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FOREWORD 
The ACS SYMPOSIU
a medium for publishing symposia quickly in book form. The 
format of the Series parallels that of the continuing ADVANCES 
EST CHEMISTRY SERIES except that in order to save time the 
papers are not typeset but are reproduced as they are sub
mitted by the authors in camera-ready form. Papers are re
viewed 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 published papers are not accepted. Both reviews 
and reports of research are acceptable since symposia may 
embrace both types of presentation. 
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PREFACE 

Some intimate that macromolecular chemistry has become a mature 
science and that it is no longer at the frontier of scientific endeavor. In 

actuality, if we use the analogy of a human body, macromolecular science 
has only developed its skeleton, composed largely of homopolymers such 
as polyethylene, polyesters, and polyamides. The body is just beginning 
to develop. 

The investigation o
potential in our lives. Polymer modification is a major frontier introducing 
needed subtle or gross changes that allow biocompatability, enhanced 
thermal stability, increased solvent stability, etc. to the modified polymer. 

Polymer modification is a quite broad and rapidly expanding area of 
science. The enclosed chapters are meant only to present glimpses of 
many of the most important areas. The contributions were selected from 
over 100 possible papers. The contributors include eminent scientists 
from many countries giving the book the necessary international flavor. 

The book, divided into four sections, begins with a brief chapter 
describing some present problems in need of research and future trends 
related to polymer modification. The volume is not exhaustive but 
chapters were selected to illustrate specific aspects of more general areas 
of polymer modification. 

The first section, Chemical Reactions on Polymers, deals with aspects 
of chemical reactions occurring on polymers—aspects relating to polymer 
size, shape, and composition are described in detail. One of the timely 
fields of applications comprises the use of modified polymers as catalysts 
(such as the immobilization of centers for homogeneous catalysis). This 
topic is considered in detail in Chapters 2, 3, 8, 9, and 11 and dealt with 
to a lesser extent in other chapters. The use of models and neighboring 
group effect(s) is described in detail. The modification of polymers for 
chemical and physical change is also described in detail in Chapters 2 
(polystyrene); 4 (polyvinyl chloride); 5 (polyacrylic acid, polyvinyl 
alcohol, polyethyleneimine, and polyacrylamide); 6 (polyimides); 7 
(polyvinyl alcohol); 8 (polystyrene sulfonate and polyvinylphosphonate); 
10 (polyacrylamide); and 12 (organotin carboxylates). 

The second section, Radiation Interactions, contains nine chapters 
ranging from preliminary aspects of radiation-induced polymer modifica
tions to industrial applications, and includes topics related to IR, UV, 

ix 
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plasma, visible light, and corona radiations. Various aspects related to 
mechanisms of radiation interactions with the polymers are discussed in 
Chapters 13-16, 18, 20, and 21. When a polymer is to be used as a film, 
plate, fiber, or molded material, the surface properties are often as 
important as the bulk properties. Aspects of surface modification are 
described in Chapter 15. Deep UV lithography, expected to be a near-
future technique for the production of microelectronic devices, is dis
cussed in Chapter 18 as related to poly(methylmethacrylate). 

A detailed description of the Rigilon plate, a photopolymer relief 
printing plate for making matrix master plates, is given in Chapter 17. 
Rigilon plates are now used extensively in the printing (mainly news
papers ) industry in Japan and Europe. They have features close to those 
of metal plates but also possess a number of advantages; they are solid, 
water-' washoutable" plate
good reproducibility, and require a short plate-making time. 

Recently the biodegradability of polymers has become very important 
to the chemical industry and society in general. Chapter 19 describes 
studies on the biodegradability of polyamides by a number of bacteria. 

The use or modeling related to natural polymers as building mate
rials and chemical reagents is described in the third section on Natural 
Polymers. Chapter 22 describes modeling systems that mimic the high 
stereoselectivity of certain biological systems for the development of 
stereoselective catalysts. Modeling for conformational effects and shapes 
of nucleic acids is described in Chapter 23. The intimate, three dimen
sional modification of cellulose derived from cotton, chitin, amylose, 
dextran, and amylopectin, leading to building materials with good bio
logical resistance, is described in Chapters 24 and 25. Chapter 26 
describes the surface modification of cellulose and determination of 
surface density of hydroxyl groups. 

Formation of industrially usable interpenetrating polymer networks 
derived from caster oil is described in Chapter 27. Products can vary 
from soft and flexible to hard and tough. 

The final section contains chapters related to the modification of 
polymer properties with changes in polymer structure, such as the use 
of different phosphorus-containing polyesters (as copolymers and polymer 
blends) as flame retardants (Chapter 28). Chapter 29 deals with the 
electronic cooperativity of modified polymers derived from poly (vinyl-
benzyl chloride). Property-structural aspects of carborane-silonane poly
mers are described in Chapter 30, while new synthetic techniques leading 
to siloxane-modified poly(arylene carbonates) are covered in Chapter 31. 
The final chapter reports on the compatability of clay with polyolefins, 
with the clay acting as a property-enhancing reinforcing agent as well 
as an extender. 

x 
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1 
Introduction: Polymer Modification—Some Problems 

and Possibilities—Areas in Need of Research 

CHARLES E. CARRAHER, JR. 

Department of Chemistry, Wright State University, Dayton, OH 45435 

MINORU TSUDA 
Laboratory of Physical Chemistry, Chiba University, 1-33, Yayoi, Chiba (280) Japan 

The modification of polymer  ha  bee  practiced sinc  th
dawn of mankind with th
fibers. In spite of this ancient beginning significant advances 
are occurring almost daily. The "black art" of polymer modifi
cation is increasingly yielding to scientific investigation and 
as new insights become available, new applications are found 
for this information - the advances in knowledge and applica
tions coupled. 

The modification of polymers is interdisciplinary in nature 
cutting across traditional boundaries of chemistry, biochemistry, 
medicine, physics, biology and materials science and engineering. 
Because of this interdisciplinary nature, persons involved with 
polymer modification should be broadly trained to permit the 
best application of revealed information. 

Polymer modifications are intended to impute different, 
typically desired properties to the new modified material
-properties such as enhanced thermal stability; multiphase 
physical responses; biological resistance, compatibility or 
degradability; impact response; f lexibi l i ty; rigidity; etc. 

