
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1. O'DONNELL Radiation Chemistry of Polymers 3 

The d e p t h - p r o f i l e of photon absorption i s analogous to that 
f o r U V - v i s i b l e l i g h t , i . e . I = Io exp(-Ad), where the mass energy 
absorption c o e f f i c i e n t , u/g i s used i n s t e a d of the e x t i n c t i o n 
c o e f f i c i e n t . P a r t i c u l a t e energy absorption can be described by 
r e l a t i v e stopping powers. 

The i n t e r a c t i o n of neutrons with organic molecules occurs 
mainly through knock-on of protons. Thus, the r a d i a t i o n 
chemistry i s s i m i l a r to proton i r r a d i a t i o n . R a d i a t i o n chemistry 
by p o s i t i v e ions i s of i n c r e a s i n g importance on account of i o n 
im p l a n t a t i o n technology, plasma development and d e p o s i t i o n 
processes, and cosmic i r r a d i a t i o n . 

UNITS. Energy absorption has been t r a d i t i o n a l l y expressed as 
dose r a t e i n rad, corresponding to 10- 2 J/kg. The SI u n i t i s 
the gray (Gy), which i s 1 j o u l e per kg. 

Ra d i a t i o n chemical
values f o r numbers of molecule
eV) of energy absorbed. 

DEPTH PROFILE. The secondary e l e c t r o n s produced by i o n i z a t i o n 
processes from an i n c i d e n t beam of high-energy e l e c t r o n s are 
randomly d i r e c t e d i n space. S p a t i a l " e q u i l i b r i u m " i s achieved 
only a f t e r a minimum dist a n c e from the surface of a polymer i n 
contact with a vacuum or gaseous environment (of much lower 
d e n s i t y ) . Consequently, the absorbed r a d i a t i o n dose increases 
to a maximum at a distance from the surface (2 mm f o r 1 MeV 
el e c t r o n s ) which depends on the energy of the e l e c t r o n s . The 
energy d e p o s i t i o n then decreases towards zero at a l i m i t i n g 
p e n etration depth. 

TEMPERATURE RISE DURING IRRADIATION. The chemical r e a c t i o n s 
which r e s u l t from i r r a d i a t i o n of polymers consume only a small 
f r a c t i o n of the absorbed energy, which i s mainly d i s s i p a t e d i n 
the form of heat. Thus, 0.1 MGy of energy absorbed i n water w i l l 
produce a temperature r i s e of 24 °C - and more i n a polymer. 

PRIMARY PROCESSES. Absorption of high-energy r a d i a t i o n by 
polymers produces e x c i t a t i o n and i o n i z a t i o n and these e x c i t e d and 
i o n i z e d species are the i n i t i a l chemical r e a c t a n t s . The ejected 
e l e c t r o n must l o s e energy u n t i l i t reaches thermal energy. 
Geminate recombination wi t h the parent c a t i o n r a d i c a l may then 
occur and i s more l i k e l y i n substrates of low d i e l e c t r i c 
constant. The r e s u l t a n t e x c i t e d molecule may undergo homolytic 
or h e t e r o l y t i c bond s c i s s i o n . A l t e r n a t i v e l y , the parent c a t i o n 
r a d i c a l may undergo spontaneous decomposition, or ion-molecule 
r e a c t i o n s . The i n i t i a l l y e j ected e l e c t r o n may be s t a b i l i z e d by 
i n t e r a c t i o n w i t h p o l a r groups, as a s o l v a t e d species or as an 
anion r a d i c a l . 
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4 EFFECTS OF RADIATION ON HIGH-TECHNOLOGY POLYMERS 

P - V W P t + e" 

- A V » P * 

e- — > e - t h 

P t + e " t h P 

P* — > Ri- + R 2-

P* — > A + + B" 

p t — > C + + D • 

P + + P-»PX + E + 

e " + S ^ e " s o l v , S T 

The r a d i a t i o n chemistry of polymers i s th e r e f o r e the 
chemistry of n e u t r a l , c a t i o n and anion r a d i c a l s , c a t i o n s and 
anions, and e x c i t e d s p e c i e s . 

SECONDARY REACTIONS. The r e a c t i o n s of the fr e e r a d i c a l s i n c l u d e 
(1) a b s t r a c t i o n s (of H atoms, with preference f o r t e r t i a r y H, and 
of halogen atoms), (2) a d d i t i o n to double bonds, which are very 
e f f i c i e n t scavengers f o r r a d i c a l s , (3) decompositions to give 
both small molecule products, such as C O 2 , and (4) chain s c i s s i o n 
and c r o s s l i n k i n g of molecules. 

R • + R'H —> RH + R'. 

R • + R'Cl -4 R CI + R'-

R • + CH 2 = CHR'-*RCH2-CHR 

CAGE EFFECTS. When main-chain bond s c i s s i o n occurs i n polymer 
molecules i n the s o l i d s t a t e to form two f r e e r a d i c a l s , the 
l i m i t e d m o b i l i t y of the r e s u l t a n t chain fragments must m i t i g a t e 
against permanent s c i s s i o n . This concept i s supported by the 
increased y i e l d s of s c i s s i o n i n amorphous compared with 
c r y s t a l l i n e polymers. S i m i l a r l y , the s c i s s i o n y i e l d s ar 
increased above, the gl a s s t r a n s i t i o n , Tg, and melting, Tm, 
temperatures. There i s a l s o evidence from NMR s t u d i e s of the 
changes i n t a c t i c i t y i n poly(methyl methacrylate) that 
racemization occurs at a higher r a t e than permanent s c i s s i o n of 
the main chain, c o n s i s t e n t with i n i t i a l main-chain bond s c i s s i o n , 
r o t a t i o n of the newly formed chain-end r a d i c a l , and geminate 
recombination. 
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1. O'DONNELL Radiation Chemistry of Polymers 5 

RADIATION-SENSITIVE GROUPS. Although the absorption of r a d i a t i o n 
energy i s dependent only on the e l e c t r o n d e n s i t y of the substrate 
and t h e r e f o r e occurs s p a t i a l l y at random on a molecular s c a l e , 
the subsequent chemical changes are not random. Some chemical 
bonds and groups are p a r t i c u l a r l y s e n s i t i v e to r a d i a t i o n - i n d u c e d 
r e a c t i o n s . They i n c l u d e COOH, C-Hal, - S O 2 - , N H 2 , C=C. S p a t i a l 
s p e c i f i c i t y of chemical r e a c t i o n may r e s u l t from i n t r a m o l e c u l a r 
or i n t e r m o l e c u l a r m i g r a t i o n of energy or of r e a c t i v e species -
f r e e r a d i c a l s or i o n s . 

Enhanced r a d i a t i o n s e n s i t i v i t y may be designed i n t o polymer 
molecules by i n c o r p o r a t i o n of r a d i a t i o n s e n s i t i v e groups,and t h i s 
i s an important aspect of research i n e beam l i t h o g r a p h y . 

RADIATION-RESISTANT GROUPS. Aromatic groups have long been known 
to give s i g n i f i c a n t r a d i a t i o n r e s i s t a n c e to organic molecules. 
There was e a r l y work on the hydrogen y i e l d s from cyclohexane 
(G=5) and benzene (G=0.04
mixtures, which showed

A s u b s t a n t i a l i n t r a m o l e c u l a r p r o t e c t i v e e f f e c t by phenyl 
groups i n polymers i s shown by the low G values f o r H2 and 
c r o s s l i n k i n g i n polystyrene (s u b s t i t u e n t phenyl) and i n 
polyarylene sulfones (backbone phenyl), as w e l l as many other 
aromatic polymers. The r e l a t i v e r a d i a t i o n r e s i s t a n c e of 
d i f f e r e n t aromatic groups i n polymers has not been e x t e n s i v e l y 
s t u d i e d , but appears to be s i m i l a r , except that biphenyl provides 
increased p r o t e c t i o n . Studies on various poly(amino a c i d ) s 
i n d i c a t e that the phenol group i s p a r t i c u l a r l y r a d i a t i o n 
r e s i s t a n t . 

The combination of r a d i a t i o n - s e n s i t i v e and r a d i a t i o n -
r e s i s t a n t groups i s i n t e r e s t i n g . Halogen s u b s t i t u t i o n of the 
phenyl group i n polystyrene r e s u l t s i n high r a d i a t i o n s e n s i t i v i t y 
with i n t e r - m o l e c u l a r c r o s s l i n k i n g . 

RADIATION-INDUCED CHEMICAL CHANGES IN POLYMERS 

The molecular changes i n polymers r e s u l t i n g from r a d i a t i o n -
induced chemical r e a c t i o n s may be c l a s s i f i e d as: 

1. Chain c r o s s l i n k i n g , causing increase i n molecular weight. 
The continued c r o s s l i n k i n g of molecules r e s u l t s i n the formation 
of a macroscopic network and the polymer i s no longer completely 
s o l u b l e , the s o l u b l e f r a c t i o n decreasing with r a d i a t i o n dose. 

2. Chain s c i s s i o n , causing decrease i n molecular weight. Many 
ma t e r i a l p r o p e r t i e s of polymers are s t r o n g l y dependent on 
molecular weight, and are s u b s t a n t i a l l y changed by chain 
s c i s s i o n . Strength - t e n s i l e and f l e x u r a l - decreases, and r a t e 
of d i s s o l u t i o n i n solvent i n c r e a s e s . 

3. Small molecule products, r e s u l t i n g from bond s c i s s i o n 
followed by a b s t r a c t i o n or combination r e a c t i o n s , can give 
valuable information on the mechanism of the r a d i a t i o n 
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6 EFFECTS OF RADIATION ON HIGH-TECHNOLOGY POLYMERS 

degradation. Gaseous products, such as C02, may be trapped i n 
the polymer, and t h i s can lead to subsequent c r a z i n g and cra c k i n g 
due to accumulated l o c a l s t r e s s e s . Contamination of the 
environment, e.g. by HC1 l i b e r a t e d from p o l y v i n y l c h l o r i d e ) , can 
be a s i g n i f i c a n t problem i n e l e c t r o n i c d evices. 

4. S t r u c t u r a l changes i n the polymer, which w i l l accompany the 
formation of small molecule products from the polymer, or may be 
produced by other r e a c t i o n s , can cause s i g n i f i c a n t changes to the 
m a t e r i a l p r o p e r t i e s . Development of c o l o u r , e.g. i n 
p o l y a c r y l o n i t r i l e by ladder formation, and i n p o l y ( v i n y l 
c h l o r i d e ) through conjugated u n s a t u r a t i o n , i s a common form of 
degradation. 

MECHANISMS OF SECONDARY REACTIONS. The primary processes 
i n v o l v e d i n absorption of r a d i a t i o n i n polymers lead to the 
expectation of f r e e r a d i c a
secondary chemical r e a c t i o n s
spectroscopy has proved extremely valuable f o r observation of 
fr e e r a d i c a l r e a c t i o n s i n polymers, where various r a d i c a l s are 
s t a b i l i z e d i n the s o l i d matrix at d i f f e r e n t temperatures. 
Y i e l d s of r a d i c a l s and k i n e t i c s of t h e i r transformations and 
decays can be measured. 

Evidence f o r i o n i c r e a c t i o n s has been derived by the use of 
s p e c i f i c scavengers (als o a p p l i c a b l e to r a d i c a l s ) and by 
inference from ion-molecule r e a c t i o n s observed i n the mass 
spectrometer. R a d i c a l and i o n i c mechanisms can be w r i t t e n f o r 
many chemical changes and the p r e f e r r e d pathway i s l i k e l y to 
depend on the i r r a d i a t i o n c o n d i t i o n s , e.g. temperature, and on 
the presence of a d v e n t i t i o u s i m p u r i t i e s , such as water, which 
scavenge i o n s . 

MEASUREMENT OF SCISSION AND CROSSLINKING 

The changes i n molecular weight may be used to determine y i e l d s 
of s c i s s i o n and c r o s s l i n k i n g . Average molecular weights may be 
obtained by viscometry, osmometry, l i g h t s c a t t e r i n g , g e l 
permeation chromatography and sedimentation e q u i l i b r i u m . 
Equations have been derived which r e l a t e G ( s c i s s i o n ) and 
G ( c r o s s l i n k i n g ) to changes i n Mn, Mw and Mz. C r o s s l i n k i n g 
produces branched molecules and the r e l a t i v e hydrodynamic volume 
(per mass u n i t ) decreases compared with l i n e a r molecules. 
Therefore, molecular weights derived from viscometry and g e l 
permeation chromatography w i l l be subject to e r r o r . 

The equations r e l a t i n g Mn and Mw to r a d i a t i o n dose which are 
most f r e q u e n t l y used apply to a l l i n i t i a l molecular weight 
d i s t r i b u t i o n s f o r Mn, but only to the most probable d i s t r i b u t i o n 
(Mw/Mn = 2) f o r Mw. However, equations have been derived f o r 
other i n i t i a l d i s t r i b u t i o n s , e s p e c i a l l y f o r r e p r e s e n t a t i o n by the 
Schulz-Zimm d i s t r i b u t i o n equation. 

The use of Mz has been l a r g e l y neglected i n the ev a l u a t i o n 
of c r o s s l i n k i n g and s c i s s i o n i n polymers, yet i t i s p a r t i c u l a r l y 
s e n s i t i v e to higher molecular weight molecules produced by 
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c r o s s l i n k i n g . The equations f o r Mz c u r r e n t l y a v a i l a b l e are 
d i f f i c u l t to use. Mz can be obtained from sedimentation 
e q u i l i b r i u m experiments i n the u l t r a c e n t r i f u g e - an experimental 
procedure a l s o l a r g e l y neglected f o r s y n t h e t i c polymers. 

MOLECULAR WEIGHT DISTRIBUTIONS. There i s more inf o r m a t i o n on 
s c i s s i o n and c r o s s l i n k i n g a v a i l a b l e i n the complete molecular 
weight d i s t r i b u t i o n than i n average molecular weights. 
Equations s u i t a b l e f o r s i m u l a t i o n of molecular weight 
d i s t r i b u t i o n s f o r any i n i t i a l d i s t r i b u t i o n and chosen values of 
G( s c i s s i o n ) and G ( c r o s s l i n k i n g ) have been developed and 
demonstrated. The molecular weight d i s t r i b u t i o n s may be 
obtained by GPC (with the l i m i t a t i o n of changes i n r e l a t i v e 
hydrodynamic volumes) and by sedimentation v e l o c i t y i n the 
u l t r a c e n t r i f u g e . 

SOLUBLE/INSOLUBLE (GEL
over s c i s s i o n (when G ( c r o s s l i n k
i n s o l u b l e f r a c t i o n above the g e l dose, may be used to de r i v e G 
values f o r both processes. An equation was deriv e d by Charlesby 
and Pinner f o r the most probable molecular weight d i s t r i b u t i o n 
and s i m i l a r equations have been derived f o r other d i s t r i b u t i o n s . 

C r o s s l i n k i n g y i e l d s can a l s o be deriv e d from the extent of 
s w e l l i n g of the i r r a d i a t e d polymer ( i f the hydrodynamic 
i n t e r a c t i o n f a c t o r , X, between the polymer and the solvent i s 
known a c c u r a t e l y ) , or from s t r e s s r e l a x a t i o n measurements on 
elastomers. 

NMR DETERMINATION OF SCISSION AND CROSSLINKING. The methods 
described above using changes i n molecular weight, s o l u b l e 
f r a c t i o n or mechanical p r o p e r t i e s are r e l a t e d i n d i r e c t l y to the 
rates of s c i s s i o n and c r o s s l i n k i n g . They give no informa t i o n 
about the nature of the c r o s s l i n k s or the new chain ends. 

For example, H c r o s s l i n k s are considered to r e s u l t from 
formation of a covalent bond between two d i f f e r e n t molecules. 
Two r a d i c a l s i t e s i n c l o s e p r o x i m i t y may be produced by migration 
of the s i t e s along chains or by formation of the s i t e s i n c l o s e 
p r o x i m i t y through H or X a b s t r a c t i o n on the second molecule by an 
H or X atom formed by C-X s c i s s i o n on the f i r s t molecule. H-
l i n k s have been c l e a r l y demonstrated by 1 3 C NMR i n i r r a d i a t e d 
polydienes. 

NMR resonances a t t r i b u t a b l e to Y - l i n k s have been reported 
i n polyethylene a f t e r i r r a d i a t i o n to low doses. These 
c r o s s l i n k s are suggested to be formed by r e a c t i o n of a chain 
r a d i c a l with a C=C double bond at the end of another molecule. 

Methyl end groups r e s u l t i n g from main-chain s c i s s i o n i n 
ethylene-propylene copolymers have observed by t h e i r 
c h a r a c t e r i s t i c 13C NMR resonance and determined q u a n t i t a t i v e l y to 
give values of G ( s c i s s i o n ) . 

CLUSTERING OF CROSSLINKS. The value of G ( c r o s s l i n k ) obtained by 
q u a n t i t a t i v e 1 3 C NMR can be compared with values obtained by 
other methods, such as s o l u b l e f r a c t i o n s . Much l a r g e r values 
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have been obtained i n r a d i a t i o n - c r o s s l i n k e d polybutadienes by 
NMR. This has been a t t r i b u t e d to c l u s t e r i n g of the c r o s s l i n k s , 
so that the number would be under-estimated by s w e l l i n g , 
s o l u b i l i t y and mechanical property methods. 

C l u s t e r i n g of c r o s s l i n k s can be explained by a k i n e t i c chain 
r e a c t i o n o c c u r r i n g through the C=C double bonds. C r o s s l i n k i n g 
by the conventional v u l c a n i z a t i o n process with s u l f u r has been 
shown by NMR to proceed through the a l l y l i c hydrogen atoms. 
Thus, the mechanism of c r o s s l i n k i n g i s d i f f e r e n t i n the two 
methods. 

MORPHOLOGY EFFECTS 

The r a t e s of d i f f e r e n t chemical r e a c t i o n s i n i r r a d i a t e d polymers 
are dependent on p h y s i c a l as w e l l as chemical f a c t o r s . Polymers 
may have c r y s t a l l i n e and g l a s s y or rubbery amorphous regions
The morphology may be q u i t
perfectness of c r y s t a l l i n i t y
amorphous regions and t i e molecules. 

There i s w e l l - e s t a b l i s h e d evidence that G values are u s u a l l y 
greater i n amorphous than c r y s t a l l i n e regions, e s p e c i a l l y f o r 
c r o s s l i n k i n g , which may not occur i n c r y s t a l l i n e regions, and 
greater i n rubbery than g l a s s y polymers. Increasing a t t e n t i o n 
i s being d i r e c t e d to the r o l e of the i n t e r f a c e between 
c r y s t a l l i n e and amorphous regions. R a d i c a l s may migrate from 
the i n t e r i o r of the c r y s t a l l i n e regions to these surfaces and be 
s t a b i l i z e d . Molecules at boundaries may be under s t r e s s and 
consequently e x c e p t i o n a l l y r e a c t i v e . 

LOSS OF CRYSTALLINITY. Rad i a t i o n causes breakdown of the 
c r y s t a l l i n e regions i n polymers, although small increases may be 
observed at low doses, a t t r i b u t e d to s c i s s i o n of t i e molecules, 
reduction of molecular weight of polymer molecules i n the 
amorphous regions and some secondary c r y s t a l l i z a t i o n . These 
changes can be measured by thermal a n a l y s i s techniques, such as 
d i f f e r e n t i a l scanning c a l o r i m e t r y (DSC). A f t e r l a r g e doses 
changes i n the X-ray d i f f r a c t i o n patterns become evident. The 
peaks broaden, due to decreasing c r y s t a l l i t e s i z e , and the r a t i o 
of c r y s t a l l i n e peaks to amorphous halo decreases. Doses above 
10 MGy cause s u b s t a n t i a l decreases i n c r y s t a l l i n i t y . 

TEMPERATURE EFFECTS 

The r a t e s of chemical r e a c t i o n s increase with temperature due to 
the greater p r o p o r t i o n of molecules which have energies i n excess 
of the a c t i v a t i o n energy and t h i s w i l l apply to r a d i a t i o n - i n d u c e d 
secondary r e a c t i o n s i n polymers. However, s o l i d polymers are 
a l s o c h a r a c t e r i z e d by t h e i r g l a s s and melting t r a n s i t i o n 
temperatures. S u b s t a n t i a l changes i n molecular m o b i l i t y occur 
across these t r a n s i t i o n s and the r a t e s of chemical r e a c t i o n s are 
f r e q u e n t l y g r e a t l y a f f e c t e d . 

A l l chemical r e a c t i o n s are i n p r i n c i p l e r e v e r s i b l e and t h i s 
a p p l i e s e q u a l l y to p o l y m e r i z a t i o n . Therefore, formation of 
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a c t i v e s i t e s , p a r t i c u l a r l y f r e e r a d i c a l s by chain s c i s s i o n , which 
are i d e n t i c a l to propagating r a d i c a l s , can lead to depropagation. 
The p r o b a b i l i t y of depropagation w i l l increase with temperature 
and can have an important r o l e i n the r a d i a t i o n degradation of 
polymers with low a c t i v a t i o n energies f o r propagation. Thus, 
poly(alpha-methyl styrene) and poly(methyl methacrylate) show 
i n c r e a s i n g amounts of monomer formation during i r r a d i a t i o n above 
150 and 200 °C, r e s p e c t i v e l y . 

EFFECT OF DOSE RATE 

The main e f f e c t s of dose r a t e are due to an increase i n 
temperature of the polymer and d e p l e t i o n of oxygen ( f o r 
i r r a d i a t i o n i n a i r ) at high dose r a t e s . I t seems u n l i k e l y that 
d i r e c t e f f e c t s of dose r a t e should occur f o r e l e c t r o n , gamma and 
X i r r a d i a t i o n , due to the low s p a t i a l d e n s i t y of the i o n i z a t i o n s 
and e x c i t a t i o n s . 

EFFECT OF STRESS 

Research s t u d i e s of r a d i a t i o n e f f e c t s on polymer m a t e r i a l s are 
normally c a r r i e d out on samples i n powder, granule, f i l m or sheet 
form i n a completely unstressed c o n d i t i o n . 

There i s evidence f o r both UV and high-energy i r r a d i a t i o n of 
polymers that simultaneous a p p l i c a t i o n of an a p p l i e d s t r e s s with 
i r r a d i a t i o n can decrease the l i f e t i m e to f a i l u r e . This occurs 
through an increase i n the r a t e of creep, and i s p r o p o r t i o n a t e l y 
greater at low s t r e s s e s . The cause of t h i s stress-enhancement 
of r a d i a t i o n - i n d u c e d degradation i s not understood. Suggestions 
have been made of l o c a l i z e d heating or of increased 
s u s c e p t i b i l i t y of t i e molecules, but f u r t h e r i n v e s t i g a t i o n of 
t h i s f i e l d i s necessary, and important. 

Polymer m a t e r i a l s are f r e q u e n t l y used under s t r e s s loadings 
and these may be concentrated at c e r t a i n p a r t s of the s t r u c t u r e . 
Thermal s t r e s s e s may be induced by non-uniform heating or by 
d i f f e r e n t i a l expansion c o e f f i c i e n t s ; the l a t t e r may be an 
important f a c t o r i n the degradation of f i b r e - r e i n f o r c e d 
composites i n the r a d i a t i o n environment of space. 

Stresses may a l s o be produced l o c a l l y i n polymers by 
trapping of gaseous products during i r r a d i a t i o n . Processing of 
polymers, as f o r example by i n j e c t i o n moulding, f i l m e x t r u s i o n , 
i n c l u d i n g u n i - or b i - a x i a l o r i e n t a t i o n , or solvent c a s t i n g 
without annealing, may a l s o produce i n b u i l t s t r e s s e s which 
s e n s i t i z e the polymer to degradation by r a d i a t i o n . 

STRUCTURAL CHANGES IN POLYMERS 

The chemical s t r u c t u r e s of polymers w i l l be changed by the 
e v o l u t i o n of small molecule products. The formation of C=C bonds 
i n the polymer backbone by l o s s of H2 from hydrocarbon polymers, 
or HC1 from PVC, i s w e l l e s t a b l i s h e d and leads to c o l o u r a t i o n of 
the polymer, e s p e c i a l l y with i n c r e a s i n g sequence lengths of 
conjugated u n s a t u r a t i o n . C a r b o x y l i c a c i d groups are 
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p a r t i c u l a r l y s u s c e p t i b l e to decomposition with l i b e r a t i o n of CO 
and CO2. Short branches are p r e f e r e n t i a l l y l o s t from polymers 
on account of the lower bond strength of attachment to the 
backbone chain and the increased a b i l i t y f o r d i f f u s i o n of the 
a l k y l fragment from the s c i s s i o n s i t e . NMR, UV and IR 
spectroscopy have been used to observe these s t r u c t u r a l changes. 

SMALL MOLECULE PRODUCTS. The small molecule products from 
i r r a d i a t i o n of polymers i n c l u d e hydrogen, alkanes and alkenes, CO 
and CO2, SO2, H2O and HC1 depending on the chemical composition 
of the polymer. They may be p a r t l y evolved and p a r t l y trapped 
i n the polymer according to t h e i r v o l a t i l i t y , the sample 
dimensions and the temperature. 

Gas chromatography can be used to determine the y i e l d s of 
v o l a t i l e products i n very small amounts, e s p e c i a l l y by breaking 
an ampoule of i r r a d i a t e d polymer i n the i n j e c t i o n system of the 
chromatograph. The i d e n t i t
can be determined with
spectrometry, i n c l u d i n g the combination of GC and MS. Less 
v o l a t i l e products can be determined by l i q u i d chromatography, 
i n c l u d i n g HPLC, although t h i s i s a r e l a t i v e l y u nexploited area of 
i n v e s t i g a t i o n . 

LOV MOLECULAR WEIGHT MODEL COMPOUNDS. The mechanisms of 
r a d i a t i o n e f f e c t s on polymers are f r e q u e n t l y i n v e s t i g a t e d by 
stud i e s of low molecular weight model compounds. A n a l y s i s of 
the chemical r e a c t i o n s i s much e a s i e r than with high molecular 
weight polymers. Thus, N-acetyl amino acids can be studi e d as 
model compounds f o r poly(amino a c i d ) s and hence f o r p r o t e i n s . 

However, the chemical changes observed i n low molecular 
weight compounds can be q u i t e misleading as models f o r polymers. 
D i f f i c u l t i e s i n c l u d e the high concentration of end groups, e.g. 
COOH i n N-acetyl amino a c i d s , which can dominate the r a d i a t i o n 
chemistry of the models. Low molecular weight compounds are 
u s u a l l y c r y s t a l l i n e i n the s o l i d s t a t e and r e a c t i o n s such as 
c r o s s l i n k i n g may be i n h i b i t e d or severely retarded. 

ENVIRONMENT FOR IRRADIATION 

Much research i n t o r a d i a t i o n e f f e c t s on polymers i s done with 
samples sealed under vacuum. However, polymer m a t e r i a l s may, i n 
p r a c t i c a l a p p l i c a t i o n s , be subjected to i r r a d i a t i o n i n a i r . The 
e f f e c t of i r r a d i a t i o n i s u s u a l l y s u b s t a n t i a l l y d i f f e r e n t i n a i r , 
with increased s c i s s i o n at the expense of c r o s s l i n k i n g , and the 
formation of peroxides and other oxygen-containing s t r u c t u r e s . 
D i f f u s i o n r a t e s c o n t r o l the access of oxygen to r a d i c a l s produced 
by the r a d i a t i o n , and at high dose r a t e s , as i n e l e c t r o n beams, 
and with t h i c k samples, the behaviour may be s i m i l a r to 
i r r a d i a t i o n i n vacuum. Surface changes may be q u i t e d i f f e r e n t 
from bulk due to the r e l a t i v e a v a i l a b i l i t y of oxygen. 

I r r a d i a t i o n of polymers i n atmospheres of other gases o f f e r 
the p o s s i b i l i t y of a v a r i e t y of chemical m o d i f i c a t i o n s of the 
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polymer molecules, e s p e c i a l l y at the s u r f a c e . This may enhance 
s c i s s i o n or c r o s s l i n k i n g , or a l t e r the m a t e r i a l p r o p e r t i e s . 

ENERGY TRANSFER 

Although the d e p o s i t i o n of r a d i a t i o n energy i s s p a t i a l l y random 
on the molecular s c a l e , the chemical changes are not random. 
The s e l e c t i v i t y of chemical change can be c o r r e l a t e d with the 
s e n s i t i v i t y of some chemical groups to r a d i a t i o n - i n d u c e d 
r e a c t i o n s and the r e s i s t a n c e of others. Transfer of the 
absorbed energy to these r e a c t i v e groups i s necessary and there 
i s i n c r e a s i n g evidence that i t may occur by both i n t e r - and 
in t r a - m o l e c u l a r processes. The chemical s t r u c t u r e of the 
polymer chain may provide pathways f o r energy t r a n s f e r or energy 
t r a p p i n g . Copolymers can be designed to c o n t r o l these 
processes. 

POLYMERIZATION OF OLIGOMER

C r o s s l i n k i n g of oligomers (low molecular weight polymers) i s 
e f f e c t i v e l y a type of p o l y m e r i z a t i o n . I t i s the b a s i s of 
r a d i a t i o n c u r i n g of surface c o a t i n g s . R a d i a t i o n - s e n s i t i v e 
groups, such as double bonds i n a c r y l a t e s and methacrylates, 
enhance p o l y m e r i z a t i o n and chain extension. High dose rat e s are 
used, mainly with e l e c t r o n i r r a d i a t i o n , to achieve high 
conversions i n a few seconds and to take advantage of r e l a t i v e l y 
low d i f f u s i o n r a t e s to avoid oxygen i n h i b i t i o n . 

LANGMUIR-BLODGETT FILMS 

There i s i n c r e a s i n g i n t e r e s t i n very t h i n polymer f i l m s f o r non­
l i n e a r o p t i c a l e f f e c t s i n e l e c t r o n i c a p p l i c a t i o n s . Layers of 
c o n t r o l l e d o r i e n t a t i o n only a few molecules t h i c k can be prepared 
on g l a s s or metal substrates by the Langmuir-Blodgett technique 
using a surface f i l m trough. Low molecular weight monomer f i l m s 
can be polymerized, or polymeric f i l m s modified by e l e c t r o n 
i r r a d i a t i o n . I t i s l i k e l y that t h i s area of r a d i a t i o n e f f e c t s 
on polymers w i l l develop g r e a t l y i n the f u t u r e . 

IRRADIATION OF COPOLYMERS 

The range of p r o p e r t i e s of polymers can be g r e a t l y extended and 
v a r i e d by copolymerization of two or more monomers. The e f f e c t s 
of r a d i a t i o n on copolymers would be expected to show s i m i l a r i t i e s 
to the homopolymers, but major d i f f e r e n c e s from l i n e a r 
r e l a t i o n s h i p s are o f t e n experienced. Aromatic groups i n one 
monomer f r e q u e n t l y show an i n t r a m o l e c u l a r p r o t e c t i v e e f f e c t so 
that the i n f l u e n c e of that monomer may be much greater than i t s 
mole f r a c t i o n . The Tg of a copolymer i s normally intermediate 
between the homopolymers, except f o r block copolymers, and t h i s 
can cause a d i s c o n t i n u i t y i n r a d i a t i o n degradation at a f i x e d 
temperature. 
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Consideration of the r e l a t i o n s h i p between the e f f e c t s of 
r a d i a t i o n on homopolymers and copolymers r a i s e s the question of 
the v a r i a t i o n from homopolymer behaviour with sequence length. 
Every copolymer has a d i s t r i b u t i o n of sequence lengths f o r each 
comonomer. At what minimum sequence length does methyl 
methacrylate not show the high s c i s s i o n of PMMA? The future 
w i l l probably see the development of processes f o r making 
polymers with c o n t r o l l e d mini-block sequences to maximize a 
number of p r o p e r t i e s such as s c i s s i o n y i e l d , adhesion, f l e x u r a l 
s t r e n g t h , Tg.. 

IRRADIATION OF BLENDS 

The p r o p e r t i e s of polymer m a t e r i a l s can e g r e a t l y extended by 
blending two or more homopolymers together. Blends may be 
c l a s s i f i e d as compatible or incompatible  although t h i s does 
depend on the dimension
i n f l u e n c e d by the molecula
enhanced i n p r a c t i c e by i n c o r p o r a t i o n of block copolymers and 
other c o m p a t i b i l i z e r s . The e f f e c t s of r a d i a t i o n on blends 
depend on the degree of c o m p a t i b i l i t y and the extent of i n t e r -
molecular i n t e r a c t i o n ( p h y s i c a l l y and chemically) between the 
d i f f e r e n t types of homopolymers. 

CROSSLINKED NETWORKS 

Some polymer m a t e r i a l s , p a r t i c u l a r l y biomedical m a t e r i a l s and 
step-growth polymers, comprise c r o s s l i n k e d networks. The e f f e c t 
of i r r a d i a t i o n on networks, compared with l i n e a r polymers, w i l l 
depend on whether s c i s s i o n or c r o s s l i n k i n g predominates. 
C r o s s l i n k i n g w i l l cause embrittlement at lower doses, whereas 
s c i s s i o n w i l l l e ad p r o g r e s s i v e l y to breakdown of the network and 
formation of s m a l l , l i n e a r molecules. The r i g i d i t y of the 
network, i . e . whether i n the gl a s s y or rubbery s t a t e (networks 
are not normally c r y s t a l l i n e ) , w i l l a f f e c t the ease of 
c r o s s l i n k i n g and s c i s s i o n . . 

POST-IRRADIATION EFFECTS 

Most i r r a d i a t e d polymers show a con t i n u i n g change i n p r o p e r t i e s 
f o r a long period a f t e r i r r a d i a t i o n . These p o s t - i r r a d i a t i o n 
e f f e c t s may be a t t r i b u t e d to (1) trapped r a d i c a l s which react 
slowly with the polymer molecules and with oxygen which d i f f u s e s 
i n t o the polymer (2) peroxides formed by i r r a d i a t i o n i n the 
presence of a i r or trapped w i t h i n polymers i r r a d i a t e d i n vacuum 
or an i n e r t atmosphere) and slo w l y decompose with formation of 
r e a c t i v e r a d i c a l s , u s u a l l y l e a d i n g to s c i s s i o n , (3) trapped gases 
i n g l a s s y and c r y s t a l l i n e polymers which cause l o c a l i z e d s t r e s s 
concentrations. 

The consequences of p o s t - i r r a d i a t i o n e f f e c t s i n polymer 
m a t e r i a l s are progressive reduction i n st r e n g t h , c r a c k i n g and 
embrittlement. Some reduc t i o n i n these e f f e c t s can be achieved 
by annealing of the trapped r a d i c a l s , a d d i t i o n of appropriate 
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scavengers, release of trapped gases, and control of the 
morphology of the polymer. 

SUMMARY 

There are a great number of parameters involved in determining 
how the properties of polymers are changed by high-energy 
radiation. Relationships between chemical structure and 
radiation sensitivity are modified by the morphology of the 
polymer and the irradiation conditions. 
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Chapter 2 

Early Events in High-Energy 
Irradiation of Polymers 

David F. Sangster 

Lucas Heights Research Laboratories, Division of Materials Science 
and Technology, Commonwealth Scientific and Industrial Research 

Organisation, Private Mail Bag 7, Menai, New South Wales 2234, Australia 

The early event
energy particle
production of radical species are reviewed. An 
outline is given of some of the considerations 
developed in radiation chemical studies that could 
lead to a better understanding of polymeric systems. 
The importance of track structure, the migration of 
species, the role of oxygen, the study of model 
compounds and the use of pulse radiolysis techniques 
are discussed. 

Expressed in its simplest form, high energy ionising radiation 
interacts with materials to produce ionisation and excitation (in 
almost equal amounts) and lattice defects. (1) The resulting 
species can further react to give free radicals, 

which can cause monomers to polymerise, 

polymers to crosslink and degrade, 

and, in mixtures, monomers to graft to polymers 
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2. SANGSTER High-Energy Irradiation of Polymers 15 

The chemical nature and morphology of the m a t e r i a l determines which 
of these reacti o n s are predominant. 

Most studies of the e f f e c t s of i o n i s i n g r a d i a t i o n on polymers 
and polymerising systems consider the r e a c t i o n s subsequent to the 
formation of free r a d i c a l s . Using the v a r i e t y of spectrometric and 
other techniques which are a v a i l a b l e , the i d e n t i t y of the r a d i c a l s 
can be r e a d i l y ascertained and t h e i r r e a c t i o n s can be followed. I t 
i s the purpose of t h i s paper to explore the i n t e r f a c e between the 
physics of r a d i a t i o n i n t e r a c t i o n with the polymer molecule, embedded 
as i t i s i n i t s morphology, and the p h y s i c a l chemistry of the 
r e a c t i o n s of the r e s u l t i n g species which i s followed by the organic 
chemistry of the r a d i c a l s g i v i n g u l t i m a t e l y the observed 
c r o s s l i n k i n g , s c i s s i o n and, i f a monomer i s present, i n i t i a t i o n and 
g r a f t i n g . These are a l l manifestations of the one set of phenomena 
f o l l o w i n g from the production of l e s i o n s by the e a r l y s t o c h a s t i c 
events. I t i s proposed to point up areas of research which could 
lead to a b e t t e r understandin
systems. 

I n t e r a c t i o n of R a d i a t i o n w i t h Matter 

The fundamentals of the i n t e r a c t i o n of r a d i a t i o n with matter have 
been considered i n s e v e r a l t e x t s (1-8). 

E l e c t r o n s . A high energy e l e c t r o n (1 MeV = 0.16 pJ) from an 
e l e c t r o n a c c e l e r a t o r or beta-emitting r a d i o n u c l i d e i n t e r a c t s w i t h 
the o r b i t a l e l e c t r o n s of the m a t e r i a l through i t i s passing. I f the 
energy t r a n s f e r i n a s i n g l e c o l l i s i o n i s large enough, i o n i s a t i o n 
w i l l r e s u l t g i v i n g an energetic e l e c t r o n and i t s p o s i t i v e geminate 
partner. (Equation 1) 

A glancing c o l l i s i o n w i l l produce e x c i t a t i o n of the atom or 
molecule (Equation 2) and the subsequent decay can r e s u l t i n 
luminescence or merely heat. A superexcited species may 
d i s i n t e g r a t e g i v i n g ions, u s u a l l y an e l e c t r o n and i t s p o s i t i v e 
geminate partner (Equation 2 1), or a p a i r of r a d i c a l s . The 
o r i g i n a l e l e c t r o n w i l l continue along i t s path, perhaps with some 
d e v i a t i o n and with reduced energy (both energy and momentum w i l l be 
conserved) undergoing f u r t h e r i n t e r a c t i o n s . 

The e l e c t r o n s produced during the f i r s t and subsequent 
c o l l i s i o n s nay he energetic enough to cause f u r t h e r i o n i s a t i o n and 
e x c i t a t i o n ( d e l t a rays) u n t i l they reach the s u h i o n i s a t i o n and 
s u h e x c i t a t i o n l e v e l s c h a r a c t e r i s t i c of the m a t e r i a l . F i n a l l y , they 
undergo r o t a t i o n a l - v i b r a t i o n a l i n t e r a c t i o n s u n t i l they reach thermal 
energies. 

The s t a t i s t i c a l u n c e r t a i n t i e s i n these processes are r e f l e c t e d 
i n " s t r a g g l i n g " , a term which describes the v a r i a t i o n s i n the number 
of c o l l i s i o n s undergone by any one p a r t i c l e and the amount of energy 
t r a n s f e r r e d at each c o l l i s i o n . There i s a corresponding v a r i a t i o n 
i n the penetration or range of p a r t i c l e s i n a m a t e r i a l . One MeV 
e l e c t r o n s have an average range of 4.3 mm i n u n i t density m a t e r i a l . 

Following the e j e c t i o n of an inner s h e l l e l e c t r o n , the 
vacancy i s f i l l e d from a higher energy s h e l l , the energy released 
causing the emission of Auger e l e c t r o n s . 

Since the secondary, t e r t i a r y , e t c . e l e c t r o n s tend to have a 
n e t t v e l o c i t y forward i n the d i r e c t i o n of the primary, the energy 

In The Effects of Radiation on High-Technology Polymers; Reichmanis, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



16 EFFECTS OF RADIATION ON HIGH-TECHNOLOGY POLYMERS 

deposited i n the m a t e r i a l w i l l b u i l d up with depth u n t i l a 
sa t u r a t i o n or e q u i l i b r i u m value i s reached and t h e r e a f t e r i t w i l l 
decrease. 

Energetic Photons. The gamma ray photon emitted during the 
decomposition of an unstable r a d i o n u c l i d e such as cobalt-60 (two 
photons per d i s i n t e g r a t i o n (1.17 and 1.33 MeV)) can i n t e r a c t with an 
o r b i t a l e l e c t r o n of the m a t e r i a l by the process of Compton 
i n t e r a c t i o n producing i o n i s a t i o n . The energies of the r e s u l t i n g 
e l e c t r o n s from several such events c o n s t i t u t e a continuum with the 
average energy being approximately one h a l f that of the r e a c t i n g 
photon (580 keV for cobalt-60 gamma r a d i a t i o n ) . 

The degraded photon has the balance of the energy and undergoes 
f u r t h e r i n t e r a c t i o n - mostly Compton i n t e r a c t i o n - u n t i l , at a 
photon energy of about 50 keV f o r l i g h t m a t e r i a l , the predominant 
energy t r a n s f e r process becomes the p h o t o e l e c t r i c e f f e c t whereby a l l 
the energy of the photo
e l e c t r o n . 

In the case of very high energy photons a t h i r d process, 
production of an energetic e l e c t r o n / p o s i t r o n p a i r by photon/nucleus 
r e a c t i o n , becomes important. The threshold i s 1.022 MeV but the 
energy absorption exceeds that of Compton absorption only f o r 
photons of energy greater than about 20 MeV fo r l i g h t m a t e r i a l s , so 
t h i s e f f e c t can be neglected. S i m i l a r l y , photonuclear r e a c t i o n s are 
i n s i g n i f i c a n t below 5 MeV. 

Since approximately f i v e or s i x i n t e r a c t i o n s on the average are 
required to convert cobalt-60 photon energy t o t a l l y i n t o e l e c t r o n s , 
most of the events are produced by these secondary and subsequent 
e l e c t r o n s . For a l l three of these processes then, gamma or 
X- r a d i a t i o n acts e f f e c t i v e l y as i f a number of t i n y e l e c t r o n 
a c c e l e r a t o r s were each producing a s i n g l e energetic e l e c t r o n i n s i d e 
the m a t e r i a l . Thus the chemical r e a c t i o n s f o r e l e c t r o n beam and f o r 
high energy photon r a d i a t i o n w i l l be i d e n t i c a l . The main d i f f e r e n c e 
i s that whereas e x t e r n a l 1 MV e l e c t r o n beam r a d i a t i o n penetrates 
only a few mm in t o a polymer surface, gamma r a d i a t i o n i s absorbed 
e x p o n e n t i a l l y throughout the bulk of the m a t e r i a l . Once again there 
i s a b u i l d up of events with depth and t h i s i s important i n 
estimating the dose to t h i n samples. 

Ion Beams. E s s e n t i a l l y , i r r a d i a t i o n of mat e r i a l s with ion beams -
ener g e t i c protons or ions of higher mass, alpha p a r t i c l e s , protons 
produced by knock-on processes from f a s t neutrons, f i s s i o n fragments 
e t c . , a l s o produces e x c i t a t i o n and i o n i s a t i o n and secondary 
energetic e l e c t r o n s by Coulombic i n t e r a c t i o n . The e s s e n t i a l 
d i f f e r e n c e between Ion. beam and e l e c t r o n or gamma r a d i a t i o n i s in 
the geometrical d i s t r i b u t i o n of these events, which w i l l be 
considered under "Track S t r u c t u r e " . Towards the end of t h e i r range 
(22.5 urn for 1 MeV protons i n uni t density m a t e r i a l s ) there i s a 
sudden increase i n energy d e p o s i t i o n known as the "Bragg peak". 

Ion beams can also cause nuclear r e a c t i o n s In the ma t e r i a l but 
we w i l l not consider these f u r t h e r . 

L a t t i c e Displacements. In the above the question of l a t t i c e 
displacements has not been covered. These w i l l be apparent i n hard 
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glassy or c r y s t a l l i n e m a t e r i a l p a r t i c u l a r l y when subjected to ion 
bombardment. They are a l s o observable i n e l e c t r o n microscopy. They 
are r a r e l y given much c o n s i d e r a t i o n i n r a d i a t i o n chemistry. 

Time Scale. At a time of 1 0 ~ A 4 s a f t e r the passage of the high 
energy p a r t i c l e the super-excited molecules have relaxed or 

— i 3 
d i s s o c i a t e d . At a time of 10 s the e l e c t r o n has been 
thermalised and some i n t r a spur r e a c t i o n s have occurred. Spur 
r e a c t i o n s are complete by 10 8 to 10 7 s and the r a d i o l y t i c 
species have begun to d i f f u s e away i n t o the bulk of the s o l u t i o n 
where they may react with d i s s o l v e d s o l u t e s . 
Comparison w i t h Photochemistry. At a f i r s t approximation each 
e l e c t r o n of the m a t e r i a l i n the path of the i o n i s i n g r a d i a t i o n or 
i t s secondary e l e c t r o n s has an equal p r o b a b i l i t y of i n t e r a c t i o n . 
This has important consequences  S t a t i s t i c a l l y a major component 
w i l l i n t e r a c t i n preferenc
c o n t r o l l e d by t h e i r r e l a t i v
High energy i o n i s i n g r a d i a t i o n i s u b i q u i t o u s . Unlike l i g h t photons 
i n photochemical r e a c t i o n s , i t does not seek out s p e c i f i c bonds or 
s t r u c t u r e s . This l a c k of s e l e c t i v i t y i s a disadvantage i n that i t 
i s not p o s s i b l e to favour c e r t a i n r e a c t i o n s by using s e l e c t e d 
energies; but i t a l s o has advantages i n being more u n i v e r s a l l y 
a p p l i c a b l e without having to add s e n s i t i s i n g agents. 

There are many s u b t l e t i e s i n the i n t e r a c t i o n of i o n i s i n g 
r a d i a t i o n w i t h matter; f o r more d e t a i l s , reference should be made to 
the many texts (2-4), reports (5-8) and papers i n the l i t e r a t u r e . 

Track S t r u c t u r e . 

The d i s t r i b u t i o n of i o n i s a t i o n and e x c i t a t i o n events throughout 
the m a t e r i a l , i . e . the p i c t u r e of the t r a c k s , proposed by Mozumder 
and Magee (9-11) i s now g e n e r a l l y accepted. There are a l t e r n a t i v e 
treatments (12,13). 

Spurs, Short Tracks and Blobs. For high energy e l e c t r o n s or gamma 
photons, the p r o b a b i l i t y of i n t e r a c t i o n with the o r b i t a l e l e c t r o n s 
of the m a t e r i a l i s low so events are widely separated. These are 
c a l l e d " i s o l a t e d spurs". Each i s o l a t e d spur w i l l probably c o n t a i n 
one to three i o n p a i r s or e x c i t e d species. I t i s not p o s s i b l e to be 
more d e f i n i t e but authors approaching the problem from d i f f e r e n t 
p o i n t s of view u s u a l l y a r r i v e at answers w i t h i n those l i m i t s . Some 
re a c t i o n between the species w i t h i n an i n d i v i d u a l spur i s p o s s i b l e 
but most probably the species w i l l become separated and d i f f u s e i n t o 
the bulk of the s o l u t i o n . A t t r a c t i o n between the e l e c t r o n and i t s 
geminate p o s i t i v e partner l e a d i n g to r e a c t i o n between them w i l l be 
considered i n a l a t e r s e c t i o n . These tracks are often described as 
resembling "a s t r i n g of beads". The analogy i s v a l i d provided that 
the beads are considered as being of d i f f e r e n t s i z e s , randomly 
separated by vast distances (average 200 nm decreasing as the energy 
f a l l s ) , not joined together other than temporally, not q u i t e 
l i n e a r l y a l i g n e d , and having branch " s t r i n g s " at 4 urn i n t e r v a l s on 
the average. The "branch t r a c k s " are caused by high energy 
knocked-on e l e c t r o n s . 

E l e c t r o n s of energy l e s s than about 5 keV have a much higher 
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p r o b a b i l i t y of i n t e r a c t i n g w i t h the e l e c t r o n s of the ma t e r i a l and 
events become i n c r e a s i n g l y c l o s e so that they begin to overlap 
forming c y l i n d r i c a l "short t r a c k s " . Chemical r e a c t i o n s between the 
r a d i o l y t i c species are thus much more probable. Consequently, there 
i s a fundamental chemical d i f f e r e n c e between these e n t i t i e s and 
i s o l a t e d spurs although the d i s t i n c t i o n Is not a sharp one. 

F i n a l l y , towards the end of the e l e c t r o n track (< * 500 eV 
although more r e c e n t l y 1600 eV has been preferred (14)) there are 
densely i o n i s e d , pear-shaped regions c a l l e d "blobs". E l e c t r o n s of 
energy l e s s than about 100 eV (being the upper l i m i t of o s c i l l a t o r 
s t rength f o r l i g h t atoms i n molecules) are no longer able to 
t r a n s f e r energy e f f e c t i v e l y , other than to v i b r a t i o n l e v e l s . 

The approximate d i s t r i b u t i o n of absorbed energy between these 
three e n t i t l e s f o r l i q u i d water have been c a l c u l a t e d (10): 

E l e c t r o n Energy 

10 MeV 76 16 8 
1 MeV 65 20 15 

20 keV 38 50 12 

Somewhat d i f f e r e n t proportions w i l l apply f o r other materials but 
the p i c t u r e w i l l be s i m i l a r . The energy l i m i t s are based on sound 
reasoning but include some i n t u i t i o n and there i s a s t a t i s t i c a l 
d i s t r i b u t i o n of events and d i s t r i b u t i o n s . 

The p i c t u r e has not been confirmed experimentally because time 
scales of l e s s than 10 ps are not a c c e s s i b l e at present and there 
are d i f f i c u l t i e s envisaged i n reducing t h i s l i m i t below 1 ps. 
However, as a t h e o r e t i c a l model i t f i t s much of the experimental 
data and i s of much greater value than that which uses the 
continuous slowing down approximation whereby energy i s assumed to 
be deposited continuously along the tr a c k . 

High energy protons behave i n a s i m i l a r way to e l e c t r o n s . For 
energies greater than one MeV the species e x i s t predominantly as 
clo s e i s o l a t e d spurs arranged as a core c o n t a i n i n g about one h a l f 
the energy produced by glan c i n g c o l l i s i o n s and a much l e s s dense 
penumbra of d e l t a tracks of high speed knock-on e l e c t r o n s which 
c o n t a i n the other h a l f of the absorbed or t r a n s f e r r e d energy. 
R a d i o l y t i c species are close enough f o r r e a c t i o n with each other to 
compete with r e a c t i o n with s o l u t e s . At lower energies the overlap 
and hence r a d i c a l recombination becomes p r o g r e s s i v e l y more 
important. Corresponding to one MeV f o r protons the l i m i t s f o r high 
energy He n u c l e i ( a p a r t i c l e s ) and C n u c l e i are approximately 10 MeV 
and 100 MeV, r e s p e c t i v e l y . Thus there i s no e s s e n t i a l q u a l i t a t i v e 
d i f f e r e n c e between the stubby tracks formed by heavy Ions and the 
short tracks formed by intermediate energy e l e c t r o n s . 

Geminate Recombination. Coulombic forces a t t r a c t the i o n i s a t i o n 
e l e c t r o n back to i t s geminate p o s i t i v e partner ( r e a c t i o n (1) > 
( 2 ) ) . In water and other p o l a r media, these forces are modified by 
the high d i e l e c t r i c constant and the p o s s i b i l i t y of s o l v a t i o n , 
g i v i n g a high p r o b a b i l i t y of escape. This r e s u l t s i n a high y i e l d 
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of free e l e c t r o n s which can be measured by r a d i a t i o n chemistry 
techniques. On the other hand, i n hydrocarbons and nonpolar media 
the Coulombic forces increase the p r o b a b i l i t y of r e t u r n and 
recombination to give an e x c i t e d state and r a d i c a l formation. The 
fre e e l e c t r o n y i e l d i s correspondingly low; f u r t h e r , i t can be 
measured e l e c t r i c a l l y . The thermallsatIon distance of the e l e c t r o n 
i s t y p i c a l l y 2 nm i n polar l i q u i d s and 5-20 nm i n a l i p h a t i c 
hydrocarbons. 

Should there be a chemical group which rea c t s w i t h the e l e c t r o n 
i n e i t h e r the molecule of the m a t e r i a l or the s o l u t e , the geminate 
combination w i l l be delayed and the e l e c t r o n y i e l d may be 
correspondingly reduced (15-18). 

Free e l e c t r o n s can be trapped i n s o l i d media i n defect 
l o c a t i o n s from which they can be released thermally or 
p h o t o l y t i c a l l y . 

I n t r a t r a c k Reactions. E a r l i e
could occur between th
each other. In the case of i r r a d i a t e d water, f o r example, t h i s w i l l 
r e s u l t i n a greater y i e l d of the molecular species, H 2 and H 20 2, and 
a lower y i e l d of the r a d i c a l species, »0H, e and H*. A d d i t i o n a l l y , 
the amount of solute present i n a short track or blob i s l i m i t e d and 
t h i s may conceivably a l t e r the course of r e a c t i o n s . In other 
respects, once the r a d i o l y t i c species d i f f u s e away from t h e i r place 
of o r i g i n i n t o the bulk of the s o l u t i o n , they f o l l o w conventional 
s o l u t i o n behaviour. However, even i n homogeneous s o l u t i o n s there 
w i l l be d i f f e r e n c e s a t t r i b u t a b l e to the three track e n t i t i e s because 
of d i f f e r e n c e s i n the y i e l d s of molecular products formed by 
r e a c t i o n s between primary r a d i c a l s and the y i e l d s of r a d i c a l species 
which are able to escape out of the t r a c k s . Thus i t i s p o s s i b l e to 
consider the o v e r a l l y i e l d of products as the sum of the i n d i v i d u a l 
y i e l d s from the three track e n t i t i e s , duly adjusted f o r the r e l a t i v e 
c o n t r i b u t i o n s from each, g i v i n g a weighted average equivalent to the 
observed experimental y i e l d s (10,19). 

More s o p h i s t i c a t e d c a l c u l a t i o n s (14,20), using e i t h e r 
s t o c h a s t i c Monte Carlo or d e t e r m i n i s t i c methods, are able to 
consider not only d i f f e r e n t i r r a d i a t i n g p a r t i c l e s but a l s o reactant 
d i f f u s i o n and v a r i a t i o n s i n the concentration of d i s s o l v e d s o l u t e s , 
g i v i n g the e v o l u t i o n of both t r a n s i e n t and s t a b l e products as a 
f u n c t i o n of time. The d i s t r i b u t i o n of species w i t h i n the t r a c k s 
n e c e s s i t a t e s the use of nonhomogeneous k i n e t i c s (21,22) or of time 
dependent k i n e t i c s (23). The r e s u l t s agree qu i t e w e l l w i t h 
experimental data. 

Nonpolar Systems. Most of the e a r l y t h e o r e t i c a l studies on 
r a d i a t i o n a c t i o n were c a r r i e d out on water and aqueous s o l u t i o n s . 
This was a consequence not only of i t s importance i n r a d i a t i o n 
biology but also of the greater amount of experimental data and the 
s i m p l i c i t y of i t s r a d i a t i o n chemical r e a c t i o n s as compared with 
organic systems. Recently, however, more studies on non-polar 
systems such as alkanes have appeared (24). I t i s a long step to 
s o l i d polymers but methods are being c o n t i n u a l l y r e f i n e d . 

Absorbed Dose. In comparing d i f f e r e n t types of r a d i a t i o n and 
various chemical systems, the observed e f f e c t i s u s u a l l y expressed 
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i n terms of the energy absorbed or dose since t h i s p h y s i c a l q uantity 
can be measured and evaluated. Fundamentally however, the important 
q u a n t i t y i s the number of c o l l i s i o n s and t h e i r proximity or, b e t t e r 
s t i l l as f a r as the chemist i s concerned, the number of each species 
produced and t h e i r d i s t r i b u t i o n s followed by t h e i r movement and the 
subsequent r e a c t i o n s . Of these, absorbed energy (one gray (Gy) = 
one j o u l e per kg) i s r e a d i l y q u a n t i f i e d . The r a d i a t i o n chemical 
y i e l d i s u s u a l l y expressed as the G value - the number of molecules 
changed per 100 eV or 16 aJ absorbed or the number of moles changed 
per 9.648 MJ. 

Lin e a r Energy Transfer. The concept of l i n e a r energy t r a n s f e r (LET) 
has been a u s e f u l one i n r a t i o n a l i s i n g the v a r i a t i o n i n r a d i o l y t i c 
y i e l d s found f o r d i f f e r e n t types of r a d i a t i o n . I t i s s t i l l widely 
used as i t expresses i n a s i n g l e parameter some measure of the 
" q u a l i t y " of the r a d i a t i o n - the amount of energy deposited i n a 
given distance. 

Formally, the l i n e a

L = ( dE / d 1) A A 

where d l i s the distance traversed by the p a r t i c l e and dE i s the 
mean energy l o s s due to c o l l i s i o n s with energy t r a n s f e r s l e s s than 
some s p e c i f i e d value A. The u n i t s keV/um are u s u a l l y used. Track 
average LET, dose average LET and LET d i s t r i b u t i o n are r e l a t e d 
q u a n t i t i e s . High energy e l e c t r o n s or photons have low LET (< 0.2 
keV/urn) whereas ion beams or low energy (< 1 keV) electrons have 
high LET (> 10 keV/ym). I t i s thus an i n d i c a t i o n of the proportion 
of spur overlap. However, i t does have grave l i m i t a t i o n s (5) i n 
bearing l i t t l e d i r e c t r e l a t i o n s h i p to the track s t r u c t u r e as now 
envisaged. In p a r t i c u l a r i t takes no account of the s i z e of the 
s i t e i n which energy i s deposited nor of the v a r i a t i o n s w i t h i n the 
various e n t i t i e s . 

Microdosimetry. To e x p l a i n some of the e f f e c t s of r a d i a t i o n i n 
r e l a t i o n to a small s u s c e p t i b l e target i n the b i o l o g i c a l c e l l , Rossi 
and h i s coworkers developed the concept and experimental techniques 
to measure the microscopic d i s t r i b u t i o n of energy deposited i n 
i r r a d i a t e d m aterials (8). The energy a c t u a l l y deposited can then be 
r e l a t e d to the s i z e of any microdomain. 

The l i n e a l energy i s defined as 

y 

where £ i s the energy imparted to the matter by a s i n g l e event i n a 
volume of mean chord length 1 - which i s 2/3 the sphere diameter. 
The u n i t i s J m or keV/um the same as for LET. The s p e c i f i c 
energy (imparted) Is 

z = £ /m 

where m i s the mass of the m a t e r i a l i n the sphere. The un i t i s the 
gray, Gy ( J kg ). £ can be measured i n an i o n i s a t i o n chamber 
or p r o p o r t i o n a l counter attached to a multichannel analyser. The 
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gas of the counter replaces a small mass of the m a t e r i a l . The lower 
l i m i t of equivalent diameter i s about 0.3 urn although the variance 
of doses has been evaluated experimentally i n volumes as small as a 
few nanometres. A r e l a t e d parameter, the proximity f u n c t i o n , i s a 
measure of the p r o b a b i l i t y that energy t r a n s f e r points are separated 
by a given distance or contained w i t h i n a given s h e l l . T h e o r e t i c a l 
c a l c u l a t i o n based on known parameters, using e i t h e r a n a l y t i c a l or 
Monte Carlo methods, are w e l l developed. 

A p p l i c a t i o n s to Polymers. 

The relevance of these concepts to polymer studies w i l l now be 
considered. 

Polymers and R a d i a t i o n B i o l o g y . In systems having microregions 
h i g h l y s e n s i t i v e to r a d i a t i o n , t h e amount of energy deposited or the 
number of events create
Examples of such system
(25-27) has remarked on the s i m i l a r i t i e s between the e f f e c t s of 
r a d i a t i o n i n b i o l o g i c a l and i n polymeric systems and on the 
p o s s i b i l i t y that studies i n e i t h e r f i e l d should c o n t r i b u t e to our 
understanding of what i s happening i n the other. For example, i n 
r a d i a t i o n biology there has been f o r many years a theory of dual 
r a d i a t i o n a c t i o n whereby two events must come together w i t h i n a 
microsphere and w i t h i n a c r i t i c a l time i n t e r v a l to score a k i l l 
(28) . The p a r a l l e l with two r a d i c a l s on neighbouring polymer 
strands b r i d g i n g together to form a c r o s s l i n k i s apparent. 

In polymers there are microregions undergoing r e a c t i o n s 
d i f f e r e n t from those o c c u r r i n g i n the neighbouring m a t e r i a l when 
exposed to r a d i a t i o n . For example, the c r o s s l i n k i n g behaviour In 
amorphous polyethylene d i f f e r s from that i n the c r y s t a l l i n e phase 
(29) . 

M i g r a t i o n of e x c i t a t i o n away from the s i t e of the o r i g i n a l 
r a d i a t i o n event has been invoked i n polymers and has a l s o been 
observed i n biopolymers (30,31). 

R a d i a t i o n Q u a l i t y . In r a d i a t i o n b i o l o g y , microdosimetry has 
g e n e r a l l y been applied to studies i n v o l v i n g low doses of r a d i a t i o n . 
A p p l i c a t i o n to s i t u a t i o n s i n polymer science r e q u i r i n g high doses i n 
order to detect and q u a n t i f y a response may not be s t r a i g h t forward 
since the l a t e r tracks can overlap e x i s t i n g l e s i o n s . However, using 
simulated tracks i t would be p o s s i b l e to c a l c u l a t e the energy 
deposited i n a t h i n f i l m of polymer by various types of r a d i a t i o n . 
A t h i n bare f i l m several microns t h i c k w i l l allow most of the d e l t a 
rays to escape, thus g i v i n g a predominance of i s o l a t e d spurs f o r 
e l e c t r o n i r r a d i a t e d samples and of overlapping tracks for ion beam 
i r r a d i a t e d samples. 

Another source of overlapping tracks are the knock-on protons 
produced during f a s t neutron i r r a d i a t i o n of a hydrogenous m a t e r i a l . 

Recent studies on LET e f f e c t s i n 2 mm t h i c k samples of polymers 
have shown no d i f f e r e n c e between f a s t neutron and Co60 gamma 
i r r a d i a t i o n s f o r p o l y ( o l e f i n s ) (32), a small d i f f e r e n c e f o r 
poly(methylmethacrylate) (33) and a s i g n i f i c a n t d i f f e r e n c e f o r 
poly(styrene) (34). This p a r a l l e l s the d i f f e r e n c e s i n y i e l d s found 
f o r aromatic compounds v i s a v i s those found f o r o l e f i n s (35). On 
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the other hand the secondary carbon r a d i c a l s formed by neutron 
i r r a d i a t i o n of the model compound n-eicosane are l e s s mobile than 
those formed by gamma i r r a d i a t i o n (36). 

A report (37) on the e f f e c t of d i f f e r e n t types of r a d i a t i o n on 
the elongation-at-break of c e r t a i n commercial cable i n s u l a t i n g 
m a t e r i a l s pointed to s e v e r al aspects r e q u i r i n g fundamental 
i n v e s t i g a t i o n s on w e l l - c h a r a c t e r i s e d m a t e r i a l s under defined 
c o n d i t i o n s . I t showed the importance of a n t i - o x i d a n t s t a b i l i s e r s , 
p a r t i c u l a r l y i n r e l a t i o n to long term ageing. I t was concluded that 
the d i f f e r e n c e s observed could be a t t r i b u t e d to dose rate e f f e c t s 
r a t h e r than to the types of r a d i a t i o n studied. The i r r a d i a t e d 
samples were standard dumb b e l l shaped t e n s i l e samples. 

M i g r a t i o n of E x c i t a t i o n . Some of the more p u z z l i n g features of 
organic compound r a d i o l y s l s have been explained by migration of 
e x c i t a t i o n or of charged species (38)  The migration of e x c i t a t i o n 
along a polymer chain coul
throughout the e l e c t r o
those near embedded atoms and defects (39,40). Presumably the 
r e s u l t i n g r a d i c a l s can not migrate as r a p i d l y . The true s i t u a t i o n 
Is almost c e r t a i n l y more complex than that, as evidenced by the 
occurrence of morphology e f f e c t s and p o s t - i r r a d i a t i o n events. 
Hydrogen atom hopping between chains, long distance t u n n e l l i n g and 
intermolecular and i n t r a c h a i n t r a n s f e r of e x c i t a t i o n (41) have a l s o 
been proposed. Since migration i s slower at low temperatures 
thermolumlnescence (42) can be expected to give a b e t t e r i n s i g h t . 
Perhaps time-resolved luminescence s t u d i e s , which can access shorter 
times than can e l e c t r o n spin resonance techniques and measure 
something d i f f e r e n t , could a s s i s t here. 

Recently, the time-dependence k i n e t i c s of such phenomena as 
luminescence has been i n t e r p r e t e d i n terms of detrapping of species 
(43). An a l t e r n a t i v e treatment involves the migration of an e x c i t e d 
p a r t i c l e i n a l a t t i c e (44). 

E l e c t r i c a l C o n d u c t i v i t y . Measurements of the e l e c t r i c a l 
c o n d u c t i v i t y of m a t e r i a l s under i r r a d i a t i o n , p a r t i c u l a r l y time-
resolved c o n d u c t i v i t y f o l l o w i n g a pulse of e l e c t r o n s , can provide 
information on m o b i l i t i e s and trapping mechanisms, free e l e c t r o n 
y i e l d , and t h e r m a l i s a t i o n times and path lengths. Some measurements 
have been done on polymers (45-47) p a r t i c u l a r l y because of t h e i r 
t e c h n o l o g i c a l importance i n the e l e c t r o n i c s industry (37). More 
fundamental work i s needed. 

R a d i a t i o n Degradation. The r a d i a t i o n degradation of polymers which 
u s u a l l y means main chain s c i s s i o n i s of i n d u s t r i a l importance i n 
polymer u t i l i s a t i o n . R a d i a t i o n degradation i s a l s o made use of i n 
e l e c t r o n i c chip manufacture, i n the commercial recovery of 
p o l y ( t e t r a f l u o r o e t h y l e n e ) and i n c o n t r o l l i n g the molecular weight 
d i s t r i b u t i o n of such products as poly(ethyleneoxide) and a c r y l i c 
p a i n t s . The r a d i a t i o n degradation of organic materials and 
components was the subject of an I n t e r n a t i o n a l Atomic Energy Agency 
consu l t a n t s ' meeting (48) and the degradation of thermoplastic 
polymers i n a i r has been reviewed by W i l s k i (49). 

The Role of Oxygen. The r o l e of oxygen i n i r r a d i a t e d polymer 
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systems i s a complex one. The surface of polymers I r r a d i a t e d i n a i r 
can become o x i d i s e d and free r a d i c a l s w i t h i n the bulk can form 
peroxy r a d i c a l s as oxygen subsequently d i f f u s e s i n time (50). By 
i r r a d i a t i o n i n a i r , excess monomer can be removed; f o r example from 
polymer destined to be used f o r c o n t a i n i n g foods or beverages (51). 

Oxygen can be i m p l i c a t e d when main chain s c i s s i o n i s involved 
and i n surface o x i d a t i v e degradation. Schnabel (52,53), i n an 
extensive study of the degradation of polymers i n s o l u t i o n , has 
shown that the presence of oxygen can (a) promote main chain 
degradation by forming peroxyl r a d i c a l s which may prevent 
c r o s s l i n k i n g ; (b) i n h i b i t main chain degradation i n the case of 
polymers i n which s c i s s i o n normally predominates; and (c) f i x 
mainchain breaks i n the case of polymers i n which r a p i d r e p a i r of 
s c i s s i o n normally occurs. Which of these three actions i s the 
dominant one depends on the polymer. Studies i n s o l u t i o n s can help 
i n the understanding of the p o s s i b l e r e a c t i o n s occuring i n s o l i d 
polymers which are more

Some studies on th
(54-57). Atmospheric oxygen i n h i b i t s the polymerisation of coatings 
et c . as an i n d u s t r i a l process. This s t i l l awaits a s a t i s f a c t o r y 
a l t e r n a t i v e to using an i n e r t atmosphere. 

Model Compounds. Many of the c o m p l e x i t i e s a s s o c i a t e d w i t h p r a c t i c a l 
polymers and the many simultaneous r e a c t i o n pathways can be avoided 
by using model compounds. A t y p i c a l one i s eicosane (n-C2 0Hi+2^ 
which forms s i n g l e c r y s t a l s s i m i l a r to those i n the c r y s t a l l i n e 
regions of polyethylene (58-60). More work i s needed on s i m i l a r 
compounds and on low molecular weight oligomers to e s t a b l i s h both 
the species produced and the k i n e t i c s of t h e i r r e a c t i o n s (61,62). 

Other Considerations. There are other approaches which could help 
i n our understanding of the a c t i o n of r a d i a t i o n . 

R a d i o l y s i s v. P h o t o l y s i s . The fundamental d i f f e r e n c e s between the 
e a r l y i n t e r a c t i o n with m a t e r i a l s of high energy i o n i s i n g r a d i a t i o n 
and that of u l t r a v i o l e t l i g h t have been pointed out above. 
Nevertheless, they can o f t e n lead to the production of the same 
r a d i c a l s . Thus advances i n one f i e l d can c r o s s f e r t i l i s e advances i n 
the other. There are, however, few examples of the same polymer 
being studied under both types of r a d i a t i o n (63). 

High Pressure. I r r a d i a t i o n under high pressure increases the 
c r o s s l i n k i n g y i e l d of some polymers (64-66). This has mechanistic 
i m p l i c a t i o n s which need to be f u r t h e r explored. 

Pulse R a d i o l y s i s . S u r p r i s i n g l y few studies have been c a r r i e d out 
using the powerful technique of pulse r a d i o l y s i s to study r a d i a t i o n 
r e a c t i o n s i n polymers although an i n c r e a s i n g number of studies on 
organic systems (67) and on monomers (68,69) are appearing. 

Pulse r a d i o l y s i s , using as time-resolved d e t e c t i o n methods 
o p t i c a l absorption, luminescence, e l e c t r i c a l c o n d u c t i v i t y or 
e l e c t r o n spin resonance can be expected to give information on the 
formation of t r a n s i e n t or permanent r a d i a t i o n products and on t h e i r 
movement. 

In The Effects of Radiation on High-Technology Polymers; Reichmanis, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



24 EFFECTS OF RADIATION ON HIGH-TECHNOLOGY POLYMERS 

Macroradicals are readily formed in solution by dissociative 
electron capture 

P CI + e > P CI , • + CI' (7) 
n m n m-1 

thus enabling their reactions to be studied. 
Ion Beams. Several investigations have been made on the effects of 
ion beam irradiation on simple chemical systems. Polymers have also 
been irradiated with ion beams as an extension of studies on the ion 
implantation of other materials. To date, most of these studies 
have been concerned with gross effects, sometimes through to 
carbonisation (70) but here is a field which could have an 
industrial potential. 
Industrial Importance. Radiation processes are being used 
increasingly in Australia and world wide to modify the surface and 
bulk properties of polymers
important commercially; deliberate degradation less so. The use of 
radiation polymerisation to effect the rapid curing of coatings and 
printing inks and in the manufacture of magnetic media has increased 
greatly over the last few years. Radiation grafting of 
biocompatible surfaces and functional groups onto substrates is also 
being used increasingly. In addition there are several examples of 
the use of radiation in specialty areas. In all of these one does 
not need to understand what is happening in order to make use of an 
effect but it does help in keeping out of trouble. The Increasing 
sophistication in radiation chemical investigations will translate 
into our interpretation of the events which occur when polymers are 
subjected to radiation. 

Radiation as a controllable source of free radicals is finding 
its place in science and in industry. 
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Chapter 3 

Spectroscopic Methods in Polymer Studies 

Kenneth P. Ghiggino 
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The physico-chemical changes induced in polymers 
following exposure to radiation can be studied 
by a range of spectroscopic techniques  Recent 
developments i
analysis procedure
and magnetic resonance spectroscopies have 
provided considerable new insights into polymer 
structure and behaviour. The application of 
these spectroscopic methods in polymer studies 
are reviewed with emphasis on their ut i l i ty in 
investigations of radiation effects on 
macromolecules. 