Today modifications can be roughly grouped into two cate
gories - a. physical modifications including entanglement 
and entrapment and radiation induced changes and b. chemical 
modifications where chemical reactions on the polymer are 
emphasized. This distinction is often unclear at best. 

Following is a brief summary of only some of the areas in 
need of study in the broad area of polymer modification. 

As signaled within this book, modification through 
exposure to radiation, (thermal, light and particle) continues 
to be at the forefront of many areas of polymer modification. A 
major problem involves use of industrial radiation curing of 
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2 MODIFICATION OF POLYMERS 

coatings surfaces because o f the present p r a c t i c a l l i m i t a t i o n 
o f depth o f cure p e n e t r a t i o n . T h i s problem was c i t e d i n the 
1978 Workshop on Organic Coatings held a t Kent State U n i v e r s i t y . 

The problem i s common to the a p p l i c a t i o n o f a l l i n d u s t r i a l 
c o a t i n g s . P o t e n t i a l s o l u t i o n s are numerous i n c l u d i n g a. repeat-
able coatings a p p l i c a t i o n (negative f e a t u r e s i n c l u d e time, ad
hesion o f the separate c o a t s , and increased energy requirements 
and equipment housing and complexity); b. increased energy o f 
r a d i a t i o n ( c u r r e n t l y l a r g e l y r u l e d out due to energy, s a f e t y 
and c o s t c o n s i d e r a t i o n s ) ; c. formulation o f polymer mixtures 
t h a t can be "s e t " with r a d i a t i o n , but which continue to cure 
on standing by a slower mechanism; and d. a d d i t i o n o f species 
which can t r a n s f e r "captured" r a d i a t i o n to g r e a t e r depths. 
Regarding the l a t t e r , polydyes have been synthesized using Group 
IVB C p 2 M C l 2 compounds condensed with dyes such as xanthene and 
s u l f o n p h t h a l e i n dyes. Th

" u l t r a v i o l e t s i n k s " . By proper coupling o f the metal, dye and 
r a d i a t i o n i t i s p o s s i b l e impact m a t e r i a l impregnated with a 
polydye with the polydye a c c e p t i n g and r e e m i t t i n g the r a d i a t i o n 
p e r m i t t i n g g r e a t e r depth o f p e n e t r a t i o n by the e f f e c t s o f r a d i a 
t i o n . 

A remaining problem a n d o n e where no r e a l widespread s o l u 
t i o n has even been (experimentally) proposed i s the adequate 
d e s c r i p t i o n o f molecular weight o f c r o s s l i n k e d m a t e r i a l s and the 
i n n e r r e l a t i o n s h i p ( s ) o f amount and type o f c r o s s l i n k i n g , polymer 
molecular weight and p h y s i c a l and chemical c h a r a c t e r i s t i c s . 
Related to t h i s i s the need to b e t t e r c o n t r o l extent and 
l o c a t i o n ( i . e . random, homogeneous, et c . ) of m o d i f i c a t i o n s on 
polymers. Some o f the good NMR work concerning i d e n t i f i c a t i o n 
o f sequence with copolymers can be u t i l i z e d i n the d e s c r i p t i o n o f 
many graph and block copolymers. Mass spectrophotometry 
u t i l i z i n g l a s e r e x c i t a t i o n o f modified polymers may enable a 
b e t t e r d e s c r i p t i o n of the a c t u a l framework o f many c r o s s l i n k e d 
modified m a t e r i a l s s i n c e l a s e r e x c i t a t i o n allows the examination 
o f both small and l a r g e (to g r e a t e r than 1000 amu) fragments. 

The c o n s t r u c t i o n o f a powerful, c o n t i n u o u s l y v a r i a b l e 
wavelength l a s e r i s approaching r e a l i t y . Such a l a s e r could be 
of great use i n t a i l o r i n g polymer m o d i f i c a t i o n s through a c t i v a 
t i o n o f only s e l e c t e d s i t e s f o r r e a c t i o n . A number o f groups 
are c u r r e n t l y conducting s e l e c t e d r e a c t i o n s u t i l i z i n g l a s e r 
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1. CARRAHER Introduction to Polymer Modification 3 

energy so the needed technology i s becoming a v a i l a b l e . 
While much o f the c u r r e n t and near past research has em

phasized m o d i f i c a t i o n o f s y n t h e t i c polymers, i n c r e a s i n g e f f o r t s 
w i l l undoubtedly focus on the m o d i f i c a t i o n o f regenerable 
polymers and the blending o f natural polymers and natural 
polymers with s y n t h e t i c polymers through block, g r a f t , e t c . 
approaches. 

The need f o r replacements o f objects c u r r e n t l y d e r i v e d from 
nonregenerable m a t e r i a l s (most p l a s t i c s , rubbers, elastomers, 
metals) with o b j e c t s d e r i v e d from regenerable m a t e r i a l s i s 
c r i t i c a l and must be c o n t i n u a l l y emphasized i n our research 
e f f o r t s . I t i s the e d i t o r ' s opinion t h a t t h i s 1s one o f the 
f u t u r e areas o f s c i e n c e which o f f e r s the g r e a t e s t l a s t i n g bene
f i t s to s o c i e t y . 

T h i s book presents s e v e r a l chapters r e l a t i n g recent 
advances i n the m o d i f i c a t i o n o f regenerable m a t e r i a l s and many 
other recent books and symposia have p o r t i o n s devoted to t h i s 
t o p i c . Some o f the work r e l a t e d to t o t a l m o d i f i c a t i o n s may be 
i n time extended to the m o d i f i c a t i o n o f c u r r e n t l y wasted 
m a t e r i a l s such as l e a v e s , sea weed, flower and weed st o c k s , 
corn s t o c k s , g r a s s , e t c . a l l o f which t y p i c a l l y c o n t a i n high 
degrees o f c e l l u l o s i c m a t e r i a l which when s u i t a b l y s o l u b i l i z e d 
should r a p i d l y permit s u i t a b l e m o d i f i c a t i o n s to ensue. As an 
I n t e r e s t i n g s i d e note, paper m i l l workers have been ab l e to 
increase the amount of usable " c e l l u l o s i c " m a t e r i a l through 
e l e c t r o n bombardment or other s u i t a b l e r a d i a t i o n treatment 
o f the "raw" ground wood presumably through i n i t i a t i o n o f 
c r o s s l i n k i n g r e a c t i o n s between the c e l l u l o s i c p o r t i o n s and other 
m a t e r i a l s such as the l i g n i n . I t should be p o s s i b l e to r o u t i n e l y 
g r a f t onto raw ground wood g i v i n g m a t e r i a l s which can d i r e c t l y 
be pressed to give a product s u p e r i o r i n thermal s t a b i l i t y , 
hardness, e t c . to "simple" pressed board, with the g r a f t e d 
p o r t i o n s c o n t a i n i n g u n i t s to enhance c o l o r , flame retardance, 
adhesion, e t c . 