Spectroscopic methods are now widely used in the polymer 
field as an analytical tool to probe structure and to 
obtain information on physico-chemical changes occurring 
in polymers and polymer additives. Spectroscopy utilizes 
the interaction of radiation with matter to provide 
details of molecular energy levels, energy state lifetimes 
and transition probabilities. This information in turn 
may be applied in studying chemical structure, molecular 
environment, polymer tacticity and conformation, and to 
monitor changes in these properties following external 
perturbations (e.g., mechanical stress, thermal treatment, 
radiation exposure). The advantages of spectroscopic 
measurements over other means of polymer characterization 
are that they are a non-destructive and rapid means of 
providing information at a molecular level. Exposure of 
polymers to ultraviolet and higher energy radiation can 
lead to extensive physical and chemical modification of 
polymeric materials. These changes in properties may have 
both detrimental and beneficial consequences in 
determining the end-uses of the polymer. Spectroscopy can 
provide a detailed insight into the mechanisms of polymer 
modification occurring under irradiation thus enabling 
control of the final material properties. 
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T h e r e a r e s e v e r a l w e l l w r i t t e n t e x t s d e s c r i b i n g t h e 
t h e o r y a n d a p p l i c a t i o n o f s p e c t r o s c o p y t o p o l y m e r s y s t e m s 
(1-3) t o w h i c h t h e r e a d e r i s r e f e r r e d f o r d e t a i l e d 
i n f o r m a t i o n . W i t h i n t h e c o n f i n e s o f t h i s c h a p t e r , some 
a s p e c t s r e l e v a n t t o r a d i a t i o n e f f e c t s i n p o l y m e r i c 
m a t e r i a l s a r e r e v i e w e d w i t h p a r t i c u l a r e m p h a s i s on new 
d e v e l o p m e n t s i n i n s t r u m e n t a t i o n . The v a r i o u s s p e c t r o ­
s c o p i c methods c a n be d i s t i n g u i s h e d b y t h e e n e r g y o f t h e 
t r a n s i t i o n s i n v e s t i g a t e d ( c . f . F i g u r e 1) a n d t h i s n o t a t i o n 
i s e m p l o y e d i n t h e s u b - h e a d i n g s d i s c u s s e d b e l o w . S u r f a c e 
a n a l y s i s t e c h n i q u e s w i l l n o t be d e s c r i b e d i n d e t a i l i n 
t h i s a r t i c l e a l t h o u g h m e n t i o n may be made o f ESCA 
( E l e c t r o n S p e c t r o s c o p y f o r C h e m i c a l A n a l y s i s ) a s one 
r e c e n t t e c h n i q u e w h i c h may be u s e d t o a n a l y z e s u r f a c e 
p r o p e r t i e s . ESCA m o n i t o r s t h e k i n e t i c e n e r g y o f e l e c t r o n s 
d e t a c h e d f r o m t h e sa m p l e f o l l o w i n g i r r a d i a t i o n w i t h an 
X - r a y s o u r c e . The d e t a c h e
m o l e c u l e s a t t h e s u r f a c
t h u s i n f o r m a t i o n c o n c e r n i n g c h e m i c a l m o d i f i c a t i o n s ( e . g . , 
p h o t o - o x i d a t i o n ) a t s u r f a c e s c a n be o b t a i n e d ( 1 ) . 

U V - V i s i b l e A b s o r p t i o n a n d E m i s s i o n S p e c t r o s c o p y 

The a b s o r p t i o n a n d e m i s s i o n o f r a d i a t i o n i n t h e n e a r 
u l t r a v i o l e t (UV) a n d v i s i b l e r e g i o n s o f t h e e l e c t r o ­
m a g n e t i c s p e c t r u m a r e a s s o c i a t e d w i t h e l e c t r o n i c (and 
a s s o c i a t e d v i b r o n i c ) t r a n s i t i o n s i n v o l v i n g n- a n d / o r 
n - e l e c t r o n s y s t e m s o f m o l e c u l e s . S y n t h e t i c a n d n a t u r a l 
p o l y m e r s a b s o r b i n t h e UV r e g i o n a n d p a r t i c u l a r l y s t r o n g 
a b s o r p t i o n s p e c t r a a r e r e c o r d e d f o r p o l y m e r s c o n t a i n i n g 
a r o m a t i c a n d h e t e r o a r o m a t i c g r o u p s ( e . g . , p o l y ( s t y r e n e s ) , 
p o l y ( v i n y l n a p h t h a l e n e s ) , p o l y ( v i n y l c a r b a z o l e s ) ) . 
P o l y m e r s w i t h c h r o m o p h o r e s e x h i b i t i n g nrc* t r a n s i t i o n s 
( e . g . , C=0) e x h i b i t w e a k e r U V - a b s o r p t i o n a n d t h e s e g r o u p s 
t o g e t h e r w i t h u n s a t u r a t e d c a r b o n - c a r b o n bonds w h i c h 
d e v e l o p d u r i n g r a d i a t i o n damage c a n be d e t e c t e d b y 
e l e c t r o n i c a b s o r p t i o n s p e c t r o s c o p y . 

The a b s o r p t i o n and e m i s s i o n p r o c e s s e s o c c u r r i n g i n 
o r g a n i c m o l e c u l e s i n c l u d i n g p o l y m e r s c a n be d i s c u s s e d 
q u a l i t a t i v e l y w i t h r e f e r e n c e t o t h e s t a t e d i a g r a m o f 
J a b l o n s k i i ( F i g u r e 2 ) . A b s o r p t i o n o f r a d i a t i o n b y t h e 
m o l e c u l e l e a d s t o p r o m o t i o n o f an e l e c t r o n f r o m t h e g r o u n d 
s i n g l e t s t a t e (S Q) t o a h i g h e r e l e c t r o n i c s t a t e w h i c h , 
t h r o u g h c o n s e r v a t i o n o f s p i n , w i l l a l s o be a s i n g l e t s t a t e 
S n. The e n e r g i e s o f r a d i a t i o n r e q u i r e d t o p r o m o t e 
e l e c t r o n s t o h i g h e r e n e r g y s t a t e s a n d t h e r a n g e o f 
a s s o c i a t e d v i b r a t i o n a l e n e r g y l e v e l s , r e s u l t s i n t h e 
r e c o r d e d a b s o r p t i o n s p e c t r u m w i t h t h e i n t e n s i t y 
d i s t r i b u t i o n o f t h e s p e c t r u m r e f l e c t i n g t h e r e l a t i v e 
p r o b a b i l i t i e s o f t h e t r a n s i t i o n s . A s s o c i a t e d w i t h e a c h 
e x c i t e d s i n g l e t s t a t e t h e r e i s an e l e c t r o n i c s t a t e o f 
l o w e r e n e r g y i n w h i c h t h e e l e c t r o n s p i n s a r e p a r a l l e l , t h e 
t r i p l e t s t a t e . I t s h o u l d be n o t e d t h a t a b s o r p t i o n s p e c t r a 
a r i s i n g f r o m any e x c i t e d s t a t e o f t h e m o l e c u l e ( e . g . , S1 -
S n a b s o r p t i o n , T 1 - T n a b s o r p t i o n ) o r o t h e r t r a n s i e n t 

In The Effects of Radiation on High-Technology Polymers; Reichmanis, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



GHIGGINO Spectroscopic Methods in Polymer Studies 

log (frequency) 8 7 6 5 4 3 2 1 0 -1 -2 -3 
(cm-1) | | I I I I I I 

ESCA UV/ 
VISIBLE 

INFRARED ESR NMR 

log (wavelength) ^ ^ 

(m) - 1 0 " 9 " 8 

I 
-7 -6 

I I 
> -5 -4 -3 

I I 
-2 -1 0 

I 
1 

F i g u r e 1. S p e c t r a l r a n g e o f s p e c t r o s c o p i c t e c h n i q u e s 

F i g u r e 2. J a b l o n s k i i d i a g r a m i l l u s t r a t i n g 
p h o t o p h y s i c a l p r o c e s s e s i n a p o l y a t o m i c m o l e c u l e . 

In The Effects of Radiation on High-Technology Polymers; Reichmanis, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



30 EFFECTS OF RADIATION ON HIGH-TECHNOLOGY POLYMERS 

s p e c i e s ( e . g . , f r e e r a d i c a l s , r a d i c a l i o n s ) c a n a l s o be 
r e c o r d e d i f t h e s t a t e c a n be s u f f i c i e n t l y p o p u l a t e d a n d 
t h e s e e x p e r i m e n t s f o r m t h e b a s i s o f t h e f l a s h p h o t o l y s i s 
t e c h n i q u e . 

The p o s s i b l e f a t e o f e x c i t a t i o n e n e r g y r e s i d i n g i n 
m o l e c u l e s i s a l s o shown i n F i g u r e 2. The r e l a x a t i o n o f 
t h e e l e c t r o n t o t h e i n i t i a l g r o u n d s t a t e a n d a c c o m p a n y i n g 
e m i s s i o n o f r a d i a t i o n r e s u l t s i n t h e f l u o r e s c e n c e s p e c t r u m 
(S1 - S Q) o r p h o s p h o r e s c e n c e s p e c t r u m {T1 - S Q) . I n 
a d d i t i o n t o t h e r a d i a t i v e p r o c e s s e s , n o n - r a d i a t i v e 
p h o t o p h y s i c a l a n d p h o t o c h e m i c a l p r o c e s s e s c a n a l s o o c c u r . 
I n t e r n a l c o n v e r s i o n a n d i n t e r s y s t e m c r o s s i n g a r e t h e 
n o n - r a d i a t i v e p h o t o p h y s i c a l p r o c e s s e s b e t w e e n e l e c t r o n i c 
s t a t e s o f t h e same s p i n m u l t i p l i c i t y a n d d i f f e r e n t s p i n 
m u l t i p l i c i t i e s r e s p e c t i v e l y . 

The l i f e t i m e o f t h e e x c i t e d s t a t e w i l l b e i n f l u e n c e d 
by t h e r e l a t i v e m a g n i t u d e
p r o c e s s e s and t h u s t i m e - r e s o l v e
i n f o r m a t i o n on t h e d y n a m i c s o f e x c i t e d s t a t e d e p l e t i o n 
mechanisms, e.g., 

P r o c e s s R a t e 

S 0 + hv -» S i A b s o r p t i o n 

S i -» S 0 + h V F F l u o r e s c e n c e 

S i -> s o I n t e r n a l C o n v e r s i o n k I C 

S i "» T i I n t e r s y s t e m C r o s s i n g k I S C 
s i "» P r o d u c t s R e a c t i o n 

XF ~ ( kF + kIC + kISC + 1 

The l i f e t i m e o f t h e s i n g l e t e x c i t e d s t a t e ( t h e 
f l u o r e s c e n c e l i f e t i m e T F) i s o f t h e o r d e r o f p i c o s e c o n d s 
t o 100 n a n o s e c o n d s ( 1 0 " 1 2 - 10~ 7 s e c o n d s ) a n d c a n now be 
m e a s u r e d a c c u r a t e l y u s i n g p u l s e d l a s e r e x c i t a t i o n methods 
and o t h e r t e c h n i q u e s . S i n c e t h e r a d i a t i v e t r a n s i t i o n f r o m 
t h e l o w e s t t r i p l e t s t a t e t o t h e g r o u n d s t a t e i s f o r m a l l y 
f o r b i d d e n by s e l e c t i o n r u l e s , t h e p h o s p h o r e s c e n c e 
l i f e t i m e s c a n be l o n g e r , o f t h e o r d e r o f s e c o n d s . 

The U V - v i s i b l e a b s o r p t i o n a n d e m i s s i o n s p e c t r a a n d 
e x c i t e d s t a t e l i f e t i m e s o f p o l y m e r s a r e s e n s i t i v e t o 
c h e m i c a l s t r u c t u r e , p o l y m e r c o n f o r m a t i o n a n d m o l e c u l a r 
e n v i r o n m e n t a nd t h u s i n f o r m a t i o n c o n c e r n i n g t h e s e 
p r o p e r t i e s i s a c c e s s i b l e b y e l e c t r o n i c s p e c t r o s c o p y 
measurements ( 4 - 6 ) . One e x a m p l e o f t h e a p p l i c a t i o n o f 
s u c h measurements i s g i v e n i n F i g u r e 3 w h i c h i l l u s t r a t e s 
t h e p o s s i b l e e n e r g y d i s s i p a t i o n p a t h w a y s w h i c h c a n o c c u r 
i n a p o l y m e r c o n t a i n i n g a r o m a t i c s i d e g r o u p s f o l l o w i n g 
a b s o r p t i o n o f r a d i a t i o n . 
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L i g h t i n i t i a l l y a b s o r b e d b y one c h r o m o p h o r e on t h e 
p o l y m e r c h a i n may v e r y r a p i d l y be t r a n s f e r r e d t o a 
n e i g h b o u r i n g c h r o m o p h o r e by t h e p r o c e s s o f n o n - r a d i a t i v e 
e n e r g y t r a n s f e r ( 4 - 6 ) . I n t h i s way, e x c i t a t i o n e n e r g y c a n 
m i g r a t e a l o n g t h e p o l y m e r c h a i n u n t i l i t i s t r a p p e d a t 
s i t e s o f l o w e r e n e r g y w h i c h s u b s e q u e n t l y u n d e r g o f u r t h e r 
p h o t o p h y s i c a l / p h o t o c h e m i c a l p r o c e s s e s . The l o w e n e r g y 
s i t e s may be e x c i m e r s ( e x c i t e d s t a t e d i m e r complexes(£)) 
o r s p e c i e s w i t h l o w e r e x c i t e d s t a t e e n e r g i e s w h i c h h a v e 
b e e n d e l i b e r a t e l y i n c o r p o r a t e d i n t h e p o l y m e r . 

S i n c e t h e e m i s s i o n f r o m s i n g l e e x c i t e d c h r o m o p h o r e s , 
e x c i m e r s i t e s a n d a c c e p t o r g r o u p s a r e s p e c t r a l l y 
d i s t i n g u i s h a b l e , f l u o r e s c e n c e t e c h n i q u e s c a n be u s e d t o 
c h a r a c t e r i z e t h e e x c i t e d s t a t e s p e c i e s p r e s e n t i n t h e 
p o l y m e r . I n F i g u r e 4 t h e f l u o r e s c e n c e s p e c t r a r e c o r d e d 
f r o m d i l u t e s o l u t i o n f p o l y ( s t y r e n e ) (PS) d  1:1 
a l t e r n a t i n g c o p o l y m e
shown. F o r PS, f l u o r e s c e n c
p h e n y l c h r o m o p h o r e s i s o b s e r v e d ( f l u o r e s c e n c e maximum 290 
nm) t o g e t h e r w i t h a b r o a d e m i s s i o n f r o m e x c i m e r s i t e s i n 
t h e p o l y m e r ( f l u o r e s c e n c e maximum 330 nm). However i n t h e 
a l t e r n a t i n g c o p o l y m e r no e x c i m e r f l u o r e s c e n c e i s d e t e c t e d 
d e m o n s t r a t i n g t h a t u n d e r t h e s e c o n d i t i o n s e x c i m e r e n e r g y 
t r a p s i t e s i n PS must f o r m b e t w e e n a d j a c e n t p h e n y l g r o u p 
c h r o m o p h o r e s a l o n g t h e p o l y m e r c h a i n . 

R e c e n t d e v e l o p m e n t s i n l a s e r t e c h n o l o g y a n d f a s t 
d e t e c t i o n methods now a l l o w t h e k i n e t i c b e h a v i o u r o f t h e 
e x c i t e d s t a t e s p e c i e s a r i s i n g f r o m a b s o r p t i o n o f r a d i a t i o n 
by p o l y m e r s t o be s t u d i e d on t i m e - s c a l e s down t o t h e 
p i c o s e c o n d r e g i o n (£). An example o f a t i m e - r e s o l v e d 
f l u o r e s c e n c e s p e c t r o m e t e r w h i c h c a n be u s e d t o s t u d y s u c h 
u l t r a f a s t phenomena i s i l l u s t r a t e d i n F i g u r e 5 ( 2 ) . 

The c o m m e r c i a l l y a v a i l a b l e l a s e r s o u r c e i s a mode-
l o c k e d a r g o n - i o n l a s e r s y n c h r o n o u s l y p u m p i n g a c a v i t y -
dumped dye l a s e r . T h i s l a s e r s y s t e m p r o d u c e s t u n a b l e l i g h t 
p u l s e s , e a c h p u l s e w i t h a t i m e d u r a t i o n o f a b o u t 10 
p i c o s e c o n d s , a n d w i t h p u l s e r e p e t i t i o n r a t e s up t o 80 
m i l l i o n l a s e r p u l s e s / s e c o n d . The l a s e r p u l s e s a r e u s e d t o 
e x c i t e t h e s a m p l e u n d e r s t u d y a n d t h e r e s u l t i n g s a m p l e 
f l u o r e s c e n c e i s s p e c t r a l l y d i s p e r s e d t h r o u g h a mono-
c h r o m a t o r a nd d e t e c t e d by a f a s t p h o t o m u l t i p l i e r t u b e ( o r 
i n some c a s e s a s t r e a k camera ( i i ) ) . 

I n t h e t i m e - c o r r e l a t e d s i n g l e p h o t o n c o u n t i n g 
t e c h n i q u e d e p i c t e d i n F i g u r e 5, e l e c t r o n i c p u l s e s 
s y n c h r o n i s e d w i t h t h e l a s e r p u l s e s a r e u s e d t o i n i t i a t e a 
v o l t a g e - t i m e ramp i n t h e t i m e - t o - a m p l i t u d e c o n v e r t e r (TAC) 
w h i l e e l e c t r o n i c p u l s e s a r i s i n g f r o m f l u o r e s c e n c e p h o t o n s 
i n c i d e n t on t h e p h o t o m u l t i p l i e r t u b e t e r m i n a t e t h e v o l t a g e 
ramp. The a m p l i t u d e o f t h e v o l t a g e p u l s e f r o m t h e TAC, 
w h i c h i s s t o r e d i n a memory o f a m u l t i c h a n n e l a n a l y s e r 
o p e r a t i n g i n p u l s e h e i g h t a n a l y s i s mode, w i l l be d i r e c t l y 
r e l a t e d t o t h e t i m e b e t w e e n e x c i t a t i o n o f t h e s a m p l e b y 
t h e l a s e r p u l s e and t h e d e t e c t i o n o f a f l u o r e s c e n c e 
p h o t o n . C o l l e c t i o n o f many s u c h e v e n t s a t a f i x e d e m i s s i o n 
w a v e l e n g t h r e s u l t s i n a f l u o r e s c e n c e d e c a y c u r v e w h i c h may 
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migration 
down polymer 

chain 

acceptor 
emission 

absorption 

excimer 
.emission 

F i g u r e 3. E n e r g y r e l a x a t i o n p a t h w a y s i n a p o l y m e r 
c o n t a i n i n g a r o m a t i c s i d e g r o u p s f o l l o w i n g a b s o r p t i o n o f 
l i g h t . ( R e p r o d u c e d w i t h p e r m i s s i o n f r o m R e f . 2 1 . 
C o p y r i g h t 1987 C h e m i s t r y i n A u s t r a l i a . ) 

INTENSITY 
(arb units) 

280 320 360 
WAVELENGTH (nm) 

400 

F i g u r e 4. F l u o r e s c e n c e s p e c t r a o f (a) p o l y ( s t y r e n e ) 
a n d (b) s t y r e n e / m a l e i c a n h y d r i d e a l t e r n a t i n g c o p o l y m e r 
i n t e t r a h y d r o f u r a n a t 20°C. E x c i t a t i o n w a v e l e n g t h : 265 
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mode locked Ar + laser 
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data 
processing 
computer 
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12.0 
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F i g u r e 5. S c h e m a t i c d i a g r a m o f a t i m e - r e s o l v e d 
f l u o r e s c e n c e s p e c t r o m e t e r u s i n g a p i c o s e c o n d l a s e r a s an 
e x c i t a t i o n s o u r c e . I n s e t d i a g r a m : i n t e n s i t y / t i m e / 
w a v e l e n g t h s u r f a c e f o r p o l y ( a c e n a p h t h a l e n e ) i n b e n z e n e 
a t 20°C. E x c i t a t i o n w a v e l e n g t h 295 nm. ( R e p r o d u c e d w i t h 
p e r m i s s i o n f r o m R e f . 2 1 . C o p y r i g h t 1987 C h e m i s t r y i n 
A u s t r a l i a . ) 
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be a n a l y z e d t o e x t r a c t t h e f l u o r e s c e n c e d e c a y p a r a m e t e r s 
(£). A l t e r n a t i v e l y a c c u m u l a t i o n o f f l u o r e s c e n c e e v e n t s a t 
a number o f e m i s s i o n w a v e l e n g t h s a n d a t v a r i o u s t i m e s 
a f t e r e x c i t a t i o n c a n p r o d u c e t h r e e - d i m e n s i o n a l h y p e r -
s u r f a c e s d i s p l a y i n g t h e s p e c t r a l , t e m p o r a l and i n t e n s i t y 
i n f o r m a t i o n s i m u l t a n e o u s l y ( F i g u r e 5 ) . 

The i n s e t d i a g r a m i n F i g u r e 5 d e p i c t s t h e k i n e t i c 
b e h a v i o u r o f f l u o r e s c e n c e f r o m s i n g l e e x c i t e d c h r o m o p h o r e s 
( f l u o r e s c e n c e maximum 340 nm) and e x c i m e r s i t e s 
( f l u o r e s c e n c e maximum 400 nm) f o l l o w i n g e x c i t a t i o n o f a 
s o l u t i o n o f p o l y ( a c e n a p h t h a l e n e ) w i t h l a s e r p u l s e s a t 295 
nm. S uch h y p e r s u r f a c e s p r o v i d e an o v e r v i e w o f t h e e x c i t e d 
s t a t e p r o c e s s e s o c c u r r i n g i n p o l y m e r s f o l l o w i n g 
i r r a d i a t i o n a nd c a n show where t h e e n e r g y i n i t i a l l y 
a b s o r b e d b y t h e p o l y m e r f i n a l l y r e s i d e s a n d t h e r a t e s o f 
v a r i o u s e n e r g y d i s s i p a t i o n p a t h w a y s  A b s o r p t i o n
f l u o r e s c e n c e and p h o s p h o r e s c e n c
a p p l i e d t o t h e s t u d
o f p o l y m e r s and p o l y m e r a d d i t i v e s (1-7) . C h e m i l u m i n e s c e n c e 
i s a f u r t h e r e x a m p l e o f t h e a p p l i c a t i o n o f e l e c t r o n i c 
s p e c t r o s c o p y measurements t o p o l y m e r d e g r a d a t i o n s t u d i e s . 
The weak v i s i b l e r a d i a t i o n e m i t t e d f r o m p o l y m e r s u n d e r ­
g o i n g t h e r m o - o x i d a t i v e d e g r a d a t i o n h a s b e e n a t t r i b u t e d t o 
e m i s s i o n f r o m e l e c t r o n i c a l l y e x c i t e d o x i d a t i o n p r o d u c t s 
a n d t h u s c h e m i l u m i n e s c e n c e p r o v i d e s a means o f d e t e c t i n g 
a n d m o n i t o r i n g t h e i n c i p i e n t s t a g e s o f c e r t a i n p o l y m e r 
d e c o m p o s i t i o n p r o c e s s e s . 

I n f r a r e d a n d Raman S p e c t r o s c o p y 

A quantum d e s c r i p t i o n o f t h e s t r e t c h i n g a n d b e n d i n g 
v i b r a t i o n s o f m o l e c u l a r bonds r e s u l t s i n t h e a s s i g n m e n t o f 
v i b r a t i o n a l e n e r g y l e v e l s a s s o c i a t e d w i t h e a c h e l e c t r o n i c 
s t a t e o f f u n c t i o n a l g r o u p s i n p o l y m e r s (1). S i n c e b o n d 
f o r c e c o n s t a n t s a n d a t o m i c masses d e t e r m i n e t h e 
v i b r a t i o n a l f r e q u e n c i e s , t h e e n e r g y l e v e l s w i l l be 
c h a r a c t e r i s t i c o f t h e c h e m i c a l g r o u p s p r e s e n t i n t h e 
p o l y m e r . T r a n s i t i o n s b e t w e e n t h e s e v i b r a t i o n a l e n e r g y 
l e v e l s c a n be i n v e s t i g a t e d u s i n g i n f r a r e d a n d Raman 
s p e c t r o s c o p i e s . 

I n f r a r e d (IR) s p e c t r o s c o p y h a s b e e n w i d e l y u s e d i n 
p o l y m e r s t u d i e s f o r t h e a s s i g n m e n t o f m o l e c u l a r s t r u c t u r e 
a n d f o r m o n i t o r i n g c h a n g e s i n t h e a r r a n g e m e n t o f c h e m i c a l 
b o n d s ( 1 - 8 - 1 1 1 . 
I n f o r m a t i o n c o n c e r n i n g c o n f o r m a t i o n , t a c t i c i t y a n d 
c r y s t a l l i n i t y may a l s o be o b t a i n e d (1). V i b r a t i o n a l 
t r a n s i t i o n s a c c e s s s i b l e t o IR s p e c t r o s c o p y a r e g o v e r n e d by 
t h e s e l e c t i o n r u l e t h a t t h e r e must be a c hange i n d i p o l e 
moment d u r i n g e x c i t a t i o n o f t h e p o l y m e r v i b r a t i o n s . Thus 
s y m m e t r i c v i b r a t i o n s w h i c h a r e d e t e c t e d b y Raman s p e c t r o ­
s c o p y a r e i n a c c e s s i b l e t o IR a b s o r p t i o n m e a s u r e m e n t s . 
P o l a r g r o u p s , s u c h as c a r b o n y l (C=0) and h y d r o x y l (OH), 
h ave a s t r o n g g r o u n d s t a t e d i p o l e moment an d show s t r o n g 
IR a b s o r p t i o n s a t c h a r a c t e r i s t i c f r e q u e n c i e s . The IR 
s p e c t r u m c a n t h u s be u s e d as a ' f i n g e r p r i n t 1 o f m o l e c u l a r 
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s t r u c t u r e and, s i n c e t h e p o s i t i o n s o f v i b r a t i o n a l 
f r e q u e n c i e s a r e s e n s i t i v e t o n e i g h b o u r i n g c h e m i c a l 
g r o u p s , c o n c l u s i o n s c o n c e r n i n g l o c a l e n v i r o n m e n t c a n be 
made. A c o n s i d e r a b l e v o l u m e o f p o l y m e r IR s p e c t r a h a v e 
b e e n r e c o r d e d a n d p u b l i s h e d (12). 

B o t h c o n v e n t i o n a l d i s p e r s i v e e l e m e n t IR s p e c t r o ­
m e t e r s a nd F o u r i e r T r a n s f o r m i n f r a r e d (FTIR) i n t e r f e r o ­
m e t e r b a s e d i n s t r u m e n t s a r e a v a i l a b l e t o r e c o r d IR s p e c t r a 
o f p o l y m e r s . I n t h e c o n v e n t i o n a l i n s t r u m e n t s a d i s p e r s i v e 
e l e m e n t , s u c h as a g r a t i n g o r p r i s m i s u s e d t o measure t h e 
f r e q u e n c i e s a t w h i c h i n f r a r e d r a d i a t i o n i s a b s o r b e d b y t h e 
s a m p l e . An i n t e r f e r o m e t e r ( F i g u r e 6) c o n s t i t u t e s t h e 
b a s i s o f t h e F T I R i n s t r u m e n t . I n t h e i n t e r f e r o m e t e r t h e 
IR r a d i a t i o n i s s p l i t i n t o two p a t h s and, a f t e r r e f l e c t i o n 
f r o m m i r r o r s (one m o v a b l e ) , t h e beams a r e r e c o m b i n e d a t 
t h e beam s p l i t t e r . When t h e p a t h l e n g t h s f o l l o w e d b y t h e 
two beams a r e i d e n t i c a
i n c i d e n t on t h e beam
t h e maximum f l u x a t t h e d e t e c t o r . A t o t h e r p o s i t i o n s o f 
t h e m o v a b l e m i r r o r d e s t r u c t i v e i n t e r f e r e n c e o f e a c h 
w a v e l e n g t h a t t h e beam s p l i t t e r o c c u r s a n d t h e f l u x a t t h e 
d e t e c t o r w i l l d e c r e a s e . The i n t e r f e r o g r a m (F ( x ) ) p r o d u c e d 
b y r e c o r d i n g t h e r a d i a t i o n f l u x a s t h e m i r r o r u n d e r g o e s 
t r a n s l a t i o n a l movement has t h e f o r m o f a damped 
o s c i l l a t i o n c o r r e s p o n d i n g t o : 

F ( x ) = j A ( v ) c o s (27Cv) d v 

where A ( v ) i s t h e s p e c t r a l i n t e n s i t y d i s t r i b u t i o n 
c o n t a i n i n g t h e s p e c t r o s c o p i c i n f o r m a t i o n . The s p e c t r o ­
s c o p i c d a t a i s e x t r a c t e d by a F o u r i e r t r a n s f o r m o f t h e 
i n t e r f e r o g r a m (XI) . The i n s t r u m e n t i s s i n g l e beam a n d a 
b l a n k must a l s o be m e a s u r e d a n d s u b s e q u e n t l y s u b t r a c t e d . 
A c o m p u t e r c a r r i e s o u t t h e F o u r i e r t r a n s f o r m c a l c u l a t i o n s , 
p e r f o r m s v a r i o u s c o n t r o l f u n c t i o n s a n d m a n i p u l a t e s t h e 
d a t a f o r d i s p l a y and i n t e r p r e t a t i o n . 

F T I R i n s t r u m e n t s o f f e r a d v a n t a g e s i n s p e e d a n d 
h i g h e r s i g n a l - t o - n o i s e r a t i o s c o m pared t o d i s p e r s i v e I R 
s p e c t r o m e t e r s . These a d v a n t a g e s c o m b i n e d w i t h t h e f a c i l i t y 
f o r e x t e n s i v e d a t a p r o c e s s i n g h ave s e e n t h e F T I R t e c h n i q u e 
f i n d i n c r e a s i n g a p p l i c a t i o n s i n p o l y m e r s t u d i e s (11). 

IR s p e c t r o s c o p y h as p r o v e d most u s e f u l i n s t u d y i n g 
c h e m i c a l m o d i f i c a t i o n s o f p o l y m e r s i n d u c e d b y e x t e r n a l 
f a c t o r s i n c l u d i n g r a d i a t i o n damage ( l f 1 3 ) . O x i d a t i o n i s 
an i m p o r t a n t d e g r a d a t i o n p a t h w a y f o l l o w i n g e x p o s u r e t o 
b o t h h e a t a nd r a d i a t i o n . The s t r o n g l y p o l a r f u n c t i o n a l 
g r o u p s w h i c h a r e t h e p r o d u c t s o f o x i d a t i v e damage ( e . g . , 
OH, C=0) a r e r e a d i l y d e t e c t e d b y IR s p e c t r o s c o p y a n d t h u s 
t h i s t e c h n i q u e c a n be u s e d t o f o l l o w t h e e a r l y s t a g e s o f 
d e g r a d a t i o n . A t t e n u a t e d t o t a l r e f l e c t i o n (ATR) o f IR 
r a d i a t i o n (1) may a l s o be u s e d t o m o n i t o r s u r f a c e 
m o d i f i c a t i o n s d u r i n g d e g r a d a t i o n . 

An e x a m p l e o f t h e a p p l i c a t i o n o f IR s p e c t r o s c o p y i s 
i n t h e p h o t o o x i d a t i o n o f p o l y ( p r o p y l e n e ) ( l r 3 ) . D u r i n g t h e 
e a r l y s t a g e s o f o x i d a t i o n a b s o r p t i o n due t o a l d e h y d e s 
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(1735 cm - 1) and k e t o n e s (1720 cm - 1) a r e a p p a r e n t w h i l e a t 
l a t t e r t i m e s c a r b o x y l i c a c i d s (1710 cm - 1) c a n be d e t e c t e d . 
I n p o l y ( e t h y l e n e ) h y d r o p e r o x i d e s (3550 cm" 1) a r e o b s e r v e d 
d u r i n g e a r l y s t a g e s o f i r r a d i a t i o n w h i l e F T I R h a s r e v e a l e d 
an i n c r e a s e i n v i n y l e n d g r o u p s , c a r b o n y l s a n d t r a n s -
v i n y l i d e n e d o u b l e bonds (11). C o r r e l a t i o n s h a v e b e e n n o t e d 
b e t w e e n p h y s i c a l c h a n g e s i n t h e p o l y m e r a n d c h a i n s c i s s i o n 
p r o c e s s e s d e t e c t e d b y I R s p e c t r o s c o p y d u r i n g p h o t o -
d e g r a d a t i o n o f p o l y ( e t h y l e n e ) ( 1 3 ) . 

The a d v e n t o f l a s e r s h as a s s i s t e d i n t h e d e v e l o p m e n t 
o f Raman s p e c t r o s c o p y a s a means o f r e c o r d i n g v i b r a t i o n a l 
s p e c t r a o f p o l y m e r s a nd o t h e r m o l e c u l a r s y s t e m s . Raman 
s p e c t r o s c o p y i s b a s e d on i n e l a s t i c l i g h t s c a t t e r i n g a n d 
u s e s m o n o c h r o m a t i c r a d i a t i o n i n t h e v i s i b l e r e g i o n a s t h e 
e x c i t a t i o n s o u r c e . A n a l y s i s o f r a d i a t i o n s c a t t e r e d f r o m a 
s a m p l e o f m o l e c u l e s i n d i c a t e  t h f f r e q u e n c i e
w h i c h a r e s p e c t r a l l
l i n e s ) a n d h i g h e r e n e r g i e
t h e i n c i d e n t r a d i a t i o n . The s p e c t r a l l y s h i f t e d l i n e s 
a r i s e due t o t h e t r a n s f e r o f v i b r a t i o n a l q u a n t a b e t w e e n 
t h e i n t e r a c t i n g r a d i a t i o n a n d t h e medium. The o b s e r v e d 
t r a n s i t i o n s a r e g o v e r n e d b y t h e s e l e c t i o n r u l e t h a t t h e r e 
i s a change i n p o l a r i z a b i l i t y d u r i n g t h e m o l e c u l a r 
v i b r a t i o n a n d t h u s I R - i n a c t i v e t o t a l l y s y m m e t r i c 
v i b r a t i o n s may be o b s e r v e d . I n o r d e r t o d i s c r i m i n a t e t h e 
Raman s p e c t r a l l i n e s f r o m t h e s t r o n g T y n d a l l s c a t t e r i n g o f 
t h e i n c i d e n t r a d i a t i o n , h i g h l y m o n o c h r o m a t i c r a d i a t i o n 
a v a i l a b l e f r o m l a s e r s o u r c e s ( t y p i c a l l y a r g o n - i o n o r 
k r y p t o n l a s e r s ) i s p r e f e r r e d a n d d o u b l e o r t r i p l e mono-
c h r o m a t o r s a r e o f t e n r e q u i r e d t o a c h i e v e t h e n e c e s s a r y 
s p e c t r a l r e s o l u t i o n . R e s o n a n c e Raman s c a t t e r i n g may a l s o 
be o b s e r v e d i f t h e f r e q u e n c y o f t h e e x c i t i n g r a d i a t i o n 
c o r r e s p o n d s c l o s e l y t o an e l e c t r o n i c a b s o r p t i o n b ond. I n 
t h i s c a s e , t h e Raman l i n e s a r i s i n g f r o m c o u p l i n g o f t h e 
v i b r a t i o n s w i t h t h e e l e c t r o n i c t r a n s i t i o n a r e much 
s t r o n g e r t h a n o r d i n a r y Raman s c a t t e r i n g . 

F u r t h e r d e t a i l s o f t h e t h e o r y a n d a p p l i c a t i o n o f 
Raman s p e c t r o s c o p y i n p o l y m e r s t u d i e s c a n be f o u n d 
e l s e w h e r e (1,9) . However, v i b r a t i o n a l f r e q u e n c i e s o f 
f u n c t i o n a l g r o u p s i n p o l y m e r s c a n be c h a r a c t e r i z e d f r o m 
t h e s p a c i n g o f t h e Raman l i n e s a n d t h u s i n f o r m a t i o n 
c o m p l e m e n t a r y t o IR a b s o r p t i o n s p e c t r o s c o p y c a n be 
o b t a i n e d . I n a d d i t i o n , s i n c e v i s i b l e r a d i a t i o n i s u s e d 
t h e t e c h n i q u e c a n be a p p l i e d t o aqueous m e d i a i n c o n t r a s t 
t o I R s p e c t r o s c o p y , a l l o w i n g s t u d i e s o f s y n t h e t i c 
p o l y e l e c t r o l y t e s and b i o p o l y m e r s t o be u n d e r t a k e n . 
C o n f o r m a t i o n a n d c r y s t a l l i n i t y o f p o l y m e r s h a v e a l s o b e e n 
shown t o i n f l u e n c e t h e Raman s p e c t r a (1) w h i l e t h e 
p o s s i b i l i t y o f s t u d y i n g s c a t t e r i n g f r o m s m a l l s a m p l e 
v o l u m e s i n t h e f o c u s s e d l a s e r beam (-100 [im d i a m e t e r ) c a n 
p r o v i d e i n f o r m a t i o n on l o c a l i z e d c h a n g e s i n c h e m i c a l 
s t r u c t u r e . 

One new t e c h n i q u e o f p o t e n t i a l i m p o r t a n c e t o t h e 
s t u d y o f t h e i n t e r a c t i o n o f r a d i a t i o n w i t h p o l y m e r s i s 
t i m e - r e s o l v e d Raman s p e c t r o s c o p y ( 1 4 r 1 5 ) . I n t h e s e 
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e x p e r i m e n t s e x c i t e d s t a t e s a n d t r a n s i e n t s p e c i e s a r e 
p r o d u c e d d u r i n g e x c i t a t i o n o f t h e s a m p l e b y a s h o r t l a s e r 
p u l s e . The Raman s c a t t e r i n g i n d u c e d b y a s e c o n d p r o b e 
p u l s e i n c i d e n t on t h e sa m p l e a f t e r a f i x e d t i m e d e l a y c a n 
be u s e d t o c h a r a c t e r i z e t h e v i b r a t i o n a l f r e q u e n c i e s a n d 
h e n c e t h e s t r u c t u r e o f t h e i n t e r m e d i a t e s p e c i e s . The 
a p p l i c a t i o n o f m o d e - l o c k e d t u n a b l e dye l a s e r s h a s a l l o w e d 
t h e t e c h n i q u e t o be e x t e n d e d down t o t h e p i c o s e c o n d t i m e 
r e g i o n . T r a n s i e n t s p e c i e s p r o d u c e d f o l l o w i n g a b s o r p t i o n 
o f p i c o s e c o n d l i g h t p u l s e s b y b a c t e r i o r h o d o p s i n (a p r o t e i n 
c o m p l e x c o n t a i n i n g t h e r e t i n a l c h r o m o p h o r e i n t h e p u r p l e 
membrane o f H a l o b a c t e r i u m H a l o b i u m ) h a v e r e c e n t l y b e e n 
u n d e r t a k e n ( G . A t k i n s o n , U n i v e r s i t y o f A r i z o n a , p e r s o n a l 
c o m m u n i c a t i o n , 1 9 8 7 ) a l t h o u g h t h e a p p l i c a t i o n o f s u c h 
measurements t o s y n t h e t i c m a c r o m o l e c u l a r s y s t e m s h a s y e t 
t o b e f u l l y i n v e s t i g a t e d

Magnetic Resonance Spectroscopy 
E l e c t r o n s a n d n u c l e i h a v e a m a g n e t i c moment a s s o c i a t e d 
w i t h a n g u l a r momenta o f t h e p a r t i c l e s . I n t h e p r e s e n c e o f 
a m a g n e t i c f i e l d t h e d e g e n e r a c y o f d i s c r e t e e n e r g y l e v e l s 
a s s o c i a t e d w i t h t h e m a g n e t i c moment i s removed a n d 
a b s o r p t i o n a n d e m i s s i o n o f r a d i a t i o n b e t w e e n t h e s e e n e r g y 
l e v e l s may be o b s e r v e d ( l r 1 6 ) , The e n e r g y d i f f e r e n c e 
b e t w e e n t h e q u a n t i z e d l e v e l s depends on t h e m a g n e t i c f i e l d 
s t r e n g t h a n d i s g i v e n b y : 

AE = h v = g\iB 

where g i s a c o n s t a n t ( g e = 2 f o r f r e e e l e c t r o n s ; g N = 0.1 
t o 6 f o r many n u c l e i , e.g., g N = 5.5854 f o r a p r o t o n ) , | l 
i s t h e B o h r magneton (|ig) f o r e l e c t r o n s a n d t h e n u c l e a r 
magneton (p,N) f o r n u c l e i a n d B i s t h e m a g n e t i c f i e l d f l u x 
d e n s i t y . 

The t e c h n i q u e o f s t u d y i n g t h e a b s o r p t i o n o f 
r a d i a t i o n b y u n p a i r e d e l e c t r o n s i n a m a g n e t i c f i e l d i s 
c a l l e d E l e c t r o n S p i n - R e s o n a n c e (ESR) s p e c t r o s c o p y w h i l e 
t h e s t u d y o f t h e r e s o n a n c e f r e q u e n c i e s f o r n u c l e i i s 
c l a s s i f i e d a s N u c l e a r M a g n e t i c R e s o n a n c e (NMR) 
s p e c t r o s c o p y . U nder e x t e r n a l m a g n e t i c f i e l d s t r e n g t h s o f 
a b o u t 1 T e s l a , ESR s p e c t r o s c o p y r e q u i r e s e n e r g i e s i n t h e 
m i c r o w a v e r e g i o n (-10 GHz) t o i n i t i a t e t r a n s i t i o n s w h i l e , 
s i n c e t h e i n t e r a c t i o n b e t w e e n n u c l e i a n d t h e m a g n e t i c 
f i e l d i s much we a k e r , t h e NMR t e c h n i q u e u s e s l o w e r e n e r g y 
r a d i o waves i n t h e 1 t o 5 m e t r e b a n d . 

E x p e r i m e n t a l l y t h e sa m p l e i s p l a c e d i n a s t r o n g 
m a g n e t i c f i e l d and, r a t h e r t h a n t h e f r e q u e n c y b e i n g 
s c a n n e d a t a c o n s t a n t f i e l d s t r e n g t h t o d e t e c t a b s o r p t i o n 
o f r a d i a t i o n , i n p r a c t i c e t h e f r e q u e n c y o f e x c i t i n g 
r a d i a t i o n i s k e p t c o n s t a n t a n d t h e m a g n e t i c f i e l d f l u x i s 
v a r i e d . B o t h ESR and NMR s p e c t r o s c o p y h a v e f o u n d 
w i d e s p r e a d a p p l i c a t i o n i n p o l y m e r s t u d i e s a n d s e v e r a l 
e x c e l l e n t t e x t s d e s c r i b i n g t h e t e c h n i q u e s a r e a v a i l a b l e 
(1,17-19). 
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ESR s p e c t r o s c o p y r e q u i r e s t h e p r e s e n c e o f u n p a i r e d 
e l e c t r o n s i n t h e sa m p l e a n d t h u s i t f i n d s a p p l i c a t i o n i n 
t h e s t u d y o f t r i p l e t e x c i t e d s t a t e s , n e u t r a l f r e e r a d i c a l s 
a nd r a d i c a l i o n s w h i c h may be f o r m e d i n p o l y m e r s f o l l o w i n g 
e x p o s u r e t o r a d i a t i o n . The d e g e n e r a t e e n e r g y l e v e l s o f 
u n p a i r e d e l e c t r o n s a r e s p l i t i n t o two i n t h e p r e s e n c e o f a 
m a g n e t i c f i e l d a n d a s i n g l e r e s o n a n c e a b s o r p t i o n m i g h t be 
e x p e c t e d . However, t h e r e a r e o f t e n i n t e r a c t i o n s b e t w e e n 
t h e m a g n e t i c moments o f o t h e r n e i g h b o u r i n g n u c l e i ( e . g . , 
p r o t o n s ) a n d t h e e l e c t r o n l e a d i n g t o h y p e r f i n e s p l i t t i n g s 
i n t h e a b s o r p t i o n s p e c t r u m (12). I n t h i s c a s e , t h e 
e l e c t r o n a n d n u c l e a r s p i n s i n t e r a c t a n d i m p o s e s l i g h t l y 
d i f f e r e n t e n e r g y l e v e l s on t h e o r i g i n a l e n e r g y s p l i t t i n g 
a r i s i n g f r o m t h e e f f e c t o f t h e m a g n e t i c f i e l d on t h e 
e l e c t r o n . Thus d i f f e r e n t r e s o n a n t f r e q u e n c i e s w i l l be 
o b s e r v e d a n d t h e number and i n t e n s i t y o f t h e a b s o r p t i o n 
b a n d s i n t h e s p e c t r u
c h e m i c a l e n v i r o n m e n

F o r e x a m p l e , p o l y ( m e t h y l m e t h a c r y l a t e ) e x p o s e d t o 
h i g h e n e r g y o r UV r a d i a t i o n g i v e s a n i n e l i n e ESR 
s p e c t r u m , a s d e p i c t e d i n F i g u r e 7. A n a l y s i s o f t h i s 
s p e c t r u m h a s i n d i c a t e d t h a t t h e l i k e l y s t r u c t u r e o f t h e 
f r e e r a d i c a l r e s p o n s i b l e i s ( H ) : 

~ C H 2 - C" (CH 3)COOCH 3. 

I n p o l y ( o l e f i n e s ) t h e m e t a s t a b l e a l l y l r a d i c a l i s 
o f t e n o b s e r v e d b y ESR t e c h n i q u e s f o l l o w i n g i r r a d i a t i o n : 

~ — CH = CH—HC . 

The c a p a b i l i t y t o d e t e c t s u c h s p e c i e s b y ESR 
s p e c t r o s c o p y p r o v i d e s a means t o a n a l y s e t h e mechanisms o f 
p o l y m e r b r e a k d o w n u n d e r i r r a d i a t i o n ( 1 7 , 1 9 ) . I n a d d i t i o n , 
c e r t a i n compounds u s e d t o p h o t o s t a b i l i z e p o l y m e r s a g a i n s t 
UV r a d i a t i o n a c t b y s c a v e n g i n g t h e r e a c t i v e r a d i c a l s t o 
f o r m more s t a b l e r a d i c a l s p e c i e s ( e . g . , h i n d e r e d p h e n o x y 
r a d i c a l s ) a n d t h u s t h e p e r f o r m a n c e o f t h e s e s t a b i l i z e r s 
c a n be a s s e s s e d b y ESR methods (12). 

The s p e c i e s p r e s e n t i n p o l y m e r s t h a t c a n be s t u d i e d 
by ESR a r e o f t e n h i g h l y r e a c t i v e , s h o r t - l i v e d a n d a r e 
p r e s e n t i n l o w c o n c e n t r a t i o n s . However, d e v e l o p m e n t s i n 
i n s t r u m e n t a t i o n have o f f e r e d i m p r o v e m e n t s i n s e n s i t i v i t y 
a n d , c o m b i n e d w i t h more r e l i a b l e i n t e r p r e t a t i o n o f d a t a 
( 1 ) , t h e i n c r e a s i n g a p p l i c a t i o n o f t h i s method o f p o l y m e r 
c h a r a c t e r i z a t i o n i n s t u d y i n g r a d i a t i o n e f f e c t s on p o l y m e r s 
c a n be e x p e c t e d . 

I n c o n t r a s t t o ESR s p e c t r o s c o p y , w h i c h c a n o n l y be 
u s e d t o s t u d y s p e c i e s w i t h u n p a i r e d e l e c t r o n s , NMR 
s p e c t r o s c o p y i s a p p l i c a b l e t o t h e i n v e s t i g a t i o n o f a l l 
p o l y m e r s a m p l e s . N u c l e i w i t h n o n - z e r o t o t a l n u c l e a r s p i n 
( e . g . , 1H, l 3 C , 1 9 F , 1 4N) w i l l h a ve a m a g n e t i c moment w h i c h 
w i l l i n t e r a c t w i t h an e x t e r n a l m a g n e t i c f i e l d r e s u l t i n g i n 
q u a n t i z e d e n e r g y l e v e l s . T r a n s i t i o n s b e t w e e n t h e s e e n e r g y 
l e v e l s f o r m t h e b a s i s o f NMR s p e c t r o s c o p y . -̂H a nd 1 3 C 
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BEAM SPLITTER 

LIGHT SOURCE 

FIXED MIRROR 

F i g u r e 6. S c h e m a t i c d i a g r a m o f an i n t e r f e r o m e t e r as 
u s e d i n F T I R i n s t r u m e n t s . 

40 gauss 

F i g u r e 7. Form o f ESR s p e c t r u m f o l l o w i n g i r r a d i a t i o n 
o f p o l y ( m e t h y l m e t h a c r y l a t e ) a t room t e m p e r a t u r e ( a f t e r 
1 3 ) . ( R e p r o d u c e d w i t h p e r m i s s i o n f r o m R e f . 13. C o p y r i g h t 
1985 C a m b r i d g e U n i v e r s i t y P r e s s . ) 
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T a b l e I . I n f o r m a t i o n f r o m S p e c t r o s c o p i c M e t h o d s 

S p e c t r o s c o p i c T e c h n i q u

E l e c t r o n i c 
( A b s o r p t i o n , f l u o r e s c e n c e , 
p h o s p h o r e s c e n c e ) 

V i b r a t i o n a l 
(IR, Raman) 

Chromophore c o m p o s i t i o n , 
c o n f o r m a t i o n , e x c i t e d s t a t e 
b e h a v i o u r , p o l y m e r m o b i l i t y 

C h e m i c a l s t r u c t u r e , 
t a c t i c i t y , c o n f o r m a t i o n , 
c h e m i c a l m o d i f i c a t i o n 

M a g n e t i c r e s o n a n c e 
(ESR, NMR) 

C h e m i c a l s t r u c t u r e , 
t a c t i c i t y , c o n f o r m a t i o n , 
p o l y m e r m o b i l i t y (NMR); 
R a d i c a l , t r i p l e t s t a t e 
s t r u c t u r e a n d b e h a v i o u r 
(ESR) 
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n u c l e i a r e t h e most u s e f u l n u c l e i i n p o l y m e r s f o r s t u d y by 
NMR methods ( 1 ) . 

The v a l u e o f t h e m a g n e t i c f i e l d s t r e n g t h a t w h i c h 
r e s o n a n c e s o c c u r f o r a p a r t i c u l a r n u c l e i i s i n f l u e n c e d by 
t h e c h e m i c a l e n v i r o n m e n t . The s h i f t i n a b s o r p t i o n p e a k s 
i n NMR s p e c t r a a r i s e b e c a u s e t h e n u c l e i a r e s h i e l d e d f r o m 
t h e e x t e r n a l f i e l d t o d i f f e r i n g e x t e n t s b y t h e d i a m a g n e t i c 
b e h a v i o u r o f s u r r o u n d i n g m o l e c u l a r e l e c t r o n s . The 
' c h e m i c a l s h i f t 1 o f v a r i o u s r e s o n a n c e p e a k s c a n t h u s a i d 
i d e n t i f i c a t i o n o f t h e f u n c t i o n a l g r o u p c o n t a i n i n g t h e 
n u c l e i . I n a d d i t i o n , h y p e r f i n e s p l i t t i n g s o f t h e p e a k s 
a r e o b s e r v e d w h i c h may be a t t r i b u t e d t o i n t e r a c t i o n s 
b e t w e e n m a g n e t i c n u c l e i i n d i f f e r e n t p a r t s o f t h e 
m o l e c u l e . A n a l y s i s o f t h e h y p e r f i n e s p l i t t i n g s t r u c t u r e 
c a n t h u s p r o v i d e a d d i t i o n a l i n f o r m a t i o n c o n c e r n i n g t h e 
l o c a l c h e m i c a l s t r u c t u r e  A d e t a i l e d d i s c u s s i o n o f t h e 
a n a l y s i s o f NMR s p e c t r
C h a p t e r a n d t h e r e a d e
d e s c r i p t i o n s ( 1 6 , 1 8 ) . The s p e c t r a o b t a i n e d f r o m p o l y m e r s 
c a n be q u i t e c o m p l i c a t e d , a l t h o u g h NMR s p e c t r a c a n 
p r o v i d e i m p o r t a n t i n f o r m a t i o n i n c l u d i n g d e t a i l s o f p o l y m e r 
t a c t i c i t y ( 1 ) . 

The i n t r o d u c t i o n o f a d d i t i o n a l t e c h n i q u e s s u c h as 
P u l s e d F o u r i e r T r a n s f o r m NMR s p e c t r o s c o p y (PFT-NMR) h a s 
c o n s i d e r a b l y i n c r e a s e d t h e s e n s i t i v i t y o f t h e method, 
a l l o w i n g many m a g n e t i c n u c l e i w h i c h may be i n l o w 
a b u ndance, i n c l u d i n g 1 3 C , t o be s t u d i e d . The a d d i t i o n a l 
d a t a a v a i l a b l e f r o m t h e s e methods a l l o w i n f o r m a t i o n on 
p o l y m e r s t r u c t u r e , c o n f o r m a t i o n a n d r e l a x a t i o n b e h a v i o u r 
t o be o b t a i n e d ( 1 . 1 8 . 2 0 ) . 

I n r e s p e c t o f r a d i a t i o n e f f e c t s i n p o l y m e r s , t h e 
p r i m a r y a p p l i c a t i o n o f NMR s p e c t r o s c o p y i s i n c h e m i c a l 
a n a l y s i s t o d e t e r m i n e t h e c h a n g e s i n c h e m i c a l s t r u c t u r e 
w h i c h may o c c u r on e x p o s u r e . 

C o n c l u s i o n 

The v a r i e t y o f s p e c t r o s c o p i c methods now a v a i l a b l e 
c a n be u s e d t o p r o v i d e c o n s i d e r a b l e i n f o r m a t i o n on 
r a d i a t i o n e f f e c t s on p o l y m e r i c m a t e r i a l s . These 
a p p l i c a t i o n s a r e s u m m a r i z e d i n T a b l e I . Improvements i n 
i n s t r u m e n t a t i o n and d a t a a n a l y s i s p r o c e d u r e s a r e 
c o n t i n u i n g and t h e d e v e l o p m e n t o f new s p e c t r o s c o p i c 
t e c h n i q u e s p r o m i s e new i n s i g h t s i n t o p o l y m e r s t r u c t u r e and 
b e h a v i o u r . 
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Chapter 4 

Flash Photolysis of Aromatic 
Diisocyanate-Based Polyurethanes 

Charles E. Hoyle, Young G. No, and Keziban S. Ezzell 

Department of Polymer Science, University of Southern Mississippi, 
Southern Station Box 10076, Hattiesburg, MS 39406-0076 

The laser flash photolysis of aromatic diisocyanate 
based polyurethane
dual mechanism
processes, an N-C bond cleavage, is common to both TDI 
(toluene diisocyanate) and MDI (methylene 4,4'­
-diphenyldiisocyanate) based polyurethanes. The second 
process, exclusive to MDI based polyurethanes, involves 
formation of a substituted diphenylmethyl radical. The 
diphenylmethyl radical, which readily reacts with 
oxygen, is generated either by direct excitation (248 
nm) or indirectly by reaction with a tert-butoxy 
radical produced upon excitation of tert-butyl peroxide 
at 351 nm. 

The photochemical processes responsible for the ultimate degradation 
and destructive failure of polyurethanes based on aromatic 
diisocyanates have been investigated extensively for the past twenty­
-five years by a large number of research groups (1-7). Schemes I and 
II summarize proposed pathways for photodegradation of polyurethanes 
based on toluene diisocyanate (mixture of 2,4-TDI and 2,6-TDI 
isomers) and methylene 4,4'-diphenyldiisocyanate (MDI). Scheme I for 
TDI based polyurethanes (exemplified by the 2,4 isomer) depicts a 
traditional photo-Fries type rearrangement (4). Scheme II, however, 
shows a dual mechanism for photodegradation of MDI based 
polyurethanes recently proposed by Gardette and Lemaire (7), i.e., 
the traditional photoinduced N-C bond cleavage and subsequent 
reactions as well as a path for formation of hydrogen peroxide on the 
central methylene carbon of the bisarylcarbamate moiety with the 
presumption of further reaction to quinoid type products. 

In order to characterize the intermediates leading to the photo­
-Fries/cleavage and hydroperoxide products shown in Schemes I and II, 
laser flash photolysis measurements of solutions of both MDI and TDI 
based polyurethanes were conducted. The results from this study are 
interpreted by comparison with transient spectra of an aryl 
monocarbamate and the bispropyl carbamate of MDI. In addition, a 
dimethylsilicon analog of the MDI bispropyl carbamate is used to 
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S C H E M E I - P h o t o l y s i s of 2,4-TDI Based Polyurethanes 

S C H E M E I I - D i r e c t and I n d i r e c t P h o t o l y s i s of MDI Based Polyurethanes 
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c o n f i r m the mechanism l e a d i n g t o hydroperoxide formation. The 
t r a n s i e n t s p e c t r a l a n a l y s i s i n t h i s paper supports a n i l i n y l / c a r b o x y l 
r a d i c a l f o r m a t i o n by N-C bond c l e a v a g e . F i n a l l y , evidence i s 
pr e s e n t e d f o r d i p h e n y l m e t h y l r a d i c a l f o r m a t i o n i n MDI b a s e d 
carbamates. 

EXPERIMENTAL 

M a t e r i a l s . Methylene 4 , 4 , - d i p h e n y l d i i s o c y a n a t e (MDI, Mobay) was 
r e c r y s t a l l i z e d from c y c l o h e x a n e . T o l u e n e d i i s o c y a n a t e ( T D I — 
represents mixture of 2,4- and 2,6-isomers i n 80/20 r a t i o ) , p-
t o l u i d i n e ( A l d r i c h ) and a n i l i n e ( A l d r i c h ) were p u r i f i e d by vacuum 
d i s t i l l a t i o n before use. Diphenylmethane, t e r t - b u t y l peroxide (TBP), 
4-bromoaniline, b u t y l l i t h i u m i n hexane, and e t h y l chloroformate, 
were obtained from A l d r i c h and used as r e c e i v e d . S p e c t r o g r a d e 
tetrahydrofuran (THF) and benzene from Burdick and Jackson were used 
as r e c e i v e d . Poly(tetramethylen
obtained from polyscience
50 °C f o r 24 h. 

Prepar a t i o n of model compounds and polyurethanes. A procedure f o r 
the p r e p a r a t i o n of the n o n - s i l i c o n c o n t a i n i n g monocarbamate and 
biscarbamate models has been reported p r e v i o u s l y ( 8 ) . In order to 
obta i n the s i l i c o n c o n t a i n i n g model compound, 5.0 g o f b i s ( 4 -
aminophenyl) dimethyl s i l a n e [synthesized according t o P r a t t , e t . a l 
(9)] was added to 7.0 g e t h y l c h l o r o f ormate a t room temperature. A 
s a l t immediately formed. The mixture was r e f l u x e d f o r 15 min. The 
s o l u t i o n was then cooled, vacuum f i l t e r e d , and r e c r y s t a l l i z e d from 
e t h a n o l t o y i e l d 1.0 g of a white powder: MP 162-3 °C; Anal. 
c20 H26°4 N2 S i C* 1^ c» 62.17; H, 6.70; N, 7.23; Found C, 62.01; H, 
6.79; N, 7.42. 

Both o f t h e s i m p l e p o l y u r e t h a n e s (TDI-PU and MDI-PU) were 
synt h e s i z e d a c c o r d i n g t o a w e l l known s o l u t i o n p o l y m e r i z a t i o n 
technique (10). The polyurethane elastomer (MDI-PUE) was prepared by 
a pre-polymer method (11). 

Instrumentation 

The l a s e r f l a s h p h o t o l y s i s u n i t c o n s i s t s of a Lumonics HyperEx 
Excimer Laser p h o t o l y s i s s o u r c e , an A p p l i e d P h o t o p h y s i c s xenon 
lamp/monochromator/PMT/auto-offset probe, a Tektronix 7912 t r a n s i e n t 
d i g i t i z e r , a micro-PDP 11 c o m p u t e r f r o m D i g i t a l E q u i p m e n t 
Corporation, and an Applied Photophysics c o n t r o l u n i t . The l a s e r was 
operated i n the charge on demand mode and the xenon lamp s o u r c e 
( r i g h t - a n g l e arrangement) was momentarily pulsed to achieve a high 
i n t e n s i t y which was f l a t f o r about 200 / i s . The l a s e r was operated a t 
e i t h e r 248 nm ( K r F ) o r 351 nm (XeF). Nominal outputs were 80 
mJ/pulse a t 248 nm and 60 mJ/pulse at 351 nm. UV absorption s p e c t r a 
of t r a n s i e n t intermediates were constructed point-by-point from decay 
p l o t s taken at s p e c i f i e d wavelength i n t e r v a l s . For the k i n e t i c decay 
s t u d i e s , the data were analyzed using a software package from Applied 
Photophysics. 
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RESULTS AND DISCUSSION 

I n o r d e r t o demonstrate the use o f l a s e r f l a s h p h o t o l y s i s i n 
e l u c i d a t i o n of the MDI based polyurethane p h o t o l y s i s mechanism, three 
polyurethanes, two a r y l biscarbamate models, an a r y l monocarbamate 
model, and an aromatic amine were s e l e c t e d . Two of the polyurethanes 
are based on MDI while the t h i r d i s based on TDI (mixture of 2,4 and 
2,6 isomers i n 80/20 r a t i o ) . The MDI based polyurethanes a l l have 
the same basic carbamate repeat u n i t . The MDI elastomer (MDI-PUE) i s 
s o l u b l e i n tetrahydrofuran (THF). The simple polyurethane (MDI-PU) 
based on MDI and 1,4-butanediol is used in the tert-butoxy 
abstraction reactions since i t does not contain a polyether backbone. 
(See page 47 for structures of polymers and models.) 

The r e s u l t s and d i s c u s s i o n s e c t i o n i s d i v i d e d i n t o two p a r t s . 
The f i r s t part deals w i t h d i r e c t l a s e r f l a s h p h o t o l y s i s of the MDI-
PUE polymer and appropriate s m a l l molecule models. The t r a n s i e n t 
s p e c t r a generated by d i r e c
i n t e r p r e t e d by c o n s i d e r a t i o
of the carbamate moiety. The second part describes r e s u l t s obtained 
by production of a r a d i c a l t r a n s i e n t species which i s capable of 
a b s t r a c t i n g l a b i l e hydrogens from the polyurethane. T h i s l a t t e r 
p r o c e d u r e represents an a l t e r n a t i v e method f o r production of the 
t r a n s i e n t species which were obtained by d i r e c t e x c i t a t i o n . 
L a s e r F l a s h P h o t o l y s i s a t 248 nm of TDI-PU, MDI-PUE, and Model 
Compounds. Figures 1 and 2 show the t r a n s i e n t absorption s p e c t r a of 
MDI-PUE (5.5 X 10-3 g / d L ) a n d TDI-PU (2.3 X 10"3 g/dL) i n THF a t a 
2.0 /is delay a f t e r p u l s i n g w i t h a krypton f l u o r i d e excimer l a s e r 
(A e x=248 nm) i n a i r and n i t r o g e n saturated samples. Both s p e c t r a 
have common peaks i n nitro g e n saturated s o l u t i o n s (shown by arrows) 
a t 310 nm, 330-360 nm (broad), and above 400 nm (broad, d i f f u s e 
absorbance).. The MDI-PUE sample has an a d d i t i o n a l and q u i t e 
d i s t i n c t i v e peak a t 370 nm. In the presence of a i r , the peak a t 370 
nm f o r MDI-PUE i s completely extinguished, while the sharp peaks at 
310 nm f o r TDI-PU and MDI-PUE and the broad band above 400 nm are 
only m a r g i n a l l y quenched by oxygen. 

I t should be noted that a t the e x c i t a t i o n wavelength employed, 
the absorbance of MDI-PUE i s 1.1 while the absorbance of the so l v e n t 
THF i s 0.3. This i s a c o n d i t i o n d i c t a t e d by polymer s o l u b i l i t y 
c o n s i d e r a t i o n s and choice of e x c i t a t i o n wavelength. We are confident 
that the s p e c t r a l r e s u l t s f o r the p h o t o l y s i s at 248 nm are derived 
from r a d i c a l s generated by d i r e c t e x c i t a t i o n , as opposed to r a d i c a l 
a b s t r a c t i o n by so l v e n t r a d i c a l s , s i n c e the k i n e t i c curves i n d i c a t e no 
delay i n r a d i c a l formation of the t r a n s i e n t s . 

In order to i n t e r p r e t the r e s u l t s f o r MDI-PUE and TDI-PU, the 
l a s e r f l a s h p h o t o l y s i s measurements of s e v e r a l model systems were 
performed. The t r a n s i e n t s p e c t r a o f the p - t o l u i d i n y l r a d i c a l , 
recorded upon l a s e r f l a s h p h o t o l y s i s (X e x=248 nm) of p - t o l u i d i n e (1.4 
X 10-4 M i n THF), has a d i s t i n c t maximum a t approximately 310 nm and 
a broad, d i f f u s e absorbance above 400 nm (Figure 3 ) . The r e s u l t s f o r 
p - t o l u i d i n e are i n agreement w i t h p r e v i o u s l y reported s p e c t r a f o r 
a n i l i n y l type r a d i c a l s (12,13). Comparing the t r a n s i e n t spectra f o r 
p - t o l u i d i n e w i t h TDI-PU and MDI-PUE, i t i s q u i t e obvious that the p-
t o l u i d i n y l r a d i c a l i n THF (Figure 3) i s e s s e n t i a l l y i d e n t i c a l to the 
300-330 nm and > 400 nm p o r t i o n s of the t r a n s i e n t s p e c t r a of MDI-PUE 
and TDI-PU i n Figures 1 and 2. 
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Before a s s i g n i n g the 310 nm and 400 nm bands i n the MDI-PUE and 
TDI-PU t r a n s i e n t s p e c t r a ( F i g u r e s 1 and 2 ) . the l a s e r f l a s h 
p h o t o l y s i s of propy l N-tolylcarbamate (1.3 X 10~* M) was recorded i n 
THF ( ex=2b8 n m)» The t r a n s i e n t spectrum of prop y l N-tolylcarbamate 
i s very s i m i l a r to the spectrum reported f o r propyl N-phenylcarbamate 
(13). For pr o p y l N-tolylcarbamate, the peaks a t 310 nm, 330-360 nm 
and > 400 nm (Figure 4) are i d e n t i c a l t o three of the four peaks i n 
the t r a n s i e n t spectrum of MDI-PUE and the three peaks i n TDI-PU. 
Thus, by analogy w i t h p - t o l u i d i n e , the 310 nm (sharp peak) and 400-
450 nm band i n the t r a n s i e n t spectrum of propyl N-tolylcarbamate can 
be a t t r i b u t e d to the p - t o l u i d i n y l r a d i c a l . These r e s u l t s are r e a d i l y 
t r a n s l a t e d i n t o assignment of the 310 nm and 400-450 nm bands i n the 
MDI-PUE and TDI-PU t r a n s i e n t s p e c t r a ( F i g u r e s 1 and 2) to p-
t o l u i d i n y l t y p e r a d i c a l s . A n i l i n y l type r a d i c a l s have been 
p r e v i o u s l y i m p l i c a t e d as an intermediate i n the p h o t o l y s i s of a r y l 
carbamates and t h e i r presence i s c e r t a i n l y expected (4-6)

The broad band absorbanc
l e a s t i n p a r t , t o f o r m a t i o
C o n t r i b u t i o n s from other species may a l s o be important i n t h i s r e gion 
and f i n a l assignment depends on k i n e t i c s t u d i e s i n progress. 

The f i n a l peak under c o n s i d e r a t i o n i n the t r a n s i e n t spectrum 
(Figure 1) of MDI-PUE i s the sharp peak a t 370 nm which i s q u i t e 
s e n s i t i v e to oxygen. Figure 5a shows the t r a n s i e n t absorbance 
spectrum (X e x=248 nm) of the b i s p r o p y l carbamate of MDI (designated 
BP-MDI) i n dichloromethane (2.7 X 10~ 5 M). (We r e c e n t l y reported a 
s i m i l a r spectrum f o r BP-MDI i n THF (1 3 ) ) . As i n the case of MDI-PUE 
(Figure 1), the t r a n s i e n t spectrum of BP-MDI i n Figure 5a has bands 
at 310 nm (sharp peak), 330-360 nm (broad peak), 370 nm (sharp peak) 
and above 400 nm (weak, d i f f u s e broad band absorbance). Only the 
peak a t 370 nm i s r e a d i l y q u e n c h e d by oxygen. From t he 
i n v e s t i g a t i o n s of Po r t e r and Windsor (14), i t i s w e l l known that 
p h o t o l y s i s of diarylmethanes r e s u l t s i n a C-H bond c l e a v a g e and 
formation of d i a r y l m e t h y l r a d i c a l s . In the case of diphenylmethane, 
the diphenylmethyl r a d i c a l has a very sharp absorbance maximum a t 
330-360 nm. S u b s t i t u t i o n a t the para p o s i t i o n s , such as i s the case 
w i t h BP-MDI and the biscarbamate group i n the MDI-PUE polymer, would 
be expected to red s h i f t the absorption maximum. Thus, the peak a t 
370 nm i n Figures 1 and 5a can be t e n t a t i v e l y p ostulated t o a r i s e 
from the absorbance of a 4 , 4 f - d i s u b s t i t u t e d diphenylmethyl r a d i c a l . 

In order t o provide c o r r o b o r a t i v e evidence f o r the assignment of 
the 370 nm peak to a diphenylmethyl r a d i c a l , a diphenyl dimethyl 
s i l i c o n a n a l o g o f the BP-MDI model compound was prepared (see 
s t r u c t u r e f o r t h i s compound which i s d e s i g n a t e d SiMe2~MDI). 
Obviously, formation of a diphenylmethyl r a d i c a l upon p h o t o l y s i s of 
SiMe2-MDI i s i m p o s s i b l e . A c c o r d i n g l y , the t r a n s i e n t a b s o r p t i o n 
spectrum recorded f o r the l a s e r f l a s h p h o t o l y s i s ( x e x = 2 4 8 nm) of 
SiMe2-MDI (Figure 5b) i n dichloromethane (2.6 X 10~ 5 M) has peaks a t 
310 nm (sharp), 330-360 nm (broad), and above 400 nm (broad, weak 
d i f f u s e ) , but no sharp peak a t 370 nm. Apparently, a l l of the 
s t r u c t u r a l f e a t u r e s e x h i b i t e d by the SiMe2~MDI t r a n s i e n t spectrum are 
found i n the t r a n s i e n t spectrum of BP-MDI, save the 370 nm peak. 
This c e r t a i n l y provides a d d i t i o n a l evidence f o r a s s i g n i n g the 370 nm 
peak to a s u b s t i t u t e d diphenylmethyl r a d i c a l . 

The next s e c t i o n deals w i t h the use of independently generated 
tert-butoxy t r a n s i e n t s p e c i e s which a r e c a p a b l e o f a b s t r a c t i n g 
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Figu r e 3. Transient absorption spectrum (2.0 /is) of 
1.4 X 10-4 M p - t o l u i d i n e i n ni t r o g e n saturated THF (X E X=248 nm). 
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Figu r e 4. Transient absorption spectrum (2.0 /is) of 
1.3 X 10~4 M p r o p y l N-tolylcarbamate i n ni t r o g e n saturated THF 
(X E X=248 nm). 
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hydrogens from the p o l y u r e t h a n e s and the model compounds. The 
r e s u l t s derived from the i n d i r e c t method of generating t r a n s i e n t s 
w i l l be used to s u b s t a n t i a t e the f i n d i n g s by d i r e c t p h o t o l y s i s . 

L a s e r F l a s h P h o t o l y s i s a t 351 nm of t e r t - B u t y l Peroxide/Benzene 
S o l u t i o n s Containing MDI-PUE and Model Compounds. P h o t o l y s i s of 
t e r t - b u t y l peroxide (TBP) r e s u l t s i n a h i g h l y e f f i c i e n t production of 
tert-butoxy r a d i c a l s . I t has r e c e n t l y been shown (15) that t e r t -
butoxy r a d i c a l s generated by the l a s e r f l a s h p h o t o l y s i s of TBP can 
r a p i d l y e x t r a c t hydrogen atoms from appropriate s u b s t r a t e s such as 
a n i l i n e and diphenylamine (Scheme I I I ) . 