The advent o f computer chips and l a s e r s i g n a l and 
c o n t r o l l i n g devices w i l l permit more complex m o d i f i c a t i o n s to be 
c a r r i e d out on an i n d u s t r i a l s c a l e . 

Another area i n need o f work i s the o n - s i t e g r a f t i n g , 
attachment o f polymeric m a t e r i a l s on b i o l o g i c a l s i t e s such as 
p a r t i c u l a r l y badly broken bones where the l e g i s s u r g i c a l l y 
opened and a polymeric m a t e r i a l c h e m i c a l l y attached a f t e r s u i t 
able bone a c t i v a t i o n with the polymeric m a t e r i a l degrading a f t e r 
i t s use period i s up. T h i s area i s mentioned only to r e i n f o r c e 
the notion t h a t i n t e r d i s c i p l i n a r y team e f f o r t s and polymer 
chemists with broad t r a i n i n g are needed to make the best use o f 
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4 MODIFICATION OF POLYMERS 

a p p l i c a t i o n s o f polymer m o d i f i c a t i o n s . 
The area o f d e l i v e r y o f b i o l o g i c a l l y a c t i v e m a t e r i a l s a l s o 

w i l l i n v o l v e i n great p a r t polymer m o d i f i c a t i o n s . For i n s t a n c e , 
Gebeleln d e s c r i b e s the i d e a l polymer - f o r good drug d e l i v e r y as 
being composed o f three parts - one to give the o v e r a l l polymer 
the d e s i r e d s o l u b i l i t y , the second p a r t c o n t a i n i n g the drug to 
be d e l i v e r e d and the t h i r d part c o n t a i n i n g chemical u n i t s 
which w i l l d i r e c t the o v e r a l l m a t e r i a l only to the s i t e where 
the drug i s to be d e l i v e r e d . I t may be p o s s i b l e to combine 
sev e r a l o f these aspects by a j u d i c i o u s choice o f polymeric 
u n i t s but p r e s e n t l y more f r u i t f u l approaches Include g r a f t i n g o f 
d e s i r e d components together forming the needed o v e r a l l polymeric 
p r o p e r t i e s . As a si d e comment, r e l a t i v e l y l i t t l e work has been 
done with the generation o f " d i r e c t i n g groups" and t h i s i s an 
area where much work i  needed i f th  advantage f polymeri
drugs are to be recognized

In summary, much has been done and much remains to be done 
i n the area o f polymer m o d i f i c a t i o n . S i g n i f i c a n t problems 
await s o l u t i o n . 

RECEIVED July 12, 1979. 
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Aminated Polystyrene-Copper Complexes as Oxidation 

Catalysts: The Effect of the Degree of Substitution on 

Catalytic Activity 

G. CHALLA, A. J. SCHOUTEN, G. T E N BRINKE, and H. C. MEINDERS 

State University of Groningen, Laboratory of Polymer Chemistry, 
Nijenborgh 16, 9747 AG Groningen, Netherlands 

Modification of polymers is a topic in polymer 
science, because new highly valued or improved 
applications often require sophisticated chemical 
structures along the polymer chains. One of such 
timely domains of interest comprises the development 
of modified polymers as catalysts for chemical 
processes. Of course, we do not have in mind catalysts, 
wherein polymers function as inert supports for the 
active centers and nomore. In fact, our aim is to 
develop polymeric catalysts, which combine advantages 
of the other type of catalysts, viz. 
(i) the specificity of homogeneous catalysts. 
(ii) the separability and high stability of 

heterogeneous catalysts. 
(iii) the high activity and selectivity of enzymes. 
In other words, we try to mimic enzymes by attaching 
centers for homogeneous catalysis to polymer chains; 
we want to learn from nature how to conduct chemical 
processes in a cleaner, more selective and milder way. 
In this respect it is of great importance that we can 
adapt, just like in enzymes, the micro-environment of 
the catalytic centers by modification of neighbouring 
polymer chain segments. 

From the above it will be clear that the polymer 
chain carrying catalytic centers has to play an active 
role during each catalytic cycle. Therefore, we prefer 
to speak of macromolecular catalysis rather than of 
polymer catalysis, the more so, as we omitted 
crosslinked carriers from our studies in order to 
prevent that diffusion of reactants and products would 
become rate-determining. Consequently, the practical 
combination of simple separability and really 
macromolecular catalysis should be realized by 

0-8412-0540-X/80/47-121-007$05.00/0 
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8 MODIFICATION OF POLYMERS 

a t t a c h i n g w h o l e c a t a l y t i c a l l y a c t i v e m a c r o m o l e c u l e s t o 
i n e r t n o n p o r o u s o r m a c r o p o r o u s s u p p o r t s . The b a s i c 
r e s e a r c h f o r s u c h d e v e l o p m e n t s w i l l s t i l l i m p l y t h e 
s t u d y o f l o o s e , m o d i f i e d m a c r o m o l e c u l e s as m i c r o p h a s e s 
c o n t a i n i n g c a t a l y t i c c e n t e r s and s u r r o u n d e d by s o l v e n t 
w i t h o u t s u c h c e n t e r s . The c o n c e p t o f an i s o l a t e d 
r e a c t i v e m a c r o m o l e c u l e was i n t r o d u c e d by M o r a w e t z ( 1 ) 
and f u r t h e r d e v e l o p p e d by h i m a n d o t h e r s , e . g . 
O v e r b e r g e r (2) and K u n i t a k e ( 3 ) f o r p o l y m e r i c 
c a t a l y s i s o f e s t e r h y d r o l y s i s , I s e ( 4 ) f o r c a t a l y s i s o f 
i o n i c r e a c t i o n s by p o l y e l e c t r o l y t e s a n d T s u c h i d a (_5) 
f o r c a t a l y s i s by c o o r d i n a t i o n c o m p l e x e s o f t r a n s i t i o n 
m e t a l s w i t h p o l y m e r i c l i g a n d s . I n a d d i t i o n , K a b a n o v (6^) 
t r i e d t o o p t i m i z e p o l y m e r c a t a l y s i s i n a p r a c t i c a l way 
by a p p l y i n g b l o c k o r g r a f t - p o l y m e r s w h i c h p a r t l y 
a s s o c i a t e y i e l d i n g g e l - l i k e s t r u c t u r e s w i t h c a t a l y t i c 
d o m a i n s w h i c h r e m a i

We w e r e i n t e r e s t e
c a t a l y s t s i n o r d e r t o c o n f i r m t h a t t y p i c a l p o l y m e r 
e f f e c t s may o c c u r . O x i d a t i v e c o u p l i n g o f 2,6-
d i s u b s t i t u t e d p h e n o l s , as d e v e l o p p e d by Hay (]_) , was 
c h o s e n as a m o d e l r e a c t i o n a n d t h e c a t a l y t i c 
a c t i v i t i e s o f c o o r d i n a t i o n c o m p l e x e s o f c o p p e r w i t h 
s e v e r a l p o l y m e r i c t e r t i a r y a m i n e s w e r e c o m p a r e d w i t h 
t h e a c t i v i t i e s o f t h e i r l o w m o l e c u l a r w e i g h t a n a l o g s . 
The o v e r a l l r e a c t i o n scheme i s p r e s e n t e d i n scheme 1. 

Scheme 1 

A s i m i l a r o x i d a t i o n by e l e c t r o n t r a n s f e r f r o m 
p h e n o l a t e a n i o n t o C u ( I I ) i s a l s o an i m p o r t a n t s t e p i n 

In Modification of Polymers; Carraher, C., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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t h e p h e n o l o x i d a t i o n by c o p p e r - c o n t a i n i n g e n z y m e s l i k e 
l a c c a s e and t y r o s i n a s e ( 8 , 9 , 1 0 ) . Many i m p o r t a n t 
p r o d u c t s l i k e l i g n i n s , t a n n i n s , p i g m e n t s , a n t i b i o t i c s 
a n d a l k a l o i d s a r e p r o d u c e d t h r o u g h t h i s s t e p . I n s t e a d 
o f t h e b i o p o l y m e r i c l i g a n d s i n t h e e n z y m e s we 
i n t r o d u c e d s y n t h e t i c p o l y d e n t a t e s f o r c o p p e r 
c o m p l e x a t i o n l i k e t h o s e l i s t e d i n scheme 2. 

Scheme 2 

P o l y m e r i c l i g a n d s Low m o l e c u l a r 
w e i g h t a n a l o g s 

The d i m e t h y l a m i n o m e t h y l a t e d p o l y s t y r e n e ( I ) was 
p r e p a r e d by c h 1 o r o m e t h y 1 a t i o n o f a t a c t i c p o l y s t y r e n e 
a c c o r d i n g t o G a l e a z z i ( J _ 0 u s i n g m e t h y l a l and 
t h i o n y l c h l o r i d e i n s t e a d o f an e x c e s s o f t h e d a n g e r o u s 
c h l o r o d i m e t h y l e t h e r : 

| / — v Z n C l ? | >—, 
C-^Oy + MeOCH 2OMe + S 0 C 1 2 ^ C ^ O y " C H 2 C 1 + 

M e 2 S 0 3 + HC1 

The c h l o r o m e t h y 1 a t e d p o l y s t y r e n e was a m i n a t e d by a 
l a r g e e x c e s s o f d i m e t h y 1 a m i n e d u r i n g 1 week a t 20 C 
i n d i o x a n e : 

In Modification of Polymers; Carraher, C., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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-c- -c-
HNMe 2 M e ^ H ^ C l 

NMe 

C o p o l y m e r s o f s t y r e n e w i t h 4 - v i n y l p y r i d i n e ( I I ) a n d N-
v i n y 1 i m i z a d o l e ( I I I ) w e r e o b t a i n e d by c o p o l y m e r i z a t i o n 
f o r one d a y a t 60°C i n 25 w t % comonomer s o l u t i o n s i n 
t o l u e n e , u s i n g A I B N as i n i t i a t o r . I n a l l c a s e s t h e 
d e g r e e s o f s u b s t i t u t i o n , a, o f t h e f u n c t i o n a l i z e d 
p o l y m e r s w i t h l i g a n d g r o u p s w e r e d e r i v e d f r o m t h e 
n i t r o g e n c o n t e n t s f o u n d by e l e m e n t a l a n a l y s e s . 

I n t h e f o l l o w i n g s e c t i o n s we s h a l l d i s c u s s : ( i ) 
t h e s t r u c t u r e a n d b e h a v i o u
c o m p l e x e s w i t h t h e
a c t i v i t i e s o f t h e p o l y m e r i c c a t a l y s t s i n c o m p a r i s o n 
w i t h t h e l o w m o l e c u l a r w e i g h t a n a l o g s ; ( i i i ) t h e 
e f f e c t o f t h e d e g r e e o f s u b s t i t u t i o n , a , on t h e 
a c t i v i t i e s o f t h e p o l y m e r i c c a t a l y s t s . 

S t r u c t u r e a n d B e h a v i o u r o f t h e C o p p e r C o m p l e x e s 

The b a s i c s t u d y was p e r f o r m e d on c o p p e r c o m p l e x e s 
w i t h N , N , N 1 , N T - t e t r a m e t h y l e t h a n e - l , 2 - d i a m i n e ( T M E D ) , 
w h i c h w e r e known t o be v e r y e f f e c t i v e o x i d a t i v e 
c o u p l i n g c a t a l y s t s ( 7 , 1 2 ) . F r o m o u r f i r s t k i n e t i c 
s t u d i e s i t a p p e a r e d t h a t b i n u c l e a r c o p p e r c o m p l e x e s a r e 
t h e a c t i v e s p e c i e s as i n some c o p p e r - c o n t a i n i n g 
e n z y m e s . By a p p l y i n g t h e v e r y s t r o n g l y c h e l a t i n g TMED 
we w e r e a b l e t o i s o l a t e c r y s t a l s o f t h e c a t a l y s t a n d 
t o d e t e r m i n e i t s s t r u c t u r e by X - r a y d i f f r a c t i o n ( 1 3 ) . 
F i g u r e 1 shows t h i s s t r u c t u r e f o r t h e TMED c o m p l e x o f 
b a s i c c o p p e r c h l o r i d e C u ( 0 H ) C l p r e p a r e d f r o m C u C l by 
o x i d a t i o n i n m o i s t p y r i d i n e . 