The r e s u l t s of an experiment f o r the l a s e r f l a s h p h o t o l y s i s 
(X e x=351 nm) of a 6.0 X 10"2 M s o l u t i o n of diphenylmethane i n a 60/40 
mixture of TBP and benzene (Figure 6) shows a d i s t i n c t absorbance 
peak maximum a t ~ 340 nm c h a r a c t e r i s t i c o f the u n s u b s t i t u t e d 
diphenylmethyl r a d i c a l  The r e s u l t s i n F i g u r e 6 i l l u s t r a t e the 
u t i l i t y of TBP i n i n d i r e c

The l a s e r f l a s h p h o t o l y s i
i n benzene (Figure 7) y i e l d s a t r a n s i e n t s p e c t r a w i t h d i s t i n c t 
maximum a t 370 nm which can most l i k e l y be a t t r i b u t e d t o a 
s u b s t i t u t e d diphenylmethyl r a d i c a l . ( S i m i l a r r e s u l t s are obtained i n 
other s o l v e n t s such as DMF). No detectable t r a n s i e n t species were 
generated above 350 nm by the l a s e r f l a s h p h o t o l y s i s (x e x=351 nm) of 
the 60/40 mixture of TBP and benzene alone. Results f o r the TBP/MDI-
PU (7.0 X 10" 2 g/dL) system i n Figure 8 show, as i n the case of the 
model BP-MDI (Figure 7), that the t r a n s i e n t spectrum o f MDI-PU 
obtained i n d i r e c t l y through tert-butoxy r a d i c a l s has a maximum a t 370 
nm. This provides a d d i t i o n a l support f o r assignment of the t r a n s i e n t 
species r e s p o n s i b l e f o r the 370 nm absorbance to a diphenylmethyl 
r a d i c a l . 

C O N C L U S I O N S 

The r e s u l t s i n t h i s paper support an N-C bond cleavage mechanism 
(Schemes I and I I ) f o r the p h o t o l y s i s of both TDI and MDI based 
polyurethanes. The s u b s t i t u t e d a n i l i n y l r a d i c a l s observed no doubt 
are formed by d i f f u s i o n from a solvent cage a f t e r the primary N-C 
bond cleavage. Although not s p e c i f i c a l l y shown i n t h i s paper, the 
reported photo-Fries products (6) are probably formed by a t t a c k of 
the c a r b o x y l r a d i c a l on the phenyl r i n g before r a d i c a l d i f f u s i o n 
occurs. The s o l v e n t separated a n i l i n y l r a d i c a l s r a p i d l y a b s t r a c t 
hydrogens from the s o l v e n t t o give the reported aromatic amine 
product ( 6 ) . 

For MDI based p o l y u r e t h a n e s we have provided evidence f o r 
formation of a diphenylmethyl r a d i c a l by d i r e c t e x c i t a t i o n (248 nm) 
of the carbamate moiety as w e l l as hydrogen a b s t r a c t i o n by a t e r t -
butoxy r a d i c a l which i s produced by e x c i t a t i o n (351 nm) of t e r t - b u t y l 
peroxide. The diphenylmethyl r a d i c a l r e a d i l y r e a c t s w i t h oxygen. A 
proposed mechanism which accounts f o r the p r o d u c t i o n ( d i r e c t or 
i n d i r e c t ) and subsequent r e a c t i o n w i t h oxygen of the diphenylmethyl 
r a d i c a l i s shown i n Scheme IV. The hydrogen p e r o x i d e p r o d u c t 
depicted i n Scheme IV has been p r e v i o u s l y i d e n t i f i e d by FT-IR ( 7 ) ; we 
have simply provided a p l a u s i b l e mechanism f o r i t s formation. 

F i n a l l y , the use of TBP to produce p h o t o l y t i c a l l y the t e r t -
butoxy r a d i c a l has not only proven to be an e x c e l l e n t mechanistic 
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300 350 400 450 500 
W A V E L E N G T H [nm] 

Figure 5. Transient absorption s p e c t r a (2.0 fis) of (a) 2.7 X 10""-* M 
BP-MDI i n ni t r o g e n saturated dichloromethane (x e x=248 nm) (b) 2.6 X 
10~5 M SiMe2-MDI i n ni t r o g e n saturated dichloromethane (X e x=248 nm). 

(CH,)JC0-0C(CH1)J — J l ; • 2(CHJ),CO. 

(CH1),C0. • RH •(CH,),C-OH • R* 

S C H E M E I I I - P h o t o l y s i s of TBP 
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in 
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Figure 6. Transient absorption spectrum (12.0 /is) of 
6.0 X l O - 2 M diphenylmethane i n a ni t r o g e n saturated TBP/CfcHe (60/40) 
s o l u t i o n (X e x=351 nm). 

>-NHC0,Pr 

300 350 400 450 500 
WAVELENGTH [nm] 

F i g u r e 7. Transient absorption spectrum (10.0 us) of 
3.5 X 10~ 3 M TBP/BP-MDI i n a ni t r o g e n saturated TBP/CeHfc (60/40) 
s o l u t i o n (X e x=351 nm). 

In The Effects of Radiation on High-Technology Polymers; Reichmanis, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



54 EFFECTS OF RADIATION ON HIGH-TECHNOLOGY POLYMERS 

300 350 400 450 500 
W A V E L E N G T H [nm] 

Fi g u r e 8, Transient absorption spectrum (15.0 JIS) of 7.0 X 10" 2 g/dL 
MDI-PU i n a ni t r o g e n saturated TBP/DMF (60/40) s o l u t i o n ( A e x 3 * 3 5 1 nm). 
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tool for independently generating key radicals, but it also serves as 
a model for peroxide impurities which may be present in actual 
polyurethanes. Such peroxide impurities may well be introduced into 
polyurethanes during processing or upon the init ial stages of 
exposure to terrestrial radiation. 

Future work will be concerned with quantitative measurement of 
hydrogen abstraction rates of labile hydrogens in the carbamate 
moieties of several aromatic diisocyanate based polyurethanes. It is 
expected that experimental conditions will alter significantly the 
hydrogen abstraction rate. Emphasis will also be placed on 
measurement of transient intermediates in polyurethane films. 
Finally, extensive laser flash photolysis experiments will be 
conducted on polyurethanes based on both 2,4-toluenediisocyanate and 
2,6-toluenediisocyanate. Preliminary data suggest that the placement 
of the methyl substituent can alter the nature of the transient 
intermediates formed. 
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Chapter 5 

Photophysics of Hydroxyphenylbenzotriazole 
Polymer Photostabilizers 

Kenneth P. Ghiggino, A. D. Scully, and S. W. Bigger 

Department of Physical Chemistry, University of Melbourne, 
Parkville 3052, Australia 

The efficiency of the energy relaxation 
processes occurrin
triazole polyme g 
absorption of ultraviolet (UV) radiation has 
been investigated and found to depend strongly 
on the stabilizer structure and the nature of 
the solvent or polymer substrate. Steady-state 
absorption and fluorescence, and picosecond 
fluorescence spectroscopy measurements were 
carried out on a number of these compounds. The 
very rapid excited-state intramolecular proton 
transfer (ESIPT) process responsible for the 
exceptional photostability of these derivatives 
is influenced by the hydrogen-bonding properties 
and polarity of the surrounding medium. The 
ESIPT process is prevented effectively in those 
molecules in which the intramolecular hydrogen 
bonding is disrupted by hydrogen-bonding or 
steric interactions with the solvent or polymer 
environment. 

Most synthetic and natural polymers degrade when exposed 
to solar ultraviolet (UV) radiation (1-5). In synthetic 
polymers degradation is generally caused by the presence 
of photosensitive impurities and/or abnormal structural 
moieties which are introduced during polymerization or in 
the fashioning of the finished products. The presence of 
groups such as ketones, aldehydes, peroxides and hydro­
peroxides are implicated in polymer degradation (1-5). 

A major cause of polymer degradation is free-radical 
chain oxidation which results in the cleavage of the 
polymer backbone, unsaturation, crosslinking or the 
formation of small molecular fragments (1-5). Other 
photodegradative processes include Norrish-type cleavage 
of carbonyl groups and other unsaturated structural groups 

0097-6156/89/0381-0057$06.75/0 
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as w e l l a s o x i d a t i v e p h o t o d e g r a d a t i o n due t o t h e p r e s e n c e 
o f s i n g l e t o x y g e n ( 1 - 5 ) . These i r r e v e r s i b l e c h e m i c a l 
p r o c e s s e s l e a d t o a e s t h e t i c c h a n g e s s u c h as d i s c o l o r a t i o n 
a n d c r a c k i n g as w e l l as t o t h e b r e a k d o w n i n m e c h a n i c a l a n d 
e l e c t r i c a l p r o p e r t i e s o f t h e p o l y m e r . 

Most c o m m e r c i a l p o l y m e r s a r e p r o t e c t e d a g a i n s t UV 
d e g r a d a t i o n b y i n c o r p o r a t i n g a d d i t i v e s i n t o t h e b u l k 
p o l y m e r . F o r e x a m p l e , e x c i t e d - s t a t e q u e n c h e r s s t a b i l i z e 
p o l y m e r i c m a t e r i a l s b y t h e q u e n c h i n g o f s p e c i e s w h i c h a r e 
e x c i t e d b y t h e a b s o r p t i o n o f l i g h t , w h e reas f r e e - r a d i c a l 
s c a v e n g e r s i n h i b i t c h a i n p r o p a g a t i o n p r o c e s s e s by t h e 
r e m o v a l o f f r e e r a d i c a l s o r by d e c o m p o s i n g h y d r o ­
p e r o x i d e s t o p r o d u c e n o n - r e a c t i v e s p e c i e s ( 1 - 5 ) . Two 
i m p o r t a n t g r o u p s o f a d d i t i v e s a r e UV s c r e e n s a n d UV 
a b s o r b e r s . U l t r a v i o l e t s c r e e n s , s u c h as t h e o x i d e s o f 
t i t a n i u m , i r o n a nd chromium, p r o t e c t t h e p o l y m e r by 
r e f l e c t i n g h a r m f u l r a d i a t i o
a b s o r p t i o n by c h r o m o p h o r e

U l t r a v i o l e t a b s o r b e r s p r e f e r e n t i a l l y a b s o r b d a m a g i n g 
UV r a d i a t i o n a n d t h i s e n e r g y i s d i s s i p a t e d h a r m l e s s l y by 
v a r i o u s n o n - r a d i a t i v e a n d r a d i a t i v e p r o c e s s e s w h i c h o c c u r 
i n t h e s t a b i l i z e r . F o r a UV a b s o r b e r t o be an e f f e c t i v e 
s t a b i l i z e r i t must have a l a r g e e x t i n c t i o n i n t h e 
w a v e l e n g t h r a n g e o v e r w h i c h t h e p o l y m e r i s most 
s u s c e p t i b l e t o p h o t o d e g r a d a t i o n . The w a v e l e n g t h s o f 
maximum p h o t o s e n s i t i v i t y f o r some c o m m e r c i a l l y i m p o r t a n t 
p o l y m e r s a r e : 318 nm f o r p o l y ( s t y r e n e ) ( P S ) , 310 nm f o r 
p o l y ( v i n y l c h l o r i d e ) (PVC), 295 nm f o r t h e p o l y c a r b o n a t e s 
a n d 290 t o 315 nm f o r p o l y ( m e t h y l m e t h a c r y l a t e ) (PMMA) ( A ) . 
U l t r a v i o l e t s t a b i l i z e r s must be c o m p a t i b l e w i t h t h e 
p o l y m e r s u b s t r a t e , be c a p a b l e o f s u r v i v i n g t h e p r o c e s s i n g 
c o n d i t i o n s a n d s h o u l d n o t be e x u d e d o r l e a c h e d r e a d i l y 
f r o m t h e p o l y m e r . 

I t i s now p o s s i b l e t o s t u d y t h e v e r y r a p i d i n i t i a l 
e x c i t e d - s t a t e p r o c e s s e s t h a t o c c u r i n p o l y m e r s and p o l y m e r 
a d d i t i v e s f o l l o w i n g i r r a d i a t i o n w i t h UV l i g h t u s i n g b o t h 
s t e a d y - s t a t e a n d l a s e r - b a s e d p i c o s e c o n d f l u o r e s c e n c e 
s p e c t r o s c o p y . One a p p l i c a t i o n o f t h e s e t e c h n i q u e s i s i n 
t h e s t u d y o f t h e p h o t o p h y s i c a l p r o c e s s e s o c c u r r i n g i n 
p o l y m e r s c o n t a i n i n g p h o t o s t a b i l i z e r s s u c h as t h e 
s a l i c y l a t e s ( 6 , 7 ) , o - h y d r o x y p h e n y l - s - t r i a z i n e s (&), 
o - h y d r o x y b e n z o p h e n o n e s (1), and o - h y d r o x y p h e n y l b e n z o -
t r i a z o l e s ( " b e n z o t r i a z o l e s " ) (9-19) . These compounds have 
f o u n d w i d e a p p l i c a t i o n a s UV a b s o r b e r s and p h o t o ­
s t a b i l i z e r s f o r p o l y m e r i c m a t e r i a l s a l t h o u g h i t i s known 
t h a t t h e i r e f f e c t i v e n e s s v a r i e s m a r k e d l y d e p e n d i n g on t h e 
n a t u r e o f t h e s u b s t r a t e . I n p a r t i c u l a r , r e c e n t s t u d i e s 
i n d i c a t e t h a t t h e p h o t o p h y s i c s o f t h e s e a n d r e l a t e d 
compounds i s i n f l u e n c e d s t r o n g l y b y t h e m o l e c u l a r 
e n v i r o n m e n t o f t h e p h o t o s t a b i l i z e r ( l l r 1 2 r 1 4 r 1 6 - 2 0 ) . 

The 2 - ( 2 ' - h y d r o x y p h e n y l ) b e n z o t r i a z o l e d e r i v a t i v e s , 
f o r e x a m p l e , a r e c a p a b l e o f f o r m i n g i n t r a m o l e c u l a r 
h y d r o g e n bonds b e t w e e n a n i t r o g e n atom on t h e t r i a z o l e 
r i n g a n d t h e p h e n o l i c p r o t o n . T h i s h y d r o g e n b o n d 
f a c i l i t a t e s t h e o c c u r r e n c e o f a v e r y r a p i d e x c i t e d - s t a t e 
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i n t r a m o l e c u l a r p r o t o n t r a n s f e r (ESIPT) p r o c e s s f o l l o w i n g 
t h e i n i t i a l e x c i t a t i o n o f t h e s t a b i l i z e r f r o m i t s g r o u n d 
s t a t e (S 0) t o t h e f i r s t e x c i t e d s i n g l e t s t a t e (S x) . The 
r e s u l t i n g p r o t o n - t r a n s f e r r e d ( z w i t t e r i o n i c ) f o r m o f t h e 
m o l e c u l e ( S 1

I ) i s b e l i e v e d t o d i s s i p a t e t h e e x c i t a t i o n 
e n e r g y r a p i d l y by i n t e r n a l c o n v e r s i o n ( I C ) f a r a d i a t i o n -
l e s s a n d n o n - d e g r a d a t i v e p r o c e s s . T h i s d e a c t i v a t i o n 
p a t h w a y g i v e s r i s e t o t h e h i g h d e g r e e o f p h o t o s t a b i l i t y o f 
t h e s e m o l e c u l e s (9-19) . The s h o r t e x c i t e d - s t a t e l i f e t i m e s 
o f t h e s e m o l e c u l e s a l s o d e c r e a s e s t h e i r l i k e l i h o o d o f 
i n i t i a t i n g d e g r a d a t i v e p r o c e s s e s i n t h e s u b s t r a t e a n d t h i s 
f e a t u r e , c o m b i n e d w i t h t h e i r h i g h e x t i n c t i o n c o e f f i c i e n t s , 
makes them s u i t a b l e a s UV a b s o r b e r s . F i g u r e 1 i s a 
s c h e m a t i c d i a g r a m t h a t s u m m a r i z e s t h e p h o t o p h y s i c a l 
p r o c e s s e s t h a t o c c u r i n t h e s e t y p e s o f s t a b i l i z e r s 
f o l l o w i n g t h e a b s o r p t i o n o f UV l i g h t

R e c e n t l y , t h e p h o t o p h y s i c
a b s o r b e r 2 - ( 2 1 - h y d r o x y - 5
( 1 0 - 1 2 r 1 4 r 1 6 r 1 8 r 1 9 ) a n d i t s s u l f o n a t e d d e r i v a t i v e , s o d i u m 
2 - ( 2 1 - h y d r o x y - 5 ' - m e t h y l p h e n y l ) b e n z o t r i a z o l e - 3 1 - s u l f o n a t e 
(TINS) ( 1 4 r 1 7 ) (see F i g u r e 2 ) , were s t u d i e d i n s o l u t i o n 
a n d i t was p r o p o s e d t h a t t h e g r o u n d - s t a t e c o n f o r m a t i o n 
a d o p t e d b y e a c h o f t h e s e m o l e c u l e s i s s e n s i t i v e t o t h e 
m o l e c u l a r e n v i r o n m e n t . 

I n n o n - p o l a r s o l v e n t s T I N i s b e l i e v e d t o e x i s t 
m a i n l y i n an i n t r a m o l e c u l a r l y h y d r o g e n - b o n d e d f o r m w h i c h 
i s n o n - f l u o r e s c e n t a t room t e m p e r a t u r e ( 9 r 1 2 r 1 6 ) . 
F l u o r e s c e n c e e m i s s i o n (X, m a x * 630 nm) f r o m t h e p r o t o n -
t r a n s f e r r e d f o r m o f t h e m o l e c u l e i s o b s e r v e d i n l o w 
t e m p e r a t u r e , n o n - p o l a r g l a s s e s ( 9 r 1 0 r 1 2 r 1 6 ) a n d i n t h e 
c r y s t a l l i n e f o r m ( H i ) . I n p o l a r , h y d r o g e n - b o n d i n g 
s o l v e n t s a s h o r t e r w a v e l e n g t h f l u o r e s c e n c e (A, m a x « 400 nm) 
i s o b s e r v e d w h i c h i s a t t r i b u t e d t o t h o s e m o l e c u l e s w h i c h 
a r e i n t e r m o l e c u l a r l y h y d r o g e n b o n d e d t o t h e s o l v e n t a n d 
w h i c h do n o t u n d e r g o ESIPT ( 1 0 - 1 2 . 1 4 r 1 6 - 1 9 ) . 

The p h o t o p h y s i c s o f some b e n z o t r i a z o l e d e r i v a t i v e s 
i n d i f f e r e n t m o l e c u l a r e n v i r o n m e n t s c r e a t e d b y v a r i o u s 
s o l v e n t s a n d p o l y m e r s u b s t r a t e s i s r e p o r t e d i n t h i s work. 
I n p a r t i c u l a r , v a r i o u s a s p e c t s c o n c e r n i n g t h e p h o t o p h y s i c s 
o f t h e o - h y d r o x y p h e n y l b e n z o t r i a z o l e s t a b i l i z e r s T I N , TINS, 
s o d i u m 2 - ( 2 1 - h y d r o x y - 5 1 - m e t h y l p h e n y l ) b e n z o t r i a z o l e - 5 -
s u l f o n a t e (STIN) and s o d i u m 2 - ( 2 • - h y d r o x y - 3 1 - t - b u t y l - 5 ' -
m e t h y l p h e n y l ) b e n z o t r i a z o l e - 3 1 - s u l f o n a t e ( t - B u - S T I N ) a r e 
d i s c u s s e d . 

E x p e r i m e n t a l 

M a t e r i a l s . The s t r u c t u r e s o f v a r i o u s o - h y d r o x y p h e n y l -
b e n z o t r i a z o l e s w h i c h have been s t u d i e d e x t e n s i v e l y b y o u r 
r e s e a c h g r o u p a r e shown i n F i g u r e 2. E a c h o f t h e s e 
compounds was s y n t h e s i z e d , p u r i f i e d and s u p p l i e d b y D r . B. 
M i l l i g a n a n d Mr. P. J . W a t e r s o f t h e CSIRO D i v i s i o n o f 
P r o t e i n C h e m i s t r y . The d e r i v a t i v e 2 - ( 2 1 - m e t h y l - 5 • -
m e t h o x y p h e n y l ) b e n z o t r i a z o l e (MeTIN) was s u p p l i e d b y D r . R. 
G. A m i e t o f t h e R o y a l M e l b o u r n e I n s t i t u t e o f T e c h n o l o g y . 

In The Effects of Radiation on High-Technology Polymers; Reichmanis, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 
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0-H 

O-H 

ENOL ZWITTERION 

HYDROGEN/OXYGEN DISTANCE -» 
F i g u r e 1. S c h e m a t i c d i a g r a m o f t h e E S I P T p r o c e s s . 

BENZOTRIAZOLES A B c 
TIN H H H 
TINS S0 3Na H H 
STIN H S0 3Na H 
t-Bu-STIN t-Bu S0 3Na H 
MeTIN H H CH 3 

F i g u r e 2. S t r u c t u r e s o f t h e b e n z o t r i a z o l e s s t u d i e d . 

In The Effects of Radiation on High-Technology Polymers; Reichmanis, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 
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P o l y ( s t y r e n e ) a n d PMMA were s y n t h e s i z e d f r o m t h e i r 
r e s p e c t i v e monomers u s i n g a z o b i s i s o b u t y r o n i t r i l e - i n i t i a t e d 
r a d i c a l p o l y m e r i z a t i o n i n b e n z e n e . F o u r f r e e z e - p u m p - t h a w 
c y c l e s were u s e d t o d egas t h e monomer s o l u t i o n s a n d 
p o l y m e r i z a t i o n was c a r r i e d o u t f o r 48 h o u r s a t 60°C. The 
p o l y m e r s were p u r i f i e d by m u l t i p l e r e p r e c i p i t a t i o n s f r o m 
d i c h l o r o m e t h a n e i n t o m e t h a n o l . F i l m s o f t h e s e p o l y m e r s 
were p r e p a r e d a n d f o u n d t o be f r e e o f any f l u o r e s c e n t 
i m p u r i t y . 

E a c h s o l v e n t u s e d was o b s e r v e d t o c o n t a i n no 
i m p u r i t i e s w h i c h f l u o r e s c e i n t h e s p e c t r a l r e g i o n o f 
i n t e r e s t . A l l s o l u t i o n c o n c e n t r a t i o n s u s e d were i n t h e 
r a n g e 10" 5 t o 10~ 4 M. P o l y m e r f i l m s were c a s t o n t o q u a r t z 
p l a t e s f r o m e i t h e r c h l o r o f o r m o r d i c h l o r o m e t h a n e s o l u t i o n s 
c o n t a i n i n g 4% (wt/wt) o f p o l y m e r . The f i l m s were a i r d r i e d 
a t room t e m p e r a t u r e a n d h a d an a v e r a g e t h i c k n e s s o f 
65 ± 10 |Llm. The a b s o r p t i o
were m e a s u r e d u s i n g a
r e f e r e n c e . 

M e t h o d s . A b s o r p t i o n s p e c t r a were r e c o r d e d u s i n g an 
H i t a c h i m o d e l 150-20 s p e c t r o p h o t o m e t e r / d a t a p r o c e s s o r 
s y s t e m . U n c o r r e c t e d s t e a d y - s t a t e f l u o r e s c e n c e e m i s s i o n 
s p e c t r a were r e c o r d e d u s i n g a P e r k i n - E l m e r MPF-44A 
s p e c t r o f l u o r i m e t e r . These s p e c t r a were c o l l e c t e d a n d 
s t o r e d u s i n g a d e d i c a t e d m i c r o c o m p u t e r and t h e n 
t r a n s f e r r e d t o a VAX 11/780 c o m p u t e r f o r a n a l y s i s . 
F l u o r e s c e n c e s p e c t r a were c o r r e c t e d s u b s e q u e n t l y f o r t h e 
r e s p o n s e c h a r a c t e r i s t i c s o f t h e d e t e c t o r ( 2 1 ) . V a l u e s o f 
t h e f l u o r e s c e n c e quantum y i e l d , <|>f, were d e t e r m i n e d 
r e l a t i v e t o e i t h e r q u i n i n e b i s u l f a t e i n IN H 2S0 4 (<|>f = 
0.546) (22) o r a p y r a z o l i n e o p t i c a l b r i g h t e n e r c o n t a i n e d 
w i t h i n a p o l y m e r f i l m ((|>f = 0.92) (23) . 

A p i c o s e c o n d l a s e r / s t r e a k camera s y s t e m (see 
F i g u r e 3) was u s e d t o o b t a i n t h e f l u o r e s c e n c e d e c a y 
p r o f i l e s . T h i s s y s t e m u s e s t h e t h i r d (353 nm) o r f o u r t h 
(265 nm) h a r m o n i c o f a s i n g l e p u l s e f r o m a m o d e - l o c k e d 
N d 3 V p h o s p h a t e g l a s s l a s e r ( p u l s e w i d t h o f a p p r o x i m a t e l y 
5 p s ) t o e x c i t e t h e s a m p l e . The f l u o r e s c e n c e e m i t t e d f r o m 
t h e s a m p l e s i s d e t e c t e d a t r i g h t a n g l e s t o t h e e x c i t a t i o n 
d i r e c t i o n , r e c o r d e d u s i n g a P h o t o c h r o n I I s t r e a k camera 
and s t o r e d u s i n g an o p t i c a l m u l t i c h a n n e l a n a l y s e r (OMA). 
A p p r o p r i a t e c u t - o f f a n d b a n d - p a s s f i l t e r s were u s e d t o 
i s o l a t e t h e e m i s s i o n t o be s t u d i e d . F u r t h e r d e t a i l s 
r e l a t i n g t o t h e p i c o s e c o n d l a s e r / s t r e a k c amera s y s t e m a r e 
g i v e n e l s e w h e r e (2A). D a t a f r o m t h e OMA a r e t h e n 
t r a n s f e r r e d t o a VAX 11/780 c o m p u t e r f o r a n a l y s i s . V a l u e s 
o f t h e f l u o r e s c e n c e d e c a y t i m e , T f, were c a l c u l a t e d u s i n g 
an i t e r a t i v e , n o n - l i n e a r , l e a s t - s q u a r e s f i t t i n g method 
w h i c h i s d e s c r i b e d e l s e w h e r e (21) i n w h i c h r e c o n v o l u t i o n 
i s n e c e s s a r y due t o a f i n i t e i n s t r u m e n t r e s p o n s e f u n c t i o n 
( a p p r o x . 30 p s FWHM). 

In The Effects of Radiation on High-Technology Polymers; Reichmanis, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 
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F i g u r e 3. S c h e m a t i c d i a g r a m o f t h e l a s e r / s t r e a k -
camera/OMA a p p a r a t u s . 

In The Effects of Radiation on High-Technology Polymers; Reichmanis, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 
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Results and Di s c u s s i o n 

A b s o r p t i o n S p e c t r a . The a b s o r p t i o n s p e c t r u m o f TI N h a s 
bee n s t u d i e d e x t e n s i v e l y i n s o l u t i o n ( 4 r 9 f 1 4 r 1 6 - 1 9 ) a n d i s 
f o u n d t o c o n s i s t o f two a b s o r p t i o n bands w i t h maxima a t 
a p p r o x i m a t e l y 300 nm and 350 nm ( F i g u r e 4 ) . The l o n g e r 
w a v e l e n g t h a b s o r p t i o n b a n d i s a s s o c i a t e d w i t h a p l a n a r 
f o r m o f t h e m o l e c u l e (TIN (planar)) an d t h e s h o r t e r 
w a v e l e n g t h b a n d i s due p r i m a r i l y t o a n o n - p l a n a r f o r m 
(TIN(non-planar)) i n w h i c h t h e i n t r a m o l e c u l a r h y d r o g e n 
b o n d i s d i s r u p t e d and c o n j u g a t i o n b e t w e e n t h e two r i n g 
s y s t e m s i s r e d u c e d s u b s t a n t i a l l y ( 4 r 1 4 - 1 6 r 1 7 ) . These 
a s s i g n m e n t s a r e c o n s i s t e n t w i t h t h e g e n e r a l o b s e r v a t i o n o f 
a r e d - s h i f t i n g o f t h e a b s o r p t i o n s p e c t r u m w i t h i n c r e a s i n g 
c o n j u g a t i o n due t o t h e d e c r e a s e i n t h e K - K* e n e r g y gap 
(25.) and a r e s u p p o r t e d f u r t h e  b  t h  a b s o r p t i o  s p e c t r u
o f MeTIN i n s o l u t i o n
p l a n a r ( i n t r a m o l e c u l a
c o n s e q u e n t l y o n l y t h e h i g h e r e n e r g y a b s o r p t i o n b a n d i s 
o b s e r v e d . 

I n t h e c a s e o f b e n z o t r i a z o l e compounds w h i c h d i s p l a y 
b o t h a b s o r p t i o n b a n d s , t h e o b s e r v e d s p e c t r u m c o n s i s t s o f 
t h e s u p e r p o s i t i o n o f t h e i n d i v i d u a l s p e c t r a t h a t 
c o r r e s p o n d t o t h e two d i s t i n c t g r o u n d - s t a t e s p e c i e s . The 
a b s o r p t i o n s p e c t r u m o f TIN i n m e t h a n o l / d i m e t h y l s u l f o x i d e 
(DMSO) s o l v e n t m i x t u r e s v a r i e s w i t h t h e c o m p o s i t i o n o f t h e 
s o l v e n t ( F i g u r e 5) i n a manner w h i c h s u g g e s t s t h a t t h e 
p r o p o r t i o n o f p l a n a r a n d n o n - p l a n a r f o r m s o f T I N i s 
s o l v e n t d e p e n d e n t . 

The a b s o r p t i o n s p e c t r a o f t h e TIN (planar) a n d 
TIN(non-planar) f o r m s c a n be r e s o l v e d u s i n g t h e 
m a t h e m a t i c a l l e a s t - s q u a r e s method o f P r i n c i p a l Component 
A n a l y s i s (PCOMP) ( 2 6 - 2 8 ) . I n t h i s a n a l y s i s , t h e s p e c t r a 
o f t h e two components c a n be c a l c u l a t e d f r o m a s e r i e s o f 
s p e c t r a c o n t a i n i n g d i f f e r e n t p r o p o r t i o n s o f e a c h component 
and no a s s u m p t i o n s a r e made a s t o t h e s h a p e s o f t h e 
c u r v e s . A u n i q u e s o l u t i o n i s o b t a i n e d o n l y i f t h e two 
components h a v e z e r o i n t e n s i t y a t d i f f e r e n t w a v e l e n g t h s , 
o t h e r w i s e a r a n g e o f s o l u t i o n s i s o b t a i n e d . The u n i q u e 
component s p e c t r a o b t a i n e d a c c o u n t f o r 99.99 p e r c e n t o f 
t h e v a r i a n c e o f t h e o r i g i n a l d a t a . 

The a b s o r p t i o n s p e c t r u m o f e a c h r e s o l v e d component 
o f T I N i n t h e methanol/DMSO m i x t u r e s c a n be c a l c u l a t e d b y 
v i r t u e o f t h e i s o s b e s t i c p o i n t a t 290 nm b e c a u s e a t t h i s 
w a v e l e n g t h t h e e x t i n c t i o n c o e f f i c i e n t s o f t h e two f o r m s 
a r e e q u a l ( F i g u r e 6 ) . A t 300 nm t h e e x t i n c t i o n 
c o e f f i c i e n t o f t h e p l a n a r and n o n - p l a n a r f o r m s i s 1.5 x 
10 4 M"1 cm"1 and 1.0 x 1 0 4 M"1 cm"1 r e s p e c t i v e l y . T h e s e 
v a l u e s a r e v e r y s i m i l a r t o t h o s e c a l c u l a t e d f o r TINS i n 
a c e t o n i t r i l e / w a t e r m i x t u r e s (1.8 x 1 0 4 M"1 cm"1 a n d 1.0 x 
10 4 M"1 cm"1 f o r t h e p l a n a r and n o n - p l a n a r f o r m s 
r e s p e c t i v e l y ) (UL) . 

The PCOMP a n a l y s i s a l s o e n a b l e s t h e r e l a t i v e 
p r o p o r t i o n o f m o l e c u l e s i n t h e p l a n a r a n d n o n - p l a n a r f o r m s 
t o be c a l c u l a t e d f o r t h e d i f f e r e n t s o l v e n t c o m p o s i t i o n s 

In The Effects of Radiation on High-Technology Polymers; Reichmanis, E., et al.; 
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F i g u r e 4. A b s o r p t i o n s p e c t r a o f T I N i n DMSO, THF a n d 
N, N - d i m e t h y l f o r m a m i d e (DMF) . 

In The Effects of Radiation on High-Technology Polymers; Reichmanis, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 
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F i g u r e 5. A b s o r p t i o n s p e c t r a o f T I N i n methanol/DMSO 
m i x t u r e s . M o l a r p e r c e n t a g e s o f m e t h a n o l a r e : (a) 100%, 
(b) 88%, (c) 73%, (d) 54%, (e) 3 1 % and ( f ) 0%. 

In The Effects of Radiation on High-Technology Polymers; Reichmanis, E., et al.; 
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(see F i g u r e 7 ) . The a b s o r p t i o n s p e c t r u m f o r e a c h s o l v e n t 
c o m p o s i t i o n i s f i t t e d w i t h a l i n e a r c o m b i n a t i o n o f t h e two 
r e s o l v e d component a b s o r p t i o n s p e c t r a u s i n g a m u l t i p l e 
r e g r e s s i o n a n a l y s i s (22.). The r e l a t i v e p r o p o r t i o n o f 
TIN(planar) and TIN(non-planar) i n a r a n g e o f s o l v e n t s c a n 
be e s t i m a t e d u s i n g t h i s f i t t i n g p r o c e d u r e . F i g u r e 8 shows 
t h e f i t t o t h e a b s o r p t i o n s p e c t r u m o f T I N i n a c e t o n i t r i l e 
u s i n g t h i s t e c h n i q u e . 

The g r a d u a l d e c r e a s e i n t h e p r o p o r t i o n o f 
TIN(non-planar) upon t h e a d d i t i o n o f m e t h a n o l ( F i g u r e 7) 
seems b e s t e x p l a i n e d i n t e r m s o f a b u l k s o l v e n t e f f e c t . 
D i m e t h y l s u l f o x i d e , an a p r o t i c s o l v e n t , c a n f o r m s t r o n g 
h y d r o g e n b o nds w i t h t h e p h e n o l i c p r o t o n o f T I N a n d t h u s 
may d i s r u p t t h e i n t r a m o l e c u l a r h y d r o g e n b o n d a n d p r o m o t e a 
s h i f t i n t h e g r o u n d - s t a t e e q u i l i b r i u m t o w a r d s t h e n o n -
p l a n a r f o r m . M e t h a n o l  a p r o t i c s o l v e n t  may f o r m a 
s o l v a t e d c o m p l e x w h i c
t h e p l a n a r s t r u c t u r
o f t h e s e s o l v a t i o n c o m p l e x e s a r e assumed t o be s i m i l a r 
t h e n t h e r e l a t i v e p o p u l a t i o n s o f t h e two f o r m s w i l l v a r y 
w i d e l y a n d d e p e n d on t h e c o m p o s i t i o n o f t h e s o l v e n t 
m i x t u r e . 

T a b l e I l i s t s t h e p r o p o r t i o n s o f t h e n o n - p l a n a r 
c o n f o r m e r s o f T I N and TINS t h a t a r e p r e s e n t i n v a r i o u s 
s o l v e n t s a n d t h e c o n t r i b u t i o n t o t h e t o t a l a b s o r b a n c e made 
by t h e n o n - p l a n a r c o n f o r m e r , %A (X.), a t t h e e x c i t a t i o n 
w a v e l e n g t h , X, c a l c u l a t e d u s i n g E q u a t i o n 1, t o g e t h e r w i t h 
r e l e v a n t s o l v e n t p a r a m e t e r s . 

%A n p(X) = 100 x e n p ( X ) f n p / [ e n p a ) f n p + e p(X)f p] ( l ) 
where £np(A,) and ep (X) a r e t h e e x t i n c t i o n c o e f f i c i e n t s o f 
t h e n o n - p l a n a r a n d p l a n a r c o n f o r m e r s r e s p e c t i v e l y a n d f 
and f a r e t h e f r a c t i o n s o f n o n - p l a n a r a n d p l a n a r 
c o n f o r m e r s c a l c u l a t e d f r o m t h e m u l t i p l e r e g r e s s i o n 
a n a l y s i s . 

The r e s u l t s i n T a b l e I show t h a t t h e p e r c e n t a g e o f 
t h e n o n - p l a n a r f o r m v a r i e s w i t h b o t h t h e p o l a r i t y a n d 
h y d r o g e n - b o n d i n g s t r e n g t h o f t h e s o l v e n t . I n p a r t i c u l a r , 
t h i s c o n f o r m a t i o n o f t h e m o l e c u l e s i s e x p e c t e d t o be more 
p o l a r t h a n t h e p l a n a r f o r m (25.) a n d t h u s s h o u l d be 
s t a b i l i z e d b y s o l v e n t s o f g r e a t e r p o l a r i t y . However, t h e 
h y d r o g e n - b o n d i n g s t r e n g t h o f t h e s o l v e n t a l s o p l a y s a 
s i g n i f i c a n t r o l e i n d e t e r m i n i n g t h e r e l a t i v e p r o p o r t i o n o f 
e a c h f o r m . I n t h e c a s e o f a c e t o n i t r i l e , w h i c h i s a 
r e l a t i v e l y p o l a r b u t w e a k l y h y d r o g e n - b o n d i n g s o l v e n t , 
a p p r o x i m a t e l y 20% o f t h e T I N m o l e c u l e s e x i s t i n a n o n -
p l a n a r c o n f o r m a t i o n . I n c o n t r a s t , T I N d i s s o l v e d i n DMSO, 
w h i c h i s a l s o a h i g h l y p o l a r s o l v e n t b u t h a s a s t r o n g 
h y d r o g e n - b o n d i n g p r o p e n s i t y , f a v o r s t h e n o n - p l a n a r f o r m . 
I n t h i s s o l v e n t a p p r o x i m a t e l y 70% o f t h e m o l e c u l e s a d o p t a 
n o n - p l a n a r c o n f o r m a t i o n . A s u b s t a n t i a l l y h i g h e r 
p r o p o r t i o n o f TINS m o l e c u l e s i n s o l u t i o n a d o p t a n o n -
p l a n a r c o n f o r m a t i o n a s compared w i t h T I N . T h i s may be due 
t o c o m p e t i t i v e i n t r a m o l e c u l a r h y d r o g e n b o n d i n g b y t h e 

In The Effects of Radiation on High-Technology Polymers; Reichmanis, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 
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EXTINCTION COEFFICIENT 
(M-1 cm" 1) 

24000" 

20000 

280 320 360 
WAVELENGTH (nm) 

F i g u r e 6. P C O M P - r e s o l v e d a b s o r p t i o n s p e c t r a o f : 
(a) TIN(non-planar) a n d (b) T I N (planar) . 

% TIN (non-planar) 4 ^x io 3 

MOLE % METHANOL 
F i g u r e 7. P l o t o f mole p e r c e n t o f TIN(non-planar) and 
<|>f

np v e r s u s mole p e r c e n t o f m e t h a n o l f o r methanol/DMSO 
s o l v e n t m i x t u r e s . 

In The Effects of Radiation on High-Technology Polymers; Reichmanis, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 
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ABSORBANCE 
( a r b i t r a r y u n i t s ) 

280 320 360 400 
WAVELENGTH (nm) 

F i g u r e 8. F i t o f P C O M P - r e s o l v e d a b s o r p t i o n s p e c t r a o f 
TIN ( s o l i d l i n e ) t o t h e a b s o r p t i o n s p e c t r u m o f TIN i n 
a c e t o n i t r i l e ( s q u a r e s ) ( c o r r e l a t i o n c o e f f i c i e n t : 0 . 9 9 7 ) . 

In The Effects of Radiation on High-Technology Polymers; Reichmanis, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 
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s u l f o n a t e g r o u p w h i c h i s s i t u a t e d i n a p o s i t i o n ortho t o 
t h e h y d r o x y g r o u p i n t h e m o l e c u l e . 

The g r o u n d s t a t e s o f t h e T I N a n d TINS s t a b i l i z e r s 
r e s p o n d t o t h e i n f l u e n c e o f t h e m o l e c u l a r e n v i r o n m e n t i n 
p o l y m e r f i l m s i n a l m o s t t h e same manner a s t h e y do i n 
s o l u t i o n . The a b s o r p t i o n s p e c t r a o f T I N i n PMMA f i l m 
( F i g u r e 9) a n d T I N i n PS f i l m a r e s i m i l a r t o t h o s e 
o b s e r v e d f o r T I N i n l o w p o l a r i t y , n o n h y d r o g e n - b o n d i n g 
s o l v e n t s . A l i n e a r c o m b i n a t i o n o f t h e TIN (planar) and 
TIN(non-planar) component s p e c t r a f r o m t h e PCOMP a n a l y s i s 
was u s e d t o f i t t h e a b s o r p t i o n s p e c t r u m o f T I N i n PMMA. 
I t i s e s t i m a t e d t h a t i n t h i s p o l y m e r f i l m a p p r o x i m a t e l y 
2 0 % o f t h e T I N m o l e c u l e s e x i s t i n t h e n o n - p l a n a r f o r m . 
The s p e c t r u m o f T I N i n PS i s r e d - s h i f t e d c o m p a r e d t o i t s 
s p e c t r u m i n PMMA and so t h e r e l a t i v e p r o p o r t i o n o f e a c h 
f o r m c o u l d n o t be c a l c u l a t e d u s i n g t h i s method  However, 
t h e s i m i l a r i t y b e t w e e
c o m p a r a b l e p r o p o r t i o
n o n - p l a n a r c o n f o r m a t i o n . The a b s o r p t i o n s p e c t r u m o f MeTIN 
i n a PMMA f i l m c o n s i s t s o f a s i n g l e a b s o r p t i o n b a n d ( s e e 
F i g u r e 9 ) . T h i s b a n d i s s i m i l a r t o t h a t o b s e r v e d f o r 
MeTIN i n s o l u t i o n s u g g e s t i n g t h a t MeTIN e x i s t s a l m o s t 
e n t i r e l y i n a n o n - p l a n a r c o n f o r m a t i o n i n t h i s p o l y m e r . 
The p r o p o r t i o n o f t h e n o n - p l a n a r f o r m o f TINS i n f i l m s o f 
p o l y ( v i n y l a l c o h o l ) (PVA) a p r o t i c , h y d r o g e n - b o n d i n g 
p o l y m e r a n d p o l y ( v i n y l p y r r o l i d o n e ) (PVP) an a p r o t i c , 
h y d r o g e n - b o n d i n g p o l y m e r , i s a p p r o x i m a t e l y 10% a n d 90% 
r e s p e c t i v e l y (12). These r e s u l t s d e m o n s t r a t e t h a t t h e 
p o l y m e r e n v i r o n m e n t c a n h a v e a p r o f o u n d e f f e c t on t h e 
p r e f e r r e d c o n f o r m a t i o n o f t h e s t a b i l i z e r a n d t h u s 
i n f l u e n c e i t s e f f e c t i v e n e s s i n p h o t o s t a b i l i z i n g t h e 
s u b s t r a t e . 

F l u o r e s c e n c e S p e c t r a . S t u d i e s o f t h e c r y s t a l l i n e 
s t r u c t u r e o f T I N show t h a t i t i s a p l a n a r m o l e c u l e w i t h a 
s t r o n g i n t r a m o l e c u l a r h y d r o g e n b o n d (15). The l a r g e 
r e d - s h i f t o b s e r v e d i n t h e f l u o r e s c e n c e e m i s s i o n s p e c t r u m 
(X m a x » 630 nm) i n d i c a t e s t h a t a s i g n i f i c a n t c h ange i n t h e 
g e o m e t r y o f t h e e x c i t e d - s t a t e m o l e c u l e , c o mpared w i t h t h e 
g r o u n d s t a t e , o c c u r s a n d t h i s s u g g e s t s t h a t t h e e m i s s i o n 
a r i s e s f r o m t h e e x c i t e d s t a t e o f t h e p r o t o n - t r a n s f e r r e d 
t a u t o m e r . 

I n methanol/DMSO s o l v e n t m i x t u r e s t h e f l u o r e s c e n c e 
s p e c t r u m o f T I N (A,max » 400 nm) d i s p l a y s a n o r m a l S t o k e s 
s h i f t i n d i c a t i n g t h a t t h i s e m i s s i o n a r i s e s f r o m a non 
p r o t o n - t r a n s f e r r e d , e x c i t e d s t a t e o f TI N . The 
f l u o r e s c e n c e e x c i t a t i o n s p e c t r u m f o r t h i s e m i s s i o n 
c o i n c i d e s w i t h t h e a b s o r p t i o n s p e c t r u m o f t h e r e s o l v e d 
n o n - p l a n a r s p e c i e s s u g g e s t i n g t h a t t h i s c o n f o r m e r i s t h e 
g r o u n d - s t a t e p r e c u r s o r r e s p o n s i b l e f o r t h e o b s e r v e d 
e m i s s i o n . As t h e amount o f DMSO i n t h e m i x t u r e i n c r e a s e s 
t h e f l u o r e s c e n c e maximum u n d e r g o e s a b a t h o c h r o m i c s h i f t 
f r o m 415 nm i n p u r e m e t h a n o l t o 440 nm i n p u r e DMSO. 

F i g u r e 7 shows t h e v a r i a t i o n o f t h e f l u o r e s c e n c e 
quantum y i e l d o f TIN i n d i f f e r e n t methanol/DMSO m i x t u r e s . 

In The Effects of Radiation on High-Technology Polymers; Reichmanis, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



5. GHIGGINO ETAL. Photophysics ofPolymer Photostabilizers 71 

The quantum y i e l d v a l u e s (<|>f
np) a r e c o r r e c t e d f o r t h e 

a b s o r p t i o n o f t h e e x c i t a t i o n l i g h t b y t h e n o n - f l u o r e s c e n t , 
p l a n a r component u s i n g E q u a t i o n 2. 

^np = ^ t o t ( 1 + A p ( X ) / A n p ( X ) ) (2) 

where (|) f
t o t i s t h e f l u o r e s c e n c e quantum y i e l d c a l c u l a t e d 

u s i n g t h e t o t a l a b s o r b a n c e o f t h e s o l u t i o n a n d A p ( X ) / A n p { X ) 
i s t h e r a t i o o f t h e a b s o r b a n c e s o f t h e p l a n a r a n d n o n -
p l a n a r f o r m s r e s p e c t i v e l y m e a s u r e d a t t h e e x c i t a t i o n 
w a v e l e n g t h . The g r a d u a l d e c r e a s e i n t h e v a l u e o f <|>f

np as 
t h e mole p e r c e n t o f m e t h a n o l i n c r e a s e s s u g g e s t s t h a t t h e 
q u e n c h i n g o f t h e f l u o r e s c e n c e b y m e t h a n o l i s a b u l k 
s o l v e n t e f f e c t . 

The f l u o r e s e n c e l i f e t i m e s c a l c u l a t e d f o r T I N i n l o w 
v i s c o s i t y a l c o h o l s a r  a p p r o x i m a t e l  p r o p o r t i o n a l t  t h
s o l v e n t v i s c o s i t y (12.
s o l v e n t s t h e r e i s a
r o t a t i o n a l d i f f u s i o n m o b i l i t y o f t h e T I N m o l e c u l e . The 
o b s e r v e d e x t e n t o f t h e q u e n c h i n g , however, i s 
s i g n i f i c a n t l y g r e a t e r t h a n t h a t e x p e c t e d due t o v i s c o s i t y 
e f f e c t s a l o n e a n d c a n n o t be e x p l a i n e d b y a c o l l i s i o n a l l y -
i n d u c e d , S t e r n - V o l m e r t y p e p r o c e s s i n v o l v i n g m e t h a n o l 
m o l e c u l e s (2Ji) a s t h e a p p r o p r i a t e p l o t i s n o n - l i n e a r . 

The v a l u e s o f (|>f
tot f o r v a r i o u s b e n z o t r i a z o l e 

compounds i n a r a n g e o f s o l v e n t s a r e l i s t e d i n T a b l e I I . 
V a l u e s o f t h e f l u o r e s c e n c e quantum y i e l d f o r T I N a n d TINS, 
c o r r e c t e d f o r t h e a b s o r b a n c e b y t h e i r n o n - f l u o r e s c e n t , 
p l a n a r c o n f o r m e r s a t t h e e x c i t a t i o n w a v e l e n g t h , a r e l i s t e d 
i n T a b l e I I I . I n a l l t h e b e n z o t r i a z o l e s o l u t i o n s 
e x a m i n e d , maximum f l u o r e s c e n c e e m i s s i o n was o b s e r v e d a t 
a b o u t 400 nm i n d i c a t i n g t h a t t h i s e m i s s i o n o r i g i n a t e s f r o m 
t h e non p r o t o n - t r a n s f e r r e d s p e c i e s . T h i s was c o n f i r m e d b y 
e x a m i n a t i o n o f t h e f l u o r e s c e n c e e x c i t a t i o n s p e c t r u m w h i c h 
c o r r e s p o n d s t o t h e a b s o r p t i o n s p e c t r u m o f t h e n o n - p l a n a r 
f o r m o f t h e m o l e c u l e . 

The m a g n i t u d e o f t h e f l u o r e s c e n c e quantum y i e l d i s 
d e t e r m i n e d b y t h e n a t u r e o f t h e s o l v e n t . The f l u o r e s c e n c e 
quantum y i e l d v a l u e s a r e s i g n i f i c a n t l y l a r g e r i n a p r o t i c 
h y d r o g e n - b o n d i n g s o l v e n t s t h a n i n p o l a r , p r o t i c h y d r o g e n 
b o n d i n g s o l v e n t s . I n a p r o t i c s o l v e n t s i t i s e x p e c t e d t h a t 
t h e i n t r a m o l e c u l a r h y d r o g e n b o n d i s r e p l a c e d t o a l a r g e 
e x t e n t b y i n t e r m o l e c u l a r h y d r o g e n bonds b e t w e e n t h e 
s o l v e n t a n d t h e s t a b i l i z e r t h u s d i s r u p t i n g t h e E S I P T 
p r o c e s s . T h i s removes an e f f i c i e n t n o n - r a d i a t i v e p a t h w a y 
and i n c r e a s e s t h e f l u o r e s c e n c e y i e l d . 

No f l u o r e s c e n c e i s o b s e r v e d a t room t e m p e r a t u r e f r o m 
TIN i n n o n - p o l a r s o l v e n t s s u c h as c y c l o h e x a n e . I n t h e s e 
s o l v e n t s o n l y t h e i n t r a m o l e c u l a r l y h y d r o g e n - b o n d e d f o r m , 
w h i c h c a n u n d e r g o r a p i d E S I P T upon e x c i t a t i o n , i s p r e s e n t . 
The t - B u - S T I N d e r i v a t i v e ( s e e T a b l e I I ) i s v e r y w e a k l y 
f l u o r e s c e n t i n a l l o f t h e s o l v e n t s e x a m i n e d . T h i s i s 
a t t r i b u t a b l e t o t h e p r o t e c t i o n o f t h e i n t r a m o l e c u l a r 
h y d r o g e n b o n d f r o m t h e s o l v e n t b y t h e t e r t i a r y b u t y l g r o u p 
w h i c h i s a d j a c e n t t o t h e l a b i l e p r o t o n . 

In The Effects of Radiation on High-Technology Polymers; Reichmanis, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 
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NORMALIZED ABSORBANCE 
( a r b i t r a r y u n i t s ) 

l i • 

280 320 360 
WAVELENGTH (nm) 

F i g u r e 9. A b s o r p t i o n s p e c t r a o f : (a) MeTIN a n d (b) T I N 
i n PMMA f i l m s . 

T able I I . Values of f l u o r e s c e n c e quantum y i e l d f o r some 
b e n z o t r i a z o l e s i n a range o f s o l v e n t s 

.tot 
<Pf x 10 3 

SOLVENT TIN TINS STIN t-Bu- -STIN 

water _ 1.1 0 .1 0 04 
methanol 0 .3 8.7 0 .3 0 1 
e t h a n o l 0 .5 29 0 .4 0 1 
N-methylformamide 1 0 - - -
d i e t h y l e t h e r 1 3 - - -
a c e t o n i t r i l e 2 .2 160 2 .6 0 3 
N,N-dimethylformamide 5. 6 - 6 .0 -
d i m e t h y l s u l f o x i d e 6 0 - 5 .0 -
e t h y l a c e t a t e 6 .8 168 1 .8 0 1 
t e t r a h y d r o f u r a n 10 130 2 .4 0 3 

In The Effects of Radiation on High-Technology Polymers; Reichmanis, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 
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The l o w v a l u e s o f t h e f l u o r e s c e n c e quantum y i e l d 
o b t a i n e d f o r t h e b e n z o t r i a z o l e s i n p r o t i c , h y d r o g e n -
b o n d i n g s o l v e n t s c a n be e x p l a i n e d b y t h e f o r m a t i o n o f an 
e x c i t e d - s t a t e e n c o u n t e r c o m p l e x b e t w e e n t h e s t a b i l i z e r a n d 
s o l v e n t m o l e c u l e s . T h i s a l l o w s p r o t o n t r a n s f e r t o o c c u r 
i n d i r e c t l y t h r o u g h t h e s o l v e n t m o l e c u l e s ( 1 4 r 1 7 r 1 9 ) ( see 
F i g u r e 1 0 ) . H i g h e r f l u o r e s c e n c e y i e l d s a n d l o n g e r 
l i f e t i m e s f o r T I N and TINS i n d e u t e r a t e d m e t h a n o l (14.) 
p r o v i d e f u r t h e r s u p p o r t f o r t h e i n v o l v e m e n t o f t h e s o l v e n t 
i n t h e n o n - r a d i a t i v e p r o c e s s . A s i m i l a r m echanism t o t h i s 
has b e e n p r o p o s e d t o be o p e r a t i v e i n s y s t e m s i n v o l v i n g 
3 - h y d r o x y f l a v o n e (2£L) and 7 - a z a i n d o l e c o m p l e x e s (20.) . I f 
t h e r e l a t i v e e n e r g i e s o f t h e g r o u n d - s t a t e c o m p l e x e s o f T I N 
w i t h m e t h a n o l a n d w i t h DMSO a r e s i m i l a r t h e n t h e 
p r o p o r t i o n o f m o l e c u l e s i n e a c h t y p e o f c o m p l e x w i l l be 
d e t e r m i n e d b y t h e r e l a t i v e c o n c e n t r a t i o n o f e a c h s o l v e n t 
i n t h e i m m e d i a t e v i c i n i t
C o n s e q u e n t l y , b e h a v i o u
m i g h t be e x p e c t e d . 

The f l u o r e s c e n c e e m i s s i o n s p e c t r u m o f T I N i n PS a n d 
PMMA f i l m s i s d o m i n a t e d b y a b l u e e m i s s i o n w i t h a maximum 
a t a p p r o x i m a t e l y 400 nm. The f l u o r e s c e n c e e x c i t a t i o n 
s p e c t r u m , m o n i t o r i n g t h i s e m i s s i o n , c o r r e s p o n d s t o t h e 
a b s o r p t i o n b a n d o f TIN (non-planar) o b t a i n e d f r o m t h e PCOMP 
a n a l y s i s i n d i c a t i n g t h a t i t i s t h i s f o r m t h a t l e a d s t o t h e 
o b s e r v e d e m i s s i o n . 

The v a l u e o f t h e quantum y i e l d o f f l u o r e s c e n c e o f 
TIN i n t h e PMMA f i l m ( c a l c u l a t e d u s i n g t h e t o t a l f i l m 
a b s o r b a n c e a t t h e e x c i t a t i o n w a v e l e n g t h ) d e c r e a s e s f r o m 
1.2 x 10' 3 t o 5.0 x 10" 4 when t h e c o n c e n t r a t i o n o f T I N i s 
i n c r e a s e d f r o m 0.07 m o l e % t o 5.0 m o l e % . T h i s s u g g e s t s 
t h a t t h e TIN m o l e c u l e s a r e i n v o l v e d i n a c o n c e n t r a t i o n -
d e p e n d e n t , s e l f - q u e n c h i n g p r o c e s s . 

The f l u o r e s c e n c e e m i s s i o n s p e c t r a o f TINS i n PVA and 
PVP a l s o show o n l y a s i n g l e b a n d n e a r 4 00 nm w h i c h i s 
a t t r i b u t a b l e t o e m i s s i o n f r o m a non p r o t o n - t r a n s f e r r e d 
e x c i t e d s t a t e . The s i m i l a r i t y b e t w e e n t h e v a l u e s o f t h e 
f l u o r e s c e n c e quantum y i e l d , <|>f

np, f o r t h e non p r o t o n -
t r a n s f e r r e d f o r m o f TINS i n PVA a n d PVP (12) i n d i c a t e s 
t h a t t h e PVA p o l y m e r i s u n a b l e t o b e h a v e i n an a n a l o g o u s 
manner t o p r o t i c , h y d r o g e n - b o n d i n g s o l v e n t s a n d s u g g e s t s 
t h a t no c o m p l e x a t i o n w h i c h c a n f a c i l i t a t e E S I P T o c c u r s i n 
t h e e x c i t e d s t a t e as a r e s u l t o f t h e r e s t r i c t e d m o t i o n o f 
t h e PVA c h a i n s . 

I t s h o u l d be n o t e d t h a t no e m i s s i o n f r o m t h e 
z w i t t e r i o n i c f o r m o f t h e p r o t o n - t r a n s f e r r e d t a u t o m e r was 
o b s e r v e d f r o m a n y o f t h e b e n z o t r i a z o l e s s t u d i e d i n t h e 
p r e s e n t work. T h i s i m p l i e s t h a t n o n - r a d i a t i v e r e l a x a t i o n 
p r o c e s s e s f r o m t h e e x c i t e d s t a t e o f t h i s s p e c i e s a r e v e r y 
e f f i c i e n t i n a l l o f t h e s o l v e n t a n d p o l y m e r e n v i r o n m e n t s 
s t u d i e d . Thus no i n f o r m a t i o n i s a v a i l a b l e on t h e e f f e c t 
o f t h e medium p o l a r i t y on t h e r o o m - t e m p e r a t u r e p h o t o ­
p h y s i c s o f t h e z w i t t e r i o n i c f o r m u s i n g f l u o r e s c e n c e 
t e c h n i q u e s . 
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* 

[A] a b s o r p t i o n 
[B] s o l v e n t / m o l e c u l a r rearrangement 
[C] proton t r a n s f e r 

F i g u r e 10. S c h e m a t i c d i a g r a m o f t h e E S I P T p r o c e s s v i a 
s o l u t e / s o l v e n t c o m p l e x a t i o n . 
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F l u o r e s c e n c e L i f e t i m e s . The f l u o r e s c e n c e d e c a y t i m e s o f 
T I N i n a number o f s o l v e n t s ( l l r 1 4 . 1 6 r 1 8 r 1 9 ) , l o w -
t e m p e r a t u r e g l a s s e s (12) a n d i n t h e c r y s t a l l i n e f o r m (15.) 
h a v e b e e n m e a s u r e d p r e v i o u s l y . V a l u e s o f t h e f l u o r e s c e n c e 
l i f e t i m e , T f , o f t h e i n i t i a l l y e x c i t e d f o r m o f T I N a n d 
TINS i n t h e v a r i o u s s o l v e n t s i n v e s t i g a t e d i n t h i s work a r e 
l i s t e d i n T a b l e I I I . V a l u e s o f t h e r a d i a t i v e a n d 
n o n - r a d i a t i v e r a t e c o n s t a n t s , k f a n d k n r r e s p e c t i v e l y , a r e 
a l s o g i v e n i n t h i s t a b l e . A s i n g l e e x p o n e n t i a l d e c a y was 
o b s e r v e d f o r t h e r o o m - t e m p e r a t u r e f l u o r e s c e n c e e m i s s i o n o f 
e a c h o f t h e d e r i v a t i v e s e x a m i n e d . T h i s i n d i c a t e s t h a t 
o n l y one e x c i t e d - s t a t e s p e c i e s i s r e s p o n s i b l e f o r t h e 
f l u o r e s c e n c e i n t h e s e s y s t e m s . 

The much s h o r t e r l i f e t i m e s t h a t a r e o b s e r v e d i n 
p r o t i c , h y d r o g e n - b o n d i n g s o l v e n t s compared w i t h a p r o t i c , 
h y d r o g e n - b o n d i n g s o l v e n t s a r e c o n s i s t e n t w i t h t h e p r e s e n c e 
o f an a d d i t i o n a l n o n - r a d i a t i v
t o be E S I P T v i a a s o l v e n t / s o l u t
The l o n g e r l i f e t i m e s d e t e r m i n e d f o r t h e b e n z o t r i a z o l e s i n 
t h e p r e s e n c e o f t h e l a r g e r p r o t i c s o l v e n t s p e c i e s s u g g e s t 
t h a t o r i e n t a t i o n o f t h e s o l v e n t m o l e c u l e i s an i m p o r t a n t 
s t e p i n t h e d e a c t i v a t i o n mechanism w h i c h i n v o l v e s 
s o l v e n t / s o l u t e c o m p l e x a t i o n . T h i s i s c o n f i r m e d by a 
r e c e n t s t u d y w h i c h shows a c o r r e l a t i o n b e t w e e n s o l v e n t 
v i s c o s i t y a nd t h e f l u o r e s c e n c e l i f e t i m e o f T I N d i s s o l v e d 
i n v a r i o u s 1 - a l k a n o l s ( 1 £ ) . 

The v a l u e s o f t h e r a d i a t i v e r a t e c o n s t a n t s 
c a l c u l a t e d f o r T I N a n d TINS r e m a i n r e a s o n a b l y c o n s t a n t f o r 
e a c h o f t h e s o l v e n t s u s e d . T h i s o b s e r v a t i o n i s c o n s i s t e n t 
w i t h t h e a s s u m p t i o n t h a t t h e same e x c i t e d - s t a t e s p e c i e s , 
n a m e l y a non p r o t o n - t r a n s f e r r e d t a u t o m e r , i s r e s p o n s i b l e 
f o r f l u o r e s c e n c e i n e a c h c a s e . The s i g n i f i c a n t l y l a r g e r 
n o n - r a d i a t i v e d e c a y r a t e c o n s t a n t s f o u n d i n a l c o h o l i c 
s o l v e n t s c a n be a t t r i b u t e d t o b o t h m o l e c u l a r r e o r i e n t a t i o n 
o f t h e s o l v e n t m o l e c u l e s and, p o s s i b l y , r o t a t i o n o f t h e 
h y d r o x y g r o u p o u t o f t h e m o l e c u l a r p l a n e i n o r d e r t o 
accommodate t h e s o l v e n t b r i d g e r e q u i r e d f o r E S I P T . The 
l o w e r v a l u e s o f k n r f o u n d f o r T I N a n d TINS i n a p r o t i c 
h y d r o g e n - b o n d i n g s o l v e n t s s u g g e s t t h a t E SIPT does n o t 
o c c u r i n t h o s e m o l e c u l e s t h a t a r e i n t e r m o l e c u l a r l y 
h y d r o g e n b o n d e d t o t h e s o l v e n t . A l o n g e r f l u o r e s c e n c e 
l i f e t i m e was o b s e r v e d f o r T I N i n t e t r a h y d r o f u r a n (THF) a n d 
e t h y l a c e t a t e t h a n i n more p o l a r a p r o t i c s o l v e n t s 
s u g g e s t i n g a p o l a r i t y d ependence o f t h e n o n - r a d i a t i v e 
p a t h w a y o f t h e n o n - p r o t o n t r a n s f e r r e d , e x c i t e d - s t a t e 
t a u t o m e r . The h i g h e r v a l u e o f k n r f o r T I N i n h i g h 
p o l a r i t y , a p r o t i c s o l v e n t s has b e e n a t t r i b u t e d t o 
i n t e r s y s t e m c r o s s i n g i n t h e f i r s t e x c i t e d s t a t e (14.) . 

The f l u o r e s c e n c e d e c a y t i m e , c a l c u l a t e d f o r t h e 
400 nm e m i s s i o n o f T I N i n PMMA f i l m s , d e c r e a s e s f r o m 
1.3 ± 0 . 2 ns t o 0.20 ± 0.02 ns as t h e c o n c e n t r a t i o n o f T I N 
i s i n c r e a s e d f r o m 0.07 m o l e % t o 1.1 m o l e % r e s p e c t i v e l y . 
T h i s i s f u r t h e r e v i d e n c e t h a t t h e T I N m o l e c u l e s a r e 
i n v o l v e d i n a c o n c e n t r a t i o n - d e p e n d e n t , s e l f - q u e n c h i n g 
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p r o c e s s s u g g e s t i n g t h a t a g g r e g a t i o n o f t h e s t a b i l i z e r 
m o l e c u l e s o c c u r s a t h i g h c o n c e n t r a t i o n s i n p o l y m e r f i l m s 
(21) . 

The e x c i t e d - s t a t e l i f e t i m e c a l c u l a t e d f o r TINS i n 
PVA f i l m i s f o u n d t o be 1.3 ± 0.1 ns compared w i t h 
44 ± 4 ps f o u n d i n t h e c a s e o f w a t e r (12). T h i s s u p p o r t s 
t h e e a r l i e r p r o p o s a l t h a t c o m p l e x a t i o n , w h i c h i s p r o p o s e d 
t o o c c u r i n p r o t i c , h y d r o g e n - b o n d i n g s o l v e n t s , does n o t 
o c c u r i n t h i s p o l y m e r . I n t h e PVP f i l m an i n t e n s e 
f l u o r e s c e n c e a n d a l o n g e x c i t e d - s t a t e l i f e t i m e , s i m i l a r t o 
t h a t f o u n d f o r TINS i n PVA, i s o b s e r v e d a n d i s c o n s i s t e n t 
w i t h t h e E S I P T p r o c e s s b e i n g p r e v e n t e d i n t h i s a p r o t i c 
medium. 

Conclusions 
The a b s o r p t i o

t r i a z o l e d e r i v a t i v e
i n d i c a t e t h a t two g r o u n d - s t a t e f o r m s o f t h e m o l e c u l e s 
e x i s t . T hese s p e c i e s a r e p r o p o s e d t o be a p l a n a r a n d 
n o n - p l a n a r f o r m o f t h e s t a b i l i z e r s . The p o s i t i o n o f t h e 
e q u i l i b r i u m b e t w e e n t h e s e two f o r m s i s a f f e c t e d b y b o t h 
t h e p o l a r i t y a n d t h e h y d r o g e n - b o n d i n g s t r e n g t h o f t h e 
medium. The b l u e f l u o r e s c e n c e (A,max « 400 nm) o b s e r v e d f o r 
t h e s e s t a b i l i z e r s o r i g i n a t e s f r o m an e x c i t e d - s t a t e s p e c i e s 
i n w h i c h i n t r a m o l e c u l a r p r o t o n t r a n s f e r i s d i s r u p t e d . 

The d ependence o f t h e f l u o r e s c e n c e quantum y i e l d s 
a n d l i f e t i m e s o f t h e s e s t a b i l i z e r s on t h e n a t u r e o f t h e 
s o l v e n t s u g g e s t s t h a t t h e e x c i t e d - s t a t e , n o n - r a d i a t i v e 
p r o c e s s e s a r e a f f e c t e d b y s o l v a t i o n . I n p o l a r , h y d r o x y l i c 
s o l v e n t s , v a l u e s o f t h e f l u o r e s c e n c e quantum y i e l d f o r t h e 
non p r o t o n - t r a n s f e r r e d f o r m a r e s i g n i f i c a n t l y l o w e r , a n d 
t h e f l u o r e s c e n c e l i f e t i m e s a r e s h o r t e r , t h a n t h o s e 
c a l c u l a t e d f o r a p r o t i c s o l v e n t s . T h i s s u p p o r t s t h e 
p r o p o s a l o f t h e f o r m a t i o n , i n a l c o h o l i c s o l v e n t s , o f an 
e x c i t e d - s t a t e e n c o u n t e r c o m p l e x w h i c h f a c i l i t a t e s E S I P T . 
The o b s e r v e d c o n c e n t r a t i o n dependence o f t h e f l u o r e s c e n c e 
l i f e t i m e a n d i n t e n s i t y o f t h e b l u e e m i s s i o n f r o m T I N i n 
p o l y m e r f i l m s p r o v i d e s e v i d e n c e f o r a n o n - r a d i a t i v e , 
s e l f - q u e n c h i n g p r o c e s s , p o s s i b l y due t o a g g r e g a t i o n o f t h e 
s t a b i l i z e r m o l e c u l e s . 

The r e s u l t s o b t a i n e d i n t h i s work i n d i c a t e t h a t b o t h 
t h e s t r u c t u r e o f t h e s t a b i l i z e r a n d t h e n a t u r e o f t h e 
s u r r o u n d i n g e n v i r o n m e n t a r e i m p o r t a n t f a c t o r s i n 
d e t e r m i n i n g t h e e f f i c i e n c y o f t h e e n e r g y d i s s i p a t i o n 
p r o c e s s e s i n t h e s e d e r i v a t i v e s . M o l e c u l a r s t r u c t u r e s i n 
w h i c h t h e p l a n a r f o r m i s f a v o u r e d a n d where t h e i n t r a ­
m o l e c u l a r h y d r o g e n b o n d i s p r o t e c t e d f r o m i n t e r a c t i o n s 
w i t h t h e medium b y t h e i n c o r p o a t i o n o f b u l k y s u b s t i t u e n t 
g r o u p s , s h o u l d e x h i b i t h i g h e s t p h o t o s t a b i l i t y a n d i m p a r t 
i m p r o v e d p h o t o p r o t e c t i o n t o p o l y m e r s u b s t r a t e s . 
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Chapter 6 

Radiolysis of Polycarboxylic Acids 
and Model Compounds 

K. T. Campbell, D. J. T. Hill1, James H. O'Donnell, P. J. Pomery, 
and C. L. Winzor 

Polymer and Radiation Group, Department of Chemistry, University 
of Queensland, St Lucia, Brisbane 4067, Australia 

Gamma radiolysi
amino acids result  carboxy  group
formation of carbon monoxide and carbon dioxide. In the 
carboxylic acids, the ratio of CO/CO2 produced is 
approximately 0.1, while in the N-acetyl amino acids the 
ratio is much smaller. In the poly carboxylic acids and 
poly amino acids, radiolysis also results in the loss of 
the carboxyl group, but here the ratio of CO/CO2 is greater 
than 0.1. Incorporation of aromatic groups in the poly 
amino acids provides some protection for the carboxyl 
group. The degradation of the poly acids is believed to 
involve radical and excited state pathways. 

Recently there has been increasing interest in studies of the 
effects of high energy radiation on polymers. Some of this 
interest has arisen because of the use of polymers as resists in 
the microchip industry, and some through the search for radiation 
resistant polymers for the aerospace and other high technology 
industries. 

Studies of the physical and chemical changes which take place 
in polymers when they are exposed to high energy radiation have 
often drawn upon a knowledge of the corresponding changes which 
take place in suitable small molecule, model compounds. However, 
it must always be borne in mind that the radiation chemistry of 
small molecule models can be dominated by end-effects, which are 
not typical of a high molecular weight polymer. 

In this paper we describe some of our work on a study of the 
effects of gamma radiation on a variety of polycarboxylic acids 
and a related series of small molecule, model compounds containing 
carboxyl groups. 
1Address correspondence to this author. 
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6. CAMPBELL ETAL. Radiolysis of Polycarboxylic Acids 

RADIATION EFFECTS IN POLYMERS 

The primary event which takes place when high energy r a d i a t i o n , 
such as gamma r a d i a t i o n , i n t e r a c t s with a polymer molecule 
i n v o l v e s the e j e c t i o n of an e l e c t r o n , with formation of the 
polymer c a t i o n r a d i c a l , as shown i n Equation (1): 

p AATV J » P * + e" (1) 

The ejec t e d e l e c t r o n may become trapped on a s u i t a b l e s i t e i n the 
matrix of the polymer, thus forming a polymer anion r a d i c a l . 

P + e" > P* (2) 

A l t e r n a t i v e l y , the e l e c t r o n  or the polymer anion  may react with 
an e x i s t i n g c a t i o n r a d i c a
polymer molecule, P*. Fo

P* + e" > P* 

Polymer c a t i o n r a d i c a l s , anion r a d i c a l s and e x c i t e d s t a t e 
species are a l l very r e a c t i v e , so that f u r t h e r chemistry w i l l 
g e n e r a l l y take p l a c e . Polymer c a t i o n r a d i c a l s are u s u a l l y 
r e a c t i v e even at temperatures below 77K, and oft e n decompose to 
produce a polymer r a d i c a l and a c a t i o n , which i s o f t e n H+. 
Polymer anion r a d i c a l s are u s u a l l y l e s s r e a c t i v e than the c a t i o n 
r a d i c a l s , and are o f t e n s t a b l e at 77K, but they are u s u a l l y 
unstable at room temperature. E x c i t e d s t a t e species can undergo 
decomposition by a v a r i e t y of routes i n c l u d i n g : ( i ) homolytic 
cleavage to form two n e u t r a l r a d i c a l s , ( i i ) h e t e r o l y t i c cleavage 
to form an anion and a c a t i o n , or ( i i i ) bond rupture w i t h the 
formation of two n e u t r a l molecules. 

The n e u t r a l polymer r a d i c a l s which are produced a l s o o f t e n 
undergo f u r t h e r r e a c t i o n s , which can r e s u l t i n chemical changes i n 
the polymer. These r e a c t i o n s may inc l u d e c r o s s l i n k i n g or s c i s s i o n 
of polymer chains, formation of small molecule products, changes 
i n the stereochemistry of the polymer chains, changes i n the 
c r y s t a l l i n i t y of the polymer or a v a r i e t y of other chemical and 
p h y s i c a l processes. 