X 

X 

Figure 1. The structure of [TMED • Cu(OH)2Cu • TMED]2' • 2CV as deter
mined by x-ray diffraction 

In Modification of Polymers; Carraher, C., et al.; 
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The same c o m p l e x c o u l d be o b t a i n e d s t a r t i n g f r o m C u C l 2 

and s u b s e q u e n t s u b s t i t u t i o n o f b o t h b r i d g e d c h l o r i d e s 
by a d d i n g h y d r o x y l i o n s . Scheme 3 d e s c r i b e s t h e 
f o r m a t i o n a n d i n t e r c o n v e r s i o n o f b o t h b i n u c l e a r c o p p e r 
c o m p 1 e x e s . 

Scheme 3 

2 CuxCl 
2 TMED, 

o H ^ , 2 TMED , 
2 Cu Cl 2 . 

•CulU-TMED-complex^o. 

/ 
r  C l 

,0* 

/ 

[ 
\ / H 

Q 

\ / 

Cu 

N 

The b r i d g e d b i n u c l e a r s t r u c t u r e c o u l d be c o r r o b o r a t e d 
by s e v e r a l t e c h n i q u e s : ( i ) i n f r a r e d s p e c t r o s c o p y g a v e 
a b s o r p t i o n b a n d s f o r b r i d g e d OH a n d Cu-0 v i b r a t i o n s ; 
( i i ) e l e m e n t a l a n a l y s e s g i v e t h e c a l c u l a t e d c o n t e n t s 
f o r h y d r o x o - b r i d g e d c o m p l e x ; ( i i i ) ESR m e a s u r e m e n t s 
d i d n o t p r o d u c e s i g n a l s o f m o n o n u c l e a r C u ( I I ) ; ( i v ) 
m a g n e t i c s u s c e p t i b i l i t y i n c r e a s e d w i t h t e m p e r a t u r e , an 
a n t i f e r r o m a g n e t i c b e h a v i o u r ; ( v ) d u r i n g o x i d a t i v e 
c o u p l i n g 0« i s r e d u c e d t o H 2 O l i k e f o r b i n u c l e a r c o p p e r 
e n z y m e s , w h e r e a s ^2®! ^ s u s u a l l y p r o d u c e d by 
m o n o n u c l e a r c o p p e r c o m p l e x e s . 

T i t r a t i o n o f C U C I 2 w i t h l i g a n d p r o d u c e d an 
i n c r e a s e d n e a r - i . r . a b s o r p t i o n a t 880 nm as shown i n 
f i g u r e 2 . I t i s c l e a r t h a t t h e p o l y m e r i c l i g a n d ( I ) 
i s more e f f e c t i v e t h a n i t s l o w m o l e c u l a r w e i g h t a n a l o g 
DMBA. I t g i v e s t h e maximum a b s o r b a n c e e x a c t l y a t t h e 
t h e o r e t i c a l r a t i o N/Cu = 2 ( 1 4 ) , w h e r e a s a l a r g e e x c e s s 
o f DMBA i s n e e d e d t o a c h i e v e c o o r d i n a t i o n o f e a c h 
C u ( I I ) w i t h two l i g a n d s . T h i s i s a g o o d d e m o n s t r a t i o n 
o f t h e s o - c a l l e d p o l y c h e l a t e e f f e c t w i t h i n t h e s e p e r a t e 
m a c r o m o l e c u l a r c o i l s . When t h e t i t r a t i o n w i t h p o l y m e r i c 
l i g a n d was s t o p p e d h a l f - w a y , e . g . a t N/Cu = 1, ESR 
s i g n a l s r e v e a l e d t h a t p a r t o f t h e C u C l 2 was s t i l l 
u n c h a n g e d a n d t h e o t h e r p a r t f o r m e d d i r e c t l y t h e ESR 
i n a c t i v e b i n u c l e a r c o m p l e x e s w i t h N/Cu = 2 . I n f a c t , 
t h i s s i t u a t i o n a p p e a r e d t o y i e l d t h e h i g h e s t r e a c t i o n 
r a t e f o r t h e c h 1 o r o - b r i d g e d c a t a l y s t b e c a u s e f r e e C u C l 2 

c o u l d l i b e r a t e p r o t o n s w h i c h a r e n e e d e d f o r t h e 

In Modification of Polymers; Carraher, C., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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Figure 2. Titration of a copper(II)chloride solution with DMBA (O) and poly
mer ligand (I) (Q). [CuCl2]0 = 4.46mM; solvent: 1,2-dichlorobenzene/methanol 
(13:2, v/v); room temperature. The curves are not corrected for dilution (14). 

r e o x i d a t i o n o f C u ( I ) as shown i n scheme 1 ( 1 4 ) . 
When we t i t r a t e d f r o m t h e o t h e r s i d e by a d d i n g 

C11CI2 t o a d i l u t e s o l u t i o n o f p o l y m e r i c l i g a n d ( I ) , 
a n o t h e r p h e n o m e n o n c o u l d be d e t e c t e d , v i z . a d e c r e a s e 
i n r e d u c e d v i s c o s i t y o f t h e p o l y m e r s o l u t i o n (J_4) . T h i s 
p o i n t s t o c o n t r a c t i o n o f t h e s e p a r a t e c o i l s o f t h e 
p o l y m e r i c l i g a n d due t o i n t r a m o l e c u l a r c r o s s l i n k i n g v i a 
b i n u c l e a r c o p p e r c o m p l e x e s . We p r e v e n t e d g e l f o r m a t i o n 

In Modification of Polymers; Carraher, C., et al.; 
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due t o 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 v i a c o m p l e x 
f o r m a t i o n by a p p l y i n g o n l y l o w p o l y m e r c o n c e n t r a t i o n s . 

F i n a l l y , we r e p o r t t h e e f f e c t o f t h e b r i d g e d 
l i g a n d on t h e s p e c i f i c i t y o f t h e c a t a l y s t s . I t c o u l d 
be shown t h a t t h e c h l o r o - b r i d g e d c a t a l y s t g e n e r a l l y 
p r o m o t e s C-C c o u p l i n g t o DPQ, w h e r e a s t h e h y d r o x o -
b r i d g e d c a t a l y s t i s somewhat s p e c i f i c f o r C-0 c o u p l i n g 
t o p o l y m e r PPO ( s e e scheme 1 ) . T h i s t e n d e n c y i s 
c l e a r l y d e m o n s t r a t e d f o r TMED c o m p l e x i n F i g u r e 3, 
w h e r e i n b o t h t h e f r a c t i o n DPQ f o r m a t i o n a n d t h e 
c a t a l y t i c a c t i v i t y a r e p l o t t e d a g a i n s t t h e r a t i o 
NaOH/Cu; f o r NaOH/Cu = 1 a l l c h 1 o r o - b r i d g e s a r e 
s u b s t i t u t e d by h y d r o x o - b r i d g e s . 

100-jr 

N a O H / Cu 

Figure 3. Effect of mineral base (NaOH) on the catalytic activity and specificity 
of the copper(II)-TMED complex. [CuCl2]0 = 3.33mM; [DMP]0 = 0.06'M; temp 
25°C; solvent: 1,2-dichlorobenzene/methanol (9:1, v/v). The fraction DPQ was 

determined spectroscopically at 420 nm after 35% conversion. 

I n c a s e o f t h e c o m p l e x e s w i t h p o l y m e r i c l i g a n d s I I and 
I I I C-0 c o u p l i n g c o u l d be f u r t h e r p r o m o t e d by c h a n g i n g 
t h e s o l v e n t a n d i n c r e a s i n g t h e r a t i o 1 i g a n d / c o p p e r 
(JJ3,J_5) . B o t h f a c t o r s seem t o f o r c e t h e s u b s t r a t e s 

In Modification of Polymers; Carraher, C., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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t o e n t e r t h e c a t a l y t i c c o m p l e x as p h e n o l a t e a n i o n s by 
s u b s t i t u t i o n o f 0H~ a t t h e b r i d g e p o s i t i o n s a n d 
f o r m a t i o n o f w a t e r . T h i s m e c h a n i s m l e a d i n g t o p o l y m e r 
f o r m a t i o n i s q u i t e d i f f e r e n t f r o m t h a t f o r C-C c o u p l i n g 
w h i c h p r o b a b l y i n v o l v e s s u b s t r a t e c o o r d i n a t i o n t o Cu 
a t t h e f r e e z - p o s i t i o n , s i n c e t h e p h e n o l s c a n n o t 
s u b s t i t u t e t h e s t r o n g l y c o o r d i n a t i n g c h l o r i d e b r i d g e s . 
T h i s s i t u a t i o n i s met f o r c o m p l e x e s w i t h t h e p o l y m e r i c 
l i g a n d ( I ) and i t s a n a l o g DMBA, b e c a u s e t h e y do n o t 
f o r m s t a b l e h y d r o x o - b r i d g e d c o m p l e x e s . B o t h m e c h a n i s m s 
a r e p r e s e n t e d i n F i g u r e 4. 

Figure 4. Schematic of electron transfer processes for 2,6-disuhstituted phenol. 
The ligand groups are indicated as Am and the intermediate polymer chain seg
ments as straight lines, (a) Hydroxo-bridged catalyst (b) chloro-bridged catalyst. 

A c t i v i t i e s o f P o l y m e r i c C a t a l y s t s a n d A n a l o g s 

We a l w a y s a p p l i e d t h e p o l y m e r i c l i g a n d s i n 
c o n c e n t r a t i o n s b e l o w t h o s e f o r h o m o g e n e o u s s e g m e n t a l 
d i s t r i b u t i o n . I n o t h e r w o r d s we d e a l t w i t h s e p a r a t e 
p o l y m e r c o i l s c o n t a i n i n g t h e a c t i v e c e n t e r s , w h i c h 

In Modification of Polymers; Carraher, C., et al.; 
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w e r e d e s c r i b e d as " c o o p e r a t i v e m i c r o p h a s e s " by 
W i l l i a m s (J_6) . The c r o w d i n g o f t h e l i g a n d g r o u p s i n 
t h e i n t e r i o r o f a p o l y m e r c o i l l e a d s t o an e n h a n c e d 
l o c a l c o n c e n t r a t i o n and t o s t r o n g e r s t e r i c i n t e r a c t i o n . 
The l a t t e r m i g h t s t a b i l i z e b i n u c l e a r c o m p l e x e s , w h i c h 
a r e t h e r e a l c a t a l y s t s . The e f f e c t o f t h e e n h a n c e d 
l o c a l c o n c e n t r a t i o n was a l r e a d y i n d i c a t e d i n t h e 
p r e v i o u s s e c t i o n when d e a l i n g w i t h t h e h i g h e r 
c o o r d i n a t i n g e f f i c i e n c y o f t h e p o l y m e r i c l i g a n d ( I ) as 
c o m p a r e d t o an e q u i v a l e n t amount o f t h e a n a l o g DMBA. 
So, b o t h e f f e c t s m a i n t a i n an e n l a r g e d l o c a l 
c o n c e n t r a t i o n o f a c t i v e c a t a l y t i c c e n t e r s a nd c a u s e t h e 
r a t e o f o x i d a t i v e c o u p l i n g w i t h p o l y m e r i c c a t a l y s t s t o 
be h i g h e r t h a n w i t h e q u i v a l e n t a m o u n t s o f l o w m o l e c u l a r 
w e i g h t a n a l o g s , e s p e c i a l l y f o r l o w 1 i g a n d / c o p p e r 
r a t i o s . T h i s r a t e e n h a n c e m e n t i s c l e a r l y d e m o n s t r a t e d 
i n F i g u r e 5 f o r p o l y d e n t a t e
was a l s o f o u n d f o r p o l y d e n t a t