The r a d i a t i o n chemistry of the p o l y c a r b o x y l i c a c i d s (and the 
model compounds) i s h i g h l i g h t e d by many of these r e a c t i o n s . 

A. MODEL COMPOUNDS 

ALIPHATIC CARBOXYLIC ACIDS The r a d i a t i o n chemistry of the simple 
a l i p h a t i c c a r b o x y l i c acids has been widely i n v e s t i g a t e d . The 
major products of gamma r a d i o l y s i s of these compounds are t y p i f i e d 
by those found (1) f o r r a d i o l y s i s of i s o b u t y r i c a c i d at 273 K 
(Table I ) . 
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Table I . Y i e l d s of v o l a t i l e products f o r gamma r a d i o l y s i s 
of i s o b u t y r i c a c i d at 273 K 

Product G-value 

propane 3, .72 
propene 1, ,00 
methane 0, .10 
hydrogen 0. .87 
carbon d i o x i d e 5 .44 
carbon monoxid
water 

The major hydrocarbon product i s the parent alkane, propane, 
formed by l o s s of the carboxyl group. Smaller amounts of other 
fragments, such as propene, methane and hydrogen are a l s o 
observed. These are most l i k e l y formed as a r e s u l t of r e a c t i o n s 
of the propane r a d i c a l ; f o r example propene can be formed by 
d i s p r o p o r t i o n a t i o n of the propane r a d i c a l : 

C H 3-CH - C H 3 + C H 3-CH - C H 3 > CH2=CH-CH3 + CH 3-CH 2-CH 3 

Carbon d i o x i d e i s the major product of the r a d i o l y s i s , and 
r e s u l t s from the l o s s of the carboxyl group. Carbon monoxide i s 
found i n somewhat smaller y i e l d than carbon d i o x i d e . Water i s 
a l s o produced, but i t s y i e l d i s often d i f f i c u l t to q u a n t i f y 
because of the strong hydrogen bonding which e x i s t s between water 
and c a r b o x y l i c a c i d groups. Hydrogen i s not normally found i n 
high y i e l d . 

For a wide v a r i e t y of a l i p h a t i c c a r b o x y l i c a c i d s , i n c l u d i n g 
some with aromatic s u b s t i t u e n t s , the product y i e l d s f o r CO and C0 2 

are i n an approximately constant r a t i o of 1:10 f o r r a d i o l y s i s at 
298 K. Values f o r some t y p i c a l compounds are given below i n Table 
I I . 

The major r a d i c a l intermediates formed f o l l o w i n g r a d i o l y s i s 
of a l i p h a t i c c a r b o x y l i c acids are a l s o t y p i f i e d by those found 
f o l l o w i n g r a d i o l y s i s of i s o b u t y r i c a c i d (1). In Figure 1 are 
i l l u s t r a t e d the ESR spectra found f o l l o w i n g r a d i o l y s i s of t h i s 
a c i d at 77 K and 195 K. 
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Table I I . G values f o r CO and C0 2 f o r j r a d i o l y s i s 
of c a r b o x y l i c acids at 298 K 

Acid G(CO) G(C0 2) G(C0)/G(C0 2) 

CH3COOHa 0.73 6.0 0.12 
CH3CH2COOHa 0.46 4.4 0.10 
(CH 3) 2CHCOOH b 0.41 5.4 0.08 

^CH2COOHC 0.37 3.8 0.10 
^(CH 2) 2COOH C 0.20 3.0 0.06 

a reference 2 
b reference 1 
c K l i k a , K; H i l l , D.J.T. unpublished r e s u l t s 

The ESR spectrum of i s o b u t y r i c a c i d f o l l o w i n g r a d i o l y s i s and 
measurement at 77 K comprises s e v e r a l components. These have been 
i d e n t i f i e d as: ( i ) the decarboxylation r a d i c a l ( I ) , which appears 
as an octet with a s p l i t t i n g of 23.5 gauss ( i i ) the anion r a d i c a l 
( I I ) , which appears as a doublet with a s p l i t t i n g of 24 gauss and 
( i i i ) the hydrogen a b s t r a c t i o n r a d i c a l ( I I I ) , the major component, 
which appears as a septet with a s p l i t t i n g of 21.4 gauss. 

CH 3 CH 3 

H - C - C00H T «C - COOH 
I I 
CH 3 CH 3 

I I I I I I 

R a d i o l y s i s of i s o b u t y r i c a c i d at 195 K r e s u l t s i n the 
formation of only one r a d i c a l intermediate, the hydrogen 
a b s t r a c t i o n r a d i c a l I I I . The decarboxylation r a d i c a l and the 
anion r a d i c a l are both unstable at t h i s temperature and react 
forming the a b s t r a c t i o n r a d i c a l and other products. The hydrogen 
which i s abstracted i s g e n e r a l l y that which i s attached to the 
carbon atom a to the carboxyl group. 

Since decarboxylation i s a primary r e a c t i o n of the a l i p h a t i c 
c a r b o x y l i c a c i d s , i t i s i n t e r e s t i n g to compare the r a d i c a l y i e l d 
measured at 77 K (3) with the y i e l d of carbon monoxide plus carbon 
d i o x i d e . These values are compared i n Table I I I . The r e s u l t s 
suggest that there i s a c o r r e l a t i o n between the l o s s of the 
carboxyl group and the formation of r a d i c a l s i n the c a r b o x y l i c 
a c i d s . 

CH 3 

H - C-
I 
CH 3 
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Table I I I . G(R-) at 77 K compared to G(CO) + G(C0 2) 
at 298 K f o r a s e r i e s of c a r b o x y l i c acids 

Acid G(R*) G(CO) + G(C0 2) 

CHgCOOH 4.9 4.4 
CH3CH2COOH 6.7 4.9 
CH 3(CH 2) 2COOH 5.4 5.0 
(CH3)2CHCOOH 5.7 5.9 
(CH3)3CCOOH 5.2 6 . 3 ( a ) 

( a ) determined at 80°C 

Based upon the observe
been suggested by ourselve
mechanism f o r the degradation of simple c a r b o x y l i c acids i s : 

R-CH2-C00H W—^ R-CH2-C00H* + e~ 

R-CH2-C00HT R-CH 2-C0 2 + H + 

R-CH2-COOH2 R-CH2 + C0 2 

R-CH2 + CO + H 20 R-CH-COOH 
+ 

R-CH3 

N-ACETYL AMINO ACIDS The N-acetylamino acids have been suggested 
as model compounds f o r study of the degradation of polyamino acids 
and p r o t e i n s . However, they contain a fr e e carboxyl group, so 
might a l s o be r e p r e s e n t a t i v e of those polyamino aci d s which 
contain carboxyl groups i n t h e i r side chain. The r e s u l t s of our 
i n v e s t i g a t i o n (5) of the v o l a t i l e products which are formed on 
gamma r a d i o l y s i s of N-acetyl g l y c i n e at 303 K are given i n Table 
IV. These products are t y p i c a l of the observations f o r other, 
s i m i l a r compounds. 

The range of products formed on gamma r a d i o l y s i s of 
N - a c e t y l g l y c i n e was s i m i l a r to that formed on r a d i o l y s i s of the 
a l i p h a t i c c a r b o x y l i c a c i d s , but there are some n o t i c e a b l e 
d i f f e r e n c e s i n the y i e l d s of products. Carbon d i o x i d e i s by f a r 
the major v o l a t i l e product of r a d i o l y s i s and the corresponding 
product of the decarboxylation r e a c t i o n , N-methyl acetamide, i s 
a l s o present i n l a r g e y i e l d , but the y i e l d of t h i s product was not 
q u a n t i t a t i v e l y determined. By c o n t r a s t , carbon monoxide i s found 
i n very small y i e l d . The y i e l d of acetamide, the product of N-Ca 
bond s c i s s i o n , i s found i n much greater y i e l d . 
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These observations are common to the s e r i e s of N-acetylamino 
acids which have been i n v e s t i g a t e d . Whereas the carbon monoxide 
to carbon d i o x i d e y i e l d f o r the a l i p h a t i c c a r b o x y l i c acids are i n 
the approximate r a t i o of 1:10, the corresponding r a t i o f o r the 
N-acetyl amino acids i s much sm a l l e r , because of the much smaller 
y i e l d s f o r carbon monoxide. This suggests that there must be 
another s i t e on which the ejec t e d e l e c t r o n can be trapped with 
greater e f f i c i e n c y than that f o r trapping on the carboxyl group. 

The y i e l d s of carbon monoxide and carbon d i o x i d e are given i n 
Table V f o r a s e r i e s of amino acids with a l i p h a t i c or aromatic 
s i d e chains. In a l l cases, the r a t i o of G(C0) to G(C0 2) i s much 
l e s s than that reported i n Table I I f o r the corresponding 
c a r b o x y l i c a c i d s . 

A v a r i e t y of r a d i c a l products i s observed f o l l o w i n g gamma 
r a d i o l y s i s of the N-acetyl amino acids at 77 K (6), depending on 
the nature of the side chai f th t amin  a c i d  I  th
case of N-acetyl a l a n i n e
the anion r a d i c a l IV ( i i
deamination r a d i c a l VI and (iv ) the alpha carbon r a d i c a l V I I . 

Table IV. G-values f o r the v o l a t i l e products formed on 
gamma r a d i o l y s i s of N - a c e t y l g l y c i n e at 303 K 

product G-value 

C 0 2 2.0 
CO 0.004 
H 2 

0.22 
CH 4 0.007 
CH3CONH2 0.09 
CH3COOH 0.05 
CH3CONHCH3 present 

Table V. G-values f o r CO and C0 2 f o r 7 - r a d i o l y s i s of 
N-acetyl amino acids,CH3-CO-NH-CH(R)-COOH, at 303 K 

Amino a c i d G(CO) G(C0 2) G(CO)/G(C0) 2 

R = H 0.004 2.0 0.002 
R = CH 3 0.02 4.8 0.004 
R = CH(CH 3) 2 0.03 8.2 0.004 
R 0.06 1.2 0.05 
R = CH 2^ 0.02 1.9 0.01 
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0-
I 

CH 3 - C - NH - CH - C00H CH 3 - CO - NH - CH 

CH 3 CH 3 

IV V 

CH - COOH CH 3 - C O - N H - C - COOH 
I I 
CH 3 CH 3 

VI V II 

As the temperature i s r a i s e d above 77 K  the anion r a d i c a l IV 
disappears at approximatel
carbon centred r a d i c a l s

A s i m i l a r behaviour has been found to occur w i t h the other 
N-acetyl amino a c i d s . In each case, the most s t a b l e r a d i c a l 
observed at 303 K was the alpha carbon r a d i c a l , as was a l s o 
observed f o r the a l i p h a t i c c a r b o x y l i c a c i d s . In Table VI the 
r a d i c a l y i e l d s observed f o l l o w i n g gamma r a d i o l y s i s of a s e r i e s of 
N-acetyl amino acid s at 303 K are reported, together with the 
st a b l e r a d i c a l intermediates observed at t h i s temperature (5). 

Table VI. Observed r a d i c a l s and measured r a d i c a l y i e l d s 
f o r gamma r a d i o l y s i s of the N-acetyl amino a c i d s , 
CH3-CO-NH-CH(R)-COOH, at 303 K 

Amino a c i d R a d i c a l Assignments G(R.) 

R = -H CH3-CO-NH-CH-COOH 2.8 

R = -CH3 CH 3-CO-NH-C(CH 3)-COOH 3.7 

CH3-CO-NH-CH(CH3) 

CH(CH 3)-C00H 

R = -CH(CH 3) 2 CH3-CO-NH-C(CH (CH 3) 2)C00H 6.8 

CH3-CO-NH-CH(C (CH 3) 2C00H 

R = not assigned 1.6 

R = -CH 2-^ not assigned 1.8 
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Again the cl o s e correspondence between the measured r a d i c a l 
and carbon d i o x i d e y i e l d s f o r 7 - r a d i o l y s i s of the N-acetyl amino 
acids i n the s o l i d s t a t e suggests that the mechanisms f o r r a d i c a l 
production and carbon d i o x i d e formation are c l o s e l y r e l a t e d , as 
they were f o r the a l i p h a t i c c a r b o x y l i c a c i d s . The f o l l o w i n g 
mechanism has been proposed (5) i n order to account f o r the major 
degradation products and observed r a d i c a l intermediates. 

CH 3-CO-NH-CH-COOH 
I 
R 

(CH3-CO-NH-CH-COOH); 

x|/R 

CH3-C0-NH2 

+ 

R-CH2-COOH 
+ 

CH3-CO-NH-CH2-R 
+ 

CO + H 20 

y 
> CH 3-CO-NH-CH-COOH' + e w 

il 

CH3-CO-NH-CH + C 0  + H + 

CH3-CO-NH-C-COOH 

R 
+ 

CH3-CO-NH-CH2-R 

B. POLY ACIDS 

POLYCARBOXYLIC ACIDS The gamma r a d i o l y s i s of the homopolymers of 
a c r y l i c , m e thacrylic and i t a c o n i c acids have been i n v e s t i g a t e d i n 
the s o l i d s t a t e at 303 K, and i n each case the y i e l d s of carbon 
monoxide, carbon d i o x i d e and of r a d i c a l intermediates have been 
measured. These are reported i n Tables VII and V I I I r e s p e c t i v e l y . 

Table V I I . G-values f o r carbon monoxide and carbon d i o x i d e 
formed on r a d i o l y s i s of poly acids at 303 K 

Poly a c i d G(CO) G ( C 0 2 ) G ( C 0)/G ( C 0 2 ) 

A c r y l i c 3.1 9.0 0.34 
Met h a c r y l i c 2.8 7.9 0.35 
It a c o n i c 1.8 3.6 0.50 
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Table V I I I . G-values f o r r a d i c a l formation f o r gamma 
r a d i o l y s i s of poly a c i d s at 303 K 

Acid R a d i c a l intermediates G(R*) 

A c r y l i c CH 2-C-CH 2^ (90%) 

COOH 

^-CH-CH-CH(10%) 
I I 

3.8 

M e t h a c r y l i c 

I t a c o n i c 

3 

/N/CH 2-C» 

I 
COOH 

not assigned 

3.1 

3.1 

As with the a l i p h a t i c c a r b o x y l i c a c i d model compounds, the 
major v o l a t i l e product observed on gamma r a d i o l y s i s of the poly 
a c i d s i s carbon d i o x i d e . However, the carbon d i o x i d e y i e l d s are 
somewhat l a r g e r than those observed f o r the model compounds. 
Carbon monoxide was a l s o observed i n s i g n i f i c a n t y i e l d s f o r each 
of the poly acids and the r a t i o of G(CO)/G(C0 2) was found to be 
approximately three times greater than that found f o r the small 
molecule model compounds. This suggests that the processes 
i n v o l v e d i n the formation of carbon monoxide and carbon d i o x i d e 
are both more e f f i c i e n t i n the poly a c i d s . 

While the major s t a b l e r a d i c a l intermediate f o r p o l y a c r y l i c 
a c i d was the alpha carbon r a d i c a l , as expected on the b a s i s of the 
model compound s t u d i e s , a small amount (ca. 10 per cent) of the 
r a d i c a l formed by a b s t r a c t i o n from the methylene carbon was a l s o 
observed. 

The only r a d i c a l intermediate observed f o r po l y m e t h a c r y l i c 
a c i d was the propagating r a d i c a l formed by main chain s c i s s i o n . 
This observation i s s i m i l a r to that noted f o r gamma r a d i o l y s i s of 
poly methylmethacrylate, where the propagating r a d i c a l i s a l s o 
found as the only s t a b l e r a d i c a l intermediate f o l l o w i n g r a d i o l y s i s 
at 303 K. In both cases the propagating r a d i c a l i s formed by 
/J-sc i s s i o n f o l l o w i n g the l o s s of the s i d e chain, r e s u l t i n g i n 
formation of the unstable t e r t i a r y r a d i c a l . 
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CH, CH, 

~ C - CH 2 - C - C H 2 ^ W r 

C O O H C O O H 

C H o CH« 

I I 
r^C - C H 2 - C - C H o — 

I ' 
C O O H 

i CH 3 CH 3 

/•v C» + CH 2 = C - C H 2 ^ 

COOH 

For each of the poly c a r b o x y l i c acids i n v e s t i g a t e d , the sum 
of the y i e l d s of carbo
than the y i e l d of r a d i c a
that noted f o r the mode  compounds,
magnitude. This suggests that e x c i t e d s t a t e processes may play a 
more s i g n i f i c a n t r o l e i n the degradation of the poly acids than 
they do i n the small molecule, model compounds. 

Thus, poly m e t h a c r y l i c a c i d undergoes net s c i s s i o n on gamma 
r a d i o l y s i s with a G-value of approximately 4, while p o l y a c r y l i c 
a c i d , on the other hand, undergoes net c r o s s l i n k i n g with a 
G-value of approximately 1.2 (7). C r o s s l i n k i n g i n p o l y a c r y l i c 
a c i d i s favourable because of the formation of main chain 
r a d i c a l s . These can react to form c r o s s l i n k s between polymer 
chains. 

I n c o r p o r a t i o n of aromatic groups i n t o a copolymer, such as 
poly(methyl methacrylate-co-styrene) has been reported (8) to 
r e s u l t i n p r o t e c t i o n of methyl methacrylate groups against 
r a d i a t i o n damage. This can be observed through the G-values f o r 
production of small molecule v o l a t i l e products or the G-values f o r 
production of r a d i c a l intermediates. However, gamma r a d i o l y s i s of 
pol y ( m e t h a c r y l i c acid-co-styrene) copolymers do not show a s i m i l a r 
p r o t e c t i v e e f f e c t f o r r a d i c a l production, as demonstrated i n 
Figure 2. Here there i s an approximately l i n e a r dependence of 
r a d i c a l y i e l d on polymer composition, i n d i c a t i n g that there i s no 
p r o t e c t i o n against r a d i c a l formation i n these copolymers. This 
suggests that the mechanism f o r r a d i c a l production i n t h i s 
copolymer (that i s , decarboxylation of the polymer chain) i s a 
h i g h l y e f f i c i e n t process, and competes e f f e c t i v e l y w i t h energy 
t r a n s f e r to the aromatic group. 

POLYAMINO ACIDS A l i p h a t i c polyamino acids i r r a d i a t e d i n the s o l i d 
s t a t e have been reported to undergo N-Ca, main-chain, bond 
s c i s s i o n on gamma r a d i o l y s i s (9) and the s t a b l e r a d i c a l 
intermediates formed f o l l o w i n g r a d i o l y s i s at 303 K are alpha 
carbon r a d i c a l s , as observed i n the N-acetyl amino a c i d s . 
However, the major r e a c t i o n f o l l o w i n g r a d i o l y s i s of poly glutamic 
a c i d i s decarboxylation ( H i l l , D.J.T.; Ho, S.Y.; O'Donnell, J.H.; 
Pomery, P.J. Radiat. Phvs. Chem., submitted f o r p u b l i c a t i o n ) , 
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Figure 2. G-value f o r r a d i c a l production f o r p o l y ( m e t h a c r y l i c 
acid-co-styrene) as a f u n c t i o n of copolymer composition. 

In The Effects of Radiation on High-Technology Polymers; Reichmanis, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



92 EFFECTS OF RADIATION ON HIGH-TECHNOLOGY POLYMERS 

w i t h formation of carbon d i o x i d e , G{CO^) = 5.5, and carbon 
monoxide, G(CO) = 2.2, as was observed f o r the p o l y c a r b o x y l i c 
a c i d s . 

The carbon monoxide y i e l d i s much l a r g e r than that expected 
on the b a s i s of the c a r b o x y l i c a c i d model compounds, and i s 
s i m i l a r to that observed f o r the p o l y c a r b o x y l i c a c i d s , with 
G(CO)/G(C0 2) = 0.4. 

Two s t a b l e r a d i c a l intermediates are observed f o l l o w i n g gamma 
r a d i o l y s i s at 303 K. The alpha carbon r a d i c a l V I I I and the side 
chain r a d i c a l IX are formed i n approximately equal y i e l d s , with 
the t o t a l G-value f o r r a d i c a l production equal to 3.2. This value 
i s s i m i l a r to that observed f o r the poly a c i d s . The observed 
r a d i c a l s are those which would be expected on the b a s i s of the 
a l i p h a t i c c a r b o x y l i c acids and previous s t u d i e s of the poly amino 
acids with a l i p h a t i c s i d e chains. 

/^NH - C - C 0 ~ 
I 
CH 9 I " 
C H o 

I 
COOH 

V I I I IX 

The e f f e c t of aromatic groups on the r a d i a t i o n chemistry of 
glutamic a c i d residues i n a polymer has been st u d i e d by 
i n v e s t i g a t i o n of a s e r i e s of random copolymers of glutamic acids 
and t y r o s i n e . The r e s u l t s of t h i s i n v e s t i g a t i o n are shown i n 
Figure 3 f o r the v a r i a t i o n i n the y i e l d s of carbon d i o x i d e , carbon 
monoxide and r a d i c a l intermediates with copolymer composition. By 
contra s t with the r e s u l t s observed f o r p o l y ( m e t h a c r y l i c 
a c i d - c o - s t y r e n e ) , p o l y ( g l u t a m i c a c i d - c o - t y r o s i n e ) shows a d i s t i n c t 
p r o t e c t i v e e f f e c t due to the presence of the aromatic group i n the 
t y r o s i n e s i d e - c h a i n . 

CONCLUSIONS 

The carboxyl group i n a l i p h a t i c c a r b o x y l i c acids i s very s e n s i t i v e 
to gamma r a d i a t i o n and undergoes degradation by both a n i o n i c and 
c a t i o n i c pathways wit h the formation of carbon monoxide and carbon 
d i o x i d e r e s p e c t i v e l y . The degradation of the carboxyl group i n 
N-acetyl amino acids r e s u l t s i n a much smaller y i e l d of carbon 
monoxide than f o r the a l i p h a t i c c a r b o x y l i c a c i d s . This i s 
be l i e v e d to be a r e s u l t of much more e f f i c i e n t t r apping of the 
ejecte d e l e c t r o n by the peptide group i n these compounds. 

In the poly c a r b o x y l i c a c i d s , carbon d i o x i d e i s the major 
product of r a d i o l y s i s , but the carbon monoxide y i e l d s are greater 
than they are f o r the a l i p h a t i c c a r b o x y l i c a c i d s . However, the 
r a d i c a l y i e l d s are not greater than expected on the b a s i s of the 
model compounds, which suggests that e x c i t e d s t a t e s play an 
important r o l e i n the degradation of these poly a c i d s . 

I 
CH 2 

•CH 
I 
COOH 
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Figure 3. G-values f o r (A) C0 2 (B) CO and (C) R* f o r gamma 
r a d i o l y s i s of poly(glutamic a c i d - c o - t y r o s i n e ) at 303 K. 
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Incorporation of aromatic residues into the side chain of a 
poly carboxylic acid does not provide a protection against radical 
formation, indicating that decarboxylation is more efficient than 
energy transfer in these polymers. However, incorporation of 
tyrosine residues into a polyglutamic acid copolymer does result 
in efficient protection against radiation damage, indicating that 
energy transfer is more efficient in these copolymers. 
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Chapter 7 

Photophysical Studies of Spin-Cast 
Polymer Films 
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Spin casting is a commonly used technique for producing 
thin, uniform polymer films, especially for semi-con­
ductor fabrication. There has been little attention 
given to the response of the polymers at the molecular 
level, however. We have reviewed previous literature 
on the spin casting process, as well as pertinent as­
pects of solvent cast and oriented polymer films. Our 
experimental work has focused on the use of excimer 
fluorescence to elucidate polymer chain conformation 
and fluorescent probe environment. The effects of spin 
speed and polymer molecular weight on spin cast poly­
styrene films and subsequent annealing behavior have 
been studied. In addition, the aggregation of a small 
molecule dye (pyrene) in novolac films was investigated. 

The U.S. - Australia Symposium on Radiation Effects on Polymeric 
Materials contained research presentations on fundamental radiation 
chemistry and physics as well as on technological applications of 
polymer irradiation. This paper represents a hybrid contribution of 
these two areas, examining a field of extensive technological impor­
tance. Spin casting of radiation sensitive polymer resists for 
microelectronic fabrication was studied using photophysical tech­
niques that are sensitive to the fundamental radiation response in 
the ultraviolet range. 

Thin, uniform polymer films can be formed by casting a polymer 
solution onto a rotating disc. Investigations of spin casting have, 
to date, focused on the process at a macroscopic level. Of primary 
concern has been the ability to predict the final film thickness and 
any radial dependence of the thickness induced by spinning. Various 
models have been derived to relate the spinning and solution charac­
teristics to film thickness and uniformity. These parameters are of 
very practical importance in the present applications of spin cast­
ing, especially for resists. 
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The i n t e n t of our i n v e s t i g a t i o n s i s to study the e f f e c t s of 
s p i n c a s t i n g on polymers at a molecular l e v e l . The polymers may be 
r a d i a t i o n s e n s i t i v e m a t e r i a l s such as poly(methyl methacrylate) 
(PMMA), p o l y s u l f o n e s , or polystyrene d e r i v a t i v e s , or r a d i a t i o n 
i n s e n s i t i v e m a t e r i a l s such as novolac or pure p o l y s t y r e n e . In a l l 
cases, p h o t o p h y s i c a l techniques w i l l be used to i n t e r r o g a t e the 
polymer s t r u c t u r e and f i l m homogeneity ( f o r the f i l m s which are 
mixtures of a r a d i a t i o n i n s e n s i t i v e polymer and a r a d i a t i o n s e n s i ­
t i v e m a t e r i a l ) . There has been l i t t l e e f f o r t given to understanding 
the e f f e c t s of s p i n c a s t i n g on c o n f i g u r a t i o n of polymer chains up 
u n t i l now. Indeed, f o r c i r c u i t geometries above the sub-micron 
regime, i t i s l e s s important because any small i n c o n s i s t e n c i e s or 
inhomogeneities i n the r e s i s t f i l m are w i t h i n the a l l o w a b l e t o l e r ­
ances. But as image dimensions creep down i n t o the 0.5 range, 
and t o l e r a n c e s are reduced i n t o the realm of polymer dimensions, the 
behavior of the f i l m on the molecular l e v e l may p l a y an important 
r o l e i n enhancing r e s i s

Spin c a s t i n g a p p l i e
s o l v e n t evaporates. As a r e s u l t , i t i s l i k e l y t h a t the polymer 
chains w i l l be f r o z e n i n t o s t r e t c h e d , n o n - e q u i l i b r i u m c o n f i g u r a ­
t i o n s . R a d i a l o r i e n t a t i o n and s t r e s s i n the polymer backbone c o u l d 
s l i g h t l y change the response of the polymer to r a d i a t i o n or s o l v e n t 
developers. Release of the s t r e s s may appear i n the form of micro-
c r a c k i n g (1) of the f i l m , or l o s s of adhesion w i t h the s u b s t r a t e 
( 2 ) . R e s i s t f i l m s g e n e r a l l y r e c e i v e a post s p i n n i n g bake at a 
temperature which may be above or below the g l a s s t r a n s i t i o n temper­
ature (Tg) of the polymer, depending on the r e s i s t . Many r e s i s t s , 
such as most p o s i t i v e diazoquinone r e s i s t s are too t h e r m a l l y s e n s i ­
t i v e to be baked above the Tg of the polymer. The bake i s intended 
to remove any remaining trapped s o l v e n t and to r e l a x s t r e s s e s 
induced by s p i n n i n g , but there has been no thorough study of the 
e f f e c t i v e n e s s of commonly used baking c o n d i t i o n s . Aggregation of 
i n d i v i d u a l components of the r e s i s t during s p i n n i n g c o u l d change the 
development c h a r a c t e r i s t i c s of the r e s i s t , the e f f e c t of which would 
be dependent on the s i z e of the aggregated domains. I n p a r t i c u l a r , 
some roughening of the image s i d e w a l l s or o v e r a l l dimensional v a r i a ­
t i o n would be expected. 

I n t r i n s i c and e x t r i n s i c fluorescence can be used as very 
s e n s i t i v e probes of the polymer environment and c o n f i g u r a t i o n . A 
p a r t i c u l a r example i s excimer fluorescence, which can occur when two 
aromatic groups i n t e r a c t i n a coplanar s t r u c t u r e . The r i n g s must be 
w i t h i n three to four angstroms to produce a s u i t a b l e excimer forming 
s i t e , so the excimer fluorescence y i e l d s i n f o r m a t i o n on the l o c a l 
c o n c e n t r a t i o n of these p r o p e r l y o r i e n t e d aromatic chromophores. Ex­
cimer formation may be i n t e r m o l e c u l a r i f the two aromatic r i n g s are 
on d i f f e r e n t polymer chains, or i n t r a m o l e c u l a r i f they are on repeat 
u n i t s of the same polymer chain. Changes i n the r a t i o of excimer to 
monomer fluorescence i n t e n s i t y (Ie/Im) of aromatic polymers such as 
p o l y s t y r e n e have been used to measure the l e v e l of o r i e n t a t i o n i n a 
u n i a x i a l l y s t r e t c h e d f i l m ( 3 ) . This technique can be a p p l i e d to the 
r a d i a l o r i e n t a t i o n caused by s p i n c a s t i n g . The fluorescence of 
probes such as pyrene can a l s o y i e l d a v a r i e t y of i n s i g h t s i n t o the 
e f f e c t s of s p i n c a s t i n g . Probes that are c h e m i c a l l y attached to the 
polymer ch a i n can y i e l d c o n f i g u r a t i o n a l i n f o r m a t i o n on otherwise 
non-fluorescent polymers. Aggregation of f r e e f l u o r e s c e n t probes 
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can be monitored and used as a model system f o r polymer/dye type 
p o s i t i v e r e s i s t systems. We w i l l present the i n i t i a l r e s u l t s ob­
t a i n e d u s i n g these f l u o r e s c e n t techniques to evaluate the extent of 
o r i e n t a t i o n and dye aggregation induced by s p i n c a s t i n g and the 
e f f e c t i v e n e s s of annealing to remove o r i e n t a t i o n and s t r e s s i n 
polymer systems. 

Background on Spin Casting. As e a r l y as 1958, Emslie, e t a l . (4) 
proposed a t h e o r e t i c a l treatment of s p i n c a s t i n g f o r n o n v o l a t i l e 
Newtonian f l u i d s . This theory p r e d i c t e d t h a t f i l m s formed on a f l a t 
r o t a t i n g d i s c would have r a d i a l t h ickness u n i f o r m i t y . They pre­
d i c t e d t h a t the f i n a l f i l m t h ickness would depend on s p i n speed (o>) 
and v i s c o s i t y (rj) as w e l l as other v a r i a b l e s such as l i q u i d d e n s i t y 
and i n i t i a l f i l m t h i c k n e s s . The dependence of t h i c k n e s s on w and rj 
was a l s o recognized by many of the other authors reviewed i n t h i s 
paper, and t h e i r proposed r e l a t i o n s h i p s are compared i n Table I
A c r i v o s , et a l . (5) extende
case of non-Newtonian f l u i d s
f a l l . A c r i v o s p r e d i c t e d t h a t non-Newtonian f l u i d s would y i e l d f i l m s 
w i t h non-uniform r a d i a l t h i c k n e s s . 

Meyerhofer (6) i n c l u d e d the e f f e c t s of s o l v e n t evaporation 
during s p i n n i n g i n h i s model, which he found to be i n good agreement 
w i t h experimental r e s u l t s f o r p h o t o r e s i s t f i l m s . Chen (7) a l s o rec­
ognized the importance of s o l v e n t evaporation on f i n a l f i l m t h i c k ­
ness. Chen p o i n t e d out t h a t as the s o l v e n t evaporates, i t w i l l c o o l 
the s o l u t i o n , causing an increase i n v i s c o s i t y . He claimed t h a t the 
f i l m t h i c k n e s s should be r e l a t e d to the p h y s i c a l parameters of the 
s o l v e n t such t h a t the same thickness f i l m c o u l d be a t t a i n e d w i t h a 
low v i s c o s i t y s o l u t i o n of a h i g h l y v o l a t i l e s o l v e n t or w i t h a h i g h 
v i s c o s i t y s o l u t i o n of a l o w - v o l a t i l i t y s o l v e n t . W e i l l (8) noted 
t h a t the v i s c o s i t y of a polymer s o l u t i o n i s dependent on both the 
polymer c o n c e n t r a t i o n and molecular weight (MW). W e i l l found th a t 
the t h i c k n e s s of f i l m s c a s t from s e v e r a l s o l u t i o n s w i t h the same 
v i s c o s i t y but v a r y i n g MW increased w i t h MW, although no exact 
r e l a t i o n between MW and f i n a l t h i ckness was d e r i v e d . 

Jenekhe (9.10) a l s o incorporated the changing r h e o l o g i c a l prop­
e r t i e s of the d r y i n g f i l m i n t o h i s thickness model. He d e f i n e d an 
e x p e r i m e n t a l l y determined parameter (a) t h a t measures the time-
dependent change i n v i s c o s i t y due to s o l v e n t evaporation d u r i n g 
c a s t i n g , w i t h a-0 f o r n o n v o l a t i l e f l u i d s . A range of a-0.44-3.00 
was found to account f o r previous e m p i r i c a l r e s u l t s f o r s p i n c a s t 
f i l m s . Jenekhe found th a t many polymer s o l u t i o n s , i n c l u d i n g those 
of i n t e r e s t to the m i c r o e l e c t r o n i c s i n d u s t r y , can be d e s c r i b e d by 
the Carreau non-Newtonian v i s c o s i t y equation, which was shown to 
p r e d i c t r a d i a l l y uniform f i l m s a t s u f f i c i e n t l y long s p i n n i n g times. 
F l a c k , e t a l . (11) took the changing r h e o l o g i c a l p r o p e r t i e s i n t o 
account by a l l o w i n g v i s c o s i t y to vary w i t h c o n c e n t r a t i o n and shear 
r a t e during s p i n n i n g . They determined th a t convective r a d i a l flow 
dominated the c a l c u l a t e d thickness during the e a r l y stages, and t h a t 
s o l v e n t evaporation became more important i n the l a t e r stages of the 
s p i n n i n g process. They a l s o i n d i c a t e d t h a t a r a d i a l t h i c k n e s s 
dependence should be expected i f a ramp of the s p i n speed were used. 
Bornside, et a l . (12) are a l s o attempting to separate the s p i n n i n g 
process i n t o d e p o s i t i o n , s p i n up, s p i n o f f , and evaporation stages, 
and to model these stages u s i n g fewer of the s i m p l i f y i n g assumptions 
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employed by previous authors. The model promises to be very 
complex. 

Several authors have t r i e d to determine e m p i r i c a l r e l a t i o n s 
t h a t w i l l a c c u r a t e l y p r e d i c t the dependence of f i n a l f i l m t h ickness 
on w, 17, and other parameters. The r e l a t i o n s h i p s obtained by Damon 
(13), Daughton and Givens (14), and Malangone and Needham (15) are 
i n c l u d e d i n Table I f o r comparison w i t h the p r e d i c t i o n s of the 
t h e o r e t i c a l models. 

Table I . The P r e d i c t e d Dependence of F i l m Thickness (h) 
on u> and rj according to h oc u> ri 

Reference n m Other V a r i a b l e s 
Emslie (4) -1 0. 5 d e n s i t y , s p i n n i n g time, 

i n i t i a l t h i c k n e s s 
Damon (13) -0. 5 
Meyerhofer (6) -0. 67 

c o n c e n t r a t i o n 
Daughton (14) -0. ,5-0.8 0. .29 s p i n n i n g time, i n i t i a l 

c o n c e n t r a t i o n 
Malangone (15) -0. ,5 0. ,33 i n i t i a l c o n c e n t r a t i o n 
Chen (7) -0. ,5 0. 36 evaporation r a t e , heat 

c a p a c i t y , l a t e n t heat of 
evaporation 

Jenekhe (9) -2/(2+a) l/(2+a) s p i n n i n g time, i n i t i a l 
t h i c k n e s s , index of 
v i s c o s i t y change (a) 

I t i s obvious from the previous d i s c u s s i o n and Table I t h a t 
there has been no general agreement on the e f f e c t of w and rj on 
t h i c k n e s s , and even l e s s agreement on what other v a r i a b l e s are s i g ­
n i f i c a n t i n determining f i n a l f i l m t h i c k n e s s . While the exponent 
f o r v i s c o s i t y tends to be about 0.3 i n most of the models, the em­
p i r i c a l exponent of s p i n speed v a r i e s from -0.5 to -0.8. The 
v a r i o u s models a l s o give d i f f e r e n t r e l a t i v e weighting to the two 
parameters. The v a r i e t y of other v a r i a b l e s that were i n c l u d e d i n 
the models i n d i c a t e t h a t there i s s t i l l a great d e a l of disagreement 
as to what the c r i t i c a l parameters f o r s p i n c a s t i n g are. The macro­
scopic p r o p e r t i e s of s p i n c a s t f i l m s are d i f f i c u l t to p r e d i c t from 
f i r s t p r i n c i p l e s , and do not lend themselves to e m p i r i c a l a n a l y s i s 
e i t h e r . Daughton and Givens (14) found d i f f e r e n t e m p i r i c a l r e l a ­
t i o n s to apply f o r d i f f e r e n t polymer systems. These simple models 
are g i v i n g way to much more complicated, m u l t i - s t e p models, but 
there i s o b v i o u s l y s t i l l much that i s not understood about the 
"simple" macroscopic aspects of s p i n c a s t i n g . 

R e s i s t systems may be more complicated than j u s t a s i n g l e 
polymer i n a s i n g l e s o l v e n t . They may be composed of polymer, 
polymer/dye, or polymer/polymer combinations (where the small mole­
c u l e dye or a d d i t i o n a l polymer increases the r a d i a t i o n s e n s i t i v i t y 
of the r e s i s t f i l m ) w i t h one or more s o l v e n t s . The more complicated 
polymer/dye or polymer/polymer systems have the added p o s s i b i l i t i e s 
of phase s e p a r a t i o n or aggregation during the n o n - e q u i l i b r i u m c a s t ­
i n g process. Law (16) i n v e s t i g a t e d the e f f e c t s of s p i n c a s t i n g on a 
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s m a l l molecule dye i n s o l u t i o n w i t h polymers. He found a s l i g h t 
i n crease i n the aggregation of the dye a t h i g h dye c o n c e n t r a t i o n 
(>40%) and low s p i n speed. Law suggested th a t s p i n n i n g c o n d i t i o n s 
c o u l d a f f e c t the k i n e t i c a l l y c o n t r o l l e d aggregation of polymer/dye 
systems w i t h poor c o m p a t i b i l i t y . 

Even at t h e i r best, the models are able to p r e d i c t only macro­
sco p i c p r o p e r t i e s o f the f i l m s , y i e l d i n g no i n f o r m a t i o n on micro­
s c o p i c parameters tha t may a f f e c t r e s i s t performance. I t i s h i g h l y 
probable th a t s p i n c a s t i n g induces some s t r u c t u r e or p r e f e r e n t i a l 
c h a i n o r i e n t a t i o n i n t o the f i l m s , or causes secondary e f f e c t s such 
as the aggregation observed by Law. These e f f e c t s are b a r e l y ad­
dressed i n the c u r r e n t l y a v a i l a b l e l i t e r a t u r e . However, some 
e a r l i e r works (3.17-19) on so l v e n t ( s t a t i c ) c a s t f i l m s have i n v e s t i ­
gated the molecular o r i e n t a t i o n of polymer chains as w e l l as c h a i n 
r e l a x a t i o n due to thermal annealing. 

P r e s t and Luca (17) found th a t the s o l v e n t - c a s t i n g process 
p r e f e r e n t i a l l y a l i g n e d polymeri
measured by the o p t i c a l a n i s o t r o p
(18) reported t h a t f i l m s c a s t from monodisperse low molecular weight 
(< 30,000) polystyrene e x h i b i t h i g h o r d e r i n g c l o s e to the s u b s t r a t e , 
but t h i s o r d e r i n g decays w i t h i n 1 pm from the s u b s t r a t e . Films c a s t 
from monodisperse hig h molecular weight pol y s t y r e n e (> 30,000), on 
the other hand, e x h i b i t a much s m a l l e r , but very long-range (-10 /im) 
degree of order. C r o l l (19) s t u d i e d the formation of s t r e s s e s i n 
so l v e n t c a s t f i l m s as the so l v e n t evaporates. The thic k n e s s of the 
f i l m w i l l decrease, but the area i s c o n s t r a i n e d by adhesion to the 
su b s t r a t e . Because of t h i s c o n s t r a i n t , i n t e r n a l s t r e s s a r i s e s i n 
the plane of the c o a t i n g . He f u r t h e r concluded t h a t the r e s i d u a l 
i n t e r n a l s t r e s s i s independent of d r i e d c o a t i n g t h i c k n e s s and i n i ­
t i a l s o l u t i o n c o n c e n t r a t i o n . Polymer o r i e n t a t i o n has a l s o been 
s t u d i e d w i t h s t r e t c h e d polymer f i l m s . Jasse and Koenig (20) s t u d i e d 
u n i a x i a l l y o r i e n t e d polystyrene f i l m s u s i n g F o u r i e r transform i n f r a ­
r e d spectroscopy and concluded th a t the o r i e n t a t i o n process produces 
alignment of the chains as w e l l as an increase i n the amount of 
trans conformational segments. We b e l i e v e t h a t the ph o t o p h y s i c a l 
approach de s c r i b e d i n t h i s paper w i l l a l l o w us to i n v e s t i g a t e s i m i ­
l a r microscopic p r o p e r t i e s of s p i n c a s t f i l m s . 

EXPERIMENTAL 

M a t e r i a l s . Polystyrene samples of molecular weights 10,000, 50,000, 
300,000 and 600,000 were obtained from Pol y s c i e n c e s Inc.; they a l l 
have narrow molecular weight d i s t r i b u t i o n s , w i t h Mw/Mn < 1.1. They 
were p u r i f i e d by three p r e c i p i t a t i o n s from t e t r a h y d r o f u r a n (THF) 
i n t o methanol. The novolac sample was provided by Kodak, and was 
synth e s i z e d from pure meta-cresol and formaldehyde. The m a t e r i a l 
was q u i t e p o l y d i s p e r s e w i t h Mw- 13,000 and Mw/Mn= 8.5, as measured 
by g e l permeation chromatography (GPC) w i t h p o l y s t y r e n e standards. 
The m a t e r i a l was p u r i f i e d by three p r e c i p i t a t i o n s from THF i n t o 
hexane. The pyrene and pyrene b u t y r i c a c i d (PBA) were r e c r y s t a l ­
l i z e d from toluene p r i o r to use. The THF was d r i e d by r e f l u x i n g and 
d i s t i l l i n g over sodium and benzophenone. S p e c t r a l grade dioxane 
( A l d r i c h ) , THF ( A l l t e c h ) , 2-methoxyethyl ether ( A l d r i c h ) , and 
reagent grade methanol ( A l d r i c h ) were used. 
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Pvrene Tagging. The tagged novolac m a t e r i a l s were prepared by the 
r e a c t i o n of pyrene b u t y r i c a c i d c h l o r i d e (PBA-C1) w i t h the polymer. 
This r e a c t i o n c o v a l e n t l y bonds the pyrene b u t y r i c a c i d to the novo­
l a c by forming an e s t e r l i n k a g e through the p h e n o l i c group on the 
novolac. The PBA-C1 was synthesized by r e a c t i n g pyrene b u t y r i c a c i d 
(3.42 g, 11.8 mmol) w i t h o x a l y l c h l o r i d e (17.5 ml, 20.0 mmol) i n 
dichloromethane (75 ml) at room temperature, and s t i r r e d overnight. 
The s o l v e n t and excess o x a l y l c h l o r i d e were p u l l e d o f f under vacuum. 
The crude product was d r i e d under vacuum f o r two hours. To o b t a i n 
the most h i g h l y tagged sample, the crude PBA-C1 (2.0 g, -6.5 mmol) 
was d i s s o l v e d i n dry THF (15 ml) and added s l o w l y to a s t i r r e d s o l u ­
t i o n of novolac (2.1 g, 17.7 mmol monomer) and p y r i d i n e (10 ml), as 
a base, i n dry THF (50 ml). The r e a c t i o n was performed under n i t r o ­
gen. The mixture was r e f l u x e d f o r three hours, and then s t i r r e d a t 
room temperature overnight. The s o l u t i o n was washed twice w i t h 10% 
aqueous HC1 and twice w i t h water. The organic l a y e r was d r i e d over 
MgSO^, the polymer was p r e c i p i t a t e
the product d r i e d i n vacuu
lower l e v e l s of pyrene were prepared i n a s i m i l a r manner u s i n g 1.2 g 
of novolac w i t h 0.2, 0.12, 0.05, or 0.02 g of PBA-C1 and 0.5-1 ml of 
N,N-diisopropylethylamine, which i s a b e t t e r base than p y r i d i n e . 
About 64-75% of the polymer was recovered a f t e r the r e a c t i o n s . 

To ensure th a t the pyrene was attached to the polymer c h a i n , a 
sample of the p u r i f i e d polymer was analyzed by GPC w i t h tandem UV 
and r e f r a c t i v e index d e t e c t o r s . There was no d e t e c t a b l e (<1%) f r e e 
pyrene i n the sample. The MW and d i s p e r s i t y of the novolac a l s o ap­
peared to be unchanged by the r e a c t i o n . The c o n c e n t r a t i o n of pyrene 
tags was determined by UV absor p t i o n spectroscopy u s i n g s o l u t i o n s of 
methyl-1-pyrene b u t y r a t e f o r c a l i b r a t i o n . I t was found th a t the 
polymers had 19.6, 5.03, 2.74, 1.18, and 0.43% of the monomer u n i t s 
tagged w i t h pyrene. Assuming a weight average molecular weight of 
13,000, t h i s would r e s u l t i n 21, 5, 3, 1.3 and 0.5 pyrene groups per 
c h a i n , r e s p e c t i v e l y . I t i s assumed tha t the pyrene i s randomly 
attached along the polymer c h a i n , although t h i s has not been 
ex p e r i m e n t a l l y v e r i f i e d . 

Samples f o r Spectroscopic A n a l y s i s . Solvent c a s t f i l m s of PS (10 /xm 
t h i c k ) were prepared by c a s t i n g from dioxane s o l u t i o n onto quartz 
wafers a t room temperature i n a dry n i t r o g e n ambient. Spin c a s t 
f i l m s of PS (0.1 - 1.0 jim t h i c k ) were prepared by f l o o d i n g the wafer 
w i t h a s o l u t i o n of PS i n dioxane and s p i n n i n g them i n a dry n i t r o g e n 
ambient at a given s p i n speed f o r 60 seconds u s i n g a Metron Systems 
Inc. LS-8000 spinner. The f i l m s were prepared under a dry n i t r o g e n 
ambient to reduce the uptake of moisture by the dioxane, which can 
l e a d to poor q u a l i t y f i l m s . I n order to determine the e f f e c t of 
r e s i d u a l s o l v e n t on fluorescence s p e c t r a , s p e c t r a of samples kept 
under vacuum at room temperature f o r e i g h t hours were compared w i t h 
s p e c t r a of samples which were not placed under vacuum. No d i f f e r ­
ences were observed. S o l u t i o n s of the novolac samples were prepared 
w i t h 2-methoxyethyl ether (diglyme) and were c a s t onto g l a s s d i s c s 
u s i n g the LS-8000 spinner. Fluorescence measurements of novolac 
s o l u t i o n s were made from s o l u t i o n g prepared w i t h diglyme. The s o l u ­
t i o n s were prepared to be 1 x 10* M pyrene, w i t h the c o n c e n t r a t i o n 
of polymer v a r y i n g according to i t s tagging l e v e l . 
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Fluorescence Instrumentation and Measurements. Fluorescence s p e c t r a 
of the PS samples were obtained on a steady s t a t e spectrofluorometer 
of modular c o n s t r u c t i o n w i t h a 1000 W xenon arc lamp and tandem 
quarter meter e x c i t a t i o n monochromator and quarter meter a n a l y s i s 
monochromator. The d i f f r a c t i o n g r a t i n g s i n the e x c i t a t i o n mono-
chromators have b l a z e angles t h a t a l l o w maximum l i g h t t r a n s m i s s i o n 
a t a wavelength of 240 nm. Uncorrected s p e c t r a were taken under 
f r o n t - f a c e i l l u m i n a t i o n w i t h e x c i t i n g l i g h t a t 260 nm. Monomer 
fluorescence was measured a t 280 nm and excimer fluorescence was 
measured a t 330 nm, where there i s no overlap o f excimer and monomer 
bands. 

Fluorescence s p e c t r a of the novolac samples were measured on a 
Spex F l u o r o l o g 212 spectrofluorometer w i t h a 450 W xenon arc lamp 
and a Spex DM1B data s t a t i o n . Spectra were taken w i t h f r o n t - f a c e 
i l l u m i n a t i o n u s i n g a 343 or 348 nm e x c i t a t i o n wavelength f o r s o l u ­
t i o n s or f i l m s , r e s p e c t i v e l y  which are near the maximum transmis
s i o n r e g i o n o f t h i s spectrometer
rhodamine B reference. Monome
378 nm and excimer fluorescence was measured at 470 nm. Monomer and 
excimer peak h e i g h t s were used i n c a l c u l a t i o n s o f Ie/Im. The 1^ 
monomer peak of pyrene was used to reduce overlap w i t h the excimer 
emission. 

RESULTS 

Fluorescence o f Polystyrene F i l m s . Films o f v a r i o u s MW poly s t y r e n e 
were prepared a t s p i n speeds from 1,000 to 8,000 rpm. The r a t i o o f 
excimer to monomer emission i n t e n s i t y , Ie/Im, i s p l o t t e d i n Figure 1 
as a f u n c t i o n o f ( s p i n speed) ' . The s p i n c a s t f i l m s always have 
highe r Ie/Im values than the so l v e n t c a s t f i l m s . Ie/Im increases 
w i t h s p i n speed, w i t h l a r g e r increases observed f o r the higher mo­
l e c u l a r weight samples. Because^ the th i c k n e s s o f s p i n c a s t f i l m i s 
p r o p o r t i o n a l to ( s p i n speed)" ' , Figure 1 can be a l s o i n t e r p r e t e d 
as Ie/Im increases as f i l m t hickness decreases. The h i g h e s t Ie/Im 
was obtained f o r the 600,000 MW polystyrene sample s p i n c a s t a t 
8,000 rpm; t h i s amounts to a 200% increase i n Ie/Im compared w i t h 
the s o l v e n t c a s t f i l m . The r e l a x a t i o n behavior o f t h a t f i l m i n the 
r e g i o n o f the PS gl a s s t r a n s i t i o n i s p l o t t e d i n Figure 2. As the 
annealing temperature increased, Ie/Im dropped more r a p i d l y and 
a t t a i n e d lower f i n a l values a f t e r long annealing times. I t i s i n ­
t e r e s t i n g to note th a t even a f t e r annealing f o r 24 hours the values 
were s t i l l l a r g e r than those f o r s o l v e n t c a s t f i l m s . 

For a given annealing temperature the extent to which the s p i n 
c a s t f i l m has r e l a x e d can be measured by the d i f f e r e n c e between 
Ie/Im f o r a given annealing time and a f t e r 24 hours annealing. This 
d i f f e r e n c e , c a l c u l a t e d from Figure 2, i s p l o t t e d as a f u n c t i o n of 
annealing time i n Figure 3. A semilogarithmic r e l a t i o n s h i p between 
t h i s d i f f e r e n c e i n Ie/Im and annealing time was observed. Thus, i t 
i s p o s s i b l e to c a l c u l a t e a r e l a x a t i o n r a t e constant f o r annealing 
from the best f i t t e d s t r a i g h t l i n e . We found t h a t f i l m s annealed a t 
highe r annealing temperatures had a l a r g e r r e l a x a t i o n r a t e constant. 
An Arrhenius p l o t o f the r e l a x a t i o n r a t e constant vs the r e c i p r o c a l 
of the annealing temperature i s shown i n Figure 4. An a c t i v a t i o n 
energy of 16.9 kcal/mol f o r the r e l a x a t i o n process was obtained. 
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Figure 1. R a t i o o f excimer (Ie) to monomer (Im) fluorescence 
i n t e n s i f i e s o f s p i n c a s t polystyrene f i l m s as a f u n c t i o n of ( s p i n 
speed) 
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Figure 2. Time dependence f o r 600K MW poly s t y r e n e f i l m s s p i n 
c a s t a t 8,000 rpm and annealed at d i f f e r e n t temperatures. 
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Figure 3. The r e d u c t i o n o f Ie/Im at d i f f e r e n t annealing 
temperatures as a f u n c t i o n of annealing time. 

In The Effects of Radiation on High-Technology Polymers; Reichmanis, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



KOSBAR ET A L Photophysical Studies of Spin-Cast Polymer Films 

1E0 

In The Effects of Radiation on High-Technology Polymers; Reichmanis, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



106 EFFECTS OF RADIATION ON HIGH-TECHNOLOGY POLYMERS 

Pvrene Fluorescence Spectra. S o l u t i o n s of the tagged polymers i n 
diglyme were prepared to have 1 χ 10" M pyrene, based on the tagging 
l e v e l s mentioned i n the previous s e c t i o n . This r e s u l t e d i n polymer 
concentrations of 2.33 χ 10 , 8.47 χ 10 , 3.65 χ 10 , 1.99 χ 
10" , and 5.10 χ 10 Μ monomer f o r the 0.43, 1.2, 2.7, 5.0, and 
19.6% tagged polymers r e s p e c t i v e l y . Emission s p e c t r a of the tagged 
polymers were measured and compared to the s p e c t r a of pure PBA. The 
emission s p e c t r a are p l o t t e d i n Figure 5, normalized to the i n t e n ­
s i t y of the emission at 398 nm. Ie/Im of the tagged polymers 
increases w i t h i n c r e a s i n g tagging l e v e l and i t i s i n s e n s i t i v e to 
d i l u t i o n ( i n s e t , F i g . 5), i n d i c a t i n g t h a t excimer formation i n 
s o l u t i o n i s i n t r a m o l e c u l a r . 

S o l u t i o n s of the tagged novolacs i n diglyme were s p i n c a s t i n t o 
f i l m s , and the s p e c t r a of these f i l m s were measured. Ie/Im of the 
f i l m s was reduced s i g n i f i c a n t l y over t h a t i n s o l u t i o n ( i n s e t , F i g . 
5) , which i s expected due to the extremely l i m i t e d m o b i l i t y o f the 
chromophores i n the s o l i
the tagged polymer was " d i l u t e d
allowed the same o v e r a l l c o n c e n t r a t i o n of pyrene to be achieved w i t h 
a d i f f e r e n t d i s t r i b u t i o n i n the f i l m . The 19.6% tagged m a t e r i a l was 
combined w i t h pure novolac to o b t a i n f i l m s w i t h concentrations 
between 0.47 and 19.6 mol% pyrene. Films w i t h v a r i o u s concentra­
t i o n s of f r e e pyrene were a l s o prepared. This allows the comparison 
of three systems: 1) the pyrene i s f o r c e d to be randomly d i s t r i b ­
uted i n the systems f o r which a l l novolac chains are tagged w i t h 
pyrene; 2) the pyrene i s f o r c e d to be l o c a l i z e d onto s p e c i f i c chains 
i n the blends of the 19.6 mole% pyrene tagged novolac mixed w i t h 
untagged novolac; and 3) the pyrene i s f r e e o f d i r e c t c o n s t r a i n t s by 
the polymer i n novolac f i l m s c o n t a i n i n g f r e e pyrene. Ie/Im f o r the 
three systems are p l o t t e d i n Figure 6. At pyrene concentrations 
l e s s than 6 mol%, Ie/Im i s e q u i v a l e n t f o r the samples w i t h f r e e or 
u n i f o r m l y tagged pyrene ( i n s e t , F i g . 6). The f i l m s t h a t are mix­
tures of tagged and untagged novolac have a much high e r r a t i o of 
excimer fluorescence a t these low pyrene c o n c e n t r a t i o n s . At h i g h e r 
pyrene c o n c e n t r a t i o n s , however, Ie/Im of the f i l m s w i t h f r e e pyrene 
f a r exceeds t h a t of the tagged pyrene. 

DISCUSSION 

Spin Cast Polystyrene F i l m s . Ie/Im has p r e v i o u s l y been used to g a i n 
i n f o r m a t i o n about c h a i n conformation. Gupta and Gupta (3) s t u d i e d 
the fluorescence of u n i a x i a l l y s t r e t c h e d p o l y s t y r e n e f i l m s , and 
r e p o r t e d t h a t 300% s t r e t c h e d polystyrene f i l m s have a 200% higher 
r a t i o of excimer to monomer emission i n t e n s i t y . They suggested th a t 
t h i s was due to o r i e n t a t i o n e f f e c t s which e i t h e r increased the r o t a ­
t i o n a l m o b i l i t y of the pendant groups, or promoted the formation of 
excimer t r a p s . However, i n the g l a s s y s t a t e the p r o b a b i l i t y of 
r o t a t i o n a l m o b i l i t y of the pendant groups i s very low so t h a t t h e i r 
f i r s t e x p l a n a t i o n of the increase i n Ie/Im i s u n l i k e l y . I t i s known 
th a t the o r i e n t a t i o n process i n u n i a x i a l l y s t r e t c h e d p o l y s t y r e n e 
f i l m s produces alignment of the chains as w e l l as an increase i n the 
c o n c e n t r a t i o n of trans conformational segments (20). This would be 
expected to increase the number of i n t r a m o l e c u l a r excimer forming 
s i t e s (EFS) formed between adjacent repeat u n i t s . However, t h a t 
increase amounted to only about 5% of the t o t a l trans conformational 
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108 EFFECTS OF RADIATION ON HIGH-TECHNOLOGY POLYMERS 

Pyrene Concentration (mol %) 

Figure 6. Comparison of excimer i n t e n s i t y f o r f r e e and tagged 
pyrene i n novolac f i l m s . F i l m composition: (*) f r e e pyrene i n 
novolac; (A) pyrene tagged novolac; (o) 19.6 mol% pyrene tagged 
novolac mixed w i t h untagged novolac. The i n s e t i s an expansion 
of the graph f o r low pyrene con c e n t r a t i o n s . 
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segments f o r f i l m s s t r e t c h e d by 300% (3). This increase i s i n s u f f i ­
c i e n t to account f o r the 200% increase i n Ie/Im observed f o r the 
300% s t r e t c h e d f i l m s by Gupta and Gupta ( 3 ) , as w e l l as f o r the 
d i f f e r e n c e between s p i n c a s t and s o l v e n t c a s t f i l m s observed i n the 
present study. I t seems more l i k e l y t h a t higher Ie/Im values of the 
s p i n c a s t f i l m s can be e x p l a i n e d by two f a c t o r s : (1) the s p i n c a s t 
f i l m s may have a higher c o n c e n t r a t i o n of i n t e r m o l e c u l a r EFS; or (2) 
there may be a higher r a t e of energy m i g r a t i o n i n the s p i n c a s t 
f i l m s . As the f i l m t hickness decreases the polymer c h a i n i s more 
l i k e l y to be a l i g n e d i n the plane of the s u b s t r a t e which w i l l 
enhance those two f a c t o r s . 

The annealing experiments on s p i n c a s t f i l m s near Tg show a 
drop i n Ie/Im, although a f t e r 24 hours of annealing Ie/Im i s s t i l l 
h i g h e r than f o r a s o l v e n t c a s t f i l m t h a t has undergone no r a d i a l 
s t r e s s . This i m p l i e s t h a t n o n - e q u i l i b r i u m c h a i n s t r u c t u r e s s t i l l 
e x i s t s i n the s p i n cast f i l m  a f t e  lon  annealin  times
I n t e r - or i n t r a - m o l e c u l a
must r e s u l t from r o t a t i o
t i o n a l motion i s not s u f f i c i e n t . C l e a r l y , such r o t a t i o n w i l l be 
hindered i n the g l a s s y s t a t e . However, short c h a i n segmental motion 
i s p o s s i b l e below Tg even i n the presence of c h a i n entanglement, and 
i t c o u l d c e r t a i n l y l e a d to a change i n the EFS p o p u l a t i o n . Helfand 
(21) has considered a number of fundamental cooperative segmental 
motions t h a t would produce the necessary trans/gauche r o t a t i o n s to 
modify the number of EFS. In a d d i t i o n , Monnerie (22) has used var­
ious three bond and f o u r bond jump models to simulate the dynamics 
of motion on a t e t r a h e d r a l l a t t i c e . T y p i c a l l y , the apparent ac­
t i v a t i o n energy f o r t h i s secondary r e l a x a t i o n process i s r e l a t i v e l y 
s m a l l , 10-20 kcal/mole (23), and only weakly dependent on s i d e c h a i n 
s t r u c t u r e . As we have shown i n t h i s work, the apparent a c t i v a t i o n 
energy obtained from the k i n e t i c measurements of the annealing proc­
ess i s a l s o of t h i s order. Thus, the experimental r e s u l t s are 
c o n s i s t e n t w i t h t h i s being a p o s s i b l e mechanism. 

Pvrene / Novolac Fi l m s . Changes i n Ie/Im can be used as a measure 
of the l o c a l c o n c e n t r a t i o n of pyrene. In s o l u t i o n , excimers can be 
formed by d i f f u s i o n together of an e x c i t e d and an u n e x c i t e d molecule 
d u r i n g the l i f e t i m e o f the e x c i t e d s t a t e . At very low concentra­
t i o n s , l i t t l e or no excimer formation i s expected, as i s the case 
f o r the s o l u t i o n of pure PBA. I f the pyrene i s indeed tagged onto 
the polymer chains, the l o c a l c o n c e n t r a t i o n of pyrene w i l l be higher 
i n the v i c i n i t y o f the chains f o r d i l u t e s o l u t i o n s , and should r e ­
s u l t i n higher Ie/Im. The increase i n excimer emission w i t h higher 
l e v e l s of tagging, but e q u i v a l e n t o v e r a l l pyrene c o n c e n t r a t i o n 
(Figure 5), v e r i f i e s t h a t the pyrene i s bound to the novolac. 

I n a f i l m , however, molecular m o b i l i t y i s s e v e r e l y l i m i t e d , so 
t h a t excimer fluorescence must a r i s e mainly from p a i r s or groups of 
pyrene molecules t h a t were approximately i n the excimer c o n f i g u r a ­
t i o n when the f i l m was c a s t . Thus, the i n t e n s i t y of the excimer 
emission i s a l s o an i n d i c a t i o n of the l o c a l c o n c e n t r a t i o n of pyrene 
i n the c a s t f i l m . I f the pyrene aggregates, we expect t h a t the 
excimer fluorescence would increase w i t h aggregation. This system 
can be used to look at the aggregation of very low concentrations of 
a s m a l l molecule dye i n a polymer f i l m , and p o t e n t i a l l y d e t e c t 
molecular aggregation before i t would be observable by other tech-
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niques such as t u r b i d i t y . I n t h i s case, the randomly tagged poly­
mers are used as standards f o r m o l e c u l a r l y d i s p e r s e d pyrene. I t was 
found t h a t the Ie/Im was n e a r l y i d e n t i c a l f o r f r e e and tagged pyrene 
at low dye concentrations (<6 mol%, or 10 wt%), but t h a t the excimer 
i n t e n s i t y increased r a p i d l y f o r the f r e e dye above t h a t concentra­
t i o n , as shown i n Figure 6, i n d i c a t i n g aggregation of the f r e e dye. 
The novolac/pyrene system i s s i m i l a r to many p o s i t i v e p h o t o r e s i s t s 
t h a t have a small molecule dye (a diazoquinone) as a U V - s e n s i t i z e r 
d i s p e r s e d i n a novolac matrix. The dye/polymer c o m p a t i b i l i t y may 
reach a "saturated" l e v e l , as proposed by Law (16), above which 
inc r e a s e d aggregation of the dye occurs. The c o n c e n t r a t i o n a t which 
t h i s s t a r t s to occur f o r pyrene i s w e l l below the l e v e l o f s e n s i t i ­
z er l o a d i n g f o r many of the p o s i t i v e r e s i s t systems c u r r e n t l y i n use 
i n i n d u s t r y . Such r e s i s t s may c o n t a i n as much as 15 to 50% s e n s i ­
t i z e r by weight (24.25). 

Mixtures of the 19.6% tagged novolac w i t h untagged novolac had 
higher Ie/Im, at low o v e r a l
ponding f r e e or pure randoml
i n t r a m o l e c u l a r excimer formation i s o c c u r r i n g f o r the 19.6% tagged 
m a t e r i a l . The d i f f e r e n c e s i n Ie/Im decrease w i t h i n c r e a s i n g pyrene 
c o n c e n t r a t i o n , however, u n t i l the Ie/Im f o r the f r e e pyrene sur­
passes t h a t of the h i g h l y tagged m a t e r i a l , i n d i c a t i n g t h a t the f r e e 
pyrene has aggregated to create l o c a l concentrations t h a t are higher 
than those enforced by the h i g h l y tagged m a t e r i a l . 

Summary 

Previous research on s p i n c a s t f i l m s has centered on macroscopic 
v a r i a b l e s such as f i l m t h ickness and u n i f o r m i t y . Our work has 
focused on the microscopic p r o p e r t i e s of polymer chains t h a t compose 
these f i l m s , u s i n g m a t e r i a l s and proc e s s i n g c o n d i t i o n s t h a t are 
s i m i l a r to those used i n l i t h o g r a p h i c a p p l i c a t i o n s . We b e l i e v e the 
process of s p i n c a s t i n g causes the polymer chains to e x i s t i n 
o r i e n t e d , n o n - e q u i l i b r i u m c h a i n conformations. O r i e n t a t i o n of the 
polymer chains w i l l increase the trans conformational segments as 
found by Jasse and Koenig (20), which s l i g h t l y i ncreases the concen­
t r a t i o n of i n t r a m o l e c u l a r EFS. However, t h i s increase i s i n s u f f i ­
c i e n t to account f o r the observed 200% increase i n Ie/Im caused by 
the s p i n n i n g process. An increase i n i n t e r m o l e c u l a r EFS and/or the 
r a t e o f energy m i g r a t i o n must be inc l u d e d . A f t e r long annealing 
times near the Tg the short c h a i n s t r e s s can be r e l a x e d by secondary 
r e l a x a t i o n phenomena, as measured by Ie/Im value. Long c h a i n 
s t r e s s , however, s t i l l remains i n the f i l m . Consequently, s i g n i f i ­
cant r e s i d u a l s t r e s s may s t i l l remain i n r e s i s t f i l m s a f t e r the 
prebaking process commonly used i n the i n d u s t r y . The s p i n c a s t 
f i l m s of novolac polymers i n s o l u t i o n w i t h a small molecule dye 
i n d i c a t e t h a t aggregation may occur f o r pyrene concentrations as low 
as 6 mol%. This i s w e l l below the c o n c e n t r a t i o n of s e n s i t i z e r i n 
many commercially used p o s i t i v e r e s i s t systems, i n d i c a t i n g t h a t the 
r e s i s t f i l m s may be inhomogeneous. 
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Chapter 8 

Effects of Various Additives on Accelerated 
Grafting and Curing Reactions Initiated 

by UV and Ionizing Radiation 

Paul A. Dworjanyn, Barry Fields, and John L. Garnett 

Department of Chemistry, University of New South Wales, Kensington, 
New South Wales 2033  Australia 

The effect of minera
lithium perchlorate and nitrate and organic compounds like urea 
as additives for accelerating a typical grafting reaction 
initiated by UV and ionising radiation are discussed. The 
model grafting system studied is styrene in methanol to poly­
-ethylene, polypropylene and cellulose. The role of polyfunct-
ional monomers, particularly multifunctional acrylates in 
accelerating these grafting processes and also yielding syner­
gistic effects with the preceeding additives is reported. 
The importance of monomer structure in these enhancement 
reactions is evaluated. A novel mechanism for these additive 
effects in grafting is proposed involving increased partition­
ing of monomer between grafting solution and substrate. The 
significance of this grafting work in the related fields of 
crosslinking and curing is discussed especially the role of 
the multifunctional acrylates in the presence of commercial 
additives such as silanes and fluorinated alkyl esters. The 
results indicate that by judicious choice of multifunctional 
acrylate in an oligomer mixture, concurrent grafting with 
cure can be achieved in both UV and EB rapid polymerisation 
systems. 

The use of polyfunctional monomers (PFMs) such as trimethylol 
propane triacrylate (TMPTA) and divinylbenzene (DVB) as additives 
in accelerating grafting reactions initiated by UV and ionising 
radiation (1) has been reported. The implication of these results 
in analogous rapid curing processes has been discussed (2,3) includ­
ing its relevance to the radiation crosslinking of monomers with 
PFMs (4). In the presence of mineral acids (4,5), specific inorgan­
ic salts (6) and organic compounds like urea (6), synergistic 
effects in both UV and ionizing radiation grafting have been 
observed with the above PFMs. Multifunctional acrylates (MFAs), 
of which TMPTA is a specific example, are special class of PFM 
which are frequently used in radiation rapid cure reactions. 

0097-6156/89/0381-0112$06.00A) 
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In the present paper , the e f f e c t of vary ing the s t r u c t u r e of the 
MFA in the above g r a f t i n g r e a c t i o n s i s eva lua ted . In p a r t i c u l a r 
two monomer parameters have been i n v e s t i g a t e d , namely the f u n c t i o n ­
a l i t y and the e f f e c t of a c r y l a t e versus methacrylate groups. The 
s i g n i f i c a n c e of these MFA g r a f t i n g r e s u l t s on analogous cur ing 
processes i s d i s c u s s e d . A p l a u s i b l e mechanism to exp la in the data 
in both g r a f t i n g and cur ing processes i s proposed. 

Experimental 

Styrene was provided by Monsanto Chemicals ( A u s t r a l i a ) P t y . L t d . , 
w h i l s t e thylene g l y c o l d imethacry la te (EGDMA), d ie thy lene g l y c o l 
d imethacry la te (DEGDMA) t r i e t h y l e n e g l y c o l d imethacry la te (TEGDMA), 
po lyethy lene g l y c o l d imethacry la te (PEGDMA), d ipropy lene g l y c o l 
d i a c r y l a t e (DPGDA), t r i p r o p y l e n e g l y c o l d i a c r y l a t e (TPGDA), 1,6-
hexane d i o l d i a c r y l a t e (HDDA)  t r i m e t h y l o l propane t r i a c r y l a t e 
(TMPTA), t r i m e t h y l o l propan
g l y c e r y l t r i a c r y l a t e (PGTA)
ethoxy ethyl methacrylate (EEMA), t e t r a h y d r o f u r f u r y l methacrylate 
(TFMA), a l l y l methacrylate (ΑΜΑ), N-v iny l p y r r o l i d o n e (NVP) and 
d iv iny lbenzene (DVB) were obtained from Polycure Pty . L t d . , Sydney. 
A l l monomers were p u r i f i e d by column chromatography on alumina. 
The c e l l u l o s e used was Whatman 41 f i l t e r paper, the p o l y e t h y l e n e , 
low d e n s i t y , was supp l i ed by Union Carbide as f i l m (0.12mm) and 
polypropylene was i s o t a c t i c double o r i e n t e d f i l m (0.06mm) e x - S h e l l . 

G r a f t i n g Methods. 

The procedures used f o r g r a f t i n g were m o d i f i c a t i o n s of those p r e v i ­
ous ly reported (]_). In the i o n i s i n g r a d i a t i o n experiments g r a f t i n g 
was performed in stoppered pyrex tubes (15 χ 2.5cm) c o n t a i n i n g 
styrene so lvent s o l u t i o n s (20ml) at room temperature, a l l r e a c t i o n s 
being c a r r i e d out in q u a d r u p l i c a t e . For the actual i r r a d i a t i o n s , 
polymer f i l m s or s t r i p s of c e l l u l o s e of the appropr ia te s i z e were 
f u l l y immersed in the monomer s o l u t i o n s and the tubes i r r a d i a t e d in 
a 1200Ci c o b a l t - 6 0 source . A f t e r complet ion of g r a f t i n g the f i l m s 
were removed from the s o l u t i o n and so lven t washed in a soxh le t 
e x t r a c t o r f o r 72 hours. When a c i d was used, e s p e c i a l l y f o r the 
c e l l u l o s e runs , the f i l m s and paper s t r i p s were washed with methanol-
dioxane (1:1) p r i o r to soxh le t treatment. A f t e r removal of homo-
polymer, g ra f ted polymers were d r i e d to constant weight , the percent­
age g r a f t being c a l c u l a t e d as the percentage increase in weight of 
the g ra f ted s t r i p . With c e l l u l o s e a l l s t r i p s were humid i f ied to 
65%r.h. at 2 0 ° C , p r i o r to weighing, before and a f t e r g r a f t i n g t r e a t ­
ment. 