1 o 

15 

Die Makromolekulare Chemie 

Figure 5. Initial rate of oxygen consumption R0 vs. initial DMP concentration 
for various ligands. (X) DMBA; (Q) polymer ligand (I) with a = O.JO and fa] = 
1.00; (%) polymer ligand (I) with a = 0.10 and fa] = 0.17; (O) polymer ligand (I) 
with a = 0.18 and fa] = 0.17. [CuCl2]0 = 3.33mM; N/Cu = 1; temp 20°C; 

solvent: 1,2-dichlorobenzene/methanol (13:2, v/v) (17). 
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An e s t i m a t i o n o f t h e l o c a l l i g a n d c o n c e n t r a t i o n , 
[ N ] C O ; Q , c o u l d be a c h i e v e d by a s s u m i n g f r e e movement 
o f t h e l i g a n d s i n t h e i n t e r i o r o f a s p h e r e w i t h r a d i u s 
<s^>5, t h e r o o t mean s q u a r e r a d i u s o f g y r a t i o n o f t h e 
p o l y m e r c h a i n : 

F n 1 lOOOPa , 4 2 3/2 /* \ 
[ N ] c o i r = i n — 1 3 n < S > ( 1 ) 

A 
H e r e P d e n o t e s t h e d e g r e e o f p o l y m e r i z a t i o n and a t h e 
d e g r e e o f s u b s t i t u t i o n . 
T h i s e x p r e s s i o n i s r e l a t e d t o e q . ( 2 ) u s e d by M o r a w e t z 

f o r t h e e f f e c t i v e l o c a l c o n c e n t r a t i o n o f one c h a i n 
e n d i n t h e n e i g h b o u r h o o d o f t h e o t h e r , w h i c h i s 
r e l e v a n t f o r r i n g c l o s u r e k i n e t i c s : 

_ 1000 , ,2 w ^  2  3/2
C e f f . " ~ N — I ( 3 n <

A 
2 

The mean s q u a r e e n d - t o - e n d d i s t a n c e <h > o f a 
f r e e l y j o i n t e d c h a i n w i t h o u t e x c l u d e d v o l u m e i s k nown 
t o be e q u a l t o 6<s2>. The r a d i u s o f g y r a t i o n c a n be 
d e r i v e d f r o m l i g h t s c a t t e r i n g o r f r o m t h e i n t r i n s i c 
v i s c o s i t y ( 1 9 ) : 
[ n ] = ( 3 ) 

M 
n 

(b1 i s a u n i v e r s a l c o n s t a n t a n d M = m.P. U n d e r t h e . n c o n d i t i o n s a p p l i e d i n F i g u r e 5 w i t h a c o n s t a n t o v e r a l l 
l i g a n d c o n c e n t r a t i o n o f 3.3 mM, we f o u n d , i n d e e d : 

[N] . » [DMBA] = 3.3 mM c o i l 
S u b s t i t u t i o n o f e q . ( 3 ) i n e q . ( 1 ) r e v e a l s t h a t [ N ] c o i i 
s h o u l d be p r o p o r t i o n a l t o a / [ r | ] f o r t h e p o l y m e r i c 
c a t a l y s t s . H o w e v e r , t h e a c t i v i t i e s o f two p o l y m e r i c 
c a t a l y s t s w i t h t h e same v a l u e o f a b u t a n e a r l y 6 - f o l d 
d i f f e r e n c e i n [ n ] , i . e . a 1 0 - f o l d d i f f e r e n c e i n M v , 
w e r e p r a c t i c a l l y e q u a l t o e a c h o t h e r i n F i g u r e 5. T h i s 
means t h a t t h e l o c a l c o n c e n t r a t i o n c o n c e p t d o e s no 
l o n g e r s u f f i c i e n t l y a p p l y t o c o m p a r i s o n o f a c t i v i t i e s 
o f d i f f e r e n t p o l y m e r i c c a t a l y s t s ( s e e l a s t s e c t i o n ) . 

I n F i g . 5 we a l s o saw t h a t t h e i n i t i a l r a t e s , R Q , o f 
o x i d a t i v e c o u p l i n g s h o w e d a l i m i t i n g v a l u e w i t h 
i n c r e a s i n g s u b s t r a t e c o n c e n t r a t i o n , w h i c h r e s e m b l e s t h e 
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t h e s a t u r a t i o n e f f e c t o c c u r r i n g i n enzyme k i n e t i c s . 
T h i s p r o m p t e d us t o d e s c r i b e o u r k i n e t i c s f o r medium 
s u b s t r a t e c o n c e n t r a t i o n s a l s o i n t e r m s o f t h e 
M i c h a e l i s - M e n t e n scheme as T s u c h i d a e t a l . (2J3) d i d 
b e f o r e f o r o x i d a t i v e c o u p l i n g w i t h t h e e l e c t r o n 
t r a n s f e r i n t h e p o l y m e r i c C u ( I I ) - s u b s t r a t e c o m p l e x as 
r a t e - d e t e r m i n i n g s t e p ( s e e a l s o scheme 1 and F i g . 4 ) : 

"1 
C u ( I I ) + DMP« [ C u ( I I ) - D M P ] C u ( I ) + DPQ/PPO 

R V V [DMP] o s s o 
(4 ) 

k 2 [ C u ( I I ) c o m p 1 e x

K (k 1 k 2 ) / k 1 ( 6 ) 

w h e r e i n R = i n i t i a l r e a c t i o n r a t e , V = l i m i t i n g r a t e 
f o r [DMP] = oo an d K = M i c h a e l i s c o n s t a n t . Eq. ( 4 ) 
d e n o t e s t h e s o - c a l l e l L i n e w e a v e r - B u r k p l o t o f 
r e c i p r o c a l r a t e v s . r e c i p r o c a l s u b s t r a t e c o n c e n t r a t i o n . 
T h i s k i n d o f a n a l y s i s was s u c c e s s f u l l y a p p l i e d t o b o t h 
2 , 6 - d i m e t h y l p h e n o l (DMP) a n d 2 , 6 - d i p h e n y l p h e n o l ( D P P ) 
and t o t h e p o l y m e r i c l i g a n d s ( I ) , ( I I ) a n d ( I I I ) l i s t e d 
i n scheme 2 (J_5 *J_7 ,J_8) . Good L i n e w e a v e r - B u r k p l o t s 
d e r i v e d f r o m F i g u r e 5 a r e shown i n F i g u r e 6. 