In the UV s t u d i e s , monomer s o l u t i o n s (20ml) were prepared in s topp­
ered pyrex tubes in a manner s i m i l a r to that descr ibed p r e v i o u s l y 
f o r the gamma i r r a d i a t i o n work. Although evacuated quartz tubes 
g ive higher g r a f t i n g e f f i c i e n c i e s , reasonable ra tes of r e a c t i o n were 
s t i l l achieved in the s impler pyrex system. For the i r r a d i a t i o n s , 
the tubes were p o s i t i o n e d on a motor d r iven v e n t i l a t e d c i r c u l a t i n g 
drum at d is tances of 12-30cm from the UV source which was a 90W/Hg 
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high pressure lamp. Experiments were performed at 24°C f o r the 
appropr ia te time as shown in the re levan t t a b l e s . The polymer f i l m s 
were so p o s i t i o n e d that dur ing i r r a d i a t i o n the sur faces of the f i l m s 
were perpend icu la r to the i n c i d e n t r a d i a t i o n . A f t e r i r r a d i a t i o n , 
f i l m s and paper s t r i p s were t rea ted as f o r the gamma system. 
Homopolymerisation was determined by the f o l l o w i n g procedure. At 
the complet ion of the i r r a d i a t i o n , the g r a f t i n g s o l u t i o n was poured 
in to methanol (200ml) to p r e c i p i t a t e the homopolymer and the sample 
tube r i n s e d with methanol (50ml). Homopolymer that adhered to both 
polymer f i l m and tube was d i s s o l v e d in dioxan (20ml) and the dioxan 
s o l u t i o n added to the methanol , in a beaker, together with benzene 
washings from the e x t r a c t i o n of the o r i g i n a l f i l m . The beaker was 
heated to coagulate a l l polymer, the mixture c o o l e d , f i l t e r e d 
through a s i n t e r e d g l a s s c r u c i b l e , washed with methanol (3 χ 100ml) 
and the c r u c i b l e d r i e d to constant weight at 6 0 ° C . The percentage 
homopolymer was c a l c u l a t e d from the weight of homopolymer d i v i d e d 
by the weight of monome
e f f i c i e n c y was then est imate
polymer) X100. 

For the r a d i a t i o n r a p i d cure exper iments, appropr ia te r e s i n mixtures 
c o n t a i n i n g o l igomers , monomers, f low a d d i t i v e s and s e n s i t i s e r s (UV) 
were app l i ed to the subst ra te as a t h i n c o a t i n g , the mater ia l 
p laced on a conveyor b e l t and then exposed to the UV and EB sources . 
The time taken to observe cure f o r each of the samples was then 
measured on a r e l a t i v e b a s i s . The UV system used was a Primarc 
Min icure u n i t with lamps of 200W per i n c h . Two EB f a c i l i t i e s were 
u t i l i s e d namely a 500KeV N i s s i n machine and a 175KeV ESI u n i t . 

R e s u l t s . 

A c i d and PFM A d d i t i v e E f f e c t s in G r a f t i n g I n i t i a t e d by 
Ion is ing R a d i a t i o n . 

The general p r i n c i p l e s a s s o c i a t e d with r a d i a t i o n g r a f t i n g i n c l u d i n g 
concepts such as Trommsdorff e f f e c t s have p r e v i o u s l y been reviewed 
(7_). In these e a r l i e r s tud ies a number of a d d i t i v e s have been 
repor ted to enhance g r a f t i n g r e a c t i o n s i n i t i a t e d by i o n i s i n g r a d ­
i a t i o n Q . ,5 , .7) . Typ ica l of these a d d i t i v e s are mineral ac ids (7J 
and p o l y f u n c t i o n a l monomers (PFMs) of which m u l t i f u n c t i o n a l a c r y ­
l a t e s (MFAs) are the most f r e q u e n t l y used (1_). The data in Table I 
i n d i c a t e t y p i c a l enhancement r e s u l t s with these two a d d i t i v e s f o r 
the r a d i a t i o n g r a f t i n g of a r e p r e s e n t a t i v e model system, namely 
styrene in methanol to po lye thy lene f i l m in the presence of gamma 
r a y s . The inc rease in g r a f t i n g y i e l d s with both a d d i t i v e s i s 
p a r t i c u l a r l y s i g n i f i c a n t at the Trommsdorff peak, the shape of the 
enhancement curves being d i f f e r e n t f o r both s u l f u r i c a c i d and TMPTA, 
the t y p i c a l MFA used in the s t u d i e s . When the two a d d i t i v e s are 
combined in the same monomer s o l u t i o n , s y n e r g i s t i c e f f e c t s in 
r a d i a t i o n g r a f t i n g are observed. Th is s y n e r g i s t i c enhancement in 
y i e l d i s found at c e r t a i n monomer c o n c e n t r a t i o n s , being p a r t i c u l a r l y 
ev ident at the monomer concent ra t ion corresponding to the observa t ­
ion of the gel peak. 
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Table I. S y n e r g i s t i c E f f e c t of A c i d and TMPTA as A d d i t i v e s in 
G r a f t i n g Styrene to Polyethy lene F i lm I n i t i a t e d by 
Ion is ing R a d i a t i o n 3 

Styrene . G r a f t J % ! „ 

{% v /v ) N.A. - H + " TMPTA H++TMPTA 

20 
30 
40 76 81 73 106 
50 109 134 137 181 
60 89 73 105 101 
70 68 62 59 95 
a Dose ra te of 4.1 χ 1 0 4 r a d / h r to 2.4 χ 10 5 rad with 

s u l f u r i c a c i d (0.2M) and TMPTA (1% v / v ) ; low dens i ty 
po lyethy lene f i l m (0.12mm); methanol s o l v e n t ; N.A. = 
no a d d i t i v e . 

When TMPTA i s rep laced by a nonacry la te PFM such as DVB, analogous 
s y n e r g i s t i c e f f e c t s with a c i d are observed as in F igure I where 
polypropylene f i l m i s the subst ra te used. The data in t h i s f i g u r e 
a lso demonstrate the e f f e c t of dose ra te at constant r a d i a t i o n dose 
on the s y n e r g i s t i c e f f e c t . Thus i n c r e a s i n g the dose ra te from 
4.1 χ 1 0 V a d / h r to 1.12 χ 1 0 5 r a d / h r not on ly lowers the absolute 
value of the g r a f t i n g y i e l d obtained in the presence of the two 
a d d i t i v e s from 210% to 43%, i t a l so reduces the magnitude of the 
g r a f t enhancement. In a d d i t i o n to i n c r e a s i n g g r a f t i n g y i e l d s with 
these two a d d i t i v e s , there i s a lso a s y n e r g i s t i c e f f e c t observed 
f o r the enhancement in g r a f t i n g e f f i c i e n c y f o r the same g r a f t i n g 
r e a c t i o n (Table II). 

Hence the presence of a c i d and DVB not on ly increase g r a f t i n g 
y i e l d s , they a l s o enhance competing homopolymerisat ion, however the 
former r e a c t i o n i s p r e f e r e n t i a l l y a f f e c t e d to the b e n e f i t of the 
o v e r a l l p r o c e s s . 
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Styrene(Vov/v) 

Figure 1. Role of dose ra te in the s y n e r g i s t i c e f f e c t of d i v i n y l -
benzene and s u l f u r i c a c i d on g r a f t i n g of s tyrene on polypropylene 
f i l m in methanol dose ra te of 4.1 χ 1 0 4 r a d / h r to to ta l dose of 
2.4 χ 1 0 5 r a d : (Δ) s tyrene-methanol , (o) s t y r e n e - s u l f u r i c a c i d (0.2M). 
( · ) s t y r e n e - m e t h a n o l - d i v i n y l benzene (1% v / v ) , and ( • ) s ty rene -
methanol-di v i n y l benzene (1% v / v ) - s u l f u r i c a c i d (0.2M). dose 
ra te of 1.12 χ 1 0 5 r a d / h r to to ta l dose of 2.5 χ 1 0 5 r a d : ( • ) styrene-
methanol , (A) s t y r e n e - m e t h a n o l - d i v i n y l benzene (1% v / v ) - s u l f u r i c 
a c i d (0.2M). 
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Table I L S y n e r g i s t i c E f f e c t of A c i d and DVB on the G r a f t i n g 
E f f i c i e n c y of Styrene to Polyethy lene F i lm I n i t i a t e d 
by Ion is ing R a d i a t i o n 3 

G r a f t i n g E f f i c i e n c y (%)b 

Styrene 
(% v /v ) 

N.A. H + H++DVB 

30 56.2 59.4 58.8 

40 73.9 83.0 74.2 

50 75.1 79.4 85.2 

70 45.7 41.2 65.4 

Dose ra te o
H + = H 2 S 0 4 ( 0 . 2 M ) ; DVB (1% v / v ) ; other c o n d i t i o n s as in 
footnote a , Table I. 

ϋ Rat io ( g r a f t / g r a f t + homopolymer) X 100. 

Comparison of A c i d wi th Inorganic S a l t s and Urea as Rad ia t ion 
G r a f t i n g A d d i t i v e s . 

Recent p r e l i m i n a r y s tud ies (8,9) i n d i c a t e that when s p e c i f i c 
inorgan ic s a l t s such as l i thTum p e r c h l o r a t e and n i t r a t e are used 
to rep lace mineral a c i d , analogous g r a f t i n g enhancement i s observed 
in the styrene po lye thy lene system, r e p r e s e n t a t i v e r e s u l t s being 
shown in Table II I . S ince t h i s s a l t work, the f i r s t 

Table III. Comparison of A c i d with Inorganic S a l t s and Urea as 
A d d i t i v e s in G r a f t i n g of Styrene to the P o l y o l e f i n s 

I n i t i a t e d by Ion is ing R a d i a t i o n 3 

Styrene G r a f t {%) 
Methanol P o l y e t h y l e n e D P o l y p r o p y l e n e c 

(% v /v ) N.AÎ H+ L N.AÇ* U L 

15 31 32 44 _ _ 

20 _ _ _ 14 15 30 
25 103 148 192 - - -30 187 240 196 64 69 52 
35 193 212 140 - - -40 150 157 114 72 60 35 

a H 2 S 0 4 ( 0 . 2 M ) ; L=LiC10 4 (0 .2M); U= urea (0.2M) 

b I r r a d i a t e d at 3.3 χ 1 0 4 r a d / h r to dose of 2.0 χ 1 0 5 r a d . 

c I r r a d i a t e d at 7.5 χ 1 0 4 r a d / h r to dose of 2.5 χ 1 0 5 r a d . 

d N.A.= no a d d i t i v e . 
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organ ic a d d i t i v e s f o r enhancing r a d i a t i o n g r a f t i n g y i e l d s have been 
d iscovered {6). Typ ica l of these new a d d i t i v e s i s urea (Table III) 
which i s more e f f i c i e n t than the l i t h i u m s a l t at c e r t a i n monomer 
concent ra t ions f o r g r a f t i n g to po lypropy lene . 

C o n s i s t e n t with the preceeding a c i d work, when TMPTA i s added to the 
monomer s o l u t i o n s c o n t a i n i n g e i t h e r l i t h i u m s a l t or u rea , s y n e r g i s ­
t i c e f f e c t s are observed f o r the r a d i a t i o n g r a f t i n g of styrene to 
polypropylene (Table IV). Again the maximum increase in y i e l d occurs 
in the monomer s o l u t i o n corresponding to the Trommsdorff peak. 

Table IV. S y n e r g i s t i c E f f e c t of TMPTA with Urea and Inorganic 
S a l t A d d i t i v e s in G r a f t i n g Styrene to Polypropylene 
I n i t i a t e d by Ion is ing R a d i a t i o n 3 

Styrene 
methanol 
(% v /v ) 

Styrene 
methanol 
(% v /v ) 

U+ 
TMPTA 

L+ 
TMPTA 

20 14 30(15) 29 (30) 
30 64 135(69) 123 (52) 
40 72 115(60) 83 (35) 
50 44 75(41) 49 (23) 
60 32 71(30) 15 ( -) 
70 26 48(24) - ( -) 

a N.A.= no a d d i t i v e ; U= urea (0.2M); L= L iN0 3 ( 0 . 2M) ; 

TMPTA (1% v / v ) ; i r r a d i a t e d at 7.5 χ 1 0 4 r a d / h r to 
2.5 χ 10 5 rad ; data in brackets without TMPTA 

A d d i t i v e E f f e c t s with M u l t i f u n c t i o n a l A c r y l a t e s in UV G r a f t i n g . 

When the source of i n i t i a t i o n i s a l t e r e d from i o n i s i n g r a d i a t i o n to 
UV, analogous a d d i t i v e e f f e c t s to those p r e v i o u s l y d i s c u s s e d have 
been found. For reasonable ra tes of r e a c t i o n , s e n s i t i s e r s such as 
benzoin ethyl e ther (B) are requ i red in these UV processes . Thus 
i n c l u s i o n of mineral a c i d or l i t h i u m p e r c h l o r a t e in the monomer 
s o l u t i o n leads to enhancement in the photogra f t ing of styrene in 
methanol to po lyethy lene or c e l l u l o s e (Table V ) . L i th ium n i t r a t e 
i s almost as e f f e c t i v e as l i t h i u m p e r c h l o r a t e as s a l t a d d i t i v e in 
these r e a c t i o n s (Table V I ) , hence the s a l t a d d i t i v e e f f e c t i s 
independent of the anion in t h i s i n s t a n c e . When TMPTA i s inc luded 
with mineral a c i d in the monomer s o l u t i o n , s y n e r g i s t i c e f f e c t s with 
the photogra f t ing of s tyrene in methanol to po lye thy lene are obser ­
ved (Table VII) c o n s i s t e n t with the analogous i o n i s i n g r a d i a t i o n 
system. 
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C o m p a r i s o r ι o f A c i d w i t h I n o r g a n i c S a l t s as 
A d d i t i v e s i η G r a f t i n g S t y r e n e t o P o l y e t h y l e n e 
and C e l l u l o s e I n i t i a t e d by U V a 

Styrene G r a f t (%) 
methanol P o l v e t h v l e n e b C e l l u l o s e 0 

(% v /v ) N.A. d H + L N.P ι. H + L 

10 _ _ _ 5 8 11 
15 6 6 8 - -
20 - - - 11 23 38 
25 10 20 12 - -
30 17 29 18 25 20 41 
35 
40 

a H 2 S 0 4 ( 0 . 2 M ) ; L= LiC10 4 (0 .2M) 

I r r a d i a t e d 10 hr at 24cm from 90W lamp at 2 0 ° C , ben­
zo in ethyl e ther (1% w/v) s e n s i t i z e r . 

I r r a d i a t e d 15 hr as in footnote b. 

N.A. = no a d d i t i v e 

Table VI. E f f e c t of L i th ium N i t r a t e as Inorganic S a l t A d d i t j v e in 
G r a f t i n g Styrene to Polypropylene I n i t i a t e d by UV . 

Styrene G r a f t (%) 
methanol Β L Β + L 
(% v /v ) 

20 5 1.9 10 
30 24 1.4 38 
40 45 1.7 20 
50 31 2.0 14 
60 22 4.5 13 
70 15 4.1 11 

a Β = benzoin ethyl ether (1% w / v ) ; L = L i N 0 3 ( 0 . 2 M ) ; 
i r r a d i a t e d 8 hr with s i m i l a r c o n d i t i o n s to footnote b, 
Table V except 2 4 ° C . 
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S i m i l a r s y n e r g i s t i c e f f e c t s are found with TMPTA and the i n o r g a n i c 
a d d i t i v e , l i t h i u m n i t r a t e , f o r photogra f t ing to polypropylene 
(Table V I I I ) . 

E f f e c t of Monomer S t ruc ture on S y n e r g i s t i c E f f e c t s wi th UV G r a f t i n g . 

In terms of e f f e c t i v e n e s s of g r a f t i n g enhancement wi th the MFAs 
TMPTA > HDDA > TPGDA * DPGDA > PGTA. With the m u l t i f u n c t i o n a l 
methacry lates (MFMAs), a s i m i l a r t rend in photogra f t ing data i s 
observed,TMPTMA being s i g n i f i c a n t l y b e t t e r than DEGDMA, TEGDMA, 
EGDMA and PEGDMA (Table IX). 

T a b l e V I I . S y n e r g i s t i c E f f e c t of A c i d and TMPTA as A d d i t i v e s in 
G r a f t i n g Styrene to Polyethy lene F i l m I n i t i a t e d by UV a 

Styrene Gra f t {%) 
(% v / v ) N.A. H + TMPTA H% TMPTA 

20 28 14 28 41 
30 101 126 52 78 
40 189 193 321 266 
50 124 107 412 525 
60 37 31 133 188 
70 32 39 - -

I r r a d i a t e d 24 hr with s i m i l a r c o n d i t i o n s to footnote 
b, Table V. TMPTA (1% v / v ) ; methanol s o l v e n t ; 
N.A. = no a d d i t i v e . 

Table VIII. S y n e r g i s t i c E f f e c t of M u l t i f u n c t i o n a l A c r y l a t e s with 
Inorganic S a l t s (L) in G r a f t i n g Styrene to Polypropy-
lene I n i t i a t e d by UV a 

Styrene in Gra f t (%) 
Methanol _ _ _ _ _ _ _ _ _ 
(% v .v ) Τ T+L Ρ P+L D D+L TP TP+L Η H+L 

20 100 126 50 55 18 47 17 94 53 115 
30 297 529 113 147 112 162 99 217 81 239 
40 496 337 289 146 370 235 336 187 370 180 
50 283 221 131 79 191 81 167 98 315 91 
60 281 81 98 46 114 70 118 57 113 67 

a Τ = TMPTA, L = LiNO^, Ρ = PGTA, D = DPGDA, TP = TPGDA,H =HDDA.; 
a l l monomers (1% v / v ) ; i r r a d i a t i o n c o n d i t i o n s as in footnote a , 
Table VI with B. 
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When the corresponding monofunctional monomers are used in these 
r e a c t i o n s , the o v e r a l l l e v e l of photogra f t ing i s s i g n i f i c a n t l y lower 
than with the MFMAs (Table X ) . The best of the monomers in Table X 
i s ΑΜΑ which i s t e c h n i c a l l y d i f u n c t i o n a l al though a monomethacrylate. 
I n t e r e s t i n g l y , NVP a lso e x h i b i t s s y n e r g i s t i c e f f e c t s with l i t h i u m 
n i t r a t e in the photogra f t ing of s tyrene in methanol to po lypropy lene , 
(Table X ) , al though the l e v e l of r e a c t i v i t y i s r e l a t i v e l y low. 

As the time of exposure to UV i s i n c r e a s e d , the magnitude of the 
s y n e r g i s t i c e f f e c t between TMPTA and l i t h i u m n i t r a t e i s increased 
d r a m a t i c a l l y f o r the UV g r a f t i n g of s tyrene to polypropylene (Table 
XI) such that a f t e r 16 hours of i r r a d i a t i o n very la rge y i e l d s are 
ob ta ined . Even with TFMA, the g r a f t i n g y i e l d in the 30% monomer 
s o l u t i o n i s increased by almost one order o f magnitude due to the 
s y n e r g i s t i c e f f e c t . 

T a b l e IX. S y n e r g i s t i
Inorganic S a l t s ( L ) in G r a f t i n g Styrene to Polypropylene 
I n i t i a t e d by UV a 

Styrene in G r a f t % 
Methanol 
(% v .v ) TM TM+L EM EMfL DM DMfL TEM TEMt-L PM PMfL 

20 95 111 30 95 25 80 25 105 30 77 
30 282 376 66 225 56 177 61 296 70 178 
40 513 274 214 192 275 125 217 141 169 104 
50 285 144 211 131 156 99 132 101 185 94 
60 180 93 157 76 127 81 104 64 94 53 

a TM=WIW\ , EM = EGDMA, DM = DEGDMA, TEM = TEGDMA. PM = PEGDMA.; 
c o n d i t i o n s as in footnote a , Table VI I I . 

Table X. S y n e r g i s t i c E f f e c t of Monofunctional Monomers Inc lud ing 
Methacry la tes with Inorganic S a l t s ( L ) in G r a f t i n g Styrene 
to Polypropylene I n i t i a t e d by UV a 

Styrene in G r a f t (%) 
Methanol 
(% v /v ) AM AM+L EM EM+L Ν N+L 

20 36 59 5 10 8 10 
30 136 305 15 63 25 45 
40 331 88 60 39 60 20 
50 98 40 53 27 20 12 
60 - - 40 13 - -
a AM = ΑΜΑ, EM = EEMA, Ν = NVP ; c o n d i t i o n s as in footnote 

a , Table IX. 
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S y n e r g i s t i c E f f e c t s of TMPTA with Organic A d d i t i v e s (Urea, S i l a n e s , 
A l k y l e s t e r ) on P h o t o g r a f t i n g . 

In Tables III and IV, the e f f e c t of urea on g r a f t i n g i n i t i a t e d by 
i o n i s i n g r a d i a t i o n was repor ted . Anologous r e s u l t s are obta ined 
with the corresponding UV system (Table XI I ) . The other important 
observa t ion in Table XII invo lves the use of two commercial add­
i t i v e s in the g r a f t i n g p r o c e s s . These m a t e r i a l s are used in 

Table XL Role of UV Dose in S y n e r g i s t i c E f f e c t of A c r y l a t e and 
Methacry late Monomers with Inorganic S a l t s ( L ) in Photo-
g r a f t i n g Styrene to P o l y p r o p y l e n e 3 

Styrene in Graft (%) 
Methanol 1 hr. 
(% v/v) Β Τ T+L 

20 0.4 1.9 2.7 5 100 126 10 200 400 11 80 
30 1.3 2.2 4.7 24 297 529 36 990 1820 38 280 
40 1.9 3.3 7.4 45 496 337 116 1220 2100 181 118 
50 1.7 7.2 7.4 31 283 221 53 460 530 112 65 
60 - - 22 281 81 40 810 660 76 27 

a Β = benzoin ethyl ether (1% w/v), Τ = TMPTA (1% v/v), L = LiN02(l% w/v), 
TF - TFMA (1% v/v); Graft at various exposure times of 1 hr, 8 hr and 16 hr.; 
other conditions as in footnote a, Table X 

Table XII. E f f e c t of Organic A d d i t i v e s (Urea, S i l a n e s , F l u o r i n a t e d 
A l k y l e s t e r s ) on G r a f t i n g of Styrene to Polypropylene 
I n i t i a t e d by UV a 

Styrene in Gra f t (%) 
methanol * 
(% v /v ) N.S. Β B+U B+U+Si B+U+FE 

20 <5 <5 <5 <5 <5 
30 <5 35 30 18 23 
40 <5 39 46 31 53 
50 <5 17 19 13 16 
60 <5 14 13 9 19 
70 <5 14 11 7 10 

I r r a d i a t e d 8 hr at 24cm from 90W lamp at 2 0 ° C ; 
N.S. = no s e n s i t i z e r ; Β = benzoin ethyl e ther (1% w/v); 
Si = s i l a n e (1% v / v ) , Z-6020 supp l i ed by Dow ; FE = 
f l u o r i n a t e d a lky l e s t e r (1% v / v ) , FC-430 supp l i ed by 
3M. 
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i n d u s t r i a l UV and EB r a p i d cur ing formula t ions to impart proper ­
t i e s l i k e s l i p and flow to the polymer f i l m . T y p i c a l o f these 
i n d u s t r i a l a d d i t i v e s are the s i l a n e (Z-6020, ex-Dow) and the f l u o r i ­
nated a l k y l e s t e r (FC-430) ,ex . -3M) . I nc lus ion of t h i s s i l a n e in 
the monomer s o l u t i o n f o r the photogra f t ing of styrene in methanol 
to polypropylene leads to a r e t a r d i n g e f f e c t on the y i e l d at a l l 
monomer concent ra t ions s tud ied w h i l s t the f l u o r i n a t e d a l k y l e s t e r 
i s an a c t i v a t o r and leads to mi ld enhancement in UV g r a f t i n g in the 
same system. Most impor tan t ly , however, when TMPTA i s added to the 
monomer s o l u t i o n which a l ready conta ins urea , s i l a n e and f l u o r i n a t e d 
a l k y l e s t e r , a dramatic increase in g r a f t i n g y i e l d by almost two 
orders of magnitude i s observed (Table X I I I ) . Th is s y n e r g i s t i c 

Table XI I I . E f f e c t o f TMPTA in Presence of Organic A d d i t i v e s on 
G r a f t i n g of Styrene to Polypropylene I n i t i a t e d by UV 

Styrene in 
methanol N.S. Β B+ B+ A d d i t i v e s 
(% v /v ) U + TMPTA 

20 <5 <5 <5 260 
30 <5 35 30 588 
40 <5 39 46 711 
50 <5 17 19 368 
60 <5 14 13 283 
70 <5 14 11 131 

Condi t ions as in Table XII ; a d d i t i v e s used were u rea , 
s i l a n e and f l u o r i n a t e d a l k y l e s t e r ; TMPTA (1% v / v ) ; 
N.S. = no s e n s i t i z e r . 

TMPTA e f f e c t i s unique s i n c e la rge enhancement in g r a f t i s achieved 
even in the presence of r e t a r d e r s such as the s i l a n e . F i n a l l y i t 
i s of i n t e r e s t to compare (3J the r e a c t i v i t i e s of the MFAs and 
MFMAs in the present g r a f t i n g work (Tables IX and XIII) with data 
f o r the c r o s s - l i n k i n g e f f i c i e n c y of these same monomers with unsat ­
urated o l e f i n s i n i t i a t e d by i o n i s i n g r a d i a t i o n (F igure 2 ) . The 
r e s u l t s show that TMPTA i s the best of the three MFAs examined in 
t h i s work, however7MP7W\ i s the best o f the whole s e r i e s f o r c r o s s -
1 i n k i n g . 

TMPTMA > TMPTA > P G T A > TPGDA 

F igure 2. C r o s s l i n k i n g e f f i c i e n c y of unsaturated o l e f i n s in the 
presence of MFAs and MFMAs i n i t i a t e d by i o n i s i n g r a d i a t i o n . 
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D i s c u s s i o n 

The r e s u l t s of the present s tud ies show that mineral a c i d s , 
c e r t a i n inorgan ic s a l t s and organic compounds l i k e urea are extreme­
l y usefu l a d d i t i v e s f o r enhancing g r a f t i n g y i e l d s in both photo­
chemical and i o n i s i n g r a d i a t i o n systems. The g r a f t i n g p r o f i l e s f o r 
each of these c l a s s e s of a d d i t i v e are s i m i l a r thus imply ing that 
common mechanis t ic pathways operate in each system. By c o n t r a s t , 
the pat te rn of g r a f t i n g with the PFMs, in p a r t i c u l a r the MFAs and 
MFMAs, i s d i f f e r e n t from those of the preceeding three c l a s s e s and 
thus the mechanism of the enhancement in g r a f t i n g f o r the PFMs 
appears to be d i f f e r e n t . The f a c t that s y n e r g i s t i c e f f e c t s are 
observed when PFMs are added to the monomer s o l u t i o n s con ta in ing the 
var ious a d d i t i v e s i s c o n s i s t e n t with the c o n c l u s i o n that d i f f e r e n t 
mechanis t ic pathways in g r a f t i n g enhancement operate f o r the PFMs 
when compared with the other a d d i t i v e s . 

Mechanism of the A c i d E f f e c
mechanism of the a c i d e f f e c t in g r a f t i n g i n i t i a t e d by UV or i o n i s i n g 
r a d i a t i o n has been compl icated by the v a r i e t y of chemical c o n s t i t u ­
ents present in any one g r a f t i n g system (7_, 10-14) . Thus the 
i n c l u s i o n of s o l v e n t s , monomers, backbone polymers and any other 
m a t e r i a l s in the g r a f t i n g s o l u t i o n such as s e n s i t i z e r s ( fo r UV) need 
to be cons idered in any o v e r a l l t reatment. Solvents are p a r t i c u l a r l y 
r e l e v a n t s ince so lven ts which wet and swell the backbone polymer 
g e n e r a l l y enhance g r a f t i n g (15). O r i g i n a l l y the a c i d e f f e c t was 
observed in g r a f t i n g i n i t i a t e d by i o n i s i n g r a d i a t i o n (7). At that 
time the enhancement due to a c i d was a t t r i b u t e d e s s e n t i a l l y to two 
predominant f a c t o r s , namely the r a d i o l y t i c y i e l d of hydrogen atoms 
and a l s o the extent to which g r a f t i n g polymer (po lystyrene) was 
s o l u b i l i s e d in the bulk s o l u t i o n . So lvent s t r u c t u r e was a l s o con­
s idered to be important , those so lvents wi th high r a d i o l y t i c y i e l d s 
of hydrogen atoms, such as methanol and the lower molecular weight 
a l c o h o l s , being e f f i c i e n t reagents f o r g r a f t i n g . Th is observa t ion 
was exp la ined in terms of the a b s t r a c t i o n of hydrogen atoms Iran the 
trunk polymer PH by those H atoms y i e l d i n g a d d i t i o n a l g r a f t i n g s i t e s 
as dep ic ted in Equat ions (1) to (3) . 

CH 30H + H + -> C H 3 0 H 2

+ (D 
C H 3 0 H 2

+ + e -> CH 30H + H (2) 

PH + H -> Ρ ' + H ? (3) 

The above mechanism has proved to be an o v e r s i m p l i f i c a t i o n o f the 
g r a f t i n g process s i n c e i t f a i l s to e x p l a i n a number of f u r t h e r obser ­
va t ions r e c e n t l y repor ted (7_, _8,_16, 17) i n c l u d i n g ( i ) the occurrence 
of enhancement on ly at c e r t a i n a c i d and monomer c o n c e n t r a t i o n s , 
( i i ) the e f f i c a c y o f H 2 S 0 4 and HN0 3 over other a c i d s , ( i i i ) the 
presence of g r a f t i n g enhancement i n the p r e i r r a d i a t i o n technique 
where r a d i o l y t i c a l l y produced hydrogen atoms are not a v a i l a b l e and 
( i v ) a c i d enhancement in s e n s i t i s e d photogra f t ing (Table V) where 
r a d i a t i o n chemistry e f f e c t s are not r e l e v a n t . 

In The Effects of Radiation on High-Technology Polymers; Reichmanis, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



8. DWORJANYN ET AL. Effects of Additives on Grafting and Curing Reactions 125 

M e c h a n i s t i c a l l y one of the most important observat ions conc­
ern ing the a c i d e f f e c t i s the recent d e t a i l e d systemat ic study of 
the swe l l ing of po lye thy lene in the presence of methanol ic solut ions 
of s tyrene (18) which i n d i c a t e that p a r t i t i o n i n g of non-po la r 
monomer in to non-po la r subst ra tes may be s i g n i f i c a n t l y improved 
(Table XIV) by the i n c l u s i o n of mineral a c i d in the g r a f t i n g so lu t ­
i o n . Styrene l a b e l l e d with t r i t i u m was used f o r these sophist icated 
experiments which i n d i c a t e that most s w e l l i n g occurs w i th in the 
f i r s t minute o f exposure o f backbone polymer to s o l u t i o n . Based 
on these data and more extens ive evidence r e c e n t l y repor ted ( 8 , 9 ) , 
a new model has been proposed to e x p l a i n the e f f e c t of ac ids in 
enhancing r a d i a t i o n g r a f t i n g . In any g r a f t i n g system at any one 
t ime, there i s an e q u i l i b r i u m concent ra t ion of monomer absorbed 
w i th in the g r a f t i n g reg ion of the backbone polymer. Th is g r a f t i n g 
reg ion may be c o n t i n u a l l y changing as g r a f t i n g proceeds. Thus in 
g r a f t i n g styrene to c e l l u l o s e dur ing the i n i t i a l par t of the 
r e a c t i o n , the g r a f t i n g
nature , however, as r e a c t i o
become more s ty rena ted . The degree to which monomer w i l l be absorb­
ed by t h i s g r a f t i n g region w i l l the re fo re depend on the chemical 
s t r u c t u r e of the region at the s p e c i f i c time of g r a f t i n g . E x p e r i ­
mental data s i m i l a r to that shown in Table XIV i n d i c a t e that 
increased p a r t i t i o n i n g of monomer occurs in the g r a f t reg ion when 
ac ids are d i s s o l v e d in the bulk g r a f t i n g s o l u t i o n . Thus higher 
concent ra t ions of monomer are a v a i l a b l e f o r g r a f t i n g at a p a r t i c u l a r 
backbone polymer s i t e in the presence of these a d d i t i v e s . The 
extent of t h i s improved monomer p a r t i t i o n i n g depends on the p o l a r i ­
t i e s of monomer, subs t ra te and s o l v e n t and a l s o on the concentrat ion 
of a c i d . It i s thus the e f f e c t of these i o n i c spec ies on p a r t i t i o n ­
ing which i s e s s e n t i a l l y r e s p o n s i b l e f o r the observed increase in 
r a d i a t i o n g r a f t i n g y i e l d s in the presence of a c i d a d d i t i v e s . Radio-
l y t i c a l l y generated f ree r a d i c a l s would be expected a l s o to make 
some c o n t r i b u t i o n to the a c i d e f f e c t in a system where i n i t i a t i o n 

Table XIV* V a r i a t i o n in Styrene Absorpt ion from Methanol S o l u t i o n 
by Polyethy lene with T ime 9 

Time of Swel l ing Styrene Absorpt ion 
(h) (mg styrene / g po lyethy lene) 

N.A. H 2 S0 4 (0 .1M) 

0 0 0 
0.5 38. .8 42. .8 
1 40. .5 44. .3 
2 42, .5 45. .8 
12 45. .6 53, .3 
20 45, .4 54. .0 

Technique used invo lved t r i t i a t e d styrene (18) with 
30% styrene in methanol s o l u t i o n s (% v /v ) and p o l y ­
ethylene f i l m (0.12mm) at 2 5 ° C ; N.A. = no a d d i t i v e . 
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wasby ionising r a d i a t i o n , however t h i s would not be the predominant 
pathway f o r the enhancement. The above model developed f o r g r a f t i n g 
by i o n i s i n g r a d i a t i o n i s a l s o a p p l i c a b l e to analogous s e n s i t i s e d 
photogra f t ing and would e x p l a i n the la rge increases in y i e l d observed 
in the presence of a c i d in the l a t t e r system (Table V ) . 

Mechanism of A d d i t i v e E f f e c t s with Inorganic S a l t s and Urea. 

The data in Tables II I , V and VI i n d i c a t e that inorgan ic s a l t s 
such as l i t h i u m p e r c h l o r a t e and l i t h i u m n i t r a t e can a l s o enhance 
g r a f t i n g r e a c t i o n s i n i t i a t e d by UV or i o n i s i n g r a d i a t i o n . When a c i d 
and s a l t are compared as a d d i t i v e s (Table I I I ) , in the g r a f t i n g of 
s tyrene in methanol to po lyethy lene using i o n i s i n g r a d i a t i o n , the 
s a l t enhancement on ly occurs at the lower monomer concent ra t ions 
whereas, with a c i d , increased g r a f t i n g y i e l d s are observed in a l l 
s tyrene concent ra t ions s t u d i e d  With th  correspondin  UV syste
(Table V ) , the reverse i
and c e l l u l o s e . Thus in
y i e l d s are increased at a l l monomer concent ra t ions used whereas with 
a c i d the enhancement only occurs in the lower concent ra t ion monomer 
s o l u t i o n s . M e c h a n i s t i c a l l y i t i s proposed that the s a l t e f f e c t i s 
s i m i l a r to a c i d i . e . protons are not e s s e n t i a l to the opera t ion of 
the g r a f t enhancement and any small s p e c i f i c d i f f e r e n c e s between the 
two type a d d i t i v e s can be a t t r i b u t e d to d i f f e r e n c e s in p o l a r i t i e s 
w i th in each system. The behaviour observed can be r e c o n c i l e d with 
an increased a v a i l a b i l i t y of monomer w i t h i n the g r a f t region in the 
presence of metal s a l t . 

C o n s i s t e n t with the above a c i d and s a l t a d d i t i v e e f f e c t s i s the 
use of organic compounds, t y p i f i e d by u rea , f o r enhancing both photo­
g r a f t i n g and r a d i a t i o n g r a f t i n g y i e l d s (Table II I , XII and XI I I ) . 
A s i m i l a r exp lanat ion i s advanced to e x p l a i n the urea e f f e c t namely 
the occurrence of increased p a r t i t i o n i n g of monomer between s o l u t i o n 
and subst ra te in the presence of a d d i t i v e . 

Mechanism of P o l y f u n c t i o n a l Monomer as G r a f t i n g A d d i t i v e s . 

Inc lus ion of PFMs such as TMPTA (Tables I and VII) and DVB 
(F igure 1) in a d d i t i v e amounts ( « 1%), s i g n i f i c a n t l y enhance graf t ing 
in both UV and i o n i s i n g r a d i a t i o n systems, e s p e c i a l l y at the Tromms­
d o r f f peak. The PFMs appear to have a dual f u n c t i o n (F igure 3 ) , 
namely to enhance the copolymer !sa t ion and a lso c r o s s l i n k the grafted 
po lys ty rene c h a i n s . In the g r a f t i n g exper iments, branching of the 
growing g ra f ted po lys ty rene chains occurs when one end of the p o l y ­
f u n c t i o n a l monomer ( e . g . DVB) immobi l ised dur ing g r a f t i n g i s bonded 
to the growing c h a i n . The other end i s unsaturated and f ree to 
i n i t i a t e new chain growth v i a scavenging r e a c t i o n s . 

The new branched po lys ty rene chain may e v e n t u a l l y terminate , 
c r o s s l i n k e d by r e a c t i n g with another po lys tyrene chain or an immob­
i l i s e d d iv iny lbenzene r a d i c a l . G r a f t i n g i s thus enhanced mainly 
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F i g u r e 3. I n te rac t ion of m u l t i f u n c t i o n a l a c r y l a t e with polymer 
r a d i c a l by gamma i r r a d i a t i o n . 

through branching of the g r a f t e d po lys ty rene c h a i n . A comparison 
of the UV and i o n i s i n g r a d i a t i o n r e s u l t s i n d i c a t e s that the magni­
tude of the increase in g r a f t i n g y i e l d i s s i g n i f i c a n t l y h igher in 
the photochemical system p a r t i c u l a r l y with the MFAs, thus suggest ing 
that in the UV the a c r y l a t e group i s a c t i n g as an a d d i t i o n a l s e n s i -
t i s e r f o r the g r a f t i n g p rocess . 

S y n e r g i s t i c E f f e c t s of PFMs with A c i d s , S a l t s and Urea. 

Although the y i e l d s of copolymer in the presence of the PFMs 
are s i m i l a r in magnitude to those when the other a d d i t i v e s such as 
a c i d are used, the shapes of the g r a f t i n g curves (F igure 1, DVB as 
t y p i c a l PFM) with the two types of a d d i t i v e s are d i f f e r e n t . Th is 
c o n c l u s i o n i s c o n s i s t e n t with the d i f f e r e n t mechanisms proposed f o r 
each type a d d i t i v e and suggests that both a d d i t i v e s may be used 
s imul taneously in s o l u t i o n to g ive a s y n e r g i s t i c e f f e c t and increase 
the r a d i a t i o n g r a f t i n g y i e l d f u r t h e r . The data in F igure 1 conf i rm 
t h i s c o n c l u s i o n and show that the i n c l u s i o n of both a c i d and DVB 
r e s u l t in very la rge increases in g r a f t . The presence of both 
a d d i t i v e s a l s o enhances homopolymerisat ion, however g r a f t i n g e f f i c i ­
ency i s improved under these c o n d i t i o n s (Table II) and the g r a f t i n g 
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p r o c e s s i s p r e f e r e n t i a l l y favoured at c e r t a i n monomer concent ra t ­
i o n s . The e f f i c i e n c y i s p a r t i c u l a r l y high at 50% styrene 
c o n c e n t r a t i o n . 

In a d d i t i o n to y i e l d i n g s y n e r g i s t i c e f f e c t s with ac ids in both 
photogra f t ing and r a d i a t i o n g r a f t i n g p r o c e s s e s , the PFMs e x h i b i t 
analogous synergism with inorgan ic s a l t s (Tables II I , IV, VI I I , IV, 
XI) such as l i t h i u m p e r c h l o r a t e and organic a d d i t i v e s l i k e urea 
(Tables IV, X I I ) . Again wi th these l a s t two c l a s s e s o f a d d i t i v e , 
the enhancement due to the s y n e r g i s t i c e f f e c t reaches a maximum at 
the Trommsdorff peak which i s the region where the length of the 
g ra f ted chains i s a l s o a maximum. Thus, in a d d i t i o n to i n c r e a s i n g 
the g r a f t i n g y i e l d s , the presence of these a d d i t i v e s may a l s o 
i n f l u e n c e the nature and s t r u c t u r e of the copolymer formed. 

E f f e c t of S t ruc ture of PF

Of the range of MFAs and MFMAs s tud ied in t h i s work (Tables VIII 
and IX) , TMPTA and TMPTMA demonstrate the h ighest enhancement in 
p h o t o g r a f t i n g , t h e i r g r a f t i n g p r o f i l e s being almost c o i n c i d e n t . 
Although both a c r y l a t e s are present in 1% v / v c o n c e n t r a t i o n , TMPTMA 
has a higher molecular weight , thus i t i s more e f f e c t i v e on an e q u i ­
va len t bas is thqn TMPTA in i n c r e a s i n g y i e l d . Th is d i f f e r e n c e may 
r e f l e c t the higher hydrocarbon f u n c t i o n a l i t y of the TMPTMA, lead ing 
to h igher absorpt ion of monomer in to the backbone polymer ( i . e . 
increased p a r t i t i o n i n g ) r e s u l t i n g in enhanced r e a c t i v i t y . 

A d d i t i o n of l i t h i u m n i t r a t e to s o l u t i o n s s e p a r a t e l y c o n t a i n i n g 
TMPTA and TMPTMA leads to a s p l i t t i n g of the p r e v i o u s l y c o i n c i d e n t 
p r o f i l e s . Th is r e s u l t may i n d i c a t e an i n t e r a c t i o n between the l i t h ­
ium ion and the a c r y l a t e s y i e l d i n g c h a r g e - t r a n s f e r complexes 
possess ing d i f f e r i n g s e n s i t i s a t i o n e f f i c i e n c i e s in the UV. Ana log-
out types of c h a r g e - t r a n s f e r complexes are known between m a c r o c y c l i c 
ethers and l i t h i u m i o n s . Such complex format ion may a l s o c o n t r i b u t e 
to the s y n e r g i s t i c e f f e c t s c u r r e n t l y observed in g r a f t i n g when 
l i t h i u m s a l t s with MFAs (and MFMAs) are both present in the same 
monomer s o l u t i o n . 

The s i g n i f i c a n c e of the a c r y l a t e f u n c t i o n a l i t y in these enhanc­
ed g r a f t i n g processes i s f u r t h e r demonstrated by the data in Table X 
where the monofunctional EEMA i s much l e s s r e a c t i v e than any of 
the MFAs or MFMAs in the preceeding two t a b l e s . I nc lus ion of an 
o l e f i n i c bond in the appropr ia te p o s i t i o n in the methacry late monomer 
increases the r e a c t i v i t y of the monomer as shown by ΑΜΑ in Table X. 
As the time of i r r a d i a t i o n i s i n c r e a s e d , the e f f e c t of f u n c t i o n ­
a l i t y on the g r a f t i n g y i e l d s becomes much more s i g n i f i c a n t (Table XI) 
such that a f t e r 16 hours there i s an order of magnitude d i f f e r e n c e 
between TMPTA and TFMA. 
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Prepara t ive S i g n i f i c a n c e of Current A d d i t i v e E f f e c t s in G r a f t i n g . 

In a d d i t i o n to being of fundamental importance to b a s i c r a d i a t ­
ion g r a f t i n g theory , the r e s u l t s with the range of a d d i t i v e s 
p r e v i o u s l y d i s c u s s e d are of value in a p repara t i ve context s ince 
r a d i a t i o n g r a f t copolymers are now being used f o r a wide range of 
a p p l i c a t i o n s and any technique f o r reducing the r a d i a t i o n dose to 
achieve a p a r t i c u l a r percentage g r a f t i s of both p r a c t i c a l and econ­
omic s i g n i f i c a n c e . The d i s c o v e r y of a range of metal s a l t s and 
o r g a n i c s , such as urea , to complement a c i d a l ready known, as a d d i t ­
ives f o r enhancing g r a f t i n g i s va luab le s ince the scope of the enhanc­
ement technique i s very mue h expanded. Thus g r a f t i n g systems 
which may have been s e n s i t i v e to a c i d , can now be t rea ted with metal 
s a l t s or urea to achieve the same type of enhanced r e a c t i v i t y . 
By c o n t r a s t , i f s o l u b i l i t y problems in the g r a f t i n g s o l u t i o n occur 
with the l a t t e r two a d d i t i v e s  a c i d can be used as an a l t e r n a t i v e

The observat ion tha
m u l t i f u n c t i o n a l a c r y l a t e s and methacry la tes , e x h i b i t dramatic 
s y n e r g i s t i c e f f e c t s with these a d d i t i v e s i s a lso of great prepara ­
t i v e s i g n i f i c a n c e in g r a f t i n g . Such a development w i l l be p a r t i ­
c u l a r l y b e n e f i c i a l f o r modify ing sur faces of r e l a t i v e l y i n e r t 
ma te r i a l s where g e n e r a l l y r e l a t i v e l y high r a d i a t i o n doses (5 mega-
rads) are requ i red to achieve even low copolymeri sat ion y i e l d s (19). 
Under these r e l a t i v e l y high r a d i a t i o n doses , not on ly can the 
s t r u c t u r e of the backbone polymer be d e t r i m e n t a l l y a f f e c t e d , but 
a l s o i n t e r n a l c r o s s l ink ing of the g ra f ted copolymer can occur to 
y i e l d a sur face which i s unsu i tab le f o r many a p p l i c a t i o n s . By the 
use of the cur ren t PFM and MFA s y n e r g i s t i c e f f e c t , the r a d i a t i o n 
dose requ i red to achieve a p a r t i c u l a r percentage g r a f t can be 
s i g n i f i c a n t l y reduced to l e v e l s where no adverse r a d i o l y t i c e f f e c t s 
in the f i n i s h e d copolymers are observed. 

Relevance of Current A d d i t i v e E f f e c t s in Cur ing R e a c t i o n s . 

The present data are important in r a d i a t i o n r a p i d cure (RRC) 
r e a c t i o n s where f i l m s of oligomer/monomer are polymerised in a f r a ­
c t i o n of a second using high pressure UV lamps and low energy 
e l e c t r o n beam (EB) machines. In these RRC a p p l i c a t i o n s , MFAs are 
used f o r two predominant purposes, namely to a c c e l e r a t e ra te of 
po lymer isa t ion and achieve c r o s s l i n k i n g of the cured f i l m . RRC 
formula t ions a l s o conta in a d d i t i v e s to cont ro l s l i p , g l o s s , f low 
e t c . , and these are t y p i f i e d by the f l u o r i n a t e d e s t e r and the s i l a n e 
used in the present study (Table XI I ) . When these commercial a d d i t i ­
ves are inc luded in a monomer g r a f t i n g s o l u t i o n , the r e s u l t s show 
that the sur face a c t i v e f l u o r i n a t e d compound enhances g r a f t whereas 
the s i l a n e i s a r e t a r d e r , presumably due to the r e p u l s i o n e f f e c t 
of the s i l i c o n atom. However the most s i g n i f i c a n t r e s u l t with these 
a d d i t i v e s was the TMPTA data where dramatic increases in g r a f t were 
observed at low TMPTA concent ra t ions desp i te the presence of the 
s i l a n e re ta rder (Table X I I I ) . The mechanis t ic r o l e of MFA in RRC 
data where dramatic increases in g r a f t were observed at low TMPTA 
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concentrations would thus appear to be more subtle than hitherto consid­
ered, TMPTA not only speeds up cure and crosslinking, it can also 
markedly affect the occurrence of concurrent grafting during cure. 
Thus judicious choice of MFA in RRC mixtures could lead to graft 
enhancement during cure with beneficial properties to the finished 
product. 

The reactivity of TPGDA in the present grafting work is also 
relevant to RRC reactions. TPGDA is one of the most frequently used 
monomers in RRC formulations since its properties are a good compro­
mise between speed of cure, viscosity reduction of oligomers and low 
Draize value. As an MFA additive in the current grafting work, it 
is less efficient than TMPTA. A similar trend in reactivity of 
TPGDA in RRC curing (Figure 4) and crosslinking processes (Figure 2) 
is also found (3, 21). Interestingly, in terms of cure speed, NVP 
is very much faster than any of the MFAs studied in this current 

work (Figure 4), howeve
relatively poor (Table X)
this monomer possesses other deficiencies which indicate that, as 
a compromise in overall properties, MFAs such as TPGDA are the 
preferred reactive diluents in many RRC formulations. 

NVP1.00>TMPTA 0.56>PGTA 0.41 > 

TPGDA 0.33 * HDDA 0.33> DPGDA 0.26 

Figure 4. Relative Rates of Curing of MFAs Compared with NVP in 
admixture (1/1, v/v) with Urethane Acrylate and β (1% w/v) using 
UV Initiation (20). 
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Chapter 9 

Radiation Chemistry of Polymers 
for Electronic Applications 

Elsa Reichmanis 

AT&T Bell Laboratories, Murray Hill, NJ 07974 

Polymer chemistry and polymer radiation chemistry in 
particular are key elements of the electronics industry
Polymer material
solubility are use
integrated circuits. As the demands placed on these materials 
increases due to increased circuit density and complexity, new 
materials and chemistry will be required. Many of the new 
chemistries that are being developed are described in this 
article. 

A key step in the manufacture of integrated circuit devices involves the definition 
of a circuit pattern into a radiation sensitive polymeric material called a resist (1). 
This aspect of the microlithographic process is outlined in Figure 1. The desired 
semiconductor substrate is first coated with a thin layer (~0.5-2.0 μm thick) of a 
resist that is then exposed to some form of radiation in an image-wise manner. The 
radiation sensitive moieties of the resist undergo reaction to generate the desired 
circuit pattern in the polymeric material. This pattern may then be developed into a 
relief image through treatment with an appropriate solvent. If exposure to radiation 
results in reduced solubility or crosslinking, the material is classified as a negative 
resist. Alternatively, a positive resist undergoes radiation-induced reactions that lead 
to enhanced solubility in the exposed regions. After definition of the circuit pattern 
into the resist layer, the features are transferred into the substrate by either a wet-, or 
dry-etching technique. Alternatively, dopants such as arsenic or boron could be 
diffused into the exposed regions to afford the desired electrical characteristics. The 
resist is then stripped from the substrate. Subsequent dielectric, insulator or 
conducting materials are then deposited onto the surface of the device substrate and 
patterned in a similar manner. A succession of lithographic processes leads to a 
completed integrated circuit device. 

The radiation sources employed in microlithography include conventional (>300 
nm) and deep-UV (<300 nm) light, electron-beam, ion-beam and x-ray sources. By 
far the predominant lithographic technology is conventional photolithography which 
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Figure 1 Schematic representation of the microlithographic 
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employs 350-450 nm radiation. Improvements in the printing technology have allowed 
a reduction in feature size of state of the art devices from 5 to 6 Mm 1976 to less than 
1 μπι today. It is anticipated that conventional photolithography will be able to print 
0.6-0.8 μπι features and will continue to be the dominant technology in the near term. 
The use of deep-UV excimer laser sources is expected to push the limits of optical 
lithography into the sub-0.5 μπι regime. Several step-and-repeat 5 or 10X reduction 
systems have been built that use 248 nm K r F excimer laser sources (2). These 
sources provide satisfactory intensities to accommodate resists with 50-150 mJ cm - 2 

sensitivities. The alternatives to optical lithography include x-ray, and scanning or 
projection electron and ion beam lithography (3). Regardless of which technology 
becomes dominant after photolithography has reached its limit, new resists and 
processes will be required. 

While sensitivity to a given radiation source that is commensurate with the desired 
throughput is a key resist requirement, other materials properties must also be 
considered. Since resists ar
techniques, the polymeric materia
irradiation, it must exhibit differential solubility between the exposed and unexposed 
regions to facilitate pattern definition. A resist must also exhibit good adhesion to 
materials commonly used in semiconductor device manufacturing. These include 
metals such as aluminum, chromium, and gold, in addition to materials such as silicon 
or silicon dioxide. If a given resist fails to properly adhere to the substrate, loss of 
resolution or more critically, loss of the entire circuit pattern will result. Etching 
resistance is another key materials characteristic that must be considered in the design 
of resist chemistry. Clearly, a given material must withstand the etching environment 
that is used to transfer the resist image into the device substrate. 

The trends towards increased device complexity and decreased feature size 
necessitate that any given resist material for future lithographic processes be capable 
of sub-0.5 μπι resolution. The resolution that a given resist can achieve is largely 
determined by resist contrast (7) , a parameter that can be directly related to the 
radiation chemistry the material undergoes. In the case of a negative resist, contrast is 
related to the rate of cross-linked network (gel) formation. For a positive resist, 
contrast relates to both the rate of polymer degradation and/or the rate of change in 
solubility of the material. The value of 7 is obtained from the slope of the linear 
portion of the exposure response curves shown in Figure 2. Generally, high contrast is 
expected to minimize effects such as scattering of radiation in a resist film, thus 
allowing higher resolution imaging. 

Sensitivity is another resist property that relates directly to the radiation chemistry 
of the system. Fundamentally, the intrinsic radiation sensitivity of a material will 
determine its lithographic response to radiation. For a photochemical reaction, this is 
defined as the quantum yield (Φ) of photoreaction, where Φ is the number of photo-
induced events per number of photons absorbed. For high energy radiation processes, 
the parameter of interest is the G value which is defined as the number of radiation-
induced events per 100 eV of absorbed energy. The chemistry associated with positive 
resist systems should exhibit high values of Gs, or Gscission, with little or no cross-
linking. Alternatively, negative resists should possess high values of Ο ς Γ 0 8 δϋ η^ η 8 (G x) 
with negligible scission. In both cases, optimization of other molecular parameters 
such as molecular weight, molecular weight distribution and glass transition 
temperature (T g) is also required to effect optimum resist performance. 
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Figure 2 Typical lithographic response (contrast) curves for (a) positive and (b) 
negative resists. 
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Optimization of both resist sensitivity and contrast requires a fundamental 
appreciation of the radiation chemistry in addition to appreciation how polymer 
molecular parameters affect the lithographic behavior of the resist. The intent of this 
chapter is to further the readers understanding of the polymer and radiation chemistry 
that is associated with a large part of the microelectronics industry, and provide some 
of the necessary background to effect future developments. 

1. CONVENTIONAL NEGATIVE RESIST CHEMISTRY 
As defined above, negative resists are those materials which become insoluble after 

exposure to radiation. Generally, they undergo some form of radiation induced 
crosslinking whereby the crosslinking component is either an integral part of the 
polymer or is incorporated into the polymer as an additive. Development, or removal 
of the unirradiated portions of the film, occurs via swelling of the polymer matrix 
followed by chain disentanglemen  dissolution  Sinc  thi  swellin
of the resist in the nominally
resists is often limited. However, Novembre and co-workers have show  that use o
the Hansen 3-dimensional solubility parameter model which provides a thermodynamic 
solubility picture of a resist, aids in the determination of a developer that will only 
minimally contribute towards resist swelling during development (4). Thus, developer 
selection and high resolution imaging in negative resists is facilitated. Some general 
characteristics of negative resists include high radiation sensitivity, good adhesion and 
good dry-etching resistance. 

Probably the most well known and widely used negative resists are formulations of 
cyclized rubbers with ow-arylazide crosslinking agents (Figure 3) (5,6). The matrix 
resin is typically a cyclized poly(cis-l,4-isoprene) that is soluble in a wide range of 
non-polar organic solvents, may be spin coated to generate uniform films, and exhibits 
excellent adhesion to a variety of substrates. Addition of the £z$-arylazide effects 
crosslinking and insolubilization after UV irradiation. The mechanism of this reaction 
involves generation of a nitrene intermediate followed by reaction of this nitrene with 
the cyclized rubber matrix (Figure 3). 

A major limitation of these resists is their dependence on organic solvent 
developers that cause image distortion due to swelling. Workers at Hitachi have 
developed an alternate aqueous developed, two component resist that attempts to 
overcome this problem (7). The resist, called MRS, utilizes an aqueous base soluble 
phenolic resin such a poly(p-vinylphenol) as the matrix resin, and a photosensitive 
crosslinking agent such as 3,3'-diazidodiphenyl sulfone. Irradiation results in the 
formation of a crosslinked network via a route similar to the cyclized rubber resists. 
Presumably, nitrene insertion occurs at the backbone carbon-hydrogen bonds since this 
mechanism is energetically favored over insertion into the aromatic ring. While the 
solubility of the resist in aqueous developers decreases with UV irradiation and no 
swelling is observed during development of sub-micron images, the development step 
must be tightly controlled to minimize feature undercut and maintain linewidth 
control. This is because the high optical density of the resist in the exposure range 
(250-320nm) causes most of the photochemistry to take place in the surface layers of 
the resist. The result is that a crosslinking gradient occurs through the thickness of 
the film and material near the resist-substrate interface is believed to be minimally 
affected by irradiation. 
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The realm of negative resist chemistry also includes many materials that 
incorporate the crosslinking unit into the polymer by covalent bonding. In these cases, 
the radiation sensitive unit is an integral part of the polymer appearing in either the 
backbone or side-chain of the material. These systems frequently crosslink by a chain 
mechanism that leads to high crosslinking efficiency and high resist sensitivity. The 
crosslinking unit is typically incorporated into the polymer through the side chain and 
examples of useful materials include vinyl, epoxy and halogen containing resins. 

Examples of vinyl containing polymers that have been employed as negative resists 
include poly(diallyl) ortho-phthalate) (PDOP) (8) and poly(allylmethacrylate-co-2-
hydroxyethyl meth-acrylate) (9). These materials, and others of similar structure 
(10,11), take advantage of the propensity of carbon-carbon double bonds to undergo 
radiation induced polymerization. Crosslinking occurs through the unsaturated side-
chain and high electron-beam sensitivity has been reported. The epoxy moiety is 
another unit that is well known to undergo efficient crosslinking reactions. The 
chemistry involves a chain mechanis
crosslinking efficiencies. However
leading to post-exposure curing. This results in a growth in feature size that is 
dependent upon the time the material remains in vacuo after exposure. Since the 
reaction is diffusion controlled, the extent of reaction is also dependent on the T g of 
the resist. Examples of epoxy containing negative resists include epoxidized 1,4-
poly (butadiene) (12,13) and poly(glycidyl methacrylate-co-ethyl acrylate) (COP) (14). 

The incorporation of halogen into acrylate and styrene based polymers has been 
found to instill high sensitivity to radiation induced crosslinking. The proposed 
mechanism involves radiation induced cleavage of the carbon-halogen bond to generate 
a radical that may then undergo rearrangement, abstraction or recombination 
reactions to afford a crosslinked network (Figure 4) (15). The localized nature of the 
reaction in these polymers, in addition to the generally higher values of Tg, eliminates 
curing effects that are found in the epoxy and vinyl containing resists. An example of 
a halogen containing, negative, X-ray resist is poly (2,3-
dichloropropylacrylate) (DCPA) (16). The sensitivity of DCPA is largely due to the 
enhanced sensitivity of the carbon-halogen bond to radiation induced cleavage in 
addition to an increase in X-ray absorption. Chlorinated styrenes have proved useful 
in the development of negative e-beam and deep-UV resists. Poly(chlorostyrene-co-
glycidyl methacrylate) (GMC) (17,18) exhibits a sensitivity in the range of 1-5 μΟ 
cm - 2 at 20 kV, good resist contrast (—1.4) and sub-micron resolution (Figure 5). 
Alternatively, incorporation of chloromethyl groups into polystyrene is another means 
of improving sensitivity to radiation induced crosslinking (19,20). 

Polymer molecular properties such as molecular weight and polydispersivity have a 
significant effect on the lithographic behavior of the single component negative resists 
described above. For example, it has been shown for a series of 
poly(chloromethylstyrene) (PCMS) polymers that an increase in polymer molecular 
weight by a factor of about 10 results in a ten-fold increase in resist sensitivity 
(21,22). Though resist contrast is unaffected, resist resolution decreases with 
increasing molecular weight. Resist contrast will however be affected by polymer 
dispersivity; decreased dispersivity is expected to lead to increased contrast and 
improved resolution. 
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Figure 3 Schematic representation of the chemistry of the cyclized rubber - bis 
arylazide negative resists. 
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Figure 4 Schematic representation of the chemistry of halogenated styrene based 
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Figure 5 S E M micrograph depicting 0.75μπι imaging in G M C with a schematic 
representation of G M C chemistry. 
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2. CONVENTIONAL POSITIVE RESIST CHEMISTRY 
Materials that exhibit enhanced solubility after exposure to radiation are defined as 

positive resists. Positive acting materials are particularly attractive for the production 
of VLSI devices because of their high resolution properties. The chemistry of these 
systems generally involves either chain-scission or solution-inhibition mechanisms. 

The workhorse of the VLSI industry today is a composite novolac-
diazonaphthoquinone photoresist that evolved from similar materials developed for the 
manufacture of photoplates used in the printing industry in the early 1900's (23). The 
novolac matrix resin is a condensation polymer of a substituted phenol and 
formaldehyde that is rendered insoluble in aqueous base through addition of 10-20 
wt% of a diazonaphthoquinone photoactive dissolution inhibitor (PAC). Upon 
irradiation, the PAC undergoes a Wolff rearrangement followed by hydrolysis to afford 
a base-soluble indene carboxylic acid. This reaction renders the exposed regions of the 
composite films soluble in aqueous base  and allows image formation  A schematic 
representation of the chemistr

The essential components of all conventional positive photoresists are the same. 
However, minor changes in the structure of the novolac and/or PAC will lead to 
changes in resist performance. Numerous investigations have shown that there is a 
delicate balance between PAC and resin structure, PAC weight fraction, developer, 
and process sequence (24,25). For example, a change in PAC structure from the 5-
aryl sulfonate ester to the 4-aryl sulfonate analog optimizes the resist for exposure in 
the 310-365 nm region as opposed to the 350-450 nm range. Ring substitution in the 
"4" position leads to the appearance of a bleachable absorbance at —315 and 385 nm 
as opposed to —340, 400 and 430 nm for the 5-sulfonate material effecting shorter 
wavelength sensitivity for the resist. This is just one example of how optimization of 
resist sensitivity for a particular wavelength and exposure tool requires an 
understanding of the effect of substituents on the absorption characteristics of a 
material. In the case of conventional photoresist chemistry, Miller, et. al. (26,27), 
coupled such studies with semi-empirical calculations to facilitate the design of 
diazonaphthoquinone inhibitors for mid-UV applications. 

While novolac-diazoquinone resists are sensitive, high resolution photoresists, they 
are essentially opaque to radiation below 300 nm. Use of these materials in this 
wavelength range would require extended exposure times to degrade the inhibitor near 
the resist-substrate interface and the resulting image quality would be poor. This has 
spurred considerable interest in developing new solution-inhibition resist chemistry for 
the deep-UV region. Willson and co-workers have reported on the utility of Medrum's 
acid derivatives (28,29) such as those shown in Figure 7, while workers at A T & T Bell 
Laboratories have employed nitrobenzyl ester photochemistry for deep-UV applications 
(Figure 8) (30). 

Interest in solution inhibition resist systems is not limited to photoresist technology. 
Systems that are sensitive to electron-beam irradiation have also been of active 
interest. While conventional positive photoresists may be used for e-beam applications 
(31,32), they exhibit poor sensitivity and alternatives are desirable. Bowden, et al, at 
A T & T Bell Laboratories, developed a novel, novolac-poly(2-methyl-l-pentene sulfone) 
(PMPS) composite resist, NPR (Figure 9) (33,34). PMPS, which acts as a 
dissolution inhibitor for the novolac resin, undergoes spontaneous depolymerization 
upon irradiation (35). Subsequent vaporization facilitates aqueous base removal of the 
exposed regions. Resist systems based on this chemistry have also been reported by 
other workers (36,37). 
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OH 

PAC PHOTOCHEMISTRY 
Figure 6 Schematic representation of conventional positive photoresist chemistry. 

Figure 7 Schematic representation of Meldrum's Acid photochemistry. 
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Figure 8 Schematic representation of o-nitrobenzyl ester photochemistry. 

Figure 9 S E M micrograph depicting 0.5μτη imaging in N P R with a schematic 
representation of N PR chemistry. 
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The classic positive resist that undergoes chain scission upon irradiation is 
poly (methyl methacrylate) (PMMA). P M M A was first reported by Hatzakis (38) as 
a high resolution electron-beam resist and is still considered to be one of the highest 
resolution materials available. The polymer degradation mechanism is believed to 
involve radiation induced cleavage of the side chain with resultant formation of a 
radical on the polymer backbone (Figure 10) (39). Subsequent ^-scission leads to a 
reduction in polymer molecular weight and enhanced solubility of the exposed regions. 
Use of an appropriate developer allows selective removal of the irradiated areas. 

While P M M A is an attractive material because of its resolution characteristics, its 
sensitivity to radiation induced degradation is low, and its dry-etching characteristics 
are poor. The e-beam and deep-UV exposure doses for P M M A are —100 cm" 2 

(38) and >1 Jem" 2 (40), respectively. The fact that nanometer resolution is readily 
achieved in this material has, however, prompted many researchers to examine 
substituted systems in attempts to effect improved performance. 

As mentioned above, the scissio
its G value. A higher value o  highe  susceptibility
induced degradation and improved resist sensitivity is expected. One of the first 
reports correlating methacrylate substitution pattern with ease of chain scission was 
published by Helbert et al (41). Here, it was predicted that copolymers of methyl 
methacrylate ( M M A) with α-substituted chloro or cyano acrylates should effectively 
enhance the rate of polymer degradation. G s values as high as 6.7 were determined 
for α-chloroacrylonitrile-MMA copolymers compared to 1.4 for the parent, PMMA. 
Methacrylonitrile-methyl α-chloroacrylate copolymers have since been prepared by Lai 
and coworkers that exhibit e-beam sensitivities — 5 times higher than P M M A (42,43). 
Generally, this body of work has shown that the efficiency of methacrylate chain 
scission can be enhanced by substitution of electronegative groups such as CI or C N at 
the quaternary carbon (44). Incorporation of fluorine into the methacrylate chain is 
another method that has effectively enhanced P M M A sensitivity to radiation induced 
degradation. Polymers such as poly(2,2,3,4,4,4-hexafluorobutyl methacrylate) (45) 
and poly(2,2,2-trifluoroethyl-a-chloroacrylate) (46,47) are reported to have resist 
sensitivities less than 10 μΟ cm"2. 

Alternatively, introduction of bulky groups that provide steric hindrance, or 
structures that introduce strain into the polymer backbone may weaken the main 
chain. An example of the latter is the introduction of inter- and intra-molecular 
anhydride linkages into a basic methacrylate chain to enhance its e-beam sensitivity. 
The effectiveness of this chemistry was first demonstrated by Roberts, who prepared 
terpolymers of MMA, methacrylic acid (MAA) and methacryloyl chloride that upon 
prebaking generated intermolecular anhydride crosslinks (48,49). Radiation effects 
cleavage of these linkages thereby increasing the solubility of the polymer in the 
exposed regions. A terpolymer resist that utilizes intramolecular anhydride links was 
developed by workers at IBM. Optimization of the monomer ratios of this material (a 
terpolymer of MMA, M A A and methacrylic anhydride) (Figure 11) affords 
sensitivities of 5-10 μ€ cm" 2 at 25 kV(50). Here, sensitivity enhancement occurs via 
both the incorporation of radiation sensitive anhydride linkages and excess strain in the 
polymer chain due to cyclization. 

The deep-UV sensitivity of PMMA, >1 Jem" 2 (40), is also far from adequate to 
allow its use as a production scale UV resist. This is primarily due to the lack of 
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Figure 10 Schematic representation of the radiation chemistry of PMMA. 
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Figure 11 Schematic representation of poly (methyl methacrylate -co- methacrylic 
acid -co- methacrylic anhydride). 
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appreciable UV absorption at λ >230nm. Several investigators have effected 
improvements in the deep-UV sensitivity of P M M A via copolymerization of M M A 
with more absorbant, UV sensitive components. Examples include the copolymers of 
M M A with 3-oximino-2-butanone methacrylate (51) or indenone (52). 

Another class of chain scission positive resists is the poly(olefin-sulfones). These 
materials are alternating copolymers of an olefin and sulfur dioxide, prepared by free 
radical solution polymerization. The relatively weak C-S bond, ~ 6 0 kcal/mole 
compared with ~ 8 0 kcal/mole for a carbon-carbon bond, is readily cleaved upon 
irradiation (G s values for these polymers are typically ~ 1 0 ) , and several sensitive 
resists have been developed based on this chemistry (53). One material that has been 
made commercially available is poly(butene-l-sulfone) (54). 

Selected resists based on chemical amplification processes are capable of 
generating either positive or negative tone images upon development. These materials 
generally employ an onium salt initiato  that dissociate  irradiatio  t  produc
acid that serves as a catalys
reactions. Use of this catalyti  proces y  quantu y
the reaction well over the quantum yield for initial onium salt dissociation. The first 
example of a high resolution, positive resist employing onium salt chemistry was 
developed by Ito, et al (55,56). The thermally stable, acid labile, t-butyloxycarbonyl 
group was used to mask the hydroxy functionality of poly(vinylphenol). Mild heating 
of the masked polymer in the presence of an acid catalyst generated from the 
irradiation of an onium salt such as diphenyliodonium hexafluoroarsenate liberates the 
acidic hydroxyl group (Figure 12). This results in a large change in polarity in the 
exposed areas of the film and allows formation of either positive or negative images 
depending upon developer selection. Chemical amplification resists exhibit high 
sensitivity to deep-UV and electron-beam irradiation and may be sensitized to longer 
wavelengths through the addition of appropriate mid- and near-UV dyes. 

NOVEL RESIST PROCESSES 

The increased complexity of IC design has increased the demands placed on resist 
performance. New lithographic technologies and processing techniques will be 
required to achieve the necessary improvements in resolution and linewidth control ( l ) . 
This has led many investigators to explore "non-traditional" areas of chemistry for 
resist applications. Since Taylor and Wolf (57) demonstrated that the incorporation 
of silicon into organic polymers can render them resistant to erosion in oxygen 
plasmas, there have been considerable research efforts aimed at the design of new 
polymers that incorporate silicon into the polymer structure (58). During oxygen 
etching, a 50-100 A (59) thick protective layer of silicon oxide is formed on the 
polymer's surface that inhibits further attack of the film. This allows the use of these 
materials in a bilevel resist process such as that outlined in Figure 13. The device 
substrate is first coated with a thick layer of an organic polymer that effects 
planarization. Subsequently a radiation sensitive, etching resistant material is coated 
on its surface. Conventional processing allows pattern definition of the upper layer 
and that pattern is then transferred to the substrate by oxygen RIE techniques. The 
advantages of this process over conventional single layer processing include the 
following: alleviation of proximity effects during electron-beam irradiation, and 
elimination of substrate reflections and standing wave effects that occur during optical 
exposure. 
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Figure 12 Schematic representation of chemical amplification resist chemistry. 
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Figure 13 Schematic representation of the bilevel resist process employing an 
oxygen reactive ion etching pattern transfer technique. 
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The oxygen RIE rate of organosilicon polymers is non-linear with respect to silicon 
content, and the incorporation of 10-15 wt% silicon leads to a significant reduction in 
etching rate (58). The oxygen etching rates of silicon containing polymers are related 
to the mass balance of silicon in the materials when high bombardment energy 
conditions, typical of RIE processing, are employed (60,61). Here, it appears that 
polymer structure has little if any effect on the etching behavior of a given resin, and 
silicon content is the only variable. Under low energy conditions, polymer structure 
plays an increasingly important role. The propensity of a given material to undergo 
radical induced degradation reactions appears particularly significant. Generally, the 
etching rate increases relative to predicted values with increasing ease of radical 
reaction. Further understanding of the relationship between polymer structure and 
composition, and etching conditions is required to achieve a viable bilevel resist 
system. 

There are several problems encountered with silicon containing polymers that affect 
their lithographic properties
incorporation into a polymer
during processing. Also, the hydrophobic nature of most useful silicon substituents 
may hinder the aqueous development of these resists. Careful selection of the polymer 
components can alleviate and/or eliminate these problems. 