20 1 40 
[DMP] /(dm3mo~l1) 

Die Makromolekulare Chemie 

Figure 6. Lineweaver-Burk plots derived from Figure 5 for polymer ligands (I). 
O « = 0.18, [r,] = 0.17; (%)a = 0.10, [r,] = 0.17; (0)a = 0.10, [rj] = 1.00 (17). 
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F r o m t h e i n t e r c e p t s and s l o p e s V g , k2 and K g c o u l d , be 
c a l c u l a t e d . F o r t h e a n a l o g DMBA t h e v a l u e s o f V s a n d 
k2 w e r e d i r e c t l y t a k e n f r o m t h e c o n s t a n t maximum r a t e 
as shown i n F i g u r e 5 . M o s t o f o u r r e s u l t s a r e g a t h e r e d 
i n T a b l e I (J_5 ,2J_,2_2) , w h i c h d e m o n s t r a t e s t h a t t h e 
o b s e r v e d i n c r e a s e i n r a t e w i t h a i s g o v e r n e d b y an 
i n c r e a s e o f t h e e l e c t r o n t r a n s f e r r a t e c o n s t a n t , k 2 , 
w h e r e a s t h e M i c h a e l i s c o n s t a n t , K g , c h a n g e d i n t h e 
w r o n g way c o n s i d e r i n g e q . ( 4 ) . 

T a b l e I : K i n e t i c r e s u l t s on o x i d a t i v e c o u p l i n g o f 
2 , 6 - d i s u b s t i t u t e d p h e n o l s a t 2 5 ° C i n t h e 
s o l v e n t m i x t u r e 1 , 2 - d i c h l o r o b e n z e n e / m e t h a n o l 
(13 :2 v / v ) . 

l i g a n d 1 0 2 a 1 0 3 k  K  1 A H * A S * 
t v P e -s 1

s u b s t r a t e 2,6 - d i m e t h y l p h e n o l (DMP) 
DMBA - 2 .5 32 .3 20 - 228 
p o l . I 6. 5 3.1 11.4 1 1 - 259 
p o l . I 10. 3 12.6 4 . 5 26 - 197 
p o l . I 18 39 .5 1 . 7 36 - 151 
p o l . I 39 88 . 3 1 . 1 52 - 96 

s u b s t r a t e 2,6 - d i p h e n y l p h e n o l ( D P P ) 
p o l . I 5 2 4 . 2 27 - 209 
p o l . I 1 2 7 3. 1 44 - 138 
p o l . I 18 19 1 .5 73 - 33 
p o l . I 39 32 0 .8 87 + 21 

s u b s t r a t e 2,6 - d i m e t h y l p h e n o l (DMP) 
p y r i d i n e - 3 . 9 10.2 1 3 - 267 
p o l . I I 3. 6 6 .0 8.4 29 - 198 
p o l . I I 7 . 2 11.5 7.0 49 - 120 
p o l . I I 12. 7 15.4 5 .6 1 1 1 + 126 

E f f e c t o f t h e D e g r e e o f S u b s t i t u t i o n on C a t a l y t i c 
Ac t i v i t y 

The i n c r e a s e i n r a t e o f o x i d a t i v e c o u p l i n g when 
a p p l y i n g p o l y m e r i c l i g a n d s w i t h h i g h e r a i s o n c e more 
p r e s e n t e d i n F i g u r e 7 f o r d i f f e r e n t s u b s t r a t e s a n d 
p o l y m e r i c l i g a n d s (J_5, 2J_, 2_2) . S o , w h i l e k e e p i n g a l l 
o v e r a l l c o n c e n t r a t i o n s a n d c o n d i t i o n s u n a l t e r e d , t h e 
r a t e c a n be e n h a n c e d s i m p l y by c o n c e n t r a t i n g t h e 
c a t a l y t i c s i t e s i n a s m a l l e r number o f p o l y m e r i c 
m i c r o p h a s e s . S i n c e t h i s e n h a n c e m e n t d i d n o t a r i s e when 
t h e n umber o f m i c r o p h a s e s was l o w e r e d b y i n c r e a s i n g 
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Figure 7. Initial rate of oxygen consumption R 0 vs. degree of substitution a. 
Reaction conditions: temp 25° C; [CuCl2]0 = 3.3mM; N/Cu = 1; [substrate]0 = 
0.06M. (%) substrate DPP, polymer ligand (I); (Q) substrate DMP, polymer 

ligand (II); (O) substrate DMP, polymer ligand (I). 

t h e m o l e c u l a r w e i g h t o f t h e p o l y m e r l i g a n d w i t h 
c o n s t a n t a , i t m u s t be c o n c l u d e d t h a t a d e c r e a s i n g 
i n t e r m e d i a t e c h a i n l e n g t h b e t w e e n n e i g h b o u r i n g l i g a n d 
g r o u p s e x e r t s an e x t r a p o s i t i v e e f f e c t on c a t a l y t i c 
a c t i v i t y . 

I n o r d e r t o a n a l y z e t h i s k i n e t i c e f f e c t o f a , we 
d e t e r m i n e d t h e a c t i v a t i o n p a r a m e t e r s o f k 2 f r o m t h e 
t e m p e r a t u r e d e p e n d e n c i e s o f V m a x as d e r i v e d f r o m 
L i n e w e a v e r - B u r k p l o t s a t d i f f e r e n t t e m p e r a t u r e s . I n 
F i g u r e 8 t h i s p r o c e d u r e i s shown f o r DPP as s u b s t r a t e 
and p o l y m e r i c l i g a n d ( I ) w i t h a = 0.39. The f i n a l l y 
r e s u l t i n g v a l u e s o f t h e a c t i v a t i o n e n t h a l p y A H 2 and 
a c t i v a t i o n e n t r o p y A S * w e r e a l r e a d y p r e s e n t e ^ i n + 

T a b l e I . I t i s p e c u l i a r t o n o t e t h a t b o t h A H 2 and A S 2 
i n c r e a s e w i t h a , i . e . s h o r t e r i n t e r m e d i a t e c h a i n 
l e n g t h b e t w e e n n e i g h b o u r i n g l i g a n d g r o u p s . T h i s means 
t h a t t h e i n c r e a s e o f k 2 i s c a u s e d by t h e r e l a t i v e l y 
s t r o n g e r i n c r e a s e o f A S * w h i c h c o m p e n s a t e s t h e 
r e t a r d i n g e f f e c t o f i n c r e a s i n g AH*. 
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0 10 20 

[DPP]0~1 (dm 3 mol"1) > 

Figure 8. Lineweaver-Burk plots for oxidative coupling of DPP catalyzed by 
copper complexes of polymer