Several silicon-containing resist systems have recently been prepared and used in 
multilevel, RIE pattern transfer processes. Much of the chemistry of these systems 
closely resembles that of the conventional resists described above. Silyl substituted 
styrenes (59,62) and methacrylates (63,64) have been used in the preparation of both 
positive and negative acting resists such as those depicted in Figure 14. Additionally, 
silicon bearing groups have been incorporated into novolac resins that may then be 
used in conventional positive resist formulations (65,66). Copolymers of 
dimethylsiloxane, methylphenylsiloxane or methylvinylsiloxane are negative resists that 
are sensitive to both UV and electron-beam irradiation and exhibit high resolution 
imaging (67). However, it is necessary to keep the imaging layer thin (<3000 A) to 
overcome problems such as image creep due to the low T g of these materials. 
Chloromethylated phenylsiloxanes (68) and poly(silsequioxanes) (69,70) have been 
developed as high T g alternatives to the original siloxane resists. Alternatively, block 
copolymerization of dimethylsiloxane and chloromethylstyrene combines the excellent 
RIE resistance of the siloxane unit with the radiation sensitivity of PCMS (71). Block 
copolymerization avoids problems associated with polymer phase separation and the 
flow characteristics of the resist are determined by the high T g styrene unit. 
Polysilanes are a class of chain scission positive resists that contain silicon in the 
polymer backbone (72,73). These polymers have Si-Si bonds that undergo radical 
chain scission upon exposure to UV light (Figure 15). 

Another attractive approach employed in the development of high resolution, high 
sensitivity resist systems is the elimination of wet-development in preference for a fully 
dry-developed resist system. Here, irradiation is used to effect a differential plasma 
etching rate in the resist. As first described by Taylor, et al, a guest monomer (M) is 
incorporated into a host polymer (P), and irradiation effects polymerization and some 
degree of grafting of the monomer (74). Appropriate selection of M allows plasma 
development of either positive or negative images (75,76). Vapor phase 
functionalization (77) is a new technique that is receiving increased attention as a 
method for combining the advantages of device planarization and solventless 
development. A schematic representation of the process is outlined in Figure 16. 

American Chemical Society 
Library 

1155 16th St., N.W. 
Washington, D.C. 20036 In The Effects of Radiation on High-Technology Polymers; Reichmanis, E., et al.; 

ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



148 EFFECTS OF RADIATION ON HIGH-TECHNOLOGY POLYMERS 

- f C H g - C H - b - K H p — C H V COPOLYMERS OF TRIMETHYLSILYL 
1 ' STYRENE 

C H 3 

ι 3 

- f C H 2 - C - ^ - C H 2 - C H 4 y - COPOLYMERS OF 
I 1 TRIMETHYLSILYLMETHYL 

c = = 0 METHACRYLATE 

Ο CH 2 Ci 

CHo 
I 

C H 3 —Si — C H 3 

C H 3 

OH OH TRIMETHYLSILYLMETHYL 
CHoA/ I ^CHo\ SUBSTITUTED NOVOLAC RESINS 

CH 2 

I 
CHj-Si -CHj 

CH3 

Figure 14 Structural representation of select, positive and negative silicon containing 
resist systems. 

In The Effects of Radiation on High-Technology Polymers; Reichmanis, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



9. REICHMANIS Radiation Chemistry of Polymers for Electronics 149 

CH3 CH3 CH3 CH3 

'S i - Si - Si - Si ^ 
I I I I 
R R R R 

hi/ 
C H 3 C H 3 C H 3 C H 3 

I I 
' Si - Si · «Si - Si — 

i t 1 1 
R R R R 

C H 3 

I 
2 S i : 

I 
R 

FURTHER POLYME

R « OH3, C 6 H 5 , C 6 H n t C-12H23 
Figure 15 Schematic representation of the mechanism of polysilane chain scission. 

RADIATION 

RESIST 
SUBSTRATE 

MX 

RIE 

Figure 16 Schematic representation of a vapor phase functionalized resist process. 

In The Effects of Radiation on High-Technology Polymers; Reichmanis, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



150 EFFECTS OF RADIATION ON HIGH-TECHNOLOGY POLYMERS 

Inorganic reagents are generally used to selectively functionalize resist films after 
exposure to effect oxygen RIE resistance, and several examples have recently appeared 
in the literatures (78-80). 

CONCLUSION 
Polymer radiation chemistry is a key element of the electronics industry, in that 

polymer materials that undergo radiation induced changes in solubility are used to 
define the individual elements of integrated circuits. As the demands placed on these 
materials increases due to increased density, complexity and miniaturization of 
devices, new materials and chemistry will be required. This necessitates continued 
efforts to understand fundamental polymer radiation chemical processes, and continued 
development of new radiation sensitive materials that are applicable to VLSI 
Technology. 
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Chapter 10 

Imaging Processes Based on Side-Chain 
Modification of Polymers 

Synthesis and Study of Allylic and Benzylic 
Ethers Derived from Poly(vinylphenols) 

Jean M. J. Fréchet1,2, Eva Eichler2, Sylvie Gauthier2, Bogustav Kryczka2, 
and C. G. Willson3 

lBaker Laboratory, Departmen
NY 14853-1301 

2Department of Chemistry, University of Ottawa, Ontario K1N 9B4, Canada 
3Almaden Research Center, IBM Corporation, San Jose, CA 95120 

The first use of ether protecting groups in the design 
of imaging systems based on substituted poly(hydroxy­
styrenes) is reported. Polymers containing 4-(2-cy­
clohexenyloxy) or 4-(1-phenylethyloxy) derivatives of 
4-vinylphenol or 3,5-dimethyl-4-vinylphenol have been 
prepared from the corresponding monomers. Due to 
their design, which allows for facile elimination or 
rearrangement reactions, the ether protecting groups 
can be removed easily by acidolysis, or thermolysis, 
or a combination thereof. In some instances, the 
protecting groups can be split quantitatively from the 
polymers, while in others a thermal Claisen rearran­
gement or an acid-catalyzed alkylation occur with the 
formation of some alkylated phenolic moieties. Appli­
cation of the design to imaging systems is achieved 
through the use of triarylsulfonium salts as photo­
chemical triggers. Exposure of films of poly[4-(2-
cyclohexenyloxy)-3,5-dimethyl-styrene] containing some 
of the onium salt to irradiation at 254 nm results in 
the formation of acid in the exposed areas which cata­
lyzes the polymer deprotection and allows for the 
development of images in either positive or negative 
mode through a differential dissolution process. 

The radiation induced side-chain modification of polymers containing 
pendant phenyl ester groups has been the object of several studies 
as some undergo a photo-Fries rearrangement (1) while others such as 
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the formate esters of poly (p-hydroxystyrene) are cleaved cleanly in 
a process which can be used for the design of a new type of dual-
tone imaging systems (2). Numerous other polymers with ester or 
carbonate pendant groups have also found applications as resist 
materials i n microlithography (3-6). Thus, two families of new and 
potentially useful styrene based imaging systems have emerged. One 
is based on functional derivatives of poly (p-hydroxystyrene) (3.4) 
or similar substituted x-methylstyrene (5), while the other is based 
on functional derivatives of poly (p-vinylbenzoic acid) (6). In 
both cases imaging rests on the ability of the polymer to undergo 
photoinitiated removal of the phenolic or carboxylic acid protecting 
group, usually esters or carbonates, i n a process which results in a 
drastic change of polarity for those areas of the polymer films 
which have been exposed to irradiation (3.7). 

Figure 1 outlines the principle of such imaging which is based on 
the well-known principl
ester or carbonate polymer
such as aromatics and halogenated hydrocarbons, while the free 
phenolic or carboxylic acid polymers obtained as a result of radia­
tion-induced processes are soluble in aqueous base. Thus, develop­
ment of an imagewise exposed coating of such polymer may be accom­
plished either through removal of the exposed areas of the coating 
using aqueous base to afford a positive-tone image, or through remo­
val of the unexposed areas to afford a negative-tone image. Such 
imaging systems are noteworthy as they offer great versatility 
through their dual mode of development, as well as excellent 
resolution due to the absence of swelling i n the development process 
(7). This lack of swelling is primarily the consequence of the 
large change in polarity which results from cleavage of the side-
chain phenolic or carboxylic protecting groups. 

SoiuWe in CHjCCi SotuéU in oqueout txm Positive tone WegaUue tot* 

Figure 1. Imaging through changes in polymer side-chain polarity. 

Results and Discussion 

While carbonates and esters derived from functionalized polystyrenes 
have received much attention, ethers have mostly been ignored as the 
cleavage of ether groups is generally considered to be a d i f f i c u l t 
reaction. For example, very harsh reaction conditions involving 
reagents such as ΒΒΓ3 are required to cleave phenylalkyl ethers (8). 
A notable exception is the t-butyl ether group which is readily 
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cleaved in acidic medium and has been tested i n the protection of 
some amino acids such as serine or 4-hydroxyproline (9). 

In the course of a broad model study on the use of certain carbo­
nates, such as I in Scheme I, as easily removable protecting groups 
for alcohols or phenols (1_0) it was observed that significant yields 
of ethers having structure III may be formed during the acid-cata­
lyzed thermolytic cleavage of the carbonate functionalities of I 
(JJJ. The overall process amounts to the transformation of a carbo­
nate into an ether with extrusion of carbon dioxide. In fact, a 
simple cationic mechanism may be invoked to explain this reaction as 
is shown in Scheme I. The reaction is facilitated by the relatively 
facile formation of the stabilized benzylic carbocation II which can 
readily recombine with the nucleophilic alcohol R O H which is also 
formed in the first stage of the reaction. An alternate pathway for 
reaction of the benzylic carbocation  also shown in Scheme I
involves elimination of a
alkene: styrene. The latte
w i l l be described more f u l l y elsewhere (11a). Subsequent experimen­
tation with ethers I l i a or I l l b showed that they were also suscep­
tible to acid-catalyzed thermolysis which occurred with evolution of 
ethanol, or p-nitrophenol, and styrene. 

4- 0=C-OR 

CH, 

OH 

« + COt + HOR 

CH=CH2 + ROH Ilia, R = p-nitrophenyl 
Illb, R = ethyl 

Scheme I 

In view of the proposed mechanism for this cleavage reaction, it was 
reasonable to expect that certain a l l y l i c ethers for which an e l i m i ­
nation pathway existed (Scheme II) would also be susceptible to 
cleavage under thermolysis, acidolysis or a combination of both. 

H* R—OH + 

Scheme II 

Synthesis of the Polymers Containing Reactive Ether Pendant Groups. 
We have previously described the synthesis of high purity poly(p-
hydroxystyrene) free from deleterious oxidized species by polymeri­
zation of 4-t-butyloxycarbonyloxy-styrene followed by the removal of 

In The Effects of Radiation on High-Technology Polymers; Reichmanis, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



158 EFFECTS OF RADIATION ON HIGH-TECHNOLOGY POLYMERS 

— É C H i - Ç H - k - ^ C H ^ C H - k - ~4CH 2 -CH-}~ ^ . C H 2 ~ C H ^ w 

Ο o o o 

IV ν VI VII 

the t-BOC protecting grou
factory grade of poly(p-hydroxystyrene
from Maruzen O i l Co. (Resin PHM). Both types of poly(p-hydroxy
styrene) were used satisfactorily as starting materials for the 
preparation of polymer VI which contains pendant a l l y l ether groups. 
The same simple nucleophilic displacement reaction using poly(p-
hydroxystyrene) as the source of nucleophile can also be used to 
prepare a l l y l i c polymers such as IV or V. Alternately, polymers IV, 
V and VII have also been prepared by polymerization of the corres­
ponding monomers as it is possible to avoid any involvement of the 
cyclohexenyloxy substituent in the radical polymerization of the 
styrenic moieties. Scheme III shows the preparation of 3,5-dime-
thyl-4(2-cyclohexenyloxy)styrene. The starting material in this 
reaction is 3,5-dimethyl-4-hydroxy-benzaldehyde which is itself 
obtained by formylation of 2,6-dimethylphenol. A Williamson ether 
synthesis with 3-bromocyclohexene under phase transfer conditions 
affords the a l l y l i c ether which can then be used in a high yield 
Wittig reaction with methyl triphenylphosphonium bromide to afford 
the styrenic monomer (Scheme III). The a l l y l i c ether monomer 
derived from 3,5-dimethyl-4-(2-cyclohexenyloxy)-benzaldehyde was 
prepared similarly by a Wittig reaction, while the benzylic mono-
meric precursor of VII was obtained by reaction of p-hydroxybenzal-
dehyde with 1-bromo-1-phenyl-ethane followed by Wittig methylena-
tion. The monomers were then polymerized under free-radical condi­
tions using A I B N as initiator in toluene, to afford the desired 
polymers IV, V and VII with pendant allyl or benzyl ether groups. 

HO 
QV-CHO + 

Br OH/Q+ 
CHO 

Scheme III 

nBuLi/Ph3PCH3 Br' 
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Thermolysis of the Polymers. The thermolytic behavior of polymers 
IV and V was studied first by thermogravimetry. The thermogravi-
metric analysis (TGA) of IV is shown in Figure 2; it indicates 
clearly that a cleavage reaction occurs near 230°C. An analysis of 
the volatile product of the thermolysis by a combination of thermo­
lysis, gas chromatography, and mass spectrometry, confirmed that the 
expected 1,3-cyclohexadiene elimination product had indeed been 
produced. However, careful analysis of the T G A data showed that 
only a fraction of the original a l l y l i c groups had been removed 
during thermolysis. This is not too unexpected in view of the known 
propensity of phenyl a l l y l ethers to undergo a thermal Claisen 
rearrangement. The overall thermolytic behavior of polymer IV is 
represented i n Scheme IV. A similar study with poly (p-2-propenyl-
oxystyrene) VI shows that no such thermal cleavage reaction occurs 
as the 2-propenyloxy group has no simple elimination pathway which 
would allow the formation of a conjugated diene  The thermogravi-
metric analysis of polyme
tion of VI resembles that of poly(p-hydroxystyrene

Scheme IV 

In contrast, and as seen on Figure 3, polymer V undergoes complete 
thermolytic cleavage of its pendant ether groups when heated to 
250°C as the Claisen rearrangement, which might normally compete 
with the desired cleavage reaction, is prevented by the presence of 
a l k y l substituents in the ortho and para positions of the styrenic 
aromatic rings of the starting polymer. Here again monitoring of 
the thermolysis by gas chromatography-mass spectrometry shows that 
1,3-cyclohexadiene is evolved cleanly at temperatures as low as 
234°C. Within experimental errors, it is observed that the weight 
loss i n this reaction corresponds to that expected for complete 
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Figure 2. Thermogravimetric analysis of polymer IV. 
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Figure 3. Thermogravimetric analysis of polymer V. 
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removal of the 2-cyclohexenyl protecting groups as 1,3-cyclohexa­
diene. The overall thermolytic behavior of polymer IV is also shown 
in Scheme IV. Although it had been expected that polymer VII which 
contained reactive pendant benzylic ether groups would also undergo 
a relatively facile thermolytic cleavage, T G A experiments showed 
clearly that this was not the case. The T G A curve which is given in 
Figure 4, together with the derivative curve, indicate that a first 
decomposition occurs near 320°C instead of the much lower tempera­
ture which had been observed with the a l l y l i c ether polymers IV and 
V. This first decomposition is soon followed by a second decompo­
sition which corresponds to the complete breakdown of the polymer. 
Though the i n i t i a l weight loss centered near 320°C roughly corres­
ponds to the loss of styrene, it cannot be said that this step i n 
the T G A curve corresponds only to the thermolysis of the ether 
pendant groups as the liberated styrene may also polymerize to 
oligomeric species which would decompose subsequently  A comparison 
of the thermolytic data whic
styrene) (Figure 5) show
groups the thermolysis proceeds to leave a larger amount of residue 
above 350°C, likely due to oxidative coupling reactions. 

Imaging Experiments. Most imaging experiments were carried out 
using polymers IV and V as both VI and VII were less suitable in the 
context of this study. The imaging strategy which was used was an 
extension of earlier approaches (3,6), whereby the polymers are used 
in combination with a photoactive onium salt which liberates strong 
acid upon irradiation. It was expected that acid would catalyze the 
thermolytic cleavage of the a l l y l i c ethers as it does i n the case of 
model compounds. In addition, the possibility remained that acid 
would also catalyze the Claisen rearrangement (Scheme IV) of polymer 
IV; however, this should not adversely affect the overall imaging 
process as both modes of reaction, cleavage or rearrangement, would 
produce free phenolic groups and would therefore be suitable for 
imaging purposes. 

U V spectra of both polymers IV and V taken from ca. Ιμπι thick films 
showed that the each of the polymers had absorbencies of less than 
0.30 per micron of f i l m thickness at 254 nm as shown i n Figure 6 for 
polymer V. This allows their use with triarylsulfonium salts, which 
generally absorb in the deep UV. In addition, it is known that 
poly(4-hydroxystyrene) does not absorb strongly i n the deep UV, 
while poly(3,5-dimethyl-4-hydroxystyrene) also shows no strong 
absorption band near 254 nm (Figure 6). 

In view of these findings, a l l samples for imaging were prepared as 
follows. The polymer solutions (10-20wt % of polymer) were prepared 
using cyclohexanone as solvent and triphenylsulf onium hexafluoro-
antimonate (10-12% by weight with respect to polymer) was used as 
the onium salt. The solutions were then spin-coated onto 5" silicon 
wafers and imaging was carried out using a Perkin-Elmer 500 projec­
tion printing tool fitted with appropriate filters. Exposure to U V 
radiation at 254 nm was followed by baking at 105°C, which caused a 
visible image to appear. Sensitivity measurements showed that both 
polymers had sensitivities of better than 10 mJ/cm^ and good 
contrast. Polymer V behaved as a dual-tone resist affording posi-
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Figure 4. Thermogravimetric analysis of polymer VII (upper curve) 
with derivative (lower curve) showing two distinct 
thermal degradations. 
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Figure 5. Thermogravimetric analysis of poly(p-hydroxystyrene). 
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tive or negative images of the mask depending on the solvent chosen 
for development. Dissolution of the exposed areas with dilute etha-
nolic potassium hydroxide gave a positive-tone image while develop­
ment with toluene-hexane mixtures gave the complementary negative-
tone image. It should be noted that the large change in polarity 
which occurs as the ether groups are thermolyzed in the exposed 
areas contributes greatly to the overall quality of the imaging 
process as no swelling is observed during development. The imaging 
process with polymer V is therefore similar to that which is 
outlined schematically on Figure 1; a micrograph of a positive image 
produced using this process is shown i n Figure 7. In addition to 
monitoring the overall process through imaging results, the removal 
of pendant ether groups can also be followed by F T - i n f r a r e d spectro­
scopy using a f i l m of the polymer containing 10wt% of the onium salt 
cast on a sodium chloride disc. Figure 8 shows the infrared 
spectrum of a f i l m of the starting polymer (upper curve) as well as 
the spectrum of the polymer afte

Imaging of polymer IV proved to be less attractive probably due to 
the occurrence of some Claisen rearrangement and of other side reac­
tions involving the rearranged polymer. Formation of an insoluble 
skin was observed and development with polar solvents such as 2-
propanol, aqueous or alcoholic base proved ineffective. Similarly, 
attempted development with ketones such as cyclohexanone or 4-
methylpentanone did not provide access to a f u l l y developed positive 
image but caused swelling to occur. 

Conclusion. 

The use of simple mechanistic considerations i n establishing the 
basic design features of imaging systems is once again demonstrated 
with the application of novel ether chemistry to photoinitiated 
side-chain modification. Imaging processes based on acid catalyzed 
thermolytic cleavage of appropriately chosen ethers of phenolic 
polymers can afford materials which operate both in positive and 
negative-tone mode. 
While this work has focused on certain a l l y l i c and benzylic ether 
derivatives of poly(4-hydroxystyrene) i t is possible to extend the 
concept to the corresponding t-butoxy substituted polymers although 
the preparation of such polymers is relatively more d i f f i c u l t than 
in the present case. 

Experimental. 

Thermogravimetric and Di f f e r e n t i a l Scanning Calorimetry experiments 
were performed on Mettler T G A and DSC instruments. Mass Spectra 
were measured on a VG-7070E double-focusing mass spectrometer. GPC 
analysis were performed by comparison to polystyrene standards on a 
Waters model 150 gel permeation chromatograph equipped with five 
microstyragel columns using T H F as the mobile phase. Preparative 
H P L C separations were carried out using a Waters 500 H P L C equipped 
with two 500g silica gel columns. NMR measurements were obtained on 
Varian XL-300 or CFT-80 instruments with CDCI3 as solvent and TMS as 
internal standard. Infrared analyses were done on a Nicolet 10-DX 
FT-IR instrument using KBr pellets. 
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Figure 7. Electron micrograph of a positive image obtained by 
the side-chain deprotection process. 
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Preparation of 4-(2-cvclohexenvloxv)-benzaldehvde. A solution of 
16.lg (0.100 mole) of 3-bromocyclohexene, 3.2g (0.010 mole) tetra-
butylammonium bromide and 12.2g (0.100 mole) 4-hydroxybenzaldehyde 
in 100ml dichloromethane was treated with a solution of 50g K O H in 
50ml water with stirring. Stirring was continued for 24 hours with 
intermittent chromatographic monitoring. Additional dichloromethane 
and water were then added to facilitate separation of the organic 
and aqueous layers. The organic layer was then washed four times 
with 50ml water then dried over magnesium sulfate. A f t e r evapo­
ration of the solvent and purification by preparative H P L C using 10% 
ethyl acetate i n hexane as eluent, 17.4g of the pure product was 
obtained ( 8 6 % yield). Spectroscopic analyses of the product confirm 
that it is the expected 4-(2-cyclohexanyloxy)-benzaldehyde. 
Elemental analysis. Calculated for C ^ H ^ C ^ (MW 202.24): C, 77.20; 
H, 6.98; O, 15.82. Found: C, 76.87; H, 7.07. 

Preparation of 4-(2-cvclohexenvloxv)-stvrene
34.36g (0.096 mole) methyltriphenylphosphoniu
(0.096 mole) potassium t-butoxide in 200ml dry T H F is treated drop-
wise with a solution of 16.16g (0.080 mole) of 4-(2-cyclohexenyl)-
benzaldehyde in 30ml T H F under inert atmosphere. Once the addition 
of aldehyde was completed, the mixture was stirred at room tempera­
ture for another 2 hours. Ether and water were then added to the 
reaction mixture until clearly separated phases were obtained with 
no solid residue. The organic layer was separated and washed three 
times with water, dried over magnesium sulfate and evaporated. The 
resulting semi-solid was triturated i n 10% ethyl acetate-hexane 
mixture to remove most of the triphenylphosphine and the evaporated 
extract was pu r i f i e d by preparative H P L C using hexane as eluent. 
This afforded 9.35g (58%) of the pure monomer, which was f u l l y 
characterized by ^H and ^C-NMR as well as mass spectrometry. 

Preparation of 4-(l-phenvlethvloxv)benzaldehvde. This benzylic 
ether was prepared from p-hydroxybenzaldehyde (8.05 or 0.066 mole), 
and 1-bromo-ethylbenzene (12.lg or 0.065 mole) under phase transfer 
conditions as described above for 4-(2-cyclohexenyloxy)-benzalde-
hyde. A f t e r purification by preparative H P L C 13.9g (93%) of pure 
product was obtained. 
Elemental analysis. Calculated for C 15^402 (MW - 226.26): 
C, 79.62; H, 6.24; O, 14.14. Found: C, 79.36; H, 6.39. 

Preparation of 4-(l-phenvlethvloxv)-stvrene. This benzylic ether of 
p-hydroxystyrene was prepared by a Wittig reaction on the precursor 
aldehyde as described above. The f i n a l product was obtained i n 7 3 % 
yield after purification by preparative H P L C using 5% ethyl acetate 
in hexane as eluent. The product had analytical characteristics in 
agreement with the proposed structure. 

Preparation of 3.5-dimethvl-4-hvdroxvbenzaldehvde. A mixture of 
40.6g (0.33 mole) of 2-6-dimethylphenol and 46.2g (0.33 mole) of 
hexamethylene tetramine was covered with 500ml trifluoroacetic acid 
and the reaction mixture was refluxed overnight. A f t e r evaporation 
of the trifluoroacetic acid the residue was poured into 3L water and 
neutralized slowly with sodium carbonate. A brown oily solid was 
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formed and extracted 3 times with ether. The combined ether 
extracts were then washed with a small amount of I N HC1 then with 
water. Af t e r drying over magnesium sulfate and f i l t r a t i o n through 
sil i c a gel, the crude product (over 9 7 % pure by H PLC) was obtained 
(39.6g or 80% yield). 

Preparation of 3.5-dimethvl-4(2-cvclohexenvloxv)benzaldehvde. 
A solution of 22.2g (0.137 mole) 3-bromocyclohexene, 20.8g (0.137 
mole) 3.5-dimethyl-4-hydroxybenzaldehyde and 4.45g tetrabutylammo-
nium bromide in 200ml dichloromethene was stirred overnight with a 
solution of 75g K O H in 75ml water. Work-up was accomplished by 
adding 200ml ether and enough water to ensure complete separation of 
the aqueous and organic layers. The organic layer was collected and 
washed 5 times with water adding small portions of ether as 
necessary to keep the phases separated. A f t e r drying over magnesium 
sulfate and f i l t e r i n g through silic  gel  28.5 f crud  thick oil
product was obtained. Puri f i c a t i o
ethyl acetate i n hexane
product. Elemental Analysis; calculated for C ^ H j g C ^ (230.29) 
C, 78.22; H, 7.88. Found: C, 78.43; H, 7.61. 

Preparation of 3.5-dimethvl-4-(2-cvclohexenvloxv)stvrene. A well 
stirred mixture of 36.52g (0.102 mole) methyltriphenylphosphonium 
bromide and 11.42g (0.102 mole) potassium t-butoxide in 200ml dry 
tetrahydrofuran was treated dropwise with a solution of 19.55g 
(0.085 mole) 3.5-dimethyl-4-(2-cyclohexenyloxy)benzaldehyde in 50ml 
dry T H F under nitrogen atmosphere. Following complete addition of 
the aldehyde, the mixture was stirred for a further 2 hours and 
enough ether and water were added to obtain two separate phases with 
no solid residue. The ether phase was collected while the aqueous 
phase was extracted with ether and the combined ether extracts were 
washed 3 times with water. A f t e r drying over magnesium sulfate, the 
ether solution was filtered over si l i c a gel and evaporated to a 
semi-solid. Triphenylphosphine oxide was removed from the product 
by extraction with hexane. Chromatographic purif i c a t i o n of the 
product over si l i c a gel using 2 0 % ethyl acetate in hexane as eluent 
afforded 18.6g (96%) of the pure product. Mass spectral and N M R 
analyses confirmed the identity of the product. 
Elemental Analysis. Calculated for C 1 6 H 2 0 O (228.32): C, 84.16; 
H, 8.83; O, 7.01. Found: C, 84.58; H, 8.68. 

Preparation of Polymer IV. A solution of 8.0g (0.040 mole) 4-(2-
cyclohexenyloxy)-styrene and 0.080g A I B N i n 16g toluene was heated 
to 75°C under inert atmosphere. After 48 hours the resulting polymer 
was diluted with a minimum of toluene and precipitated into 3L of 
petroleum ether. The recovered polymer (6.1g, 7 6 % yield) had spec­
tral properties in agreement with the proposed structure. 
Elemental analysis. Calculated for ( C i 4 H i 6 0 ) n : C, 83.96; H, 8.05; 
O, 7.99. Found: C, 84.40; H, 8.31. GPC. Mn: 15,400; MW: 27,400. 

Preparation of Polymer V. A solution of 8g of monomer in 80g 
benzene was heated in an o i l bath at 75°C under nitrogen atmosphere. 
A f t e r addition of 0.050g AIBN, the mixture was stirred then left at 
75°C for 48 hours. A f t e r partial evaporation of the solvent, the 
polymer was precipitated in methanol, re-dissolved in T H F and 
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reprecipitated in methanol to afford 6.48g (81%) of the desired 
polymer. NMR analysis was consistent with the proposed structure. 
Elemental analysis. Calculated for (Ci$H2oO)n: C, 84.16; H, 8.83; 
0. 7.01. Found: C, 83.95; H, 8.89. GPC. Mn: 54,200; Mw: 97,500. 

Preparation of Polymer VII. A solution of 8.0g (36 moles) 4-(l-
phenylethoxy)-styrene and 0.080g AIBN in 16g toluene was heated in 
an oil bath at 75°C under inert atmosphere. After 48 hours the 
thick polymer solution was diluted with a minimum amount of toluene 
to allow its precipitation in 3L of petroleum ether. The recovered 
polymer (7.1g, 88% yield) had spectral properties in agreement with 
the proposed structure. 
Elemental analysis calculated for (C^Hj^O)^ C, 85.67; H, 7.19; O, 
7.13. Found: C, 85.80; H, 7.16. GPC. Mn: 17,000; Mw: 31,400 

Imaging experiments. In typical experiments, the polymer solutions 
were prepared using the
1.0g of triphenylphosphoniu
53g of cyclohexanone at room temperature. The solution was spin 
coated onto 5" silicon wafers at 3200-3700 RPM adjusting the 
spinning speed to obtain films of 1/im thickness. The polymer films 
were then baked at 105°C for 10 minutes prior to exposure to 254 nm 
UV radiation through a mask using a Perkin-Elmer 500 deep-UV projec­
tion printing tool. After exposure the wafer was baked at 105°C to 
140°C for 0.5-3 minutes and an image of the mask became visible. 
With polymer V, development of exposed areas was accomplished using 
alcoholic base and development of unexposed areas was accomplished 
using toluene-hexane mixtures. 
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Chapter 11 

X-ray-Sensitive Alternating Copolymers 

S. R. Turner1, C. C. Anderson1, K M. Kolterman1, and D. Seligson2 

1Corporate Research Laboratories, Eastman Kodak Company, Rochester, 
NY 14650 

2Intel Corporation, Santa Clara, CA 95051 
A variety of alternating copolymers based on N-allyl- and 
N-(3-ethynylphenyl)maleimides  with substituted styrenes 
and vinyl ethers, hav
x-ray irradiation
x-ray exposures were conducted at the Stanford Synchrotron 
Radiation Laboratory. Sensitivities were observed to 
correlate with mass absorption coefficients of the copoly­
mers and were found to be as high as 5-10 mJ/cm2. Prelim­
inary fine line lithographic studies indicate 0.5 μm 
resolution capabilities. 

X-ray lithography (XRL) was first proposed by Spears and Smith in 
1972 as a technique suitable for the high-volume manufacture of 
sub-micron-scale devices (1). It is only recently, however, that 
XRL has been considered as the most promising successor to optical 
lithography. Although several key issues such as the development 
of a suitable mask technology and the availability of an appropriate 
x-ray source are st i l l being addressed, it has been predicted that 
XRL will see reasonable-volume, pilot-premanufacturing testing for 
0.5 μm devices as early as 1988 (2). To meet this timetable, it is 
essential that new resist materials be developed which will be com­
patible with present and future x-ray sources. Trends in x-ray 
resists have recently been reviewed (3). In this report, we 
describe the preparation of a variety of copolymers based on 
N-allyl- and N-(3-ethynylphenyl)maleimides, with substituted 
styrenes and vinyl ethers and their evaluation as possible resists 
for x-ray lithography. 

Background 

Because the available photon flux and photon energy distribution 
for the various x-ray sources vary widely, the type of x-ray source 
utilized in an XRL exposure tool has a significant impact on resist 
selection. For this reason, it is appropriate to begin a report on 
resist design with a short summary describing the types of x-ray 
sources which are currently, or soon to be, available. A comparison 
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of the important c h a r a c t e r i s t i c s of the v a r i o u s sources i s given i n 
Table I (4-Ê). 

Table I . Comparison of X-ray Sources 

E l e c t r o n Impact Plasma Svnchrotron 

F l u x (mW/cm2) 0.1-0.2 1-5 > 50 
R e s o l u t i o n (Mm) < 0.25 < 0.25 < 0.25 
Photon energy Pd source: 2.8 Ne plasma: 0.9-1.5 broadband 

(keV) W source: 1.7 Kr plasma: 1.6-2.0 400 eV-3 keV 
Estimated c o s t $1M $1.2M $1M per port 

8-10 Dorts/rincr 

X-ray sources have t r a d i t i o n a l l y used electron-beam bombardment of 
s t a t i o n a r y or r o t a t i n g meta
i s t i c r a d i a t i o n and highe
m a t e r i a l s f o r x-ray t a r g e t s i n c l u d e aluminum, copper, p a l l a d i u m , 
s i l i c o n , and tungsten. Due t o the low x-ray conversion e f f i c i e n ­
c i e s of these sources they provide a photon f l u x of only 0.10-0.20 
mW/cm2, which n e c e s s i t a t e s the use of extremely f a s t r e s i s t s . To 
generate the s u b s t a n t i a l l y higher i n t e n s i t i e s necessary f o r high 
throughput XRL, two types of b r i g h t x-ray sources have been d e v e l ­
oped, plasma and synchrotron sources. Plasma sources r e l y on the 
generation of a dense, hot plasma, e i t h e r by magnetic compression 
of i o n i z e d gases (z-pinch or plasma focus sources) or h i g h - i n t e n s i t y 
l a s e r i r r a d i a t i o n of s o l i d surfaces ( l a s e r plasma source). Such 
sources emit s p e c t r a l r a d i a t i o n w i t h photon energies of about 1-3 
keV and i n t e n s i t i e s of 1-5 mW/cm2 or more. The i n t e n s e , broadband 
r a d i a t i o n of synchrotron sources enable them t o be used even w i t h 
slow r e s i s t s such as standard o p t i c a l r e s i s t s or poly(methyl 
methacrylate) (£). 

Plasma sources are expected t o see production use i n the e a r l y 
1990's and synchrotron sources are not expected t o make an impact 
on commercial device f a b r i c a t i o n i n the United States u n t i l the mid 
1990's (£)· I t appears t h a t the f i r s t use of XRL f o r high-volume 
device f a b r i c a t i o n w i l l r e l y on e l e c t r o n impact sources. 

D i s c u s s i o n 

R e s i s t Design and P r e p a r a t i o n . Our o b j e c t i v e s were t o develop new 
r e s i s t m a t e r i a l s which would be compatible w i t h f i r s t generation 
( e l e c t r o n impact) and second generation (plasma) x-ray sources. 
The i n i t i a l design goals f o r r e s i s t performance were chosen t o 
s a t i s f y p r e d i c t e d production needs f o r XRL ( f i , 2); s e v e r a l of the 
most c r i t i c a l c r i t e r i a are summarized below. 

s e n s i t i v i t y : 
r e s o l u t i o n : 
c o n t r a s t : 
image s t a b i l i t y : 
e t c h r e s i s t a n c e : 
tone: 

5-10 mJ/cm2 

0.5 Mm 
1.5 
> 150°C 
2X t h a t f o r ΡΜΜΑ 
p o s i t i v e or negative 
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The extremely high s e n s i t i v i t y requirements (as a p o i n t of reference 
f o r r e s i s t s e n s i t i v i t y , consider t h a t the s e n s i t i v i t y f o r p o l y -
(methyl methacrylate) p o s i t i v e r e s i s t and poly(chloromethylstyrene) 
negative r e s i s t are 1500 and 60 mJ/cm2, r e s p e c t i v e l y ) f o r the r e s i s t 
system d i c t a t e d the use of a negative working ( c r o s s - l i n k i n g ) 
r e s i s t . The s e n s i t i v i t y of a negative r e s i s t depends on i t s r a d i ­
a t i o n chemical y i e l d f o r c r o s s l i n k i n g , G x, i n i t i a l molecular weight, 
1^, and a b s o r p t i o n of energy (S). 

k NA 1 
I n c i d e n t dose f o r g e l a t i o n , D_ = (1) 

9 « w G x " m p 

« A i s Avogadro's number, k i s a constant whicl 
i n i t i a l molecular weight d i s t r i b u t i o n (k = 50 f o r a most probable 
molecular weight d i s t r i b u t i o n )  ρ i s the r e s i s t d e n s i t y  t i s the 
r e s i s t t h i c k n e s s , and M
For a polymer r e s i s t , c o n s i s t i n
c o e f f i c i e n t and atomic weight A ±, the mass a b s o r p t i o n c o e f f i c i e n t 
i s g iven by: 

Mmp 
i 

Σ A i 
i 

(2) 

As can be seen from Equations 1 and 2, and as one would expect 
i n t u i t i v e l y , s e n s i t i v i t y i s enhanced by the presence of h i g h l y 
r e a c t i v e groups ( l a r g e G x ) , high i n i t i a l molecular weight, and the 
i n c o r p o r a t i o n of h i g h l y absorbing elements such as halogens or 
metals. Other g e n e r a l i z a t i o n s concerning the e f f e c t of polymer 
s t r u c t u r e on s e v e r a l r e s i s t performance parameters are summarized 
i n Table I I . These g u i d e l i n e s are not e n t i r e l y s t r a i g h t f o r w a r d , 
however, s i n c e s e v e r a l of the s y n t h e t i c approaches f o r a c h i e v i n g 
high s e n s i t i v i t y c o n f l i c t w i t h those f o r o b t a i n i n g the best e t c h 
r e s i s t a n c e or r e s o l u t i o n . C l e a r l y , some compromises must be made 
to o b t a i n optimum o v e r a l l performance. This may be accomplished by 
the use of copolymers, blends, or m u l t i l a y e r schemes. 

Table I I . E f f e c t of S t r u c t u r e on R e s i s t Performance 

Best S e n s i t i v i t y Best Etch Resistance Best R e s o l u t i o n 
Negative working 
( c r o s s - l i n k i n g ) r e s i s t 

High i n i t i a l 1^ 
H i g h l y r e a c t i v e groups 
Incorporate h i g h l y 

absorbing elements 
-halogens, metals 

No aromatic groups 

Aromatic groups 

High x - l i n k d e n s i t y 
M u l t i l a y e r schemes 
Incorporate 
- I , S i f o r Ο plasma 
-Sn f o r 0 and 
F plasma 

Nonswelling r e s i s t 
-low i n i t i a l 
- o ptimize developer 
-high polymer Τ g 

Low s e n s i t i v i t y 
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Previous work on a l l y l methacrylate homopolymers and s t a t i s ­
t i c a l copolymers c l e a r l y showed t h a t the a l l y l group i s a very 
e f f e c t i v e c r o s s - l i n k i n g f u n c t i o n when exposed t o x-rays (2). 
R e s i s t s w i t h s e n s i t i v i t i e s of about 20 mJ/cm2 were obtained. 
However, these polymers had only moderate c o n t r a s t s (γ ̂  1.1) and 
poor dry etch r e s i s t a n c e . In the work reported here, we have pre­
pared and evaluated a v a r i e t y of copolymers c o n t a i n i n g maleimide 
u n i t s w i t h pendant a l l y l or e t h y n y l groups ( s t r u c t u r e s I a , b ) . The 
acronyms, s t r u c t u r e s , and molecular weights f o r the copolymers are 
t a b u l a t e d i n Table I I I . These copolymers, which are predominantly 
a l t e r n a t i n g copolymers, were a t t r a c t i v e r e s i s t candidates f o r 
s e v e r a l reasons. The pendant a l l y l or e t h y n y l group provides a 
h i g h l y r e a c t i v e c r o s s - l i n k i n g s i t e . The s u b s t i t u e n t i n c o r p o r a t e d 
onto the styrene phenyl r i n g can be s e l e c t e d t o o b t a i n enhanced 
x-ray a b s o r p t i o n a t s p e c i f i c photon energies. This i s i l l u s t r a t e d 
i n F igures 1 and 2 which show the p r e d i c t e d mass ab s o r p t i o n c o e f f i ­
c i e n t ( c a l c u l a t e d from x-ra
as a f u n c t i o n of photo
s u b s t i t u t e d styrene copolymers. The s u b s t i t u e n t i n c o r p o r a t e d i n t o 
the styrene can a l s o provide improved r e s i s t a n c e t o oxygen (e.g., 
s i l y l - , s t a n n y l - , or iodo-styrene) or flu o r o c a r b o n (e.g., s t a n n y l -
styrene) r e a c t i v e - i o n e t c h i n g or provide an a d d i t i o n a l c r o s s - l i n k i n g 
s i t e . These copolymers were a l s o expected t o be high T g m a t e r i a l s 
w i t h the good c h l o r i n e dry etch r e s i s t a n c e t y p i c a l of c r o s s - l i n k e d , 
aromatic polymers. 

CH=CH 7=r 
o < > o o = y = 0 

I 
CH^ 
CH=CH2 

l a l b 

These copolymers are prepared by the s o l u t i o n f r e e r a d i c a l 
p o l y m e r i z a t i o n of the electron-poor monomer ( s u b s t i t u t e d maleimide) 
and the e l e c t r o n - r i c h monomer ( s u b s t i t u t e d styrene or v i n y l e t h e r ) . 
Predominantly a l t e r n a t i n g copolymers r e s u l t from such polymeriza­
t i o n s (1Q). We w i l l r e p o r t on t h i s unique c o p o l y m e r i z a t i o n t h a t 
permits the co p o l y m e r i z a t i o n of two double bonds i n the presence of 
a t h i r d r e a c t i v e double bond elsewhere. 

The a l t e r n a t i n g tendency of the copolymers i s advantageous i n 
t h a t the pol y m e r i z a t i o n s can be c a r r i e d out t o high conversions 
w i t h l i t t l e or no compositional d r i f t . For random copolymerizations 
i n which there i s p r e f e r e n t i a l i n c o r p o r a t i o n of one monomer due t o 
a mismatch i n r e a c t i v i t y r a t i o s , the comp o s i t i o n a l v a r i a t i o n s w i t h 
conversion can be s u b s t a n t i a l . Such compositional h e t e r o g e n e i t i e s 
i n r e s i s t m a t e r i a l s can l e a d t o severe problems d u r i n g image d e v e l ­
opment · 
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Table III. Properties of Copolymers 

S a m p l e S t r u c t u r e *w 

M I - V B B - a - f y — r ^ - - f 

MI-VBSi-a 

MI-VBSn-a 

M I - 4 B r S - a 

M I - B V E - a 
- b 

Τ w 
CH2Br 

1 2 , 7 3 0 2 4 6 , 3 8 0 1 9 . 3 5 

r e 
H I - V B C - a ( / v ) ( χ ) 

—b 
- c 
- d 
- e 
- f 
-g 

CHjCI 

CH 2I 

1j α ' ^ ' 

C H 2 

èn(CH 3 ) 3 

° 0 0 «8#» 

M I - C I E V E - a 
5 

M I - D i B r S - a 4 t — r h ( J ) 

M I - E V E - a o : / V0 à 
C H 3 

1 6 , 0 1 0 2 8 8 , 6 5 0 1 8 . 0 3 
3 5 , 4 8 0 - b r o a d -
1 3 , 3 7 0 2 2 , 1 0 0 1 . 6 5 
2 2 , 3 3 0 8 6 , 1 9 0 3 . 8 6 
2 2 , 8 5 0 4 1 , 8 4 0 1 . 8 3 
3 3 , 5 9 0 9 2 , 2 1 0 2 . 7 5 

4 0 , 6 3 0 4 0 , 6 3

2 1 , 2 7 0 2 2 0 , 1 4 0 1 0 . 3 5 

2 9 , 1 5 0 3 5 6 , 2 2 0 1 2 . 2 2 

4 8 , 2 8 0 

1 3 , 1 7 0 
7 , 4 9 0 

1 7 , 0 5 0 
6 , 4 6 0 

4 2 , 3 3 0 
1 8 , 9 3 0 

6 5 , 7 7 0 4 . 9 9 
1 5 , 9 1 0 2 . 1 2 

1 1 , 4 6 0 1 . 7 7 

6 0 , 4 6 0 3 . 1 9 

1 0 , 4 3 0 2 0 , 5 6 0 1 . 9 7 
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Table I I I . Continued. Properties of Copolymers 

Sample S t r u c t u r e 1^ 1^ ^ / ^ n 

MI-PBrS-a 0J ^ 0 •'VÎV»' 4 , 3 0 0 6 , 2 2 0 1 . 4 5 

MI-VBASi-a "{Τ ^1 ^ r<Sl ' 2 4 , 0 5 0 4 7 , 5 2 0 1 . 9 8 

^ CHjJiCHj 

: - a +7—r») ( ) 3 1 , 1 4 0 8 1 , 5 7 0 2 . 6 2 

MI-S-a 7̂ ^ ' ' 2 4 , 4 0 0 5 5 , 5 2 0 2 . 2 8 

EMI-VBO 

b ^ t H j C I 2 1 , 0 3 0 

8!§ CHjd 

PhAM-VBC-a ° ^ V " ° I O J 1 3 , 8 6 0 2 4 , 3 5 0 1 . 7 6 

E L * 
PhAMBr-VBC-a 0=C > o (q\ 1 6 , 2 3 0 

- b Ν k i i J 2 8 , 2 2 0 
CHjCI 

CSr«CHBr 
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R e s i s t E v a l u a t i o n . The x-ray exposures were performed a t the l i t h ­
ography beam l i n e a t the Stanford Synchrotron x-ray source (SSRL). 
The storage r i n g was operated a t 3 GeV wi t h a beam cu r r e n t between 
30 and 100 mA. Both white l i g h t (broadband) and monochromatic 
exposures were performed. The broadband spectrum has f a i r l y 
constant power d e n s i t y between 0.8 and 3.5 keV w i t h hard c u t o f f s 
above and below t h i s range. A b e r y l l i u m f o i l f i l t e r and a g r a z i n g -
i n c i d e n c e g o l d m i r r o r i n the beam l i n e are used t o modify the syn­
c h r o t r o n r a d i a t i o n spectrum from the r i n g as shown i n Figure 3. 
Monochromatic exposures, u s i n g a la y e r e d s y n t h e t i c m i c r o s t r u c t u r e 
monochromator (11), were made a t s e v e r a l energies between 1.0 and 
3.0 keV (the bandwidth f o r the monochromatic exposures i s a p p r o x i ­
mately + 30 eV). 

Contrast curves were obtained f o r each r e s i s t by measuring 
the t h i c k n e s s a f t e r development of a s e r i e s of 1 mm by 5 mm exposed 
areas; the exposure dose t y p i c a l l y v a r i e d from approximately 1 mJ/ 
cm 2 t o s e v e r a l J/cm 2 f o
r e s i s t s were developed i
by a 20-sec r i n s e i n 2-propanol. I n i t i a l l y , THF or a THF/2-propanol 
mixture was used as the developer; they were r e p l a c e d by e t h y l 
a cetate because i t provided s u p e r i o r c o n t r a s t . R e s i s t s e n s i t i v i t y 
was taken t o be the i n c i d e n t dose which r e s u l t e d i n 50% exposed 
t h i c k n e s s remaining a f t e r development, D g

# 5. This i s the standard 
convention f o r a negative r e s i s t . 

Table IV summarizes the r e s u l t s f o r the r e s i s t s creening 
s t u d i e s a t SSRL. The r e s i s t candidates g e n e r a l l y e x h i b i t e d good 
s e n s i t i v i t y , D g* 5 < 50 mJ/cm2, and c o n t r a s t , 7 = 1.5. D e f i n i t i v e 
c o n c l u s i o n s r e g a r d i n g the e f f e c t of s t r u c t u r e on s e n s i t i v i t y are 
made d i f f i c u l t by the f a c t t h a t polymer molecular weight and p o l y -
d i s p e r s i t y v a r i e d c o n s i d e r a b l y from sample t o sample and, s i n c e we 
found a very s t r o n g dependence of D g* 5 on these parameters, s p e c i f i c 
s t r u c t u r a l e f f e c t s are obscured. S e v e r a l g e n e r a l i z a t i o n s can be 
made, however. 

Table IV. R e s u l t s f o r X-ray Exposures a t SSRL 

Sample .5 m J/cm Contrast 

P(MI-VBC)-b 
P(MI-VBC)-a 
P(EMI-VBC)-a 
P(MI-VBB)-a 
P(MI-4BrS)-a 
P(MI-DiBrS)-a 
P(MI-VBSn)-a 
P(MI-VBSi)-a 
PCMS (Japan Syn. Rubber Co.) 
OEBR-100 

15 
2 

200 
57 
5 

10 
28 
85 
60 

100 

1.5 
1.3 
1.5 
1.6 
1.0 
1.7 
1.4 
1.1 
1.75 
1.4 

p o l y g l y c i d y l methacrylate 
(Tokyo Ohka Kogyo Co.) 

COP 20 1.5 
p o l y ( g l y c i d y l methacrylate-co-
e t n v l a c e tate) (AT&T) 

In The Effects of Radiation on High-Technology Polymers; Reichmanis, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



11. TURNER ET AL. X-ray-Sensitive Alternating Copolymers 181 

As expected, the i n c o r p o r a t i o n of pendant u n s a t u r a t i o n i n the 
r e s i s t s g r e a t l y enhances s e n s i t i v i t y as demonstrated by a comparison 
of the c o n t r a s t curves f o r p o l y ( N - a l l y l maleimide-VBC) and the 
s t r u c t u r a l l y s i m i l a r p o l y ( N - e t h y l maleimide-VBC) (Figure 4 ) . Both 
polymers have s i m i l a r molecular weights and n e a r l y i d e n t i c a l mass 
abs o r p t i o n c o e f f i c i e n t s but the a l l y l - c o n t a i n i n g copolymer i s 5X 
f a s t e r . 

As p r e v i o u s l y mentioned, molecular weight has a s i g n i f i c a n t 
impact on s e n s i t i v i t y . This can be seen from the D * 5 values f o r a 
s e r i e s of p o l y ( N - a l l y l maleimide-VBC) r e s i s t s (obtained by f r a c t i o n ­
a t i o n of a high molecular weight, broad MWD sample). The s e n s i ­
t i v i t y of these r e s i s t s ( i . e . , 1/D g

e 5) shows a l i n e a r dependence on 
M n (see Figure 5 ) . R e s i s t samples which contained a s u b s t a n t i a l 
f r a c t i o n of very high molecular weight polymer gave s e n s i t i v i t i e s 
much higher than one would p r e d i c t from t h e i r M n (see Figure 6 ) . 
Although these r e s i s t s provided e x c e p t i o n a l speed  D * 5 = 2-10 mJ/ 
cm 2, v i s u a l i n s p e c t i o n o
scum remaining i n the unexpose

The e f f e c t of increased x-ray a b s o r p t i o n on s e n s i t i v i t y was 
explored by conducting monochromatic exposures of a bromine-
c o n t a i n i n g r e s i s t , p o l y ( N - a l l y l m a l e i m i d e - viny l b e n z y l bromide), a t 
photon energies which bracket the bromine a b s o r p t i o n edges between 
1.6 and 1.8 keV; c o n t r a s t curves obtained f o r these monochromatic 
exposures are shown i n Figure 7. The r e s u l t s are a l s o p l o t t e d as 
l/ D g ' 5 vs ab s o r p t i o n c o e f f i c i e n t i n Figure 8; the data a c c u r a t e l y 
f o l l o w the p r e d i c t e d i n v e r s e r e l a t i o n s h i p d e f i n e d by Equation 1. 

The most promising r e s i s t m a t e r i a l s i d e n t i f i e d i n t h i s study 
are copolymers of N - a l l y l maleimide w i t h halogenated s t y r e n e s ; of 
these, P(MI-DiBrS) provided the best combination of speed, D g* 5 = 
10 mJ/cm2, and c o n t r a s t , y = 1.7. This r e s i s t gave s u p e r i o r 
performance compared t o three commercially a v a i l a b l e negative 
e-beam/x-ray r e s i s t s as demonstrated by the c o n t r a s t curves i n 
Figure 9. P(MI-DiBrS) gave a s e n s i t i v i t y 2-10 times higher than 
the commercial r e s i s t s while p r o v i d i n g e q u i v a l e n t or s u p e r i o r con­
t r a s t . In a d d i t i o n , the high T g f o r P(MI-DiBrS), 165°C, should 
make i t more amenable t o plasma processing than the commercial 
r e s i s t s which have s u b s t a n t i a l l y lower T g's (< 120°C). P(MI-DiBrS) 
a l s o e x h i b i t s e x c e l l e n t x-ray a b s o r p t i o n over a wide range of 
photon energies. This i s i l l u s t r a t e d i n Figure 10 which compares 
the c a l c u l a t e d mass absorpt i o n c o e f f i c i e n t f o r t h i s r e s i s t w i t h the 
s p e c t r a l output f o r a v a r i e t y of x-ray sources. The r e s i s t has 
e x c e l l e n t a b s o r p t i o n i n the photon energy range c h a r a c t e r i s t i c of 
both Ne (0.9-1.5 keV) and Kr (1.6-2.0 keV) plasmas, storage r i n g s 
( t y p i c a l l y 0.4-4 keV), and i t i s e s p e c i a l l y w e l l s u i t e d f o r the 
tungsten-target e l e c t r o n impact source u t i l i z e d i n the Perkin-Elmer 
stepper d e s t i n e d f o r the VHSIC x-ray l i t h o g r a p h y program. At the 
tungsten M l i n e (1.67 keV), the abs o r p t i o n c o e f f i c i e n t f o r 
P(MI-DiBrS) i s about 2700 cm 2/g, which i s more than 5X t h a t f o r 
OEBR-100 or COP. 

The dry etch r e s i s t a n c e of P(MI-VBC) was compared w i t h t h a t 
f o r s e v e r a l commercial r e s i s t s u s i n g a v a r i e t y of etch gases ( 0 2 r 
SF 6 , and CF 4) under RIE c o n d i t i o n s . The etch r a t e data given i n 
Table V are presented as the r a t i o of the r e s i s t e t c h r a t e r e l a t i v e 
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F i g u r e 7. Contrast curves f o r P(MI-VBB) a t d i f f e r e n t x-ray 
e n e r g i e s . 
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F i g u r e 8 . S e n s i t i v i t y as a f u n c t i o n of mass a b s o r p t i o n c o e f f i ­
c i e n t f o r P(MI-VBB). 
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F i g u r e 9. Comparison of P(MI-DiBrS) t o some commercial negative 
r e s i s t s . 
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Fig u r e 10. Comparison of the x-ray a b s o r p t i o n of P(MI-DiBrS) t o 
the s p e c t r a l output of va r i o u s x-ray sources. 
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t o AZ1350 r e s i s t ( 0 2 RIE) or tungsten ( S F 6 and C F 4 RIE). P(MI-VBC) 
e x h i b i t s the good dry-etch d u r a b i l i t y t y p i c a l of aromatic polymers. 
I t s e t c h r a t e under RIE c o n d i t i o n s i s comparable t o t h a t of the 
novolac-based p h o t o r e s i s t s AZ1350 and AZ5214. P(MI-VBC) which i s 
an equimolar copolymer of a l l y l maleimide and chloromethylstyrene, 
has somewhat poorer etch d u r a b i l i t y compared w i t h chloromethyl­
styrene homopolymer PCMS, but d r a m a t i c a l l y improved r e s i s t a n c e t o 
0 2, SFg, and C F 4 RIE compared w i t h the commercial negative x-ray 
r e s i s t s OEBR-100 and COP. These r e s u l t s were obtained f o r unexposed 
r e s i s t f i l m s . Undoubtedly, b e t t e r e tch performance would be 
observed i n exposed ( c r o s s - l i n k e d ) f i l m s . 

Table V. Dry Etch Performance 

°2 S F 6 C F 4 
Resist Rate Resist Bate Resist Rate 

Regjst AZ135

P(MI-VBC) 1.2 0.5 4.2 
PCMS 1.0 0.45 3.3 
OEBR-100 2.0 0.75 6.8 
COP 1.8 0.73 7.0 
PMMA >2.0 0.75 5.6 
AZ1350 1.0 0.5 4.0 
AZ5214 0.75 0.55 4.2 

Note: 10 mTorr, unexposed r e s i s t s 

No f i n e l i n e exposures were performed a t SSRL because a s u i t ­
able x-ray mask was not a v a i l a b l e . However, the two best r e s i s t 
candidates based on the SSRL s t u d i e s , P(MI-DiBrS) and P(MI-VBC), 
were imaged w i t h a Pd-target x-ray stepper. The images shown i n 
Figu r e 11 i n d i c a t e t h a t both r e s i s t s are capable of a t l e a s t 0.5 Mm 
r e s o l u t i o n . 

Experimental 
A l l m a t e r i a l s used were a n a l y t i c a l grade, obtained from Eastman 
Kodak Company, and used without f u r t h e r p u r i f i c a t i o n unless s t a t e d 
otherwise. Product p u r i t y was determined by NMR, GC, MS, elemental 
a n a l y s i s , or comparison of me l t i n g p o i n t s w i t h l i t e r a t u r e v a l u e s . 

flonomer préparâtXqn. hllyl MaleamAç fiçjfl—Allyl amine (84.4 g; 
1.481 mol) i n 100 mL of dichloromethane was added dropwise t o 
r e c r y s t a l l i z e d maleic anhydride (132 g; 1.346 mol) i n 500 mL of 
dichloromethane a t room temperature. The r e a c t i o n mixture was 
s t i r r e d f o r 2 hr a t room temperature and then f i l t e r e d t o o b t a i n 
206 g (99% of theory) of pale y e l l o w c r y s t a l s , m.p.: 110-112°C. 

A l l v l M a l e i m i d e — A l l y l maleamic a c i d (50 g; 0.3326 mol) was 
melted a t 125°C, poured i n t o a 100 mL round bottom f l a s k and d i s ­
t i l l e d under reduced pressure t o y i e l d 17.8 g (39% of theory) of a 
c o l o r l e s s l i q u i d which c r y s t a l l i z e d i n the r e c e i v i n g f l a s k as a 
white s o l i d , m.p.: 41-44°C ( L i t . m.p.: 42-44°C) (12). 
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Figure 11. Micrographs for P(MI-DiBrS). 2Images made with 
Pd(4.37 X l source. Top: 0.6 ym; 180 mJ/cm and bottom: 0.33 ym; 
180 mJ/cm . 
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N-(3-ethvnvlPhenvl)maleamic Acid—m-Aminophenylacetylene (25 g; 
0.213 mol) i n 50 mL of toluene was added dropwise t o r e c r y s t a l l i z e d 
maleic anhydride (20 g; 0.204 mol) i n 100 mL of toluene a t room 
temperature. The s o l u t i o n was s t i r r e d a t room temperature f o r 2 hr 
and then f i l t e r e d t o y i e l d 41.3 g (94% of theory) of a f i n e gray 
powder, m.p.: 194-196°C. 

N-(3-ethvnvlPhenvl)maleimide—N-(3-ethynylphenyl)maleamic a c i d 
(21.5 g; 0.100 mol), anhydrous sodium acetate (6.0 g; 0.0731 mol), 
and 175 mL of a c e t i c anhydride (1.86 mol) were s t i r r e d together and 
heated a t 50°C f o r 3 hr. The r e a c t i o n mixture was cooled t o room 
temperature and f i l t e r e d . The f i l t r a t e was p r e c i p i t a t e d i n an i c e -
water mixture t o y i e l d an impure product. This product was d i s ­
s o l v e d i n hot ethanol and r e c r y s t a l l i z e d by a d d i t i o n of c o l d water 
t o y i e l d 5.3 g (27% of theory) of a f i n e y e l l o w powder, m.p.: 
130-131°C. 

3,5-Dibromostvrene—3,5-Dibromobenzyltriphenylphosphoniu
bromide (125 g; 0.2054 mol) was added g r a d u a l l y t o 830 mL ( 5 0 - f o l d 
excess) of 40% formaldehyde. 490 mL ( 3 0 - f o l d excess) of 50% NaOH 
was added dropwise. The 2000 mL round bottom f l a s k was placed i n a 
c o l d water bath t o l i m i t the r e a c t i o n exotherm. A f t e r a d d i t i o n of 
the NaOH was completed, the r e a c t i o n mixture was s t i r r e d a t room 
temperature f o r 2 hr. The mixture was f i l t e r e d and washed w i t h 
l i g r o i n t o remove the triphenylphosphonium oxide by-product. A f t e r 
d r y i n g over magnesium s u l f a t e , the l i g r o i n was removed by r o t a r y 
evaporation. The r e s u l t i n g l i q u i d was placed i n 150 mL of c h i l l e d 
ethanol and 3,5-dibromostyrene p r e c i p i t a t e d as long white c r y s t a l s . 
Y i e l d : 29 g (54% of t h e o r y ) , m.p.: 27-28°C. 

Trim e t h v l V i n v l b e n z v l S i l a n e — A l l steps t o i n s u r e anhydrous 
c o n d i t i o n s necessary f o r a Grignard r e a c t i o n were taken. Magnesium 
t u r n i n g s (10 g; 0.4112 mol) and 1000 mL anhydrous d i e t h y l ether 
were placed i n a 2000 mL 3-necked round bottom f l a s k equipped w i t h 
a r e f l u x condenser and a c l o s e d n i t r o g e n system. A few i o d i n e 
c r y s t a l s and s e v e r a l drops of e t h y l i o d i d e were added t o i n i t i a t e 
the r e a c t i o n . S e v e r a l drops of v i n y l b e n z y l c h l o r i d e (10 g; 0.0655 
mol) i n 10 mL ether were added t o the f l a s k . The mixture was heated 
t o r e f l u x temperature. As the c h a r a c t e r i s t i c i o d i n e c o l o r began t o 
disappear, the remainder of the v i n y l b e n z y l c h l o r i d e was added drop-
wise and the mixture was r e f l u x e d f o r 3 hr. A f t e r completion of 
the Grignard r e a c t i o n , c h l o r o t r i m e t h y l s i l a n e (71.3 g; 0.6568 mol) 
i n 50 mL of ether was added dropwise. The r e a c t i o n mixture was 
r e f l u x e d f o r an a d d i t i o n a l 14 h r . The r e s u l t i n g s l u r r y was 
f i l t e r e d , washed i n succession w i t h s a t u r a t e d ammonium c h l o r i d e 
s o l u t i o n , 0.5% aqueous NaOH, and water, and then d r i e d over 
magnesium s u l f a t e . The ether was removed by r o t a r y evaporation and 
d i s t i l l a t i o n of the residue under reduced pressure gave 8.0 g (64% 
of theory) of a pale y e l l o w l i q u i d . 

T r i m e t h v l V i n v l b e n z v l Stannane—This procedure i s i d e n t i c a l t o 
the p r e p a r a t i o n of t r i m e t h y l v i n y l b e n z y l s i l a n e w i t h the s u b s t i t u ­
t i o n of t r i m e t h y l t i n c h l o r i d e f o r the c h l o r o t r i m e t h y l s i l a n e . The 
f o l l o w i n g q u a n t i t i e s were used: 32.6 g (0.2136 mol) v i n y l b e n z y l 
c h l o r i d e i n 65 mL of e t h e r , 7.81 g (0.3211 mol) magnesium t u r n i n g s , 

In The Effects of Radiation on High-Technology Polymers; Reichmanis, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



190 EFFECTS OF RADIATION ON HIGH-TECHNOLOGY POLYMERS 

800 mL anhydrous e t h e r , and 60 g (0.3015 mol) t r i m e t h y l t i n c h l o r i d e 
i n 50 mL of e t h e r . Y i e l d : 26.4 g (44% of theory) of a pale y e l l o w 
l i q u i d a f t e r two d i s t i l l a t i o n s under reduced pressure. 

V i n v l b e n z v l B r o m i d e — V i n v l b e n z v l c h l o r i d e (30 g; 0.196 mol) 
and tetrabutylammonium b i s u l f a t e (2.2 g; 0.007 mol) were added t o a 
s o l u t i o n of sodium bromide (210 g; 1.96 mol) i n 500 mL of d i s t i l l e d 
water and s t i r r e d f o r 5.5 hr a t 50°C. The mixture was cooled t o 
room temperature and the aqueous phase was separated from the 
organic phase and washed w i t h dichloromethane. The two organic 
phases were combined, d r i e d over magnesium s u l f a t e , s t r i p p e d of 
s o l v e n t , and s t i r r e d a t 50°C w i t h a d d i t i o n a l tetrabutylammonium 
b i s u l f a t e (0.71 g; 0.002 mol) and sodium bromide (72.1 g; 0.700 
mol) i n 70 mL of d i s t i l l e d water f o r 16 hr. The i s o l a t i o n process 
was repeated and d i s t i l l a t i o n of the organic phase under reduced 
pressure (92°C/1.5 mm Hg) gave 25.5 g (66% of theory) of a pale 
y e l l o w l i q u i d . 

V i n v l b e n z v l I o d i d e — V i n y l b e n z y l c h l o r i d e (20 g; 0.131 mol) was 
added dropwise t o dry sodium i o d i d e (29.5 g; 0.198 mol) i n 130 mL 
dry acetone. The mixture was s t i r r e d a t 50°C f o r 40 min, cooled t o 
room temperature, and f i l t e r e d . The acetone was removed by r o t a r y 
evaporation, and 100 mL water and 150 mL ether were added t o the 
s o l i d r e s i d u e . The aqueous l a y e r was washed w i t h e t h e r . The com­
bined ether l a y e r s were washed w i t h water c o n t a i n i n g 2% sodium 
t h i o s u l f a t e and d r i e d over magnesium s u l f a t e . The ether was removed 
by r o t a r y evaporation and the y e l l o w residue was d i s s o l v e d i n 50 mL 
hexane and cooled t o -20°C. Within 1.5 h r , y e l l o w c r y s t a l s formed. 
Fast f i l t e r i n g w i t h c h i l l e d glassware provided 17.1 g (53.5% of 
theory) of v i n y l b e n z y l i o d i d e . 

PQlYTOer S y n t h e s i s . General P r o c e d u r e — A l l polymers were prepared 
by f r e e - r a d i c a l - i n i t i a t e d s o l u t i o n p o l y m e r i z a t i o n . T y p i c a l q u a n t i ­
t i e s u t i l i z e d were as f o l l o w s : 5.0 g t o t a l monomer and 0.02 g AIBN 
or Vazo 33 i n 30-60 mL s o l v e n t . More d i l u t e s o l u t i o n s were employed 
i n some cases t o e l i m i n a t e g e l formation. In a d d i t i o n , a c h a i n 
t r a n s f e r agent, dodecanethiol, was used t o c o n t r o l molecular weight 
i n some p o l y m e r i z a t i o n s . 

The monomers and s o l v e n t were placed i n a round-bottomed f l a s k 
and purged w i t h n i t r o g e n f o r 10-15 min. The mixture was heated t o 
r e f l u x temperature under n i t r o g e n atmosphere. The i n i t i a t o r was 
then added i n one p o r t i o n along w i t h the chain t r a n s f e r agent. 
R e f l u x under n i t r o g e n was continued f o r 5-24 hr. The mixture was 
cooled and the polymer was p r e c i p i t a t e d i n a non-solvent. 

Conclusions 

A l t e r n a t i n g copolymers of N - a l l y l maleimide w i t h a s u b s t i t u t e d 
styrene are promising negative working x-rav r e s i s t s . These 
m a t e r i a l s have s e n s i t i v i t i e s of 10-50 mJ/cm , p r o v i d i n g a c o n t r a s t 
of 1.5 or b e t t e r , and appear capable of a t l e a s t 0.5 Mm r e s o l u t i o n . 
Further improvements i n r e s i s t performance should be p o s s i b l e by 
o p t i m i z a t i o n of polymer M w and development c o n d i t i o n s . 
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Chapter 12 

Effect of Proton Beam Energy 
on the Sensitivity and Contrast 
of Select Si-Containing Resists 

Diana D. Granger, Leroy J. Miller, and Margaret M. Lewis 

Hughes Research Laboratories, 3011 Malibu Canyon Road, Malibu, 
CA 90265 

Poly[γ-methacryloyloxypropyltris(trimethylsiloxy)silane]
PMOTSS, is an intrinsically negative resist, although 
most poly(alkyl methacrylates) are positive resists. The 
inherent sensitivity of PMOTSS, expressed as the product 
of the electron beam gel dose and the weight-average 
molecular weight, D i

gM w , is comparable to those of the 
polyhalostyrenes. Although the PMOTSS homopolymer is 
rubbery, copolymers of MOTSS and halostyrenes (HS) are 
hard and glassy and suitable for use as the top, imaging 
layer of a bilayer resist for electron beam and masked 
ion beam lithography. The sensitivity of each copolymer 
is a function of its molecular weight and the inherent 
sensitivity and mole fraction of the HS. For each resist, 
the half-thickness sensitivity decreased and the contrast 
increased with increasing proton beam energy over the 
range of 90 to 250 keV. The sensitivity decreased and 
the contrast increased further for irradiation with 20 keV 
electrons. The influence of the proton beam energy is 
most pronounced for those copolymers that have the 
poorest sensitivity. 

Radiation-sensitive polymers are used to define pattern images for the 
fabrication of microelectronic devices and circuits. These polymers, 
called resists, respond to radiation by either chain scission (positive 
resists) or by crosslinking (negative resists). In positive resists, the 
exposed areas dissolve selectively by chemical developers; in negative 
resists, the exposed areas are insoluble and remain after development. 

Although the single-layer negative resists commonly utilized are 
simple, they typically do not resolve narrow (0.5 μm) gaps between 
wide lines or pads due to proximity effects from backscatter from the 
substrate during electron beam (Ε-beam) exposure. Further, there are 
variations in linewidth which occur when images are written in a 
single-layer resist which overlies steps in the substrate. 

0097-6156/89/0381-0192$06.00/0 
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In order to achieve a higher resolution, a multilayer resist must 
be used. A preferred type is a bilevel resist that consists of a thick 
organic polymer bottom layer overcoated with a thin silicon-containing 
imaging layer. The bottom layer serves to planarize the substrate 
topography and to protect the top, imaging layer from exposure from 
backscattered electrons. After a pattern is written and developed in 
the top layer, the resulting image is used as a mask for transferring 
the pattern into the thick bottom layer by reactive ion etching with 
oxygen (02 RIE). This process is shown in the scheme in Figure 1. 
A final resist image can be obtained with vertical sidewalls and a 
high aspect ratio. 

High resolution negative resists are needed for masked ion beam 
lithography ÎMIBL) and for the fabrication of MIBL masks by E-beam 
lithography (EBL). The MOTS S copolymer resists were developed to 
obtain the resolution of fine features that a bilevel resist can best 
provide. The flexibility afforde
the copolymer composition
be tailored by simple synthesis adjustments to have the particular 
sensitivity and etch protection which best suits the application. 

The response of resist materials to ionizing radiation is an 
important factor in the lithographic process. Coincident with a sensi­
tivity survey of various HS-MOTSS compositions, it was observed that 
an increase in proton beam energy resulted in a decrease in sensitivity 
and an increase in contrast (1). Hall, Wagner, and Thompson 
reported an increase in sensitivity when positive or negative resists are 
exposed with a series of ions with increasing mass but identical energy 
(2). The sensitivity increase is related to the increased energy dissi­
pation along the particle track by the slower-moving, heavier ions (8). 
In similar work by the same authors, it was noted that the contrast 
decreased for negative resists and increased for positive resists when 
exposed with the heavier particles (4). This paper is an expansion of 
our earlier report (1) of the effect of the proton energy on the sensi­
tivity and contrast of the HS-MOTSS copolymers. 

Experimental 

Materials. The homopolymer PMOTSS and its copolymers with 
4-chlorostyrene (4CS), 3-chlorostyrene (3CS), 3,4-dichlorostyrene 
(34DCS), 4-bromostyrene (4BS), 4-iodostyrene (4IS), and a 60:40 
commercial mixture of 3- and 4-chloromethylstyrene (CMS) were 
prepared by free-radical polymerization in benzene solution at 65 °C to 
80 °C with benzoyl peroxide (BPO) as the initiator. The total 
monomer concentration was 1.5M for all the copolymerizations, while 
the molar ratios of HS to MOTSS varied from 1 to 4. Initially, the 
monomers were used as received; however, when the control of the 
molecular weight became important, the inhibitor was removed from 
the monomers by passage through a column containing the De-hibit 
100 ion exchange resin from Polysciences, inc. 

Elemental analyses were performed by Galbraith Laboratories, Inc., 
of Knoxville, TN. The compositions of the HS-MOTSS copolymers 
were derived from the average of the values calculated from the 
reported halogen and silicon content. The molecular weight and 
dispersity of the polymers were measured in tetrahydrofuran by size 
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exclusion gel permeation chromatography against monodisperse polysty­
rene standards using a Waters Associates Model ALC-202/401 liquid 
chromatograph equipped with Ultrastyragel Model 10681 columns. 

Exposure and Processing. Ε-beam sensitivity matrices were written 
using the AEBLE 150 Ε-beam system with 20 keV electrons at a flux 
of either 10 or 25 A/cm 2. The copolymers were tested as Ο.Β-μτη 
spin-coated films on silicon wafers, which were typically prebaked at 
60-80 °C at about 5 torr. The sensitivity to protons was measured 
using exposures in similar 0.5-/im films. A Hughes-built ion implanta­
tion system exposed a series of ten 1-mm diameter spots on each 
wafer covering a selected range of dosages. 

The exposed HS-MOTSS copolymer films were dip-developed in 
solvent followed by baking at 50-80 °C in vacuum for about 30 min. 
Ε-beam dose matrice images were developed in chlorobenzene for 30 
sec; ion beam test exposure  developed i  methyl isobutyl keton
for 30 sec. The thicknesse
Nanospec/AFT microare g system

Figure 2 shows a typical plot of normalized thickness remaining 
for a negative resist against the log of the radiation dose. The sensi­
tivity, Q, for the resist is the dose which results in one-half of the 
original thickness remaining after development. The symbol Q e refers 
to the Ε-beam sensitivity in /iC/cm2; Q H refers to the proton sensi­
tivity in ions/cm ; and Q p refers to the proton sensitivity in units of 
/iC/cm2 for comparison with Q e. The contrast 7 is the slope of the 
linear portion of the curve, which is typically. within the normalized 
thickness range of 0.1 to 0.7. The gel dose is the dose at which 
that line extrapolates to a normalized thickness of zero, and usually 
corresponds to the minimum dose for gelation. 

Results and Discussion 

The structure of the MOTSS monomer is: 
CH« 
I 3 

H2C=C-C=0 0-Si(CH 3 ) 3 

0-CH 2-CH 2-CH 2-Si-0-Si(CH 3)3 

a-Si(CH3)3 

As a silicon-substituted poly (alky 1 methacrylate), the homopolymer of 
MOTSS was expected to act as a positive resist (5). The fact that 
PMOTSS is a negative rather than a positive resist must be at least 
partly due to the large size of the ester alkyl group. Lai and Helbert 
have shown that the G X U n | ^ of poly (alkyl methacrylates) increases as 
the size of the ester group increases (6,7). Alternatively, the negative 
tone could arise from the chemistry of the trimethylsiloxy groups. It 
has been shown that trimethylsiloxy-terminated poly(dimethylsiloxanes) 
act as negative Ε-beam resists (8), as does poly (methyl methacrylate) 
with pendent poly (dimethylsiloxane) grafts (9). 
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Figure 1. The processing steps for a bilayer resist using 02-RIE. 

Figure 2. A typical sensitivity curve for a negative resist showing 
the relationship between the gel dose (D*), the sensitivity 
(Q), and the contrast (7). 
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Table I. 

EFFECTS OF RADIATION ON HIGH-TECHNOLOGY POLYMERS 

The polymerization of MOTS S with various halostyrenes 

Halostyrene Temp Time [HS] [MOTSS] [BPO] % HS/MOTSS 
(HS) °C hr M M MxlO3 Conv. Feed Polymer 

(PMOTSS) 80 6 0.00 0.311 2.6 88.9 0.00 0.00# 
4CS 80 6 0.758 0.712 7.46* 53.7 1.06 1.26 

80 6 0.786 0.761 12.7 65.1 1.03 1.32# 
80 6 0.811 0.717 14.6* 69.6 1.13 1.52 
80 6 1.27 0.361 14.5 58.3 3.51 3.92 

3CS 75 12 1.16 0.316 2.87 23.3 3.68 7.47# 
34DCS 70 12 0.748 0.753 5.01 17.6 0.99 1.94# 

4BS 80 6 
4IS 80 6 

CMS 80 6 0.751 0.749 12.9 86.5 1.00 1.21 
80 6 0.811 0.714 12.9 86.1 1.14 1.32# 
80 12 0.779 0.751 7.52* 77.2 1.04 1.46 
80 12 0.784 0.714 3.78* 62.2 1.10 1.72 
80 6 0.752 0.728 12.9 >61.1 1.03 1.73 
80 12 0.885 0.617 10.2 74.5 1.43 2.08 
75 23 0.992 0.509 5.20 57.9 1.95 3.28 
80 6 1.21 0.325 6.69 75.5 3.72 4.57# 
64 260 1.21 0.300 1.7 22.1 4.02 8.65# 

* Inhibitor removed from monomers. 
# Material used for reported proton beam data. 

Because it is rubbery at room temperature, the PMOTSS 
homopolymer is unsuitable for resist processing. To obtain radiation-
sensitive materials with the etch protection afforded by the silicon 
content of MOTSS but with a higher softening point temperature, 
MOTSS was copolymerized with various halostyrenes. Table I 
summarizes the polymerization conditions for the homopolymer and 
copolymers, the molecular weights of which are listed in Table II. 
When polymerized at 80 °C, the product copolymers contained a 
slightly higher HS:MOTSS ratio than was provided in the reaction 
mixture, and this ratio increased when the temperature was decreased. 
The HS-MOTSS copolymers are hard and glassy and suitable for use 
as the top layer of bilevel resists. The softening point temperatures 
for a series of 4CS- and CMS-MOTSS copolymers were in the range 
of 44 to 78 °C and increased with increasing wt% HS content (1). 
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Table II. The molecular weights of the MOTSS copolymers 

197 

Halostyrene 
(HS) 

HS 
MOTSS Mwxl0'3 M xlO*3 

η 
M w / M n 

(PMOTSS) 0.00 76.8 41.9 1.83 
4CS 1.26 36.8 25.6 1.44 

1.32 29.3 19.2 1.52 
1.52 30.1 20.8 1.44 
3.92 40.6 23.0 1.76 

3CS 7.47 68.2 39.1 1.74 
34DCS 1.94 140. 83.4 1.68 

4BS 4.27 53.6 25.0 2.14 
4IS 1.30 25.9 17.7 1.46 

CMS 1.2
1.3
1.46 50.2 32.0 1.57 
1.72 69.4 43.2 1.61 
1.73 58.5 41.1 1.42 
2.08 112. 57.6 1.94 
3.28 106. 36.4 2.91 
4.57 82.9 32.4 2.56 
8.65 190. 42.7 4.44 

The Ε-beam sensitivity of an HS-MOTSS copolymer resist is 
controlled by the molecular weight of the copolymer and by the 
structure and weight fraction X of the HS. The product_of the 
Ε-beam gel dose and the weight-average molecular weight, D gM £an 
be used as a figure of merit for negative resists; the lower the D g M w , 
the more inherently sensitive the resist. The value of 0.31 reported 
(1) for the PMOTSS homopolymer. is comparable to those of the halo­
styrene polymers (10,11). The D'M value for a copolymer can be 
predicted by the formula derived by 'ïanigaki et al. (11): 

1 = X + 1 - X 

Pg^UHS-MOTSS PgRjns ( D g M w ) M O T S S 

The D*Mw values for a series of CMS-MOTSS copolymer composi­
tions are snown in Figure 3 with the lines calculated from the above 
formula using two D'Mw values for the PCMS homopolymer.. _ Extrap­
olation of the experimental data suggests that the actual D g M w value 
for the PCMS homopolymer is 0.057, midway between our earlier 
value of 0.046 (Jensen, J.E.; Brault, R.G.; Miller, L.J.; Granger, D.D.; 
van Ast, C.I., Hughes Research Laboratories, unpublished results) and 
that of 0.07 used by Tanigaki et al. (11). 
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Table III. The inherent Ε-beam sensitivity of PMOTSS 
and its copolymers 

Halostyrene 
(HS) 

HS 
M O T S S 

wt% 
HS 

Predicted Experimental 
D ; M W 

4CS 1.26 28.3 0.35 0.31 0.167 
1.32 30.1 0.35 0.31 0.214 
1.52 32.4 0.36 0.31 0.252 
3.92 56.3 0.40 0.32 0.644 

3CS 7.47 70.5 0.28 - 0.400 
34DCS 1.94 44.3 0.35 - 0.182 

4BS 4.27 65.6 0.35 - 0.790 
4IS 1.32 41.2 0.31 0.25 0.992 

C M S 1.21 
1.32 
1.46 33.5 
1.72 37.5 0.098 0.14 0.089 
1.73 38.2 0.097 0.13 0.118 
2.08 42.6 0.090 0.12 0.111 
3.28 54.2 0.075 0.11 0.093 
4.57 62.2 0.068 0.099 0.080 
8.65 75.7 0.058 0.086 0.073 

A D * M W values for P4CS, P3CS, P34DCS, P4BS, P4IS, and P C M S are 
U52, 0.27, 0.42, 0.38, 0.32, and 0.046, respectively (Jensen et al.). 

D ^ M W values for P4CS, P4IS, and P C M S are 0.32, 0.2, and 0.07, 
respectively (11). 

The predicted D*Mw values for the HS-MOTSS copolymers are 
listed in Table III along with those obtained experimentally. While 
the actual D^Mw values for the CMS-MOTSS copolymers followed the 
Tanigaki formula reasonably well, those for the other HS-MOTSS 
copolymers did not. It was anticipated (11) that those copolymers 
which had low HS content would be more sensitive than calculated; 
however, some of the copolymers which contained a larger weight 
fraction of HS were much less sensitive than predicted by the formula. 
(The departure from the Tanigaki formula in these cases could be an 
effect of scission processes in the MOTSS units. A reviewer 
mentioned that the determination of the values for G g c i e . and G x i j n k 

for PMOTSS might be helpful in distinguishing between the 
degradation of the methacrylate chain and the crosslinking caused by 
the sidechains. Sensitivity curves for PMOTSS indicate that the 
exposed areas may begin to thin slightly as the Ε-beam dose is 
increased beyond about 40 /iC/cm 2. Whether the thickness loss is 
due to chain scission or to the loss of sidechain groups is unclear; 
however, if the dose at which the material crosslinks approaches that 
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at which Jt loses thickness, the net loss in sensitivity might produce a 
larger D*Mw value than that predicted by the formula.) 

The sensitivities to 90, 125, 175, and 250 keV protons for 
PMOTSS and a representative selection of its copolymers are listed in 
Table IV. In general the sensitivity of the materials decreased as the 
energy of the protons increased. This is true because the energy 
deposited in the film per unit of pathlength actually decreases as the 
energy of the incident particles is increased. Because a proton with 
higher kinetic energy moves faster through a resist film, spending less 
time near a given molecule in its path, there is a lower probability 
that it will transfer energy to that molecule than would a slower-
moving, lower energy particle (12). 

Table IV. The proton beam sensitivity of PMOTSS 
d it  copolymer

Halostyrene H g QH xlO  ions/cm  l o g _ , o g c Q r r e 

(HS) MOTSS 90keV 125keV 175keV 250keV slope coeff. 

(PMOTSS) 0.00 1.37 1.55 1.63 1.89 0.299 0.988 
4CS 1.32 2.38 2.68 3.01 3.43 0.372 0.999 
3CS 7.47 1.54 2.00 2.01 2.09 0.268 0.841 

34DCS 1.94 0.538 0.607 0.708 0.710 0.288 0.948 
4BS 4.27 4.42 5.78 6.31 6.65 0.373 0.932 
CMS 1.32 0.521 0.525 0.631 0.627 0.217 0.895 

4.57 0.636 0.616 0.695 0.757 0.190 0.900 
8.65 0.264 0.283 0.335 0.332 0.250 0.928 

Q H = Half-thickness proton beam sensitivity. 

The region of exposure for an individual proton can be visualized 
as a cylinder which contains the deposited energy and which extends 
through the resist film with the path of the incident ion at the axis 
of the cylinder. As the proton moves through the polymer, it ionizes 
the polymer and generates secondary electrons which distribute the 
absorbed energy around the primary particle track. Of course, the 
density of deposited energy is higher at the center of the cylinder 
than it is near the circumference. The secondary electrons have 
average kinetic energies proportional to that of the incident proton; 
therefore, those generated by higher energy protons have longer ranges 
(4), and they define cylinders with larger radii. There is a much 
lower density of deposited energy in the exposure cylinder for a higher 
energy proton because not only does its exposure cylinder contain less 
energy per unit depth than does that of a lower energy proton, but 
the longer ranges of the secondary electrons spread that energy 
throughout a larger volume. Conversely, the greater energy dissipation 
per unit pathlength of lower energy protons combines with the shorter 
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range of the secondary electrons to result in a higher density of 
deposited energy within the exposure cylinder. 

The influence of the proton beam energy on the sensitivity is 
most pronounced for those copolymers that have the poorest sensi­
tivity. Figure 4 presents least-squares fits of log-log plots of the 
sensitivity, Q H , as a function of the proton energy. The slopes of 
these plots, listed in Table IV with their correlation coefficients, can 
be taken as a measure of the response, Rp, of the MOTSS copolymer 
to changes in proton energy and to changes in the amount of energy 
deposited within the resist by each proton. Figure 5 is a plot of the 
values of Rp as a function of the sensitivities of the corresponding 
polymers to 125 keV protons, and it demonstrates that R is largest 
for the least sensitive polymers. We believe that the diminished 
response of the more sensitive copolymers is related to the crosslinking 
efficiency of the deposited energy. If a resist has a low sensitivity, it 
can use the extra energ  deposited b  lo  proton  effectively
even at a high energy density
the extra absorbed energy  deposite
at too high a density and most of it is wasted (2,4,18). 

Table V. The proton beam contrasts for PMOTSS 
and its copolymers 

Halostyrene HS Contrast (Ύ Η) 
(HS) MOTSS 90keV 125keV 175keV 250keV 

(PMOTSS) 0.00 1.41 1.41 1.46 1.67 
4CS 1.32 1.65 1.35 1.47 1.82 
3CS 7.47 1.41 1.36 1.39 1.53 

34DCS 1.94 0.980 1.06 1.06 1.16 
4BS 4.27 1.69 1.75 1.49 2.50 
CMS 1.32 0.676 0.714 0.810 0.800 

4.57 0.625 0.714 0.725 0.845 
8.65 0.645 0.613 0.645 0.674 

The proton beam contrasts for the MOTSS copolymer resists are 
listed in Table V. The contrasts generally increased with increasing 
proton energy, although there is considerable scatter in the data, 
which reflects the difficulty in obtaining accurate values for the 
contrast. The increase in contrast (Figure 6) is believed to be related 
to the concommitant decrease in the density of the deposited energy 
within the exposure cylinders. Contrast is a measure of the efficiency 
of the incident radiation in effecting crosslinking after the gel point 
dose has been reached. If the energy is deposited at a density that 
is greater than is needed to crosslink the resist, some of the energy is 
wasted. As the proton energy is increased, the volume of the 
exposure cylinders increases and the average energy density decreases, 
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Figure 4. The effect of proton beam energy on the sensitivity (QH) 
of the MOTSS copolymer resists. 
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The effect of proton beam energy on the contrast (7) of 
the M O T S S copolymer resists. 
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resulting in a more efficient energy distribution for crosslinking the 
resist. 

Table VI. The ratio of Ε-beam and proton beam sensitivities 
of PMOTSS and its copolymers 

Halostyrene H g Q e Q e /Q P 

(HS) MOTSS (μθ/cm2) 90keV 125keV 175keV 250keV 

(PMOTSS) 0.00 7.58 34.6 30.6 29.1 25.1 
4CS 1.32 11.6 30.5 27.0 24.1 21.1 
3CS 7.47 10.3 41.8 32.2 32.0 30.8 

34DCS 1.94 2.04 23.7 21.0 18.0 18.0 
4BS 4.27 
CMS 1.32 

4.57 2.13 20.9 21.6 19.2 17.6 
8.65 1.30 30.8 28.7 24.2 24.5 

Averages: 29.3 25.7 23.2 21.9 

Q = Ε-beam sensitivity (1)\ Q H = proton beam sensitivity. 
Q p = Q H χ (9.65xl010 /iC/mole) / (6.02xl023 ions/mole). 

The copolymers' sensitivities to protons, expressed in uC/cm2 (Qp), 
are compared to their sensitivities to 20 keV electrons (QJ in Table 
VI. On the average, they were 25 times more sensitive to protons 
than to electrons, and Q e /Q decreased as the proton energy 
increased. The contrasts, which are compared in Table VII, were on 
the average about 2 times as high for electrons as with protons, and 
the ratio 7 e/7 p also decreased as the proton energy increased. The 
explanation for these results is consistent with that given above for 
the effects of proton energy. Only about 5% of the energy of the 
electron beam is dissipated in the resist (4). The secondary electrons 
have energies approaching those of the primary electrons, and therefore 
they have much longer ranges than those generated by protons. 
Consequently, the electron beam energy absorbed by the resist is 
spread over a relatively large volume and the absorbed energy density 
is low, compared to protons. 

An earlier paper from this laboratory showed that a plot of 
log(Qj at 20 keV against log(Qp) at 100 keV for 19 negative and 
positive resists had a linear least squares slope of 1.30 with a corre­
lation coefficient of 0.909 (14). Our log-log plot of Q e against Q p at 
90 and 125 keV for the MOTSS copolymers is shown in Figure 7. 
The linear least squares fit for the 125 keV plot has a slope of 1.05 
with a correlation coefficient 0.992. Those for the 175 and 250 keV 
protons have the same slope within experimental error, but that for 
the 90 keV protons is higher, 1.11, with a correlation coefficient of 
0.981. The reason that the slopes derived from the HS-MOTSS data 
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Figure 7. The Ε-beam sensitivity (Qe) of MOTSS copolymer resists 
as a function of the proton beam sensitivity (Qp) with 90 
and 125 keV protons. 
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are lower than that reported earlier for other resists is unclear and 
may be an effect of the G e c . e e i o n of the methacrylic MOTSS units; 
however, as noted in the previous paper (14) y a slope >1.00 reflects a 
greater crosslinking efficiency in the less sensitive resists. 

Table VII. The ratio of Ε-beam and proton beam contrasts 
for PMOTSS and its copolymers 

Halostyrene H g ijln 
(HS) MOTSS 7e 

90keV 125keV 175keV 250keV 

(PMOTSS) 0.00 1.79 1.27 1.27 1.23 1.07 
4CS 1.32 2.27 1.42 1.66 1.54 1.31 
3CS 7.47 

34DCS 1.94 
4BS 4.27 2.81 1.67 1.60 1.58 1.31 
CMS 1.32 2.89 4.29 4.03 3.55 3.59 

4.57 1.81 2.85 2.51 2.50 2.19 
8.65 1.34 2.09 2.10 2.08 2.00 

Averages: 2.21 2.17 2.06 1.89 

7e = Ε-beam contrast; 7H = Proton beam contrast. 

In summary, we have shown that the proton beam sensitivity of 
an HS-MOTSS copolymer decreases and the contrast increases with 
increasing proton energy, and that the influence of the proton energy 
on the sensitivity of these materials is diminished with the more 
sensitive resists. 
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Chapter 13 

Novel Principle of Image Recording 
Photochemically Triggered Physical Amplification 

of Photoresponsiveness in Molecular 
Aggregate Systems 

Shigeo Tazuke and Tomiki Ikeda 

Research Laboratory of Resources Utilization, Tokyo Institute 
of Technology, 4259

A novel principle o  amplified photochemica  reversible 
imaging is presented. This principle is based on the 
concept of photochemically triggered physical amplifica­
tion of photoresponsiveness of molecular aggregate sys­
tems by means of inducing various phase transitions 
brought about by a partial photochemical change. Ap­
plicability of this principle was demonstrated for 
micelles, vesicles, liquid crystals, and finally for liq­
uid crystalline polymer films. Owing to the presence of 
a threshold photoenergy to induce thermodynamic transi­
tion, the degree of image amplification relative to 
direct read-out by photochromism exceeded 102. Five ex­
amples are described. 

Studies on image recording systems and their supporting materials 
which enable high density, high speed, highly reliable reversible 
information storage and read-out are topics of current material 
research. Since there seems to be a foreseeable limit of perfor­
mance in conventional magnetic recording systems, contemporary tech­
nology is now moving into optical or optomagnetic systems as can­
didates for high density Ε-DRAW (erasable direct read after writing) 
devices. These devices could be the next generation of information 
storage devices(1). While these newer systems are superior to con­
ventional magnetic recording systems, the operational principle is 
based on a thermally induced phase change such as crystal - amor­
phous transition. Namely, these processes utilize laser heating so 
that it is a heat-mode device and therefore the merits of optical 
processes can not be fully appreciated. 

Comparison between heat-mode and photon-mode processes is 
given in Table I. The main differences are the superior resolution 
and the possibility of multiplex recording in photon-mode systems. 
Because of the diffusion of heat, the resolution of heat-mode 
recording is inferior to that of photon-mode systems. Furthermore, 
photons are rich in information such as energy, polarization and 
coherency, which can not be rivalled by heat-mode recording. 

0097H5156/89/0381-0209$06.00/0 
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Table I . Comparison between heat- and photon-mode image r e c o r d i n g 

item heat-mode 

speed 0 
s e n s i t i v i t y 0 
r e s o l u t i o n 0 
area d e n s i t y of image 0 
storage s t a b i l i t y 0 
read-out s t a b i l i t y 0 
e r a s a b i l i t y 0 
r e w r i t a b i l i t y 0 

photon-mode 

00 
0 

00 
00 

? 

? 

? 

0: performance of present heat-mode system, 00: b e t t e r than heat 
mode, ?: questionable, For heat-mode and photon-mode systems, 
thermal phase change and conventional photochromic systems are 
assumed, r e s p e c t i v e l y . 

On the other hand, the heat-mode r e c o r d i n g i s advantageous i n 
view of having an energy t h r e s h o l d of r e c o r d i n g . Because of t h i s , 
the recorded i n f o r m a t i o n i s not l o s t a f t e r repeated read-out by 
monitoring w i t h l i g h t of reduced i n t e n s i t y . I n c o n t r a s t , d i r e c t 
read-out of photochemical(i.e. photochromic) r e c o r d i n g a t the 
wavelength o f the photochromic absor p t i o n band causes f a d i n g of the 
recorded image. Photochromic r e a c t i o n s have no energy t h r e s h o l d . 
For heat-mode r e c o r d i n g , the energy t h r e s h o l d and subsequent phase 
change w i l l provide h i g h r e s o l u t i o n and h i g h c o n t r a s t i n imaging. In 
a l i g h t spot from a semiconductor l a s e r , the i n t e n s i t y i s the highest 
at the center and g r a d u a l l y decreases towards the periphery. I f the 
t h r e s h o l d energy can be adjusted to the l i g h t i n t e n s i t y a t the 
center, a sharp spot with a diminished s i z e could be recorded even i f 
the i r r a d i a t e d spot i s broad and d i f f u s e d . 

We are now presenting a new approach t o combine the merits of 
both heat-mode and photon-mode recordings. Photochemically t r i g g e r e d 
phase t r a n s i t i o n i s the b a s i c concept(2 t 3 ) . Any molecular aggregate 
system can r e v e a l phase t r a n s i t i o n phenomenon by e x t e r n a l or i n t e r n a l 
s t i m u l i such as temperature, pressure and chemical composition. When 
a molecular aggregate system close to i t s phase t r a n s i t i o n c o n d i t i o n 
i s perturbed by a s m a l l photochemical change, a phase change can be 
t r i g g e r e d and the p h y s i c a l p r o p e r t i e s w i l l be suddenly a l t e r e d . 

Expected merits of the photochemically t r i g g e r e d phase t r a n s i ­
t i o n system are as f o l l o w s : F i r s t l y , s i nce the o v e r a l l changes are 
spontaneous once i t i s t r i g g e r e d , the r e s u l t a n t changes i n p h y s i c a l 
p r o p e r t i e s are g r e a t l y enhanced. Secondly, the photochemical i n f o r ­
mation i s t r a n s f e r r e d to d i f f e r e n t p h y s i c a l p r o p e r t i e s and consequent­
l y , the read-out of i n f o r m a t i o n can be conducted by some other method 
than measuring the photochromic change d i r e c t l y . T h i r d l y , the phase 
t r a n s i t i o n i s a r e v e r s i b l e process and the erase-and-rewrite c y c l e i s 
ensured. L a s t l y , the f r a c t i o n of photochromic change necessary t o 
induce a phase t r a n s i t i o n i s very small and t h e r e f o r e the f a t i g u e 
phenomena common to photochromic compounds can be g r e a t l y reduced. 

A shortcoming i s the i n s t a b i l i t y a gainst e x t e r n a l c o n d i t i o n s , 
i n p a r t i c u l a r temperature. To induce a phase t r a n s i t i o n w i t h a m i n i ­
mum amount of photochemical change, the molecular aggregate system 
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should be placed c l o s e t o the phase t r a n s i t i o n c o n d i t i o n . Con­
sequently, the operative temperature range i s r a t h e r l i m i t e d . In 
other words, the requirements to s a t i s f y a h i g h s e n s i t i v i t y and a 
wide l a t i t u d e of temperature are c o n f l i c t i n g . 

In the f o l l o w i n g , a number of examples are presented w i t h em­
phasis on how such a m p l i f i e d imaging device can be b u i l t i n s e l f -
supporting polymer m a t e r i a l s . The present photochromic compounds 
(azobenzene and spiropyran d e r i v a t i v e s ) are r a t h e r common and have 
been used many times i n molecular assemblies without touching upon 
the concept of image a m p l i f i c a t i o n . The most recent references are 
given(4 - 6). 

Examples of Photochemically Triggered P h y s i c a l A m p l i f i c a t i o n 

The examples we have demonstrated so f a r are s c h e m a t i c a l l y shown i n 
Figure 1. Although the photochemical event d th  subsequent 
p h y s i c a l changes are d i f f e r e n
i s the there i s a n o n - l i n e a
r e a c t i o n , t h a t i s , the image a m p l i f i c a t i o n has been demonstrated. 

a 

Figure 1. Examples of photochemically t r i g g e r e d p h y s i c a l 
a m p l i f i c a t i o n . 
a) S p h e r i c a l m i c e l l e , read-out by change i n surface t e n s i o n , b) 
P l a t e - l i k e m i c e l l e , read-out by l i g h t s c a t t e r i n g , c) V e s i c l e , read­
out by c i r c u l a r dichroism. d) L i q u i d c r y s t a l s , read-out by p o l a r i z e d 
l i g h t . 

Various methods are used f o r read-out. M i c e l l e formation and 
d i s s o c i a t i o n may be detected by means of a fluorescence probe d e t e c t -
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in g h y d r o p h o b i c it y . Phase t r a n s i t i o n i n l i q u i d c r y s t a l s can be 
e l e c t r i c a l l y detected. Many other phase change phenomena such as 
s o l i d - l i q u i d t r a n s i t i o n s ( c r y s t a l m e l t i n g , s o l u b i l i t y change and so 
f o r t h ) , liquid-liquid(homogeneous-phase s e p a r a t i o n , v a r i o u s phase 
t r a n s i t i o n s i n l i q u i d c r y s t a l s ) appear u n s u i t a b l e f o r p r a c t i c a l imag­
i n g m a t e r i a l s . 

Photochemically Triggered M i c e l l e Formation 

A spiropyran compound bearing a pyridinium group and a long a l k y l 
chain behaves as a s u r f a c t a n t . The components shown i n Scheme 1 ex­
h i b i t reverse photochromism i n p o l a r s o l v e n t s . The colored 
merocyanine form i s more s t a b l e than the spiropyran form i n the dark. 
Upon p h o t o i r r a d i a t i o n at λ>510 nm, the p o l a r merocyanine form i s con­
verted to the hydrophobic spiropyran form so t h a t the CMC ( c r i t i c a l 
m i c e l l e concentration) of the s u r f a c t a n t decreases  Consequently
when the i n i t i a l c o n centratio
forms, p h o t o i r r a d i a t i o
c e r t a i n conversion to the spiropyran form corresponding to the CMC of 
the mixed m i c e l l e of the two forms. 

Although CMC i s not a sharp phase t r a n s i t i o n and the degree of 
a m p l i f i c a t i o n i s not phenomenal, a c l e a r n o n - l i n e a r change i n surface 
t e n s i o n a g a i n s t the amount of photochemical change i s observed as 
shown i n Figure 2. 

Changes i n the shape of the absorption spectrum correspond very 
w e l l w i t h m i c e l l e formation. The r a t i o of absorbance at 550 nm to 
that a t 500 nm(both are absorptions of merocyanine) i s constant below 
the CMC whereas the value increases continuously w i t h concentration 
above CMC. This i n d i c a t e s t h a t the merocyanine i s a s e n s i t i v e probe 
to d e t e c t m i c e l l e formation. During the p h o t o i r r a d i a t i o n experiment 
shown i n Figure 2, the r a t i o of absorbance s t a r t e d to increase a t the 
A^/AQ value where the surface t e n s i o n showed a sudden drop. 

When the i n i t i a l c o n centration of the merocyanine form i s lower 
than the CMC of the spiropyran form, the change i n surface t e n s i o n i s 
gradual a l l through the progression of photoreaction. The value of 
A^^Q/AJQQ remains constant during p h o t o i r r a d i a t i o n . Unfortunately, 
r e v e r s i b i l i t y of t h i s photochromism i s poor and the m i c e l l e 
f o r m a t i o n / d i s s o c i a t i o n c y c l e d e t e r i o r a t e s r a p i d l y . 

1a 1b 

Scheme 1 
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1 

A t / A o 

Figure 2. Change i n surface t e n s i o n ( O ) and absorbance r a t i o ( φ) as a 
f u n c t i o n of the degree of photoisomerization(A^./AQ) of 1a i n water. 
[1] = 5.2x1er-5 M; AQ and Â . are absorbance of 1a a t 502 nm a t time 0 
and t , r e s p e c t i v e l y . 
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Photochemical C o n t r o l of Aggregation Number 

The amphipathic compounds shown i n Scheme 2 can form a d i s c - l i k e 
m i c e l l e ( 7 ) . The shape of a molecular aggregate depends on the shape 
of the c o n s t i t u e n t molecules(8). For i n s t a n c e , c o n i c a l molecules 
wi t h l a r g e p o l a r head groups p r e f e r to form s p h e r i c a l m i c e l l e s while 
c y l i n d r i c a l molecules tend to give f l a t aggregates. Trans-
azobenzene i s a r o d - l i k e molecule whereas the c i s - f o r m i s bent. 

*-®N*N-@.R 2 ===== Q 

Rl : -0(CH2)mO?0(CH2)2N(CH3)3 
0-

R 2 : -0(CH 2) n . 1CH 3 

2 3 12 
3 6 9 

Scheme 2 

Consequently, a photochemical transformation from the trans to the 
c i s isomer changes the s t a t e of molecular aggregation. The bent 
s t r u c t u r e of the c i s form cannot be accommodated i n the l a r g e d i s c ­
l i k e aggregate and thus the aggregation number decreases n o n - l i n e a r l y 
w i t h the progre s s i o n of photoisomerization. This change i s c l e a r l y 
shown by the change i n l i g h t s c a t t e r i n g i n t e n s i t y . 

The r e s u l t s of d i f f e r e n t i a l scanning calorimetry(DSC) i n d i c a t e 
the change i n aggregation s t a t e . The trans m i c e l l e showed a main en-
dothermic peak at 14·2°0(ΔΗ =1.0 k c a l / m o l ) , corresponding t o a g e l -
l i q u i d c r y s t a l phase t r a n s i t i o n , whereas the t r a n s i t i o n temperature 
f o r the c i s m i c e l l e appeared at 11.9°C( ΔΗ = 0.8 kca l / m o l ) . This i s 
unequivocal evidence t h a t the t r a n s - c i s p h o t o i s o m e r i z ation i s a suf ­
f i c i e n t p e r t u r b a t i o n to a l t e r the s t a t e of molecular aggregation. 

As shown i n Figure 3, the change i n RQ i s n o n - l i n e a r l y r e l a t e d 
to the c i s content expressed by the increase i n absorbance at Λ50 nm, 
a c h a r a c t e r i s t i c a b s o r p t i o n band of cis-azobenzene. This non-
l i n e a r i t y i s a t t r i b u t e d to the i n t r i n s i c nature of phase transforma­
t i o n o c c u r r i n g a t a c r i t i c a l c o n d i t i o n . A sudden change i n RQ com­
mences when the c i s content reaches the c r i t i c a l value which can 
t r i g g e r the t r a n s f o r m a t i o n . 
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0I 1 . . 1 
0 0.2 OA 0.6 0.8 

JABS at 450 nm 

Figure 3. Change i n l i g h t s c a t t e r i n g intensity(B q ) upon photo-
i r r a d i a t i o n of the m i c e l l e of 2a. [2] = 5.1x10~4 M. AABS at Λ50 nm 
corresponds to the formation of 2b. 
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Photochemically Triggered Induced C i r c u l a r Dichroism i n Liposomes 
When an o p t i c a l l y i n a c t i v e chromophore i s subject t o the e f f e c t of 
o p t i c a l l y a c t i v e environment, o p t i c a l a c t i v i t y may be induced a t the 
a b s o r p t i o n wavelength of the o p t i c a l l y i n a c t i v e chromophore. This 
phenomenon of induced c i r c u l a r dichroism(ICD) i s o f t e n observed i n 
polypeptides bearing various a c h i r a l chromophores on the side 
chain(9)» The strong c h i r a l environment caused by the peptide h e l i x 
s t r u c t u r e i s r e s p o n s i b l e f o r t h i s . Distance from, and o r i e n t a t i o n 
t o , the c h i r a l f i e l d decide the degree of ICD appearing on the 
a c h i r a l chromophore. 

Provided t h a t an o p t i c a l l y a c t i v e molecular aggregate i s photo­
c h e m i c a l l y perturbed to change the s t a t e of molecular alignment, the 
e f f e c t of a c h i r a l environment on an a c h i r a l chromophore incorporated 
i n the molecular aggregate w i l l be a l s o a l t e r e d . I t has been known 
that polypeptides bearing photochromic s i d e groups change t h e i r o p t i ­
c a l l y a c t i v e p r o p e r t i e s as a r e s u l t of photochromic reaction(10-12)
This phenomenon i s l i k e l
photoresponsiveness. 

We have demonstrated th a t a c h i r a l v e s i c l e composed of d i -
p a l m i t o y l - L - α-phosphatidylcholine(1-DPPC) doped w i t h the azobenzene 
c o n t a i n i n g amphiphiles shown i n Scheme 2 i s a subject t o photochemi­
c a l l y t r i g g e r e d phase t r a n s i t i o n and e x h i b i t s a n o n - l i n e a r photo-
response i n terms of ICD appearing a t the a b s o r p t i o n band of 
azobenzene. 

The mixed l i p o s o m a l s o l u t i o n s were prepared by the e t h a n o l -
i n j e c t i o n method(13) i n order to obtain completely transparent s o l u ­
t i o n s . I t i s i n t e r e s t i n g t o note that m i s c i b i l i t y of the 
photochromic amphiphiles w i t h DPPC depend on the p o s i t i o n of bulky 
azobenzene. I f azobenzene i s incorporated c l o s e t o the end of long 
a l k y l c h ain, a s t a b l e mixed b i l a y e r s t a t e cannot be formed. On the 
other hand, when the azobenzene moiety i s l o c a t e d near the head group 
or a t the center of the hydrocarbon t a i l , the azobenzene amphiphiles 
are s u c c e s s f u l l y incorporated i n t o the b i l a y e r membrane. No i n ­
d i v i d u a l m i c e l l e formation nor phase separation i n the b i l a y e r was 
observed a t 25 °C by absorption spectroscopy. However, the 
m i c r o s t r u c t u r e of the mixed liposomes depends on the type of azoben­
zene amphiphiles. 

A study by DSC provides c l e a r evidence t h a t a homogeneous mix­
ture of DPPC w i t h the photochromic amphiphiles i s formed when azoben­
zene i s l o c a t e d a t the center of the a l k y l chain. The endothermic 
peak at 40.9 °C due to g e l - l i q u i d c r y s t a l l i n e phase t r a n s i t i o n ( T ) of 
DPPC s h i f t s to lower temperature on mixing w i t h 3, the p o s i t i o n being 
dependent on the amount of the doped azobenzene amphiphiles. When 
azobenzene i s c l o s e t o the p o l a r head group(2), the mixed liposomes 
i s m o l e c u l a r l y inhomogeneous. Two peaks i n the DSC corresponding to 
each component remain unchanged, i n d i c a t i n g phase s e p a r a t i o n . 

Photochemical response of these liposomes i s d i f f e r e n t from 
each other. With progression of trans - c i s photoisomerization of 
azobenzene, ICD a t the absorption band of the trans isomer decreases. 
As shown i n Figure 4> depression i n ICD i s almost p r o p o r t i o n a l t o the 
amount of photoisomerization f o r the phase separated system. 
Photoi s o m e r i z a t i o n i n the domain of azobenzene aggregate proceeds i n ­
dependently from the r e s t of DPPC aggregate so t h a t the depression 
i n ICD corresponds t o the concentration of remaining t r a n s -
azobenzene. When the two components are m o l e c u l a r l y mixed, change of 
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Figure 4·· Change i n ICD
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molecular shape from the r o d - l i k e t rans form to the bent c i s form 
seems to i n f l u e n c e the molecular arrangement i n the DPPC liposomes 
and t h e r e f o r e the c h i r a l environment as w e l l . The amount of ICD 
depression i s l a r g e r than th a t expected from the decrease i n the 
trans azobenzene c o n c e n t r a t i o n . 

I n c i d e n t a l l y , ICD i n DPPC liposomes i s observed i n the tempera­
ture range below Tffl but not above. Consequently, the no n - l i n e a r 
depression of ICD w i l l be r e l e v a n t t o d i s o r d e r i n g of DPPC molecular 
arrangement. The change i n ICD i s a r e v e r s i b l e process. Reverse 
photoisomerization t o the trans isomer r e s t o r e s the i n i t i a l ICD. 

Image A m p l i f i c a t i o n by Means of Photochemically Triggered Phase Tran­
s i t i o n i n L i q u i d C r y s t a l 

Although the examples described so f a r i n v o l v e image a m p l i f i c a t i o n 
mechanisms, the n o n - l i n e a r response brought about by photochemically 
induced phase t r a n s i t i o n i s not sharp because of the gradual nature 
of the phase t r a n s i t i o n s employed. For example, while CMC i s a 
t r a n s i t i o n , m i c e l l e formation occurs v i a p r e l i m i n a r y molecular 
a s s o c i a t i o n ( p r e m i c e l l e formation) and thus the t r a n s i t i o n i s not 
sharp. C e r t a i n l y , b e t t e r defined t r a n s i t i o n s such as c r y s t a l - l i q u i d 
and crystal-amorphous are thermodynamically more unequivocal i n com­
par i s o n w i t h m i c e l l e formation. Although m i c e l l e s and l i q u i d c r y s ­
t a l s are phenomenologically s i m i l a r and indeed, p l a t e - l i k e m i c e l l e s 
may be considered to be a s p e c i a l case of l y o t r o p i c smectic l i q u i d 
c r y s t a l s , phase t r a n s i t i o n s i n thermotropic l i q u i d c r y s t a l s are bet­
t e r d e f ined and much sharper than the changes o c c u r r i n g a t CMC of a 
m i c e l l e . 

The use of photoreactive l i q u i d c r y s t a l systems i n imaging 
devices i s not unprecedented. As e a r l y as 1971, Sackmann showed f o r 
the f i r s t time the photochemical change of p i t c h i n c h o l e s t e r i c l i q ­
u i d c r y s t a l s ( H ) . Since then s e v e r a l techniques f o r u s i n g l i q u i d 
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c r y s t a l s i n imaging have been re p o r t e d , i . e . , high c o n t r a s t 
photoimage w i t h nematic l i q u i d c r y s t a l s ( 1 5 ) , photoimaging under 
biased p o t e n t i a l ( 1_6), c h o l e s t e r i c compound tagged w i t h 
azobenzene(1_7), and e t c . None of them, however, described the con­
cept of image a m p l i f i c a t i o n . 

4.-Cyano-4'-n-pentylbiphenyl(5GB) which formed nematic l i q u i d 
c r y s t a l s was doped wit h 4-butyl-V-methoxyazobenzene(BMAB) and placed 
i n a t h i n l a y e r g lass c e l l a f t e r surface alignment by rubbing 
treatment. The sample was i r r a d i a t e d at 355 nm to conduct trans -
c i s p h o t o i s o m e r i z a t i o n of BMAB. The phase t r a n s i t i o n induced by the 
photoisomerization was f o l l o w e d by monitoring at 633 nm(a He-Ne 
l a s e r ) v i a two crossed p o l a r i z e r s , the sample being placed between 
them. The strongest monitor s i g n a l was obtained when the angle of 
the monitor l i g h t t o the c e l l was 45°. The r e s u l t s ( 3 ) are shown i n 
Figure 5. While photoisomerization proceeds n e a r l y l i n e a r l y w i t h 
r e a c t i o n time, the change i n monitor s i g n a l i n t e n s i t y i s d r a s t i c

Depression of the
temperature(T Nj) i s cause
t r a n s i t i o n occurs when the content of c i s isomer reaches the c r i t i c a l 

2 os[ 

I ι ι ι 
0 10 20 30 

Irradiation Time / sec. 

Figure 5. Read-out i n t e n s i t y change(I^/IQ) and absorbance change 
(A+/AQ) owing t o trans - c i s photoisomerization of BMAB i n 5CB l i q u i d 
c r y s t a l at 3A°C. [BMAB] = Λ-9 mol%(1) and 3.0 mol%(2). 

concentration a t the p a r t i c u l a r temperature. This i n d i c a t e s t h a t the 
s e n s i t i v i t y i s s t r o n g l y dependent on the operating temperature. When 
4..9 mol% and 3.0 mol% of trans-BMAB are added, T N I are 36.7°C and 
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35.6°C, r e s p e c t i v e l y . I r r a d i a t i o n a t 34°C brin g s about a quick 
response whereas a longer time of i r r a d i a t i o n i s r e q u i r e d a t lower 
temperature. 

E v a l u a t i o n of image a m p l i f i c a t i o n may be made by comparing the 
o p t i c a l d e n s i t y change(I+/IQ) w i t h the change i n absorbance(A+/AQ) 
owing t o photochromism of azobenzene. The un d e r l y i n g p r i n c i p l e i s as 
f o l l o w s . When a s i g n a l i n the form of t r a n s m i t t e d l i g h t i s provided, 
the s e n s i t i v i t y i s decided by the signal-to-noise(S/N) r a t i o . Since 
the s i g n a l i s monitored by a p h o t o m u l t i p l i e r or a p i n photodiode, the 
l a r g e r the o p t i c a l d e n s i t y change per u n i t input photoenergy the 
higher the S/N r a t i o and consequently the s e n s i t i v i t y i s higher. The 
r a t i o , Δ ( I ^ / I Q ) / Δ (A^/AQ) i n a c e r t a i n p e r i o d of i r r a d i a t i o n r e p r e ­
sents the degree of a m p l i f i c a t i o n w i t h a f i x e d S/N r a t i o . The degree 
of a m p l i f i c a t i o n w e l l exceeds 100 under an optimum c o n d i t i o n . 

The r e l a t i o n between the type of photochromic compound and i t s 
e f f e c t i v e n e s s t o induce a phase t r a n s i t i o n i s a p o i n t of i n t e r e s t . 
When un s u b s t i t u t e d azobenzen
i s not induced even a f t e
l i q u i d c r y s t a l l i n e whereas azobenzene i s not. I t seems to be essen­
t i a l f o r a t r i g g e r i n g photochromic compound to have e f f e c t i v e i n t e r ­
a c t i o n s w i t h the host l i q u i d c r y s t a l . 

E r a s i n g of the image can be achieved by sw i t c h i n g the p h o t o i r ­
r a d i a t i o n to 525 nm to induce c i s - trans i s o m e r i z a t i o n of 
azobenzene. Since the absorbance of the c i s isomer a t 525 nm i s 
weak, i t takes a longer p e r i o d than the image r e c o r d i n g process. 
Also there seems to be a c e r t a i n time delay between photoreaction and 
complete recovery of the nematic phase. This problem i s r e l e v a n t to 
molecular m o b i l i t y i n l i q u i d c r y s t a l s as a f u n c t i o n o f temperature, 
rubbing c o n d i t i o n , e x t e r n a l e l e c t r i c f i e l d and most i m p o r t a n t l y , the 
type of l i q u i d c r y s t a l . Research i s now being undertaken on d i r e c t 
determination of molecular m o b i l i t y by fluorescence technique. 

E l e c t r i c a l read-out of a photoimage i s a l s o p o s s i b l e . A 
nematic - i s o t r o p i c phase change d i s o r g a n i z e s the arrangement of 
di p o l e s and hence the d i e l e c t r i c constant changes. V i s c o s i t y i s a l s o 
a f f e c t e d so th a t the frequency d i s p e r s i o n of d i e l e c t r i c constant i s 
d i f f e r e n t between nematic and i s o t r o p i c phases. A condenser was con­
s t r u c t e d by i n t r o d u c i n g the ph o t o s e n s i t i v e l i q u i d c r y s t a l mixture be­
tween two transparent conductive electrodes(ITO g l a s s ) separated by 7 
μιη. V a r i a t i o n of capacitance due t o nematic - i s o t r o p i c phase t r a n ­

s i t i o n was f o l l o w e d by a capacitance bridge as shown i n Figure 6. At 
0.1 KHz, the capacitance d i f f e r e n c e between two phases i s the 
l a r g e s t . I t i s r a t h e r d i s a p p o i n t i n g t h a t the optimum frequency i s so 
low. A quick response of e l e c t r i c s i g n a l i s not p o s s i b l e i n t h i s 
system. This s i t u a t i o n may be improved by the use of f e r r o e l e c t r i c 
l i q u i d c r y s t a l s . 

U n t i l now, l i q u i d c r y s t a l s have been used t o d i s p l a y an 
e l e c t r i c s i g n a l as a v i s u a l p a t t e r n . The present demonstration may 
open a new p o s s i b i l i t y of the reverse use of l i q u i d c r y s t a l s , t h a t 
i s , conversion o f a photosignal t o an e l e c t r i c s i g n a l . 

In view of s e n s i t i v i t y , the l i q u i d c r y s t a l system i s much im­
proved than the p r e v i o u s l y mentioned systems. However, these l i q u i d 
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Figure 6. Photochemicall
frequency of 0.1 KHz and b i a s p o t e n t i a l 0.5 V at 30 °C. [BMAB] = 5 
mol%. 

c r y s t a l l i n e m a t e r i a l s are viscous f l u i d s and thus the long term image 
s t a b i l i t y i s not expected. To overcome t h i s shortcoming, image 
a m p l i f i c a t i o n i n a s o l i d system has to be designed. 

Photochemically Triggered Phase T r a n s i t i o n i n L i q u i d C r y s t a l l i n e 
Polymer Films 

Research on l i q u i d c r y s t a l l i n e polymers(LCP) i s a f a s h i o n a b l e subject 
w i t h the goal of developing s p e c i a l i t y polymers of s u p e r i o r mechani­
c a l and thermal p r o p e r t i e s . Besides these p r o p e r t i e s , other i n t e r ­
e s t i n g p r o p e r t i e s of LCP have not been f u l l y u t i l i z e d . We are t r y i n g 
to use thermotropic LCP f o r photon-mode image r e c o r d i n g m a t e r i a l . 
From the previous demonstration of various phase t r a n s i t i o n s i n small 
molecular systems, photochemical image r e c o r d i n g on polymer f i l m s 
w i t h a m p l i f i c a t i o n seems to be a promising approach to a new informa­
t i o n storage m a t e r i a l . While use of a polymer f i l m w i l l improve 
image s t a b i l i t y when the polymer i s kept below Tg, the r e s t r i c t e d 
molecular motion i n the s o l i d polymer may reduce the response time. 

As a f i r s t attempt, we chose a p o l y a c r y l a t e w i t h l i q u i d c r y s ­
t a l l i n e s i d e chains as shown i n Figure 7. The f a m i l y of t h i s polymer 
w i t h d i f f e r e n t l e n g t h a l k y l spacers has been prepared by Ringsdorf 
and coworkers(18). While the monomer model compound(i.e. the a c r y -
l a t e before polymerization) does not provide a l i q u i d c r y s t a l l i n e 
phase, and only the c r y s t a l - i s o t r o p i c t r a n s i t i o n i s observed, the 
polymer shows a c l e a r t r a n s i t i o n nematic - i s o t r o p i c t r a n s i t i o n at 
ca. 61 °C and the glass t r a n s i t i o n temperature a t 24 ° C as shown i n 
Figure 7. T̂ -r depends very much on the l e n g t h of a l k y l spacer. In 
comparison w i t h the r e s u l t s of Ringsdorf, there seems t o be an odd-
even e f f e c t , which i s now under i n v e s t i g a t i o n . 

The polymer was d i s s o l v e d i n chloroform and doped w i t h 5 mol% 
of BMAB. The s o l u t i o n was cast on a g l a s s p l a t e and d r i e d t o give a 
f i l m . The sample was subject to monochromatic i r r a d i a t i o n a t 366 nm 

In The Effects of Radiation on High-Technology Polymers; Reichmanis, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



13. TAZUKE & IKED A Novel Principle of Image Recording 221 

a t a temperature between Τ and TJJJ to induce t r a n s - c i s photoisomeri­
z a t i o n of BMAB. The read-But i n t e n s i t y v i a crossed p o l a r i z e r s i s 
p l o t t e d against i r r a d i a t i o n time i n Figure 8. 

A photochemically t r i g g e r e d phase t r a n s i t i o n i s again c l e a r l y 
demonstrated. The apparent increase of the transmittance before i t s 
sharp d e c l i n e i s seemingly due to a s u b t l e change i n i n t e r f e r e n c e of 

τ r 

I ι ι ι I 
10.0 20.0 50.0 80.0 110.0 

Temperature / *C 

Figure 7. DSC Thermograms of l i q u i d c r y s t a l l i n e polymer and i t s 
monomer. 

Time/min. 

Figure 8. Photochemically t r i g g e r e d phase t r a n s i t i o n i n s o l i d polymer 
f i l m . 
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monitoring l i g h t . By s w i t c h i n g the i r r a d i a t i o n wavelength to 525 nm 
which i s e x c l u s i v e l y absorbed by the c i s isomer, recovery of trans 
BMAB accompanies the r e s t o r a t i o n of the nematic phase. To induce the 
phase t r a n s i t i o n , the r e q u i r e d amount of photoisomerization of BMAB 
i s extremely small i f the operating temperature i s c l o s e to T^j so 
t h a t d e t e r i o r a t i o n of the chromophore during e r a s e - r e w r i t e c y c l e s i s 
considerably suppressed. When BMAB i s replaced by u n s u b s t i t u t e d 
azobenzene, photoresponse i s poor. 

Long term storage of an image w i l l be p o s s i b l e f o r t h i s polymer 
system. At room temperature, below the Τ , the recorded in f o r m a t i o n 
remains unchanged f o r many days. I t i s a dilemma t h a t a phase t r a n ­
s i t i o n i s p o s s i b l e only when molecules can move, wh i l e molecular mo­
t i o n b l u r s the recorded image. Many years ago, one of the authors 
presented a concept of image f i x a t i o n by c o o l i n g ( 1 9 ) . The concept 
was demonstrated by photodimerization of anthracene d e r i v a t i v e s 
bonded t o a polymer. Photodimerization can proceed only above the 
temperature somewhat highe
r e a c t i o n , the r e q u i r e d f r e
i n g of the system below the c r i t i c a l temperature below which the 
a v a i l a b l e f r e e volume i s not s u f f i c i e n t f o r the photoreaction to 
proceed i s a handy way of image f i x a t i o n . I n other words, t h i s i s a 
combination use of heat- and photon-mode r e c o r d i n g . 

LCP i s a s u i t a b l e candidate f o r t h i s purpose. Since heat-mode 
image r e c o r d i n g on LCP has been known(20), the merits of t h i s system 
may be enhanced by the a i d of a photochemical t r i g g e r . As shown i n 
Figure 9, the photoresponse i s s t r o n g l y temperature dependent. 
P r e l i m i n a r y heating c l o s e t o the phase t r a n s i t i o n temperature 
f a c i l i t a t e s the subsequent photochemical imaging w i t h p o s s i b l e high 
r e s o l u t i o n i n comparison w i t h o v e r a l l heat-mode r e c o r d i n g . When the 
system i s cooled down below the t h r e s h o l d temperature, the image i s 
s t a b i l i z e d r e g a r d l e s s of the s t a t e of photochromic molecule. Thermal 
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Figure 9· Temperature e f f e c t on photoresponsiveness of polymer f i l m . 
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back reaction of photochromic compound does not affect the frozen-in 
image in the immobile hard matrix. 

Conclusion 

Photochemically induced phase transition is a wide-spread phenomenon 
in molecular aggregate systems in general. An imminent problem to be 
solved will be how to compromise image recording speed with image 
stability. Since molecular mobility has an opposite effect on each 
requirement, some trick to promote or retard molecular motion such as 
subsidiary heating/cooling cycle will be necessary for the photon-
mode phase change materials to be of practical use. 
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Chapter 14 

Radiation Durability of Polymeric 
Matrix Composites 

Darrel R. Tenney and Wayne S. Slemp 

Materials Division, Langley Research Center, National Air and Space 
Administration, Hampton, VA 23665-5225 

Experimental results are presented that show that high doses of 
electron radiation
change the mechanica
-reinforced polymer-matrix composites. Polymeric materials 
examined have included 121°C and 177°C cure epoxies, polyimide, 
amorphous thermoplastic, and semicrystalline thermoplastics. 
Composite panels fabricated and tested included: four-ply 
unidirectional, four-ply [0, 90, 90, 0] and eight-ply quasi-isotropic 
[0/±45/90]s. Test specimens with fiber orientations of [10] and 
[45] were cut from the unidirectional panels to determine shear 
properties. Mechanical and physical property tests were conducted 
at cold (-157°C), room (24°C) and elevated (121°C) temperatures. 
Tests results show that electron radiation significantly lowers the 
glass transition temperature of graphite/epoxy composites. 
Radiation degradation products plasticized the matrix at elevated 
temperatures and embrittled the matrix at low temperatures. Low­
-temperature matrix embrittlement resulted in a significant increase in 
the number of microcracks formed in the composites during thermal 
cycling. Matrix microcracking changed the coefficient of thermal 
expansion of the composites. In general, electron radiation 
degraded the tensile and shear properties of the composite at both 
cold and elevated temperatures. Compression properties were 
improved at low temperatures but degraded at elevated 
temperatures. Results from tests on neat resins showed a good 
correlation between neat resins and composite response. 

The use of graphite fiber reinforced polymer-matrix composites for structural appli­
cations on weight critical space structures has gready increased in recent years. The 
main advantage of composites over conventional aerospace metallic materials is their 
high specific strength and stiffness and low thermal expansion. High-stiffness, low­
-expansion graphite/epoxy composites have been used extensively on communication 
satellites (1) (over 40,000 parts in orbit on INTEL SAT V communication satellites) 
and composites are considered the leading candidate materials for nearly every space 
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structure under development or being considered. This includes applications as 
diverse as long slender composite tubes (15-m long χ 5-cm diameter) for large 
structures such as the truss structure for Space Station (2) and lightweight high-
precision composite panels (hexagonal honeycomb core/composite face sheets panels 
2m on a side which weigh 6-10 Kg/m^ and have a surface roughness < 2 μπι rms) 
for precision segmented reflectors Q) currently being developed as part of NASA's 
Astronomical Observatory Program. 

The effect of the space environment on composites (4) is an important 
consideration in determining the design lifetime of a space structure. Spacecraft 
placed in low earth orbit (i.e., Space Station, 500 km) will be subjected to high 
vacuum, thermal cycling (every 90 min, -157 to 121°C, worst case), UV radiation, 
atomic oxygen, and possible micrometeoroid and space debris impact. The 
composite tubes being developed for the Space Station truss structure are covered 
with aluminum foil (.05 mm) to protect the composite from UV radiation and atomic 
oxygen erosion. Also, the exterior aluminum surface will be anodized to give a solar 
absorptance to emittance rati f 0.30/0.65  minimiz  th  thermal cycle  Becaus
these tubes will be subjecte
design lifetime (30 years) of Space Station, a  extensive testing progra  is currently 
underway to evaluate the effect of repeated thermal cycles on composite properties 
d). Tests are also being conducted to characterize hypervelocity impact damage to 
composite tubes, panels, and filament wound pressure vessels being considered for 
Space Station. 

Spacecraft placed in geosynchronous orbit (GEO) will be subjected to high 
vacuum, UV radiation, proton and electron radiation (4). Ultraviolet radiation and 
low-energy electron and proton radiation will generally be stopped in coatings placed 
on composite structures for thermal control and environmental protection. However, 
high energy (1 -10 MeV) electron radiation can easily penetrate the entire thickness 
of a typical 4- to 8-ply composite laminate resulting in nearly uniform energy 
deposition through the thickness of the composite. A total cumulative dose reaching 
approximately lxlO1^ rads is expected for a structure at GEO for 25-30 years. A 
dose of 1θ9 rads is generally considered to be the threshold for significant property 
changes in polymeric materials (6). Therefore doses in excess of 10̂  rads would be 
expected to affect the mechanical and physical properties of polymer matrix 
composites. 

During the past five years research has been conducted at NASA Langley 
Research Center to determine the effect of high-energy electron radiation on the 
mechanical and physical properties of polymer-matrix composites. Materials 
examined have included graphite-reinforced epoxies, polyimides, and thermoplastics. 
Extensive testing was performed over a broad, temperature range (-157 to 121°C) to 
determine the magnitude of property changes due to radiation exposure and 
irradiation followed by thermal cycling. Analytical characterization was also 
performed to determine damage mechanisms to guide new materials development. 
In-depth reporting of the results of these studies can be found in references (7-20). 
The results presented in this paper represent an assimilation of the key findings of 
this work. 

EXPERIMENTAL 

Materials. A summary of the composite materials included in the radiation effects 
studies conducted at NASA Langley Research Center during the past 6 years is given 
in Table I. All of the graphite/epoxy composites were fabricated using T300 fiber. 
The PAN-based fibers C6000 and AS4 used for the polyimide and thermoplastic 
composites have similar properties to the T300 fibers used for the epoxy composites. 
All materials except the two semicrystalline thermoplastics were produced from 
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Table I. Composite Materials Studied in Radiation Exposures 

Composite 
Type 

Composite 
Fibe^/Matrix 

Prepreg 
Source Processing 

Matrix 
Description 

T300/CE339 Ferro Coφ LaRC 2 121°Ccure2-phase 
elastomer toughened 
epoxy 

T300/CE339 
(Mod.) 

Ferro Corp LaRC 121°C cure epoxy; 

Graphite/ 
Epoxy 

T300/5208 NARMCO LaRC 177°Ccure,MY720 
based epoxy 

T300/934 Fiberite 
Corp. 

LaRC 177°Ccure,MY720 
based epoxy 

T300/934 
(Mod.) 

Fiberite 
Coφ. 

LaRC 177°Ccure,MY720 
based epoxy; process, 
additive removed 

T300/BP907 American 
Cyanamid 

LaRC 177°C cure, single 
phase toughened epoxy 

Graphite/ 
Polyimide 

C6000/PMR15 U.S. Polymer LaRC 315°Ccure 

C6000/P1700 Union 
Carbide 
Corp. 

LaRC Polysulfone, amorphous 
thermoplastic 

Graphite/ 
Thermo­
plastic 

AS4/PPS Phillips 
Petroleum 

Phillips 
Petroleum 

Polyphenylene sulfide, 
semicrystalline 
thermoplastic 

AS4/PEEK ICI Americas 
Inc. 

ICI Polyetherether ketone, 
semicrystalline 
thermoplastic 

f T300, C6000, and AS4 are intermediate modules (30-40 msi) PAN-based graphite fibers 
-Processed at the Langley Research Center using manufacturers' recommended cure cycle 
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unidirectional prepreg tape purchased from the manufacturers indicated in Table I. 
Composite panel layup and processing were conducted at NASA LaRC using 
manufacturers' recommended cure procedures. Composite panels fabricated 
included: 4-ply unidirectional, 4-ply [0,90,90,0] and 8-ply quasi-isotropic 
[0/±45/90]s< Individual specimens were machined from these panels for exposure to 
radiation, and/or thermal cycling, and subsequent characterization. Specimens for 
tensile testing were 1.27 cm wide and 15.25 cm long. Specimens for dynamic 
mechanical analyses (DMA) and thermomechanical analysis (TMA) were 3.8 cm by 
1.2 cm and 0.62 cm by 0.62 cm respectively. To avoid effects due to moisture all 
specimens were dried for 30 days at room temperature in vacuum as a 
preconditioning step in the experimental program. 

Radiation Exposure. A Radiation Dynamics Corporation Dynamatron accelerator 
was used to expose the specimens to 1-MeV electrons in a turbopumped vacuum 
chamber at a pressure of 2x10"? ton*. Up to 19 specimens were mounted side by 
side on a temperature-controlle
area of the electron beam (approx
incoming electrons. Faraday cups mounted in the exposure area of the base plate 
were used to monitor the electron flux. A maximum dose rate of 5x10? rad/h was 
used to keep the specimen temperature below 38°C during the exposures. The 
maximum total dose given any of the specimens was 1x10*0 rads. 

Mechanical Property Testing. Mechanical tests were performed on both unirradiated 
and irradiated materials at -157°C, 24°C, and 121°C. Specimens were kept dry prior 
to testing in an environmental chamber mounted in a tensile testing machine. Tensile 
test specimens of [0]4, [10]4, [45]4, and [90]4 laminates were cut from 4-ply 
composite panels. All specimens were straight-sided coupons. For tension and 
shear tests the length/width aspect ratio was 8. For the compression tests the aspect 
ratio was 0.25 and the unsupported length was 0.64 cm. The [0]4 laminates were 
used to measure the ultimate tension and compression strength, X\9 the axial 
modulus, El, and Poisson's ratio, ν 12, (fiber direction). Transverse properties Υχ 
and E2 were determined from [90]4 laminates. Shear strength was calculated from 
[10]4 laminates and the shear modulus, G12, from the [45]4 laminates. Strain was 
measured using strain gages and fiberglass tabs were used for load introduction. 

Dynamic Mechanical and Thermomechanical Analysis. A DuPont Model 981 DMA 
was used to determine the dynamic modulus and damping characteristics of baseline 
and irradiated specimens. Transverse composite samples 1.27 cm χ 2.5 cm were 
used so that the modulus and damping data were primarily sensitive to matrix effects. 
Data were generally determined from -120°C through the glass transition temperature 
(Tg) of each material using a heating rate of 5°C/min. 

Laminate expansion/contraction characteristics were determined with a 
DuPont Model 942 TMA. In this test the movement of an 0.38 cm diameter, 
hemispherical-tipped quartz probe resting on the specimen was monitored as the 
specimen was heated from room temperature through its softening range. 

Thermal Expansion Measurement. Thermal expansion measurements were made 
with a laser interferometer dilatometer (20) with a strain resolution of approximately 
2x10~6. The temperature cycle for all tests went from room temperature to a maxi­
mum of 121°C (except where noted), down to -157°C and back to room temperature. 
Thermal strain data were taken at approximately 20°C increments with a 30-minute 
hold at each temperature to allow the specimen and interferometer to reach thermal 
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equilibrium. Specimens were dried prior to testing and a dry N2 purge was used to 
keep the specimen dry while in the interferometer. 

RADIATION EFFECTS ON THERMAL PROPERTIES 

Electron irradiation causes chain scission and crosslinking in polymers. Both of 
these phenomena directly affect the glass transition temperature (Tg) of the materials. 
Thermomechanical (TMA) and dynamic-mechanical analysis (DMA) provide 
information about the Tg region and its changes due to radiation damage. Therefore, 
DMA and TMA were performed on all irradiated materials. 

Typical DMA results φ for a 177°C cure Gr/Epoxy system (T300/934) are 
shown in Figure 1. The damping data show that irradiation results in: (1) lowering 
Tg about 50°C, (2) increasing the height of the Tg peak, and (3) significantly 
broadening the Tg peak of the [90°] specimen. The lowering of Tg and the higher 
damping peaks indicate that irradiation has lowered the molecular weight between 
crosslinks and lowered crosslin
peak for the 90° specimen indicate
molecular weights. Another indication of changing the molecular weight between 
crosslinks is the very broad "rubbery region" (i.e., region under the damping peak as 
defined in Figure 1) of the irradiated sample compared to that of the unirradiated 
composite sample. The broad "rubbery region" reflects the presence of irradiation-
induced degradation products that plasticize the matrix and thereby enhance the 
damping compared to that of the unirradiated material. These changes would be 
expected to affect the matrix-dominated mechanical properties and thermal expansion 
characteristics of the composites. 

The formation of low molecular weight products in irradiated 934 epoxy 
composites was confirmed by performing TMA and vacuum weight loss studies 
(2). Typical results are shown in Figures 2 and 3. The TMA curves in Figure 2 
show that for the irradiated sample, softening begins near 100°C and significant 
expansion/swelling occurs near 150°C. The observed expansion is believed due to 
the volatilization of trapped radiation-induced degradation products. Blistering and 
delamination were noted on some samples heated to 170°C in separate tests. 

The vacuum-thermal weight loss results presented in Figure 3 show a two-
step weight loss pattern for the irradiated sample. Weight loss associated with 
volatilization of the first product begins before 100°C and the second near 150°C. No 
weight loss was observed below 225°C for the nonirradiated composite sample. 

Typical DMA and TMA results (£) for a 121 °C cure rubber toughened 
composite system (T300/CE339) after different levels of radiation exposure are 
shown in Figures 4-7. The glass transition (115°C) and secondary relaxation 
temperatures (-50°C) of the baseline epoxy matrix and the apparent T g of the 
elastomer (-30°C) were altered by the irradiation exposures. The "rubbery range" 
was expanded nearly 50°C in the low temperature direction. The expansion of the 
"rubbery range" as measured by half-width of the Tg peak at half peak height is 
shown in Figure 5. The threshold for significant change in the Tg region is ΙΟ» 
rads. Broadening of the Tg region indicates that the epoxy network structure is 
degraded by irradiation. However, radiation-induced crosslinking must also be part 
of the interaction mechanism because the location of Tg did not shift to lower 
temperatures as observed for the 177°C cure epoxy systems. 

The damping characteristics of the composite in the low temperature region 
are shown in Figure 6. The secondary relaxation peak of the epoxy is shifted to 
lower temperatures with higher levels of irradiation. This shift indicates matrix 
degradation because less energy is required for the short-range molecular motion in 
the irradiated material. The electron exposures also changed the structure of the 
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Figure 1. Dynamic mechanical analysis of T300/934 composite. (Reproduced from reference 7.) 
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Figure 2. Thermomechanical analysis of 1300/934. (Reproduced from reference 7.) 
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Figure 3. Thermal vacuum weight loss of T300/934. (Reproduced from reference 7.) 
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Figure 4. Dynamic mechanical analysis of T300/CE 339. (Reproduced from reference 8.) 
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Figure 5. Effect of electron radiation fluence on the T g damping peak width (at half height). 
(Reproduced from reference 8.) 
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Figure 6. Dynamic mechanical damping of CE 339/Γ300 at low temperatures. (Reproduced 
from reference 8.) 
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CTBN type elastomers (carboxyl-terminated butadiene acrylonitrile) used to toughen 
this epoxy system. The Tg peak of the elastomer (-30°C) was shifted to higher 
temperatures suggesting that electron interaction resulted in crosslinking. The fact 
that the Tg peak disappeared at 10̂  rads suggests that crosslinking in the elastomer 
was extensive at high dose levels. 

TMA data for T300/CE339 are shown in Figure 7. The relatively low 
temperature softening of the irradiated laminates compared to the baseline laminate 
suggest matrix network degradation. The lower rate of softening (slope of the 
penetration curve) of the irradiated laminates at higher temperatures suggests the 
presence of a crosslinked network. For the highest level of exposure examined 
(10*0 rads) either expansion or penetration was observed as the sample was heated 
near 100°C. Delamination and blistering believed to have been caused by volatilized 
degradation products which could not escape resulted in expansion for some 
samples. For other samples where volatilized products were able to escape, possibly 
through microcracks in the matrix, a penetration curve was observed similar to that 
found for specimens receivin

Thermal analyses wer
NASA (9). DMA and TMA results for three Gr/epoxy and three Gr/thermoplastic 
composites are compared in Figures 8 and 9. The secondary relaxation peaks of the 
unirradiated composites in the -150°C to 100°C temperature range are shown in 
Figure 8. Figure 9 shows the effect of thermal cycling only, and irradiation followed 
by thermal cycling on the matrix glass transition temperature and softening associated 
with this transition for each of the composite materials. All specimens received 500 
thermal cycles between -150°C and an upper temperature of 65°C (T300/CE339 and 
AS4/PPS) or 93°C (T300/934, C6000/P1700, AS4/PEEK, T300/BP907). In all 
cases the upper temperature was at least 25°C below the Tg of the composite. 

The results in Figure 9 show that thermal cycling and radiation change the 
materials. For the two semicrystalline thermoplastic composites (AS4/PPS and 
AS4/PEEK) the degree of softening as measured by TMA penetration was signifi­
cantly reduced by thermal cycling indicating that these materials were annealed during 
the thermal cycling and may have increased in crystallinity. Thermal cycling of 
irradiated composites produced changes in the Tg and related softening range of all of 
the composites. The Tg of the two 177°C cure epoxies (934 and BP907) was 
significantly reduced and the softening range was extended over a broader temper­
ature range. Also, the Tg of the amorphous thermoplastic (C6000/P1700) was 
similarly reduced indicating that electron radiation degrades the matrix. The effects 
of these changes on mechanical and thermal expansion properties will be discussed in 
subsequent sections of this paper. 

RADIATION EFFECTS ON MECHANICAL PROPERTIES 

During the past 6 years research has been conducted at NASA Langley Research 
Center to determine the effect of high energy electron radiation exposure on the 
mechanical properties of the composites listed in Table I. The bulk of this work has 
been on the T300/934 composite system. Tests on this system have included: static 
tension, compression, and shear at -157°C, RT, and 121°C (10-13): cyclic tension 
and shears tests at -157°C, RT, and 121°C (14-15): interlaminar fracture toughness 
tests at -157°C, RT, and 121 °C (16). Modulus and strength properties of the 
composites are summarized in Table II and resin tensile properties are summarized in 
Table III. Tensile tests were also conducted for the T300/CE339 system at -115°C, 
RT, and 80°C (8). Tensile and interlaminar fracture toughness testing was performed 
for the T300/5208 system at RT (17). Tensile tests were also conducted on 
T300/934, T300/BP907, T300/CE339, C6000/P1700, AS4/PPS, and AS4/PEEK 
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Figure 7. Thermomechanical analysis of T300/CE 339. (Reproduced from reference 8.) 
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Figure 8. Dynamic mechanical damping of composites at low temperatures. (Reproduced from 
reference 9.) 
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Table II. Tensile and Compressive Properties of T300/934 

Baseline Irradiated 

Tension* Compression | Tension* Compression % 

Temp Prop Δ« τ% Δ« τ% Δ κ τ % Δ« τ% Tens.* Com p. 

X 141 -36 241 25 127 -43 228 21 10 -5 

Y 4.56 -51 56.5 86 2.81 -60 51.8 97 -38 -8 

S 7.34 -26 — — 7.25 -22 — — -1.2 — 

-157°C Ε, 18.6 -1.6 

E* 1.83 33 

v« 0.313 n.c. 0.136 -25 0.368 30 0.104 -32 18 -24 
V21 — — 0.0320 -13 — — 0.0324 -28 — 1 

Gl2 1.17 70 — — 1.12 44 — — -4.3 — 

X 222 — 193 — 223 — 188 — n.c. -3 

Y 9.37 — 30.4 — 6.98 — 26.3 — -26 -13 

S 9.92 — — 9.25 — — - -6.8 — 

Room Ει 18.9 — 15.5 — 19.3 — 14.6 — 2.1 -6 

Ε, 1.38 — 1.63 — 1.52 — 1.74 — 10 7 

0.314 — 0.182 0.283 — 0.153 — -10 -16 

— — 0.0366 — — — 0.0447 — — 22 

G« 0.688 — — - 0.777 — — 13 — 

X 194 -13 126 -35 162 -27 48.3 -74 -16 -62 

Y 6.76 -28 18.9 -37 5.88 -16 8.71 -67 -13 -54 

S 5.97 -40 — - 4.06 -56 — — -32 — 

121 °C Ε, 19.0 n.c. 15.0 -3 19.8 2.6 14.4 -1 4.2 -4 

Ε, 1.24 -10 1.80 10 1.06 -30 0.666 -62 -15 -63 
v u 0.345 9.9 0.309 70 0.397 40 0.384 151 15 24 

— — 0.0791 116 — — 0.239 435 — 237 

0.563 -18 — - 0.397 -49 — -29 — 

All properties in U.S. Customary units (e.g. strengths in ksi. moduli in msi. and strains 
in percent) 

Δ Λ Τ % percent change from room temperature value 
Δ,Η% percent change of irradiated w.r.t baseline value 
* Tensile properties the results of Milkovich, et al. (1984) 
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Table III. Fiberite 934 Tensile Properties 

Baseline | Irradiated 
Temp Prop Value % A R T Value %Δ« Τ %Δ,« 

Ε (msi

V — — 

Room G (msi) 0.247 — 0.291 — + 18 

©"PL (ksi) 3.42 — 5.15 — + 51 

(ksi) 8.53 — 10.9 — + 28 

(%) 1.48 — 1.55 — + 5 

Ε (msi) 0.489 -27 0.501 -37 + 2 

ν 0.341 -6 0.368 -1 + 7 

121°C G (msi) 0.182 -26 0.183 -37 n.c. 

(ksi) 2.44 -29 1.34 -74 -45 

« (ksi) 10.3 + 21 6.61 -39 -36 

(%) 3.05 + 106 2.54 + 64 -17 

A R T % percent change from room temperature value 
A I R % percent change of irradiated w.r.t baseline value 
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after irradiation and irradiation followed by 500 thermal cycles (2). An overview of 
selected parts of this work is presented in the following sections. 

Tension. Tensile stress strain curves for baseline and irradiated 934 neat resin (12) 
are shown in Figure 10. Irradiation resulted in an increase in the strength and stiff­
ness at room temperature. However, at elevated test temperature the strength and 
stiffness were both reduced by irradiation. The strength of the baseline resin was 
21% higher at elevated temperatures than the room temperature value but the 
irradiated sample had an elevated temperature strength 39% below the room temper­
ature value. At high temperatures low molecular by products of irradiation plasticize 
the matrix, resulting in the nonlinear stress-strain behavior shown in Figure 10. 

Typical tension stress-strain curves of baseline and irradiated unidirectional 
T300/934 composites tested in [0] and [90] orientations at three different tempera­
tures (12) are shown in Figures 11 and 12. Irradiation had essentially no effect on 
the fiber-dominated tensile modulus of the [0] specimen and caused only a small (10-
15%) reduction in strength at the low and elevated temperatures  For the matrix-
dominated [90] laminates, irradiatio
three test temperatures (-38
increased the modulus at -157°C and R.T. (10 - 15%), but lowered it at 121°C 
(-15%). These results are consistent with results obtained on the neat resin 
specimens discussed above. 

Shear. The axial tensile responses of [10] and [45]of axis specimens (12) are shown 
in Figures 13 and 14. For the [10] specimen irradiation caused a large decrease in 
the shear modulus (-29%) and a large decrease in shear strength (-32%) at the 
elevated temperature. Irradiation had only a small effect on the properties at -157°C 
and R.T. For the [45] specimen radiation similarly reduced the elevated temperature 
modulus and strength but increased the strain to failure. At 121°C the strain to failure 
of the [45] specimen (Figure 14) was nearly double that of the [90] specimen (Figure 
12). Radiation-induced damage appears to plasticize the matrix and increase the 
strain to failure of the matrix in shear but reduce the transverse tensile strain to failure 
of the [90] specimen possibly due to a reduction in the fiber/matrix bond strength 
which controls failure. 

Compression. The effect of irradiation on the axial and transverse compressive 
response of T300/934 unidirectional composite (13) is shown in Figures 15 and 16 
and in Table II. Irradiation had very little effect on the compressive properties at 
-157°C and caused only a small reduction in the strength properties at room temper­
ature, -3% axial and -13% transverse. However, irradiation caused a severe reduc­
tion in the strength of both the [0] and [90] laminates (-74% and -67%, respectively) 
at elevated temperatures. The elevated temperature stress-strain curve for the [90] 
laminate in Figure 16 clearly shows that the matrix has been degraded by irradiation 
which explains the reduced strength of the [0] specimen at elevated temperatures 
shown in Figure 15. At room and cold temperatures the matrix stiffness is sufficient 
to prevent microbuckling of the fibers such that the strength of the composite reflects 
the strength of the fibers. However, at elevated temperatures the matrix stiffness is 
reduced to the point where lateral support for the fibers is not sufficient to achieve 
full fiber properties. These results are consistent with results presented in Table ΙΠ 
for neat resin specimens tested at elevated temperatures with and without irradiation 
exposure. The DMA results for baseline and irradiated T300/934 presented in Figure 
1 showed that the average molecular weight and crosslink density of this material 
was reduced by irradiation. Both of these effects would be expected to reduce the 
elevated temperature stiffness of the resin and thus degrade the compressive 
properties of the composite. 
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Figure 11. Temperature-dependent stress-strain curves for [0] composite laminates. 
(Reproduced from reference 12.) 
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Figure 12. Temperature-dependent stress-strain curves for [90] composite laminates. 
(Reproduced from reference 12.) 
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Figure 13. Temperature-dependent stress-strain curves for [10] composite laminates. 
(Reproduced from reference 12.) 
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Figure 14. Temperature-dependent stress-strain curves for [45] composite laminates. 
(Reproduced from reference 12.) 
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Figure 15. Temperature-dependent compressive response of [0] composite laminates. 
(Reproduced from reference 13.) 
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Figure 16. Temperature-dependent compressive response of [90] composite laminates. 
(Reproduced from reference 13.) 
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Radiation and Thermal Cycling. An experimental program was conducted (2) to 
determine the combined effects of radiation and thermal cycling on the mechanical 
properties of three Gr/epoxy and three Gr/thermoplastic composites. Tension tests 
were performed on 8-ply quasi-isotropic [0/±45/90]s laminates in the baseline condi­
tion, after radiation exposure to ÎO1^ rads (1 MeV electrons), and after radiation 
exposure followed by 500 thermal cycles between -150°C and an upper temperature 
of either 65°C (T300/CE339 and AS4/PPS) or 93°C (T300/934, C6000/P1700, 
AS4/PEEK, T300/BP907). These temperatures were at least 25°C below the Tg of 
the composites. All cycling was done in dry nitrogen and tensile tests were 
conducted at room temperature. 

The effects of thermal cycling and radiation plus thermal cycling on the 
modulus and strength of these laminates are shown in Figures 17 and 18. 
The data show the tensile modulus (0° direction) and the tensile stress at delamination 
onset or ultimate stress if no delamination occurred. In general, 500 thermal cycles 
caused significant matrix microcracking in four of the six materials tested, Figure 19, 
but did not significantly chang  eithe  th  tensil  modulu h properties
However, the combination o
strength properties in all of the laminates. This strength reduction is believed to be 
due to degradation of the matrix resins and the development of matrix microcracks, 
Figure 19. BP907 and CE339 were severely degraded as evidenced by extensive 
matrix microcracking and delamination after irradiation and thermal cycling. 

The elastic properties of the epoxies were also reduced by the combined 
exposure conditions. The large reductions measured for BP907 and CE339 
composites are believed due to the presence of delaminations in the materials prior to 
mechanical testing. The elastic modulus of C6000/P1700 and AS4/PEEK increased 
after the combined exposure to radiation and thermal cycling. The magnitude of the 
increase was surprising in view of the changes which occurred in the other 
composites. 

RADIATION EFFECTS ON DIMENSIONAL STABILITY 

Radiation degradation of matrix resins can affect the dimensional stability of polymer 
matrix composites in two ways. Radiation-induced chain scission can produce 
degradation products that plasticize the matrix at elevated temperatures which can 
change the way in which residual curing stresses are relieved in the composite, and 
degradation products can embrittle the matrix at low temperatures resulting in matrix 
microcracking. Irradiation can also result in additional cross-linking which can 
embrittle the matrix resin. Both of these changes will affect the thermal expansion 
behavior of composites. 

Figure 20 shows the effects of radiation degradation products on the thermal 
expansion behavior (18) of a typical 177°C cure Gr/Ep composite ([02/902]s 

T300/5208). The irradiated specimen shows a pronounced nonlinearity at elevated 
temperature and a permanent negative residual strain of approximately -67x10-6 at 
room temperature after one thermal cycle to -150°C. Strains of this magnitude would 
significantly affect the performance of dimensionally stable space structures. 
Repeated cycles over the same temperature range give a strain response parallel to the 
unirradiated curve but displaced by the permanent residual strain present after the first 
cycle. However, if the specimen was cycled to a higher maximum temperature an 
additional change in slope of the thermal strain curve occurs which results in an 
additional permanent residual strain. However, the coefficient of thermal 
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Figure 18. Thermal cycling and irradiation effects on the failure stress of composite materials. 
(Reproduced from reference 9.) 
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Figure 19. Effect of thermal cycling and irradiation plus thermal cycling on microdamage 
development in composite materials. (Reproduced from reference 9.) 

Figure 20. Effects of radiation on the thermal expansion of 1300/5208 graphite/epoxy 
composite. (Reproduced from reference 18.) 
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expansion (CTE) of radiated and unirradiated specimens was the same at all temper­
atures except when a nonlinear behavior was observed at the highest temperature 
investigated. 

The nonlinear strain response and subsequent permanent residual strain at 
room temperature is related to radiation degradation products plasticizing the matrix. 
This can best be explained by the DMA results (IS) presented in Figure 21. The 
damping data for the irradiated composite show that the Tg is lowered by approxi­
mately 22°C and a broad "rubbery region" is produced compared to the nonirradiated 
composite sample. During the thermal cycling tests the specimen was heated into the 
region where the matrix could flow thus relieving residual tensile curing stresses 
resulting in a more fiber dominated response at high temperature (nonlinear region) 
and permanent negative residual strains at room temperature. The reason for no 
additional changes on subsequent heating cycles may be related to the procedure used 
to run the thermal expansion tests. The heating process in these tests occurred 
slowly in 22°C increments, with 30 minute holds at each temperature. In the 107°-
138°C temperature range, chemical changes apparently took place resulting in a 
movement of the "rubbery
expansion test range. 

Tests of a graphite-reinforced polyimide composite (C6000/PMR15) did not 
show any effect of radiation exposure (1 MEV electrons 6x109 rad total dose) on the 
thermal expansion behavior (14). DMA curves for unirradiated and irradiated 
composites were essentially identical over the temperature range of the thermal 
expansion measurements. 

Matrix microcracking can significantly change the CTE of the composite 
laminate (4) as illustrated in Figure 22. Matrix microcracking can cause as much as a 
70-80 percent change in CTE of a [02/902ls laminate. Radiation exposure to 10*0 
rads followed by 500 thermal cycles between -156°C and 121°C has been shown to 
result in a crack density of approximately 30 cracks/cm compared to only -7-8 
cracks/cm for thermal cycling only. Thus radiation products which embrittle the 
resin at low temperatures can result in higher levels of matrix microcracking and 
significantly change the CTE response of composite laminates. 

The crack densities developed in a rubber-toughened 121 °C cure Gr/Ep 
composite (T300/CE339) are shown (£) in Figure 23. Samples were exposed to 1 
MEV electrons for total doses ranging from 10 to 10,000 Mrads and then cycled 1, 
10, and 100 times between -115°C and 80°C. No microcracks were found in the 
unexposed composite even after 100 thermal cycles, showing that this epoxy system 
is more thermal fatigue resistant than 177°C cure epoxy systems. However, after 
irradiation all samples microcracked with a rapid increase in damage above 
approximately 10** rads of exposure. These results are consistent with the changes 
noted in the DMA and TMA curves for this system noted in Figures 4-7. The 
threshold for significant changes in the Tg region was 10̂  rads (Figure 5) which is 
also the threshold for a rapid increase in microcracking density due to thermal 
cycling, Figure 23. Matrix embrittlement at low temperatures was due to formation 
of low molecular weight products due to radiation degradation of the epoxy network 
and embrittlement of the elastomer (CTBN) through a crosslinking mechanism, 
Figure 6. The embrittlement associated with both of these changes will be expected 
to degrade the thermal fatigue properties of the composites. 

The effect of radiation on the thermal expansion of this toughened composite 
(T300/CE 339) is shown (131 in Figure 24. The thermal strains measured during the 
cool-down portion of the first thermal cycle (cooling from RT to -150°C) are shown 
for the baseline composite (no radiation exposure) and for samples exposed to total 
doses as high as 10̂ 0 rads. Radiation levels, as low as 10̂  rads 
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Figure 21. Effects of 1 MeV electron radiation (6 χ 109 rads fluence) on the relative damping 
of [0/±45/90]s T300/5208 graphite/epoxy composite. (Reproduced from reference 18.) 
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Figure 22. Effect of crack density on coefficient of thermal expansion of a 1300/5208 composite 
laminate [02/90^s. (Reproduced from reference 4.) 
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Figure 23. Effect of radiation and thermal cycling between -115 β C and 80 ° C on microcrack 
density. (Reproduced from reference 8.) 
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Figure 24. Effect of radiation fluence on thermal expansion of elastomer-toughened specimens 
during cool down from room temperature. (Reproduced from reference 19.) 
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Figure 25. Effect of radiation fluence on microcrack formation in composite specimens 
subjected to 100 thermal cycles between 80 β C and -150 β C. (Reproduced from reference 
19.) 
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(equivalent to about 1 year in GEO) changed the expansion characteristics of the 
resins. Major reductions in CTE are observed for doses above 10̂  rads due to 
extensive microcracking of the matrix. 

To assess the effect of elastomer degradation on composite performance, 
additional composites were fabricated with the same 121 °C cure epoxy without any 
addition of the elastomer (21). The expansion behavior of the modified epoxy 
composite was similar to the toughened material. For electron doses less than 1(κ 
rads the CTE of the toughened and untoughened composites were essentially the 
same which suggests that the epoxy matrix and not the elastomeric component 
controls the thermal expansion behavior. 

A comparison of the effect of radiation on thermal cycling damage develop­
ment in the toughened and untoughened composites is shown (19) in Figure 25. 
Removing the elastomer shifted the microcracking curve to higher total doses indi­
cating that the (CTBN) elastomer is radiation sensitive and contributes to composite 
embrittlement at low radiation dose levels. However, for high radiation doses, above 
108 rads, extensive microcracking of the base epoxy occurred. Because of the 
severe matrix embrittlemen
T300/CE339 or the modified T300/CE339 would be acceptable for long-term 
(20-25 years) service in geosynchronous earth orbit where the accumulated 
total dose could be well in excess of 10 rads. 

CONCLUDING REMARKS 

High doses (>10̂  rads) of electron irradiation, typical of doses expected in 
composite structural members of spacecraft located at GEO for 20-30 years, can 
significantly alter the chemical, physical, and mechanical properties of polymeric 
matrix composites. Radiation was observed to alter the chemical structure of the 
polymers by both chain scission and crosslinking. The formation of low molecular 
weight products in the polymer plasticized the matrix at elevated temperatures and 
embrittled the matrix at low temperatures. Plasticization of the matrix at elevated 
temperatures significantly reduced the shear and compression properties of the 
composites and resulted in a permanent residual strain development in cross-ply 
laminates upon exposure to elevated temperature (into the rubbery region). 
Embrittlement of the matrix at low temperatures resulted in enhanced matrix micro­
cracking during thermal cycling after radiation exposure. Matrix microcracks lower 
the coefficient of thermal expansion of the composite and at high crack densities (>20 
cracks/cm) can degrade the strengths and stiffness properties of the laminates. Low-
temperature curing epoxies (i.e., 121°C) were found to be particularly susceptible to 
radiation damage and are judged to lack the durability required for long-life space 
missions in the Earth's trapped radiation belts. High temperature polyimides and 
thermoplastics, such as PEEK, appear to have very good radiation resistance, but 
may not be acceptable for high precision space structures because of high residual 
stresses in the composites due to their high processing temperatures. Overall, the 
171°C cure epoxies appear to offer good potential for long-life space structures. 

LITERATURE CITED 

1. Hillesland, H.L. SAMPE Symposium/Exhibition, 1980, vol. 24, pp. 202-211 
2. Mikulas, M.M., et al. NASA TM-86338, 1985. 
3. Swanson, P. N. Jet Propulsion Laboratory JPL D-2283, June 1985. 
4. Tenney, D. R.; Sykes, G. F.; and Bowles, D. E. Proc. Third European Symp. 

Spacecraft Matls in Space Environment, Oct 1985, ESA SP-232, pp. 9-21. 
5. Tompkins, S. S.; Bowles, D. E.; Slemp, W. S.; and Teichman, L. A. Space 

Station Symposium, AIAA Paper No. 88-2476, April 1988. 

In The Effects of Radiation on High-Technology Polymers; Reichmanis, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



14. TENNEY & SLEMP Radiation Durability of Polymeric Matrix Composites 251 

6. Kircher, J. F.; and Bowman, R. E. Effects of Radiation on Materials and 
Components. Reinhold Publ. Co., New York, 1964. 

7. Sykes, G. F.; Milkovich, S. M.; and Herakovich, C. T. Polymeric Materials 
Science and Engineering, Proc. of the ACS Div. Polymeric Matls and Engrg., 
vol. 52, ACS, 1985, pp. 598-603. 

8. Sykes, G. F.; and Slemp, W. S. Proceedings of the 30th SAMPE 
National Symposium-Exhibition, Anaheim, Ca, March 19-21, 1985; 
pp. 1356-1368. 

9. Sykes, G. F.; Funk, J. G.; and Slemp, W. S. Proceedings of the 
18th International SAMPE Technical Conference, Seattle, WA, 
October 7-9, 1986; pp. 520-534. 

10. Milkovich, S. M.; Herakovich, C. T.; and Sykes, G. F. The NASA-Virginia 
Tech Composites Program Interim Report 45, VPI-E-84-20, June 1984. 

11. Milkovich, S. M.; Sykes, G. F.: and Herakovich, C. T. Fractography of 
Modern Engineering Materials--Composites and Metals. ASTM STP 948, 
Nov. 1985, pp. 217-237. 

12. Milkovich, S. M.; Herakovich
6, 1986, pp. 579-593. 

13. Fox, D. J.; Herakovich, C. T.; and Sykes, G. F. The NASA-Virginia Tech 
Composites Program Interim Report 63, also CCMS 87-11 and VPI-E-87, July 
1987. 

14. Reed, S. M.; Herakovich, C. T.; and Sykes, G. F. The NASA-Virginia Tech 
Composites Program Interim Report 60, VPI-E-86-19, October 1986.p 

15. Reed, S. M.; Sykes, G. F.; and Herakovich, C. T. J. Reinforced Plastics and 
Composites, July 1987, 6, 3, pp. 234-252. 

16. Funk, J. G.; and Sykes, G. F. J. Comp. Tech. & Research, Fall 1986, 8, 3, 
pp. 92-97. 

17. Wolf, K. W.; Fornes, R. E.; Gilbert, R. D. and Memory, J. D. J. Appl. Phys. 
Sci., Oct. 1983, 54, 10, pp. 5558-5561. 

18. Bowles, D. E.; Tompkins, S. S.; and Sykes, G. F. AIAA J. Spacecraft and 
Rockets. Nov-Dec 1986, 23, 6, pp. 625-629. 

19. Sykes, G. F.; and Bowles, D. E. SAMPE Qrtly, July 1986, 17, 4, pp. 39-45. 
20. Tompkins, S. S.; Bowles, D. E.; and Kennedy, W. R.: SEM Experimental 

Mechanics, Mar. 1986, 26, 1, pp. 1-6. 
RECEIVED September 12, 1988 

In The Effects of Radiation on High-Technology Polymers; Reichmanis, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



Chapter 15 

Radiation-Resistant, Amorphous, All-Aromatic 
Poly(arylene ether sulfones) 

Synthesis, Physical Behavior, and Degradation 
Characteristics 

D. A. Lewis1,3, James H. O'Donnell1, J. L. Hedrick2,4, T. C. Ward2, 
and J. E. McGrath2,5 

1Polymer and Radiatio
of Queensland, St. Lucia, Brisbane 4067, Australia 
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An aromatic polysulfone based on 4,4'-biphenol and 
4,4'-dichlorodiphenyl sulfone (Bp PSF) was shown to be 
the most resistant of a systematic series of poly 
(arylene ether sulfones) to 60Co gamma irradiation. 
Sulfur dioxide was the major volatile product and was 
used as a probe to correlate the radiation resistance 
with polymer structure. The use of biphenol in the 
polymer reduced G(SO2) by 60% compared with bisphenol A 
based systems (Bis-A PSF). Surprisingly, the isopro­
pylidene group was shown to be remarkably radiation 
resistant. The ultimate tensile strain decreased with 
dose for all polysulfones investigated and the rate of 
decrease correlated well with the order of radiation 
resistance determined from volatile product measure­
ments. The fracture toughness (KIC) of Bis-A PSF also 
decreased with irradiation dose, but the biphenol based 
system maintained its original ductility. 

There is an increasing need for the production of light, very 
strong polymeric based matrix resins, adhesives and composite 
structures which can withstand harsh environments such as UV and 
ionizing radiation. High performance engineering thermoplastics 
such as aromatic polysulfones and polyether ketones are strong 
candidates for this application since they are easy to process, 
have high maximum service temperature, good modulus and fracture 
toughness characteristics. An extended service life is required to 
render such structures economically viable, thus it is necessary 
3Current address: Watson Research Center, IBM Corporation, Yorktown Heights, NY 10598 
4Current address: Almaden Research Center, IBM Corporation, San Jose, CA 95120-6099 
5Address correspondence to this author. 
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to optimize r a d i a t i o n r e s i s t a n c e while s t i l l maintaining the 
required mechanical p r o p e r t i e s . Two aromatic polysulfones which 
are c u r r e n t l y a v a i l a b l e commercially have been shown (1,2) to be 
r e s i s t a n t to i o n i z i n g r a d i a t i o n , making t h i s c l a s s of polymers 
s u i t a b l e f o r engineering a p p l i c a t i o n s i n these harsh environments. 

There have been r e l a t i v e l y few systematic studies of the 
r e l a t i o n s h i p between polymer s t r u c t u r e and r a d i a t i o n r e s i s t a n c e f o r 
polymers with aromatic backbones. Such i n v e s t i g a t i o n s are 
necessary to determine which linkages are the most s u s c e p t i b l e to 
r a d i a t i o n degradation. The paucity of data i s due, i n part, to the 
d i f f i c u l t i e s i n s y n t h e s i z i n g a s e r i e s of polymers with c o n t r o l l e d 
s t r u c t u r e and molecular weight. Thus, the synthesis of the new 
polymers was an important part of t h i s work. A l l of the polymers 
are l i n e a r with no long chain branching and are a l l para 
s u b s t i t u t e d . These v a r i a b l e s have been shown to have important 
e f f e c t s on the r a d i a t i o n r e s i s t a n c e  Furthermore  the polymers 
have s i m i l a r molecular
which allow the compariso
with r a d i a t i o n and polymer st r u c t u r e to be a more defined 
structure/property i n v e s t i g a t i o n . 

The production of v o l a t i l e products upon i r r a d i a t i o n can 
r e s u l t i n the undesirable formation of bubbles. This can lead to 
the premature f a i l u r e of stressed components, thus l i m i t i n g s e r v i c e 
l i f e . The y i e l d of v o l a t i l e products a f t e r i r r a d i a t i o n has been 
demonstrated to be a s e n s i t i v e probe of the r e l a t i v e r a d i a t i o n 
r e s i s t a n c e f o r model compounds such as cyclohexane and benzene, 
with G(H 2) = 5.6 (3) and 0.038 (4 ) , r e s p e c t i v e l y . 

The mechanical p r o p e r t i e s e x h i b i t e d by a polymer a f t e r 
i r r a d i a t i o n are a complex fun c t i o n of molecular weight and 
molecular weight d i s t r i b u t i o n and the number and type of new 
st r u c t u r e s formed. Thus, i t i s d i f f i c u l t to draw 
s t r u c t u r e / r a d i a t i o n r e s i s t a n c e conclusions from the change i n the 
mechanical p r o p e r t i e s alone. However, the changes i n mechanical 
p r o p e r t i e s are d i r e c t i n d i c a t i o n s of the ultimate usefulness of the 
polymer i n a r a d i a t i o n environment. 

In t h i s paper, we examine the r e l a t i o n s h i p between r a d i a t i o n 
r e s i s t a n c e and polymer s t r u c t u r e using v o l a t i l e product and 
mechanical property measurements. 

Experimental 

The polymers used i n t h i s study were prepared by a n u c l e o p h i l i c 
a c t i v a t e d aromatic s u b s t i t u t i o n r e a c t i o n of a bisphenate and d i h a l o 
diphenyl sulfone (j>). The r e a c t i o n was c a r r i e d out i n an a p r o t i c 
d i p o l a r solvent (NMP) at 170°C i n the presence of potassium 
carbonate (Scheme 1) (5,6). The polymers were p u r i f i e d by repeated 
p r e c i p i t a t i o n i n t o methanol/water, followed by drying to constant 
weight. The bisphenols used were bisphenol-A (Bis-A), hydroquinone 
(Hq) and biphenol (Bp). Thus, the a l i p h a t i c character of Bis-A 
could be removed while r e t a i n i n g a s i m i l a r aromatic content and 
s t r u c t u r e . The use of biphenol allows an i n v e s t i g a t i o n of the 
p o s s i b l e e f f e c t of extended conjugation on the r a d i a t i o n 
degradation. 
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Scheme 1 

HO—X-OH 

NMP/Toluene 

K 2C0 3, 170°C 

The poly(arylene ether sulfones) comprise s t r i c t l y a l t e r n a t i n g 
bisphenol and diphenyl sulfone u n i t s . S i m i l a r l y , "copolymers" were 
prepared using two d i f f e r e n t bisphenols, which produced a 
s t a t i s t i c a l sequence with the a l t e r n a t i n g diphenyl sulfone u n i t s . 

The composition a n d ^ t r u c t u r e s of these polymers were 
ch a r a c t e r i z e d by H and C ΝMR and i n f r a r e d spectroscopy to 
confirm that l i n e a r , a l l para s u b s t i t u t e d polymers were formed. 
GPC measurements were used to demonstrate that a monomodal 
molecular weight d i s t r i b u t i o n with a p o l y d i s p e r s i t y of 
approximately 2 was obtained. The glass t r a n s i t i o n temperature was 
determined on a Perkin-Elmer DSC-2 using a heating rate of 10 eC/min 
and the i n t r i n s i c v i s c o s i t y was determined i n NMP at 25°C. These 
data are summarized i n Table I. 

The technique used f o r v o l a t i l e product a n a l y s i s was based on 
the q u a n t i t a t i v e t r a n s f e r of v o l a t i l e small molecules which are 
produced by r a d i o l y s i s of the polymer onto a GC column where they 
are separated, i d e n t i f i e d and determined q u a n t i t a t i v e l y , as 
described i n d e t a i l e a r l i e r (7). A weighed sample (ca. 40 mg) of 
polymer was evacuated and sealed i n a t h i n walled glass ampoule 
(approx. 20mm χ 2mm diam) a f t e r slowly heating under vacuum to 
200°C over 24 hours to remove adsorbed water. A f t e r i r r a d i a t i o n , 
the ampoule was heated i n the s p e c i a l l y designed i n j e c t i o n port (8) 
of a Hewlett Packard 5730 A gas chromatograph at 150°C f o r 15 min 
p r i o r to being crushed by a plunger. The gases were c a r r i e d from 
the i n j e c t i o n port onto a Chromosorb 102 column (3m x3mm) using 
helium c a r r i e r gas and then to a thermal c o n d u c t i v i t y detector and 

In The Effects of Radiation on High-Technology Polymers; Reichmanis, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



15. LEWIS ET AL. Radiation-Resistant Poly(arylene ether sulfones) 255 

Table I 
Polysulfone C h a r a c t e r i z a t i o n 

Polymer r i25°C 
[TllNMP Tg/°C 

Bis-A PSF 0.50 190 
Hq PSF 1.40 217 
Bp PSF 1.00 232 
Hq/Bp(50) PSF 0.71 217 

flame i o n i z a t i o n detector connected i n s e r i e s . The GC conditions 
were optimized to give
peaks, enabling i d e n t i f i c a t i o
accurate peak area determination. C a l i b r a t i o n p l o t s of peak area 
versus gas volume were e s t a b l i s h e d using pure gases. 

Dogbone samples were cut from compression molded t h i n sheets. 
They were bundled together i n groups of four between glass 
microscope s l i d e s (1 mm thick) to eliminate the e f f e c t of non­
uniform d i s t r i b u t i o n of secondary e l e c t r o n s (9). Samples f o r 
f r a c t u r e toughness measurements and the dogbone bundles were then 
sealed i n Pyrex tubes a £ j e r n e a t i n 9 under high vacuum to 150°C to 
remove a i r and water. Co gamma i r r a d i a t i o n was conducted with 
dose rates of approximately lOkGyh as determined by extended 
F r i c k e Dosimetry. Ampoules f o r v o l a t i l e product studies were 
i r r a d i a t e d at 150±1°C i n an aluminum block heater which was 
c o n t r o l l e d by a Eurotherm temperature c o n t r o l l e r . This temperature 
was s e l e c t e d since i t was near the maximum s e r v i c e temperature f o r 
these polymers. In a d d i t i o n , r e l a t i v e l y small doses of i r r a d i a t i o n 
(100-600 kGy) were required to obtain e a s i l y q u a n t i f i e d volumes of 
gases. Fracture toughness, Κ , measurements were performed 
according to ASTM standard E399 on specimens 6.3 mm t h i c k at a 
s t r a i n rate of 0.5 mm/min. S t r e s s - s t r a i n measurements were made on 
an Instron t e n s i l e t e s t e r at a s t r a i n rate of 10 mm/min. 

Results 

The major v o l a t i l e product from the i r r a d i a t i o n of Bis-A PSF at 
150°C was s u l f u r dioxide, which was produced with GiSO^) β 0.146. 
This i s co n s i s t e n t with previous measurements at 30°C, 125°C and 
220°C (1,2). Other v o l a t i l e products observed were hydrogen, 
methane, and carbon d i o x i d e . The G values for the various gaseous 
products are compared with l i t e r a t u r e r e s u l t s f o r i r r a d i a t i o n at 
30°C i n Table I I . 

The apparent reduction i n GiH^) at the higher i r r a d i a t i o n 
temperature used i n t h i s work i s believed to be an a r t i f a c t due to 
a reduction i n the hyrocarbon i m p u r i t i e s i n the samples used i n 
t h i s study compared with the work of Brown and O'Donnell (1,2). 
This i s supported by the absence of hydrocarbons i n the v o l a t i l e 
products a f t e r i r r a d i a t i o n at 150°C. S i m i l a r l y , the water observed 
i n the v o l a t i l e products a f t e r i r r a d i a t i o n at ambient temperature 
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Table II 
G(gas) for Bis-A PSF, Irradiated in Vacuum 

Product 30°C a 150°C b 

so 0.02 0.146 ± 0.014 
0.009 

H 2 0.008 0.0033 ± 0.0009 
0.0050 ± 0.0012 

CO 0.002 0.0070 ± 0.0019 
0.002 0.0066 ± 0.0012 

C 3 hydrocarbons 0.0002 

Totals 

k from Brown and O'Donnell, réf. 1. 
errors are estimated at the 95% confidence level 

is believed to be due to a less rigorous drying procedure employed 
in that study. 

It is unlikely that carbon dioxide would be produced from the 
degrading polymer since multiple bond fragmentation and reformation 
would be required. After repeated precipitation of the polymer, 
G(C0 2) decreased markedly while the yield of other products was not 
affected. It is proposed that potassium carbonate, used to 
generate reactive phenolate during the step growth polymerization, 
was occluded in the precipitated polymer and was the primary source 
of the observed carbon dioxide. 

Elimination of a methyl radical from the isopropylidene group 
of Bis-A PSF, followed by hydrogen abstraction to form methane 
might be expected to be an important process, since this is the 
only aliphatic part of this polymer. However, G(CH4) was very 
small compared with G(S0 2) and i t appears that C'CH^ scission is a 
relatively low yield process. This implies that the isopropylidene 
group is a relatively radiation resistant group in a structure such 
as bisphenol-A. This conclusion is supported by ESR and NMR 
studies (1Ό) which demonstrate that main chain scission also does 
not occur at this group, at least at neutral pH. The results are 
contrary to the conclusions of Sasuga (11) (high dose rate electron 
beam irradiation in air) where the radiation resistance of the 
isopropylidene group was only slightly greater than the sulfone 
linkage. Perhaps the actual irradiation temperature was quite 
different in their experiments due to the high dose rates employed. 

The dependence of the volatile product yield with structure 
can be a very sensitive probe of radiation resistance and the 
protective effect of aromatic rings. G< H

2^ w a s observed to 
decrease from 5.6 to 0.038 for cyclohexane (3) and benzene (4) 
after gamma irradiation at ambient temperature. Since a l l polymers 
under investigation contained the sulfone moiety, G(SO^) (Table 
III) is an ideal probe for radiation resistance for this series. 
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Table I I I 
G(S0 2) f o r Several Poly(Arylene Ether 

Sulfones) A f t e r Vacuum I r r a d i a t i o n at 150°C 

Polymer G(SO ) a 

Bis-A PSF 0.146 ± 0.014 
Hq PSF 0.136 ± 0.011 
Hq/Bp(50) PSF 0.097 ± 0.004 
Bp PSF 0.063 ± 0.010 

e r r o r s correspond to 95% confidence l e v e l 

The r e l a t i v e l y mino
r a d i a t i o n degradation of Bis-A PSF was f u r t h e r demonstrated by the 
small d i f f e r e n c e i n G(SO^) f o r Bis-A PSF (0.146) and Hq PSF 
(0.136), a wholly aromatic polymer. The small reduction i n G(S0 2) 
may be due to a s l i g h t l y higher aromatic content i n Hq PSF compared 
with Bis-A PSF. 

The most r a d i a t i o n r e s i s t a n t polysulfone i n v e s t i g a t e d was Bp 
PSF, G(SO ) of 0.063. Although the sulfone group i s not d i r e c t l y 
attached to the biphenyl group, there i s e v i d e n t l y a large 
p r o t e c t i v e e f f e c t e i t h e r through space or along the chain. This i s 
i n accordance with the s u b s t a n t i a l l y greater r a d i a t i o n r e s i s t a n c e 
of biphenyl, compared with benzene as shown by G ( r a d i c a l ) values of 
0.045 and 0.2(12) r e s p e c t i v e l y . The t o t a l "aromatic" content of Bp 
PSF i s only s l i g h t l y higher than f o r Bis-A PSF and thus does not 
account f o r the large increase i n r a d i a t i o n r e s i s t a n c e observed. 

One p o s s i b i l i t y i s that the r a d i c a l cations and anions formed 
immediately a f t e r i r r a d i a t i o n are s t a b i l i z e d to a greater extent i n 
the biphenyl case than f o r a s i n g l e phenyl r i n g . The aromatic 
r i n g s i n the biphenyl group are nearly 90° out of the plane of the 
molecule, which suggests that there i s l i t t l e i n t e r a c t i o n between 
these r i n g s , f o r the n e u t r a l group. A f t e r i o n i z a t i o n or e l e c t r o n 
capture (to form the r a d i c a l cation and r a d i c a l anion 
r e s p e c t i v e l y ) , the o r i e n t a t i o n of the r i n g s could be a l t e r e d , which 
would allow greater i n t e r a c t i o n and thus charge d e r e a l i z a t i o n . 
This proposed r e o r i e n t a t i o n c l e a r l y i s one explanation f o r the 
enhanced s t a b i l i t y , compared with r a d i c a l cations or anions derived 
from aromatic r i n g s such as found i n Bis-A PSF or Hq PSF. 

G(S0 2) f o r Hq/Bp (50) PSF i s intermediate between G(S0 2) f o r 
the homopolymers. Thus, there i s no a d d i t i o n a l p r o t e c t i v e e f f e c t 
analogous to the non-linear response of G(H ) as the mole f r a c t i o n 
of benzene i n cyclohexane i s increased (3,4;. This i n d i c a t e s that 
the s p a t i a l range of enhanced r a d i a t i o n p r o t e c t i o n afforded by the 
biphenyl group i s l i m i t e d . 

u l t i m a t e l y , i t i s the r e t e n t i o n of mechanical p r o p e r t i e s a f t e r 
i r r a d i a t i o n which w i l l determine the s u i t a b i l i t y of a polymer f o r 
use i n a r a d i a t i o n environment. Since the p o t e n t i a l a p p l i c a t i o n s 
for t h i s c l a s s of polymer require high modulus and toughness over 
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an extended dose range, the properties of most interest are Youngs 
modulus, ultimate strain and the fracture toughness. 

Youngs modulus increased significantly after a dose of 500 
kGy, but increased only slightly more at higher doses, as can be 
seen in Table IV. The increase is attributed to the radiation 

Table IV 
Influence of Irradiation on Mechanical Behavior 

Bis-A PSF Hq/BP(50) PSF 

ultimate ultimate 
Dose/kGya Modulus/MPa Elongation/% Modulus/MPa Elongation/% 

0 1200 
500 1660 

1000 1750 33 1650 70 
2000 1600 20 1750 60 
4000 1880 8 1700 51 

Irradiation conducted at 30°C under vacuum 

induced network formation and is consistent with observations with 
other systems (6,11). The modulus for Hq/Bp (50) PSF increases in a 
similar manner, suggesting similarity in the crosslinking reactions 
of these two polymers. 

The mechanical property which i s most sensitive to radiation 
degradation is the elongation at failure. This invariably 
decreases regardless of whether chain scission or crosslinking i s 
predominant. For Bis-A PSF, the elongation at failure decreases 
rapidly from 110% i n i t i a l l y to 8% after a dose of 4000 kGy at 
ambient temperature as shown in Table IV. This result is in 
remarkable agreement with the electron beam irradiation of Bis-A 
PSF in vacuum (6), which showed a reduction in the elongation at 
failure from 110% i n i t i a l l y to 12% after a radiation dose of 3600 
kGy. This is evidence for l i t t l e dose rate dependency in the 
radiaJion degradation of Bis-A PSF, for dose rates up to 3600 
kGyh for the film thickness and cooling used in that study. 

For Hq/Bp(50) PSF, the decrease in the elongation at failure 
with irradiation dose is significantly less than for Bis-A PSF. 
This can be attributed to the increased radiation resistance 
afforded by the biphenyl moiety, as demonstrated from G(S02) 
measurements· 

The decrease in the elongation at failure suggested that the 
fracture toughness might also decrease after irradiation. This was 
confirmed from the Κ measurements which showed a decrease from an 
i n i t i a l value of 2.0x10 Nm" ' to 1.7x10 Nm / after 1000 kGy. 
The decrease in Κ correlated with the decrease^ i n j e g s i l e 
elongation at failure. A f i n a l value of 1.4x10 Nm after 4000 
kGy was observed. 
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I I I I I I I I I 
-100 -90 -80 -70 -60 -50 -40 

Temperature, °C 
Figure 1. Influence of Irradiation on $-Relaxation of Poly(Arylene 

Ether Sulfones) Bis-A polysulfone (Θ) unirradiated, 
(O) after 930 kGy and (·) after 4000 kGy. 
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Fracture toughness may correlate with the 3 relaxation 
temperature for the polymer. After irradiation, the 3 relaxation 
temperature increases with a corresponding broadening and decrease 
in intensity which can be seen in Figure 1. This result is 
consistent with the results of Hinkley et. al. (13̂ ) who observed 
the same phenomenon for polyether sulfone irradiated with electron 
beam irradiation above Tg. 

Conclusions 

This research demonstrates the utility of a well-defined set of 
polymers with carefully controlled structure for relating structure 
to radiation resistance. The presence of the isopropylidene group 
in the polymer apparently had little effect on the radiation 
resistance of the polymer, as determined from volatile product 
yields, contrary to initial expectations. G(CĤ ) was extremely 
small, indicating that
probability. This was further confirmed from G(S0> measurements. 

Bp PSF was the most radiation resistant polysulfone studied. 
This is attributed to a stabilization of the radical cations and 
anions formed immediately after absorption of energy by the 
biphenyl group. The protective effect of this group apparently 
acts either intramolecularly or through space, since the principal 
radiation induced volatile product, sulfur dioxide, is derived from 
the sulfone group which is not adjacent to the biphenyl group. The 
overall aromatic content of Bp PSF is similar to Bis-A PSF and this 
difference is not significant enough to explain the enhanced 
radiation resistance of Bp PSF observed. 

The increase in the modulus for Bis A PSF and Hq/Bp PSF with 
irradiation indicated that crosslinking predominated for both 
polymers and that the crosslink structures were probably basically 
similar. Hq/Bp(50) PSF was considerably more radiation resistant 
than Bis-A PSF, as shown by the rate of decrease in the elongation 
at failure. For both polymers, there was an initial rapid decrease 
in the elongation at failure followed by a slower decrease. This 
effect was also demonstrated by the variation in the fracture 
toughness (KIC) with irradiation for Bis-A PSF. This work with 
cobalt-60 gamma radiation complements earlier studies of these 
materials using high dose rate electron beam irradiation (6). 
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Additives—Continued 
mechanism in grafting, 126 
relevance in curing reactions, 129 
synergistic effect 

acid and DVB, 116/,117/ 
acid and TMPTA, 114,115/ 
acrylate monomers and inorganic salts, 122 
methacrylate monomers and inorganic 

salts, 122/ 
MFA and inorganic salts, 118,120 
MFMA and inorganic salts, 121/ 
monofunctional monomers and inorganic 

salts, 121* 
TMPTA and inorganic salts, 118/,120r 
TMPTA and organic additives, 122,123/ 
TMPTA and urea, 118/ 

types, 112 
Aliphatic carboxylic acid degradatio

gamma radiolysis, 85 
N-Allyl maleimide alternating 

copolymers, 172,181,190 
Allylic ether cleavage, 157/ 
Alpha particle, 2 
Amphipathic compounds, 214/ 
Aromatic groups 

protection against radiation damage, 90,92 
radiation resistance, 5 

Aromatic polysulfones, 252,253 
characteristics, 255/ 
determination of mechanical properties, 255 

Auger electrons, 15 

Β 

Baking of resist films, 96 
Bilevèl resist processing, 193,195/ 
Bis(propyl carbamate) of methylene 

4,4'-diphenyldiisocyanate, transient 
absorption spectra, 49,52/" 

Blends 
classification, 12 
irradiation, 12 

BP-MDI, See Bis(propyl carbamate) of 
methylene 4,4'-diphenyldiisocyanate 

Bulk solvent, effect on TIN conformation, 66 
rerr-Butoxy radicals 

generation by laser flash photolysis, 51 
reaction, 51,52f 

/er/-Butyl peroxide 
generation of diphenylmethyl radicals, 51 
mechanistic tool, 51 
photolysis, 51,52/" 
source of /m-butoxy radicals, 51 

C 

Cage effects, 4 
Carbonates 
conversion to ether, 157/ 
removal of protecting group, 157 

Carboxyl group, degradation by gamma 
radiolysis, 92 

Carboxylic acids, products of gamma 
radiolysis, 80 

CE 339/T300 composite, dynamic mechanical 
damping at low temperature, 231/ 

Chain scission 
effect on glass transition temperature, 228 
effect on matrix embrittlement, 243 

Chemiluminescence spectroscopy in studies 
of decomposition processes, 34 

Compton scattering, 2 
Contrast, 201 
Conventional negative-resist chemistry 
effect of halogen on radiation-induced 

cross-linking, 137,138f 
groups that undergo efficient cross-linking 

reactions, 137 
incorporation of cross-linking unit by 

covalent bonding, 137 
postexposure curing, 137 
radiation-induced cross-linking, 136-137 

Conventional photolithography, 132,134 
Conventional positive-resist 

chemistry, 140,141/,143,145 
Copolymer irradiation, 11-12 
Cross-linking 
clustering, 7-8 
determination by NMR, 7 
effect on glass transition temperature, 228 
efficiency of unsaturated olefins, 123 
measurement 

by average molecular weight, 6-7 
by molecular weight distribution, 7 
by ratio of soluble and insoluble fractions, 7 

networks, 12 
CTBN (carboxyl-terminated butadiene 

acrylonitrile) elastomer, cross-linking 
at high radiation dose rate, 22832/* 

Cyclized rubber-bis(arylazide) negative 
resist, 136,138/· 

13-Cyclohexadiene, elimination product 
of polymer thermolysis, 159,161 

D 

DCPA [poty(23-dichloropropylacrylate)] 
sensitivity, 137 
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Depth profile, 3 
Diisocyanate-based polyurethanes 
areas of future research, 56 
dual mechanism for 

photodegradation, 43,44/* 
formation of photo-Fries products, 51 
N-C bond cleavage for photolysis, 51 
pathways for photodegradation, 43,44/* 
photo-Fries-type rearrangement, 43,44/* 
structures, 47/ 
transient absorption spectra, 46,48/" 

Dimensional stability 
change in coefficient of thermal 

expansion, 246 
effect of crack density on coefficient of 

thermal expansion, 247/ 
matrix microcracking, 246,248/" 
strain, 243,246 
thermal expansion, 246 

3,5-Dimethyl-4-(2-cyclohexenyloxy)styrene, 
preparation, 158/* 

Diphenylmethyl radical 
formation, 51,55/ 
reaction with oxygen, 51,55/ 

Dry-developed resist system, 147 
DVB (divinyl benzene), effect on grafting 

reactions, 115,116/" 
Dynamic mechanical analysis of T300/934 

composite, 229f 

Ε-DRAW (erasable direct read after writing) 
devices, 209 

Effects of radiation on matter, 15 
Electrical conductivity, 22 
Electron interaction with matter, 15 
Electron radiation 
energy range, 2 
penetration into polymer material, 16 
uses, 2 

Electron spin resonance spectroscopy 
analysis of free radicals, 38 
application, 38 
PMMA,3Sy 

Electron thermalization distance, 19 
Energetic photons 
mechanisms of energy transfer 
Compton interaction, 16 
electron-positron pair production, 16 
photoelectric effect, 16 

production of secondary energetic 
electrons, 16 

Energy absorption units, 3 
Energy dissipation 
effect on environment, 77 
in polymers, 200,201,205 

Energy dissipation—Contain 
nonradiative energy transfer, 31 
pathways for a polymer with aromatic side 

groups, 32f 
Epoxy composites 
broadening of glass transition 

temperature, 231/ 
damping characteristics in low-temperature 

region, 231/ 
expansion with increasing temperature, 229f 
matrix degradation, 228,232 
weight loss pattern, 230f 
ESCA (electron spectroscopy for chemical 

analysis) for surface properties, 28 
ESIPT, See Excited-state intramolecular 

proton transfer 
ESR spectroscopy, See Electron spin 

Ether-protecting group  imaging systems,
Excimer, 31 
Excimer fluorescence, 96-97,109 
Excimer-forming sites, 106,109,110 
Excitation energy, fate, 29f 
Excited state 
decomposition routes, 81 
depletion mechanisms and rates, 30 
lifetime of singlet, 30 

Excited-state intramolecular proton transfer 
dissipation of excitation energy, 59,6Qf 
solute-solvent complexation, 75/,76 

F 

Figure of merit, 197,19^ 
Fluorescence 
hypersurfaces, 33/34 
kinetic behavior, 331/34 
lifetimes, 73t,76 
quantum yields, 71,72f,73f,74 

Fluorescence spectrometry 
basis, 30 
detector, 31 
information from technique, 34 
instrumentation, 101 
laser system, 31 
polystyrene, 313?f 
principle, 31 
styrene-maleic anhydride alternating 

copolymer, 3132/ 
Fourier transform-IR interferometer, 353Sjf 
Fourier transform-IR spectroscopy in 

studies of photooxidation, 36 
Free-radical chain oxidation, 57 
Free-radical reactions, 4 
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G 

G value, 134 
Gamma radiation 
interaction with polymers, 16,81 
sources, 1 
uses, 1 

Gamma radiolysis 
aliphatic carboxylic acids, 81-82 
comparison of CO-C0 2 yield and radical 

yield, 85/ 
correlation of carboxyl group loss and 

radical formation, 84 
products of isobutyric acid, 82/ 
yields of CO and C0 2 for carboxylic 

acids, 82,84/ 
Geminate recombination, 18-19 
Glass transition temperature 
effect of electron radiation fluence

damping peak width, 231/ 
effect of thermal cycling, 234/ 

GMC [poly(chlorostyrene-co-glycidyl 
methacrylate)] chemistry, 139/" 

Grafting 
enhancement by inorganic salts, 117 
methods, 113 
preparative significance of additive 

effects, 129 
sensitizer requirement of UV-initiated 

reactions, 118 
styrene to polyethylene film, 115/, 117/ 
styrene to polypropylene film, 116f,117/ 

Grafting by UV 
additives, 118,119/ 
lithium nitrate as additive, 119/ 
styrene to cellulose, 119/ 
styrene to polyethylene 

acid versus inorganic salts as 
additives, 119/ 

synergistic effect of acid and TMPTA, 120/ 
styrene to polypropylene 
effect of lithium nitrate, 119/ 
effect of MFA and inorganic salts, 120/,121/ 
effect of monofunctional monomers and 

methacrylates with inorganic salts, 121/ 
effect of organic additives, 122/ 
role of UV dose, 122/ 
synergistic effect of TMPTA and organic 

additives, 123/ 
synergistic effects 
effect of exposure time, 121 
effect of monomer structure, 120-121 

Grafting enhancement 
effect of organic additives, 122 
effect of PFM structure, 128 
industrial additives, 123 
mechanisms 

acid effect, 124-125 

Grafting enhancement—Continued 
additive effects, 126 
PFM effect, 126-127 

monofunctional monomer versus 
multifunctional monomer, 121 

role of UV dose, 122f 
significance of acrylate functionality, 128 
useful additives, 124 

Graphite-epoxy composites, 224,225 

H 

Halostyrene-MOTSS copolymers) 
characteristics, 196 
conditions of preparation, 196/ 
effect of halostyrene content on resist 

and contrast of copolymer, 193,202f,204/;207 
electron beam sensitivity, 197 
figure of merit values, 199/ 
molecular weights, 197/ 
resists, 207 

Heat-mode recording, 210 
High-energy electrons, 20 
High-energy ionizing radiation 
effects, 14 
lack of selectivity, 17 
reactions of free radicals, 14 

High-pressure irradiation, 23 
High-radiation flux 
composition, 2 
source, 2 

2-(2'-Hydroxy-5'-methylphenyl)benzotriazole 
absorption spectra 

polymer films, 70,7^ 
various solvents, 64f 

bulk solvent effect on conformation, 66 
effect of molecular environment on 

conformation, 59 
effect of solvent composition on 

absorption spectrum, 63,65/ 
fluorescence 

decay time, 76-77 
in nonpolar solvents, 71 
in polymer films, 74 
lifetimes, 74,76 
quantum yield, 67/,71 
spectra, 70 

planar and nonplanar forms, 63 
properties of conformers in various 

solvents, 66,69/ 
radiative rate constant, 76 
structure, 60f 

2-(2'-Hydroxy-5 '-methylphenyl)benzotriazole-3 '-
sulfonate 

conformation in polymer films, 70 
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2-(2'-Hydroxy-5 '-methylphenyl)benzotriazole-3 '-
sulfonate—Continued 

conformations in solution, 66,70 
excited-state lifetimes, 77 
fluorescence in polymer films, 74 
radiative rate constants, 76 
structure, 6Qf 

Hydroxyphenylbenzotriazole(s) 
effect of solvent on fluorescence, 77 
ground-state forms, 77 
structures, 60/* 

2-(2'-Hydroxyphenyl)benzotriazole 
photostabilizers, basis of 
photostability, 58-59 

Hypersurfaces, 34 

Ie/Im (ratio of excimer emission intensity 
to monomer emission intensity) 

comparison between spin-cast and 
solvent-cast films, 101,109 

factors 
annealing temperature, 101,103/ 
pyrene concentration, 106,108/; 110 
spin speed, 101 

indicator of dye aggregation in 
photoresists, 110 

polystyrene films, 102/* 
pyrene-tagged polymers, 106,109 
spin-cast polystyrene films, 106,109 

Image fixation by cooling, 222 
Image-recording modes, 209,210* 
Imaging by changes in polymer side-chain 

polarity, 156f 
Imaging by differential dissolution 
absence of swelling, 156 
dual-mode development, 156 
principle, 156 

Incident dose for gelation, 174 
Inorganic salt effects on grafting 

reactions, 117* 
Integrated-circuit device preparation, 132 
Interferogram, 35 
Intratrack reaction, effect on product yield, 19 
Ion beams 
effect on materials, 16 
gross effects on polymers, 24 
linear energy transfer, 20 
types, 16 

IR radiation, attenuated total reflection, 35 
IR spectroscopy 

for studies of chemical modifications of 
polymers, 35 

information from technique, 34-35 
molecular basis, 34 
principle, 35 

IR spectroscopy—Continued 
studies of photooxidation 

polyethylene, 36 
polypropylene, 35-36 

type of instruments, 35 
Isobutyric acid 

ESR spectra after gamma radiolysis, 83/ 
gamma radiolysis, 82/,84 

L 

Langmuir-Blodgett films, 11 
Laser flash photolysis 

in studies of diisocyanate-based 
polyurethanes, 43,45 

instrumentation, 45 

production of térr-butoxy radicals, 51 
TDI-PU, 46,49,51 
teir-butyl peroxide, 51 
transient absorption spectra 

BP-MDI, 49,52f 
diphenylmethane, 51,53/" 
propyl-AMolylcarbamate, 49,5Qf 
TBP-BP-MDI solution, 51,53/* 
TBP-MDI polyurethane solution, 51,54/* 
p-toluidinyl radical, 46,5Qf 

Laser-streak camera system, 61,62/" 
Lattice displacement, 16-17 
Linear energy transfer 
definition, 20 
limitations, 20 
parameter of radiation quality, 20 

Liquid crystals) 
conversion of photosignal to electrical 

signal, 219 
depression of nematic-isotrophic phase 

transition, 218-219 
effect of photochrome compound type on 

induced phase transition, 219 
electrical read-out of photoimage, 219 
evaluation of image amplification, 219 
image erasure, 219 
limitation, 219-220 
phase transitions, 217 
photoisomerization, 218 
response to photoisomerization, 218/* 
use in imaging, 217-218 

Liquid crystalline polymers 
image fixation by cooling, 222-223 
improvement of image stability, 220 
long-term storage of image, 222 
photon-mode image-recording material, 220 
polyacrylate with liquid crystalline side 

chains, 220 
properties, 220 
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Liquid crystalline polymers—Continued 
temperature effect on 

photoresponsiveness,222/" 
transition temperatures, 220-221 

Low-molecular-weight model compounds in 
studies of mechanisms, 10 

M 

Macroradical formation, 24 
Magnetic resonance spectroscopy 
ESR,37 
NMR, 37 
principle, 37 
pulsed Fourier transform-NMR, 44 

Mass absorption coefficient, 174 
Matrix embrittlement, 246,250 
Matrix microcracking, 243,246,248/
MDI (methylene 4,4'-diphenyldiisocyanate)

based polyurethanes 
direct and indirect photolysis, 44/ 
photofytic cleavage and photooxidation, 55/ 
MDI-PUE, See Methylene 4,4'-diphenyl-

diisocyanate polyurethane elastomer 
Meldrum's acid, photochemistry, 141/ 
Merocyanine, 212 
Methacrylate chain scission 
effect of bulky groups, 143 
enhancement by electronegative groups, 143 

7-Methacryloyloxypropyltris(trimethylsiloxy)-
silane 

copolymer resist, 193 
cross-linking efficiency of copolymer 

resists, 201,205 
effects of proton beam energy 
on contrast of copolymer resists, 201,204/" 
on sensitivity of copolymer resists, 202/206 

polymerization with halostyrenes, 196* 
proton beam contrasts of copolymer 

resists, 201/ 
relation between response and 

cross-linking efficiency of copolymer 
resists, 210 

response of copolymer resists to changes 
in proton beam energy, 201,203/ 

structure, 194 
Methylene 4,4'-diphenyldiisocyanate 

polyurethane elastomer 
description, 46 
preparation, 45 
transient absorption spectra, 46,48/" 

2-(2'-Methyl-5'-methoxyphenyl)benzotriazole, 
absorption spectrum, 63,70,72f 

MeTIN, See 2-(2'-Methyl-5'-
methoxyphenyl)benzotriazole 

MFA, See Monofunctional acrylates 
MFMA, See Multifunctional methacrylates 
Microcrack density, 246,248/" 

Microcrack formation, effect of radiation, 249/ 
Microdosimetry, 20 
Microlithography 
process, 132,133/ 
radiation sources, 132 

Migration of excitation, 22 
Model compounds 
eicosane, 23 
preparation, 45 
use in polymer studies, 23 

Molecular aggregation 
change in light scattering upon irradiation 

of micelle, 214,215/ 
shape, 214 
trans-cis photoisomerization, 214 

Monofunctional acrylates 
relative rates of curing, 13Qf 

tris(trimethylsiloxy)silane 
Multifunctional methacrylates 
effect on cross-linking efficiency of olefins, 123 
effectiveness of grafting enhancement, 120 
synergism with inorganic salts in UV-initiated 

grafting, 121/ 

Ν 

Negative resist(s), 192 
characteristics, 136 
curing effects, 137 
definition, 136 
effect of polymer properties on lithographic 

behavior, 137 
epoxy-containing polymers, 137 
figure of merit, 197 
limitation, 136 
nitrene insertion, 136 
resolution capability, 136 
sensitivity, 137 
submicrometer resolution, 138,139/" 
typical sensitivity curve, 195/ 
uses, 193 
vinyl-containing polymers, 137 

0-Nitrobenzyl ester, photochemistry, 142/" 
NMR spectroscopy 
application, 41 
basis, 38 
chemical shift, 38 
determination of scission and cross-linking, 7 
useful nuclei, 38 

Nonradiative photophysical processes, 30 
Novolac-diazonaphthoquinone resists, 

properties, 140 
Novolac-pory(2-methyl-l-pentene sulfone) 

resist, resolution and chemistry, 142/" 
NVP (/V-vinyl pyrrolidone), use in radiation 

rapid-cure formulations, 130 
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Ο 

Oligomer polymerization, 11 
Optical lithography, 134 
Organosilicon polymers 
effect of silicon on etching rate, 147 
problems affecting lithographic 

properties, 147 
Oxygen 
effect on irradiated polymers, 22-23 
inhibition of polymerization, 23 
role in main-chain scission, 23 
role in surface oxidative degradation, 23 

PAC (photoactive dissolution inhibitor), 
effect of structure on performanc
positive resist, 140 

PCOMP, See Principal component analysis 
PFM, See Polyfunctional monomers 
Phenol group, radiation resistance, 5 
Phosphorescence spectrum, basis, 30 
Photochemical control of aggregation 

number, 214 
Photochemical response of 

amphiphile-liposome mixture, 216,217/ 
Photochemically triggered induced circular 

dichroism 
doped dipalmitoyl-L-a-phosphatidyl-

choline, 216 
liposomes, 216 
nonlinear photoresponsiveness, 216 
photochemical response of liposomes, 216 
temperature range, 217 

Photochemically triggered micelle formation 
reversibility, 212 
surface tension versus degree of 

photochemical change, 212,213/ 
Photochemically triggered phase transition 
compromise of image recording with image 

stability, 223 
electrical read-out of photoimage, 219 
image amplification, 217 
liquid crystalline polymer films, 220-223 
liquid crystals, 217-220 
merits, 210 
nonlinear response, 217 
principle, 210 
shortcoming, 210-211 
solid polymer film, 221/222 
use of liquid crystals in imaging, 217-218 
variation of capacitance, 219,220f 

Photochemically triggered physical 
amplification 

examples, 211/ 
nonlinear response to photochemical 

reaction, 211/ 

Photochromic amphiphiles, effect of structure 
on miscibility with liposomes, 216 

Photodegradative processes, effect on polymer 
properties, 57,58 

Photoelectric effect, 2 
Photon absorption depth profile, 3 
Photon energy distribution for X-ray beam 

line, lS2f 
Photon radiation 
chemistry, 2 
linear energy transfer, 20 
types of energy absorption, 2 

Photophysical processes in a polyatomic 
molecule, 29f 

Plasma X-ray sources, 173 
PMMA, See Pory(methyl methacrylate) 
PMOTSS, See Polyfr-methacryloyloxypropyl-

radiolysis, 90 
Poly(arylene ether sulfones) 
C-CH 3 scission, 256 
characterization, 254,255/ 
effect of radiation on ̂ -relaxation, 25Sf/,260 
elongation at failure, 258 
fracture toughness, 258,260 
influence of irradiation on mechanical 

behavior, 258/ 
mechanical properties after 

irradiation, 257-258 
predominance of cross-linking, 258,260 
protection by biphenyl group, 257,258,260 
protective effect of aromatic rings, 256-257 
radiation resistance of functional groups, 256 
resistance to radiation, 257,260 
role of isopropylidene group in radiation 

degradation, 256-257,260 
sulfur dioxide production, 257 
volatile products, 255,256/ 
Young's modulus, 258 

Pofycarboxylic acids 
CO and C 0 2 yields after gamma 

radiolysis, 88/,89 
formation of propagating radical, 89-90 
radicals formed after gamma radiolysis, 89/ 
reactions after gamma radiolysis, 90 

Poryether ketones, 252 
Polyfunctional monomers 
dual function, 126,127/ 
effect of structure on grafting 

enhancement, 128 
mechanism of grafting enhancement, 126 
synergistic effects with acids, salts, and 

urea, 127-128,129 
Polyglutamic acid, effects of gamma 

radiolysis, 90,92 
Poly(glutamic acid-co-tyrosine) product 

yields after gamma radiolysis, 93/ 
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Poly(p-hydroxystyrene), thermogravimetric 
analysts, 161,163/" 

Polymer(s) 
applications, 80 
degradation 

by radiation, 22 
causes, 57-58 
products plasticizing matrix, 246 

effect of radiation on mechanical 
properties, 253 

effect of radiation on morphology, 8 
irradiation 
effect of air, 10 
effect of other gases, 10 
low-molecular-weight products, 10 

preparation 
PMMA,61 
polystyrene, 61 

protection against UV degradation
reactivity of radicals, 81 
sensitivity to radiation, 5,96,192 
wavelength of maximum photosensitivity, 58 
with aromatic backbones 

preparation, 253,254/" 
structure and radiation resistance, 253 

with ether pendant groups 
double thermal decomposition, 161,162/" 
dual-tone resists, 161,165 
imaging experiments, 161,170 
IR spectra, 167/ 
polarity change on thermolysis, 165 
preparation, 169-170 
preparation for imaging, 161 
structures, 158/" 
synthesis, 157-158 
thermogravimetric analysis, 159,16Qf,162/" 
thermolysis of ether groups, 159 
UV spectra before and after 

deprotection, 164/" 
Polymer matrix composites 
advantage, 224 
damage in space, 225 
damping characteristics at low 

temperature, 228,231/232 
description, 226 
dynamic mechanical analysis, 227,228,229/ 
dynamic mechanical damping at low 

temperature, 233/* 
effects of radiation, 225,250 

dimensional stability, 243,246,250 
mechanical properties, 232 
thermal properties, 228 

epoxy matrix, 250 
expansion upon radiation, 232 
exposure to radiation, 227 
matrix network degradation, 232 
mechanical tests, 227,232,237 
microdamage development, 245/ 

Polymer matrix composites—Continued 
modular and strength properties, 235/ 
preparation and analysis, 227 
resin tensile properties, 236/ 
thermal expansion measurement, 227-228 
thermomechanical analysis, 227,228 
uses, 224-225 

Polymer photostabilizers, 58 
Poty(methacrylic acid-co-styrene) 
effect of composition on radical 

production after gamma radiolysis, 91/ 
efficiency of radical production, 90 

Pory[7-methacryloyloxypropyl-
tris(trimethylsiloxy)silane], 192 

comparison of electron and proton beam 
contrasts of copolymers, 207/ 

comparison of electron and proton beam 

copolymers,
electron beam sensitivity of copolymers, 199/ 
homopolymer, 196 
preparation of copolymers, 193 
proton beam contrasts of copolymers, 201/ 
proton beam sensitivity of copolymers, 200/ 
thickness loss during irradiation, 199-200 

Poly(methyl methacrylate) 
deep-UV sensitivity, 143,145 
degradation mechanism, 143 
dry etching, 143 
ESR spectrum, 39/ 
radiation chemistry, 144/" 
resolution, 143 
sensitivity, 143 

Pory(methyl methacrylate-co-methacrylic 
acid-co-methacrylic anhydride), 144/" 

Pory(olefin sulfones), 145 
Poly(p-2-propenyloxystyrene) 

thermogravimetric analysis, 159 
thermolytic behavior, 159 

Potysilanes 
as positive resists, 147 
mechanism of chain scission, 149/* 

Polystyrene films 
fluorescence, 101,102/* 
relaxation behavior, 103/" 

Polyurethanes, preparation, 45 
Positive resist(s), 192 

chemical amplification, 145 
definition, 140 
effect of PAC on performance, 140 
in devices for very large scale 

integration (VLSI), 140 
novolac-diazonaphthoquinone, 140 
pory(2-methyl-l-pentene sulfone), 140,143 
poly(olefin sulfones), 145 
solution inhibition, 140 

Postirradiation effects, 12-13 
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Preparations 
aliyl maleamic acid, 187 
allyl maleimide, 187 
4-(2-cyclohexenyloxy)benzaldehyde, 168 
4- (2-cyclohexenyloxy)styrene, 168 
3,5-dibromostyrene, 189 
5- dimethyl-4-(2-cyclohexenyloxy)-

benzaldehyde, 169 
5-dimethyl-4-(2-cyclohexenyloxy)styrene, 169 
5-dimethyl-4-hydroxybenzaldehyde, 168 
A"-(3-ethynylphenyl)maleamic acid, 189 
N-(3-ethynylphenyl)maleimide, 189 
4-(l-phenylethyloxy)benzaldehyde, 168 
4-(l-phenylethyloxy)styrene 
polymers with ether pendant groups, 169-170 
trimethyl vinylbenzyl silane, 189 
trimethyl vinylbenzyl stannane, 189 
vinylbenzyl bromide, 190 
vinylbenzyl iodide, 190 

Principal component analysis 
determination of relative proportions of 

two forms of TIN, 63,66,67/68/* 
ΉΝ absorption spectra, 63,66,67/ 

Proton beam energy 
effect on contrast, 201,204£205 
effect on sensitivity of silicon-containing 

copolymers, 201 
Proton beam source, 2 
Proton movement through polymers, 200 
Proximity function, 21 
Pulse radiolysis, use in study of radiation 

products, 23 
Pulsed Fourier transform-NMR 

spectroscopy, 41 
Pyrene-tagged polymers, fluorescence 

spectra, 107/ 
Pyrene tagging, 100 

Q 

Quantum yield of photoreaction, 134 

R 

Radial orientation, effect on polymers, % 
Radiation 
changes induced 

chain cross-linking, 5 
chain scission, 5 
color formation, 6 
degradation, 6 
effect of dose rate, 8 
effect of small molecules, 5-6 
effect of stress, 8 
loss of crystallinity, 8 
structural changes, 6,9-10 

Radiation—Continued 
X-ray diffraction patterns, 8 

chemical yield, 3 
consequence of absorption by molecule, 28 
controlled source of free radicals, 24 
degradation of polymers, 22 
dependence of absorption on electron 

density, 2 
dose 
effect on elongation-at-break of cable 

insulators, 22 
threshold for polymers, 225 
total for structures in space, 225 

effects on polymers 
cross-linking, 228 
dimensional stability, 243,246,250 
mechanical properties, 232̂ 37,243 

energy dissipation,
energy transfer, 11 
interaction with matter, 15 
modification of bulk properties of 

polymers, 24 
primary reactions after absorption, 3-4 
quality 

comparison of fast-neutron and gamma 
irradiation, 21 

isolated spurs, 21 
overlapping tracks, 21 

reactions induced by 
comparison with photochemistry, 17 
effect of temperature, 8-9 
polymer side-chain modification, 155 
time scale, 17 

secondary reactions after absorption, 4 
similarity of effects on biological and 

polymeric systems, 21 
temperature rise, 3 
types, 1-2 

Radiation and thermal cycling 
effect on composite tensile modulus, 244/" 
effect on failure stress, 244/" 

Radiation environment, 10-11 
Radiation rapid-cure experiments, 114 
Radiative rate constants, 76 
Radiolysis versus photolysis, 23 
Raman spectroscopy 
anti-Stokes lines, 36 
applications, 36 
molecular basis, 3436 
radiation sources, 36 
resonance Raman scattering, 36 
Stokes lines, 36 
technique, 36-37 

Read-out methods, 211-212 
Relaxation rate constant, 101,105/ 
Resin 934 composites, 238/" 
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Resist(s) 
based on chemical amplification 
chemistry, 146/* 
properties, 145 
use of onium salt initiator, 145 

bilevel process, 145,146/" 
contrast, 134,136,194 
contrast curves, 135/ 
definition, 132 
development in aqueous solvent, 136 
effect of polymer properties on contrast, 137 
effect of proton beam energy on sensitivity 

and contrast, 193 
gel dose, 194 
molecular parameters of performance, 134 
negative resists, 132 
novel processes 
dry development, 147 
use of organosilicon polymers,
vapor-phase functionalization, 14

positive resists, 132 
required properties, 134 
required resolution, 134 
sensitivity, 134,136 
silicon-containing systems, 147,148/" 
systems, 98 

Spin casting 
aggregation of resist components, % 
areas of research interest, 95 
critical parameters, 98 
effect of changing rheological properties 

of drying film on thickness, 97 
effect of molecular weight on film 

thickness, 97 
effect on low-molecular-weight dye in a 

polymer, 98-99 
effect on polymer chain, 96 
effect on polymer chain conformation, 110 
effects of solvent evaporation, 97 
microscopic effects on polymer films, 99 
production of polymer films, 95 
stages, 97 
theoretical models, 97 

 photochromis  pola ,
structure, 21^ 

Straggling, 15 
Stress, effect on polymers, 9,96 
Stretched polymer films, 99 
Styrene-based imaging systems, 155 

Scission 
determination by NMR, 7 
measurement 
average molecular weight, 6-7 
molecular weight distribution, 7 
ratio of soluble and insoluble fractions, 7 

Secondary reactions, 6 
Shear, 237 
Side-chain deprotection, positive image, 166f 
Silicon-containing resist(s) 
behavior, 194 
systems, 148/" 

Solvent-cast films, 99,100 
Solvent-casting process, 99 
Space environment 
geosynchronous orbit, 225 
low earth environment, 225 

Spectroscopy 
advantages, 27 
information available, 40r 
principle, 27 
spectral range, 29/ 
use in studies of polymers, 27 

Spin-cast films 
chain conformation, 106 
dependence of film thickness on spin speed 

and viscosity, 97,98/ 
preparation, 100 

T300/934 composite(s) 
effect of orientation on compression, 237 
effect of radiation on compressive 

response, 237 
effect of temperature on matrix stiffness, 237 
radiation-induced damage, 237 
temperature and orientation effects on 

axial tensile response, 237 
temperature and orientation effects on 

tensile modulus, 237 
thermal vacuum weight loss, 23Qf 
thermomechanical analysis, 229/" 

T300/5208 composite 
effect of radiation on damping, 247 
effect of radiation on thermal 

expansion, 243,245/ 
T300/CE 339 composite 
dynamic mechanical analysis, 23Qf 
effect of radiation on thermal 
expansion, 232^24^250 

low-temperature softening with 
irradiation, 233/* 

thermomechanical analysis, 232^33/ 
TOP, See terr-Butyl peroxide 
TDI-PU, See Toluene diisocyanate polyurethane 
Temperature-dependent compressive response 

of polymer matrix composites, 241/̂ 42/" 
Temperature-dependent stress-strain 

curves, 239fJAQf 
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Tensile strength, 237 
Tensile stress-strain curves, 238/" 
Tension, 237 
Thermoplastic composites 
changes in transition glass temperatures, 232 
effect of radiation and thermal cycling on 

mechanical properties, 232,234̂ 243,244/ 
increase in crystallinity during thermal 

cycling, 232 
thermal analyses, 232,233/234/' 

ΉΝ, See 2-(2'-Hydroxy-5'-methylphenyl)-
benzotriazole 

TINS, See 2-(2'-Hydroxy-5'-methylphenyl)-
benzotriazole-3 '-sulfonate 

TMPTA, See Trimethylol propane 
trimethacrylate 

Toluene diisocyanate poryurethane 
direct and indirect photolysis, 44
preparation, 45 
transient absorption spectrum, 46,48/
TPGDA (tripropylene glycol diacrylate), use 

in radiation rapid-cure formulations, 130 
Track structure 
blobs, 18 
branch tracks, 17 
distribution of absorbed energy for water, 18/ 
gamma photons, 17 
high-energy electrons, 17 
high-energy protons, 18 
isolated spurs, 17 
short tracks, 18 
string of beads, 17 

Trimethylol propane trimethacrylate 
effect on curing reactions, 129 
effect on grafting reactions, 114,115/ 

U 

Urea, effects on grafting reactions, 117/ 
UV absorbers 
action, 58 
properties, 58 

UV-visible spectroscopy 
in studies of polymers, 30 
strongly absorbing chromophores, 28 
weakly absorbing chromophores, 28 

V 

Vapor-phase functionalization, 147,14Sf/",150 
Viscosity, effect of thickness of spin-cast 

polymer films, 98 
VLSI (very large scale integration), devices 

for, 140 
Volatile products of radiation 
analysis, 254-255 
effect of polymer structure on yield, 256 
from irradiation of polymers, 253 

X 

X-ray 
lithography, 172 

plasma, 172,173/
synchrotron, 172,173/" 

targets 
materials, 173 
photon flux, 173 

X-ray-sensitive copolymers 
alternating tendency, 175 
mass absorption coefficient versus X-ray 

energy, 175,17#17Sjf 
preparation, 175 
role of pendant groups, 175 
structures and properties, 175/176/-177/ 
synthesis, 190 

X-ray-sensitive resists 
comparison with commercial resists, 185/ 
contrast curves, 180,18̂ ,184/" 
design and preparation, 173 
dry-etch performance, 181,187/ 
effect of structure on performance, 174/ 
evaluation, 180 
micrographs, 188/" 
performance, 181,186/" 
promising materials, 181 
sensitivity and contrast, 18Qr 
sensitivity factors 
increased X-ray absorption, 181,184/" 
molecular weight, 181,183/ 
pendant unsaturation, 181 

sensitivity requirements, 174 
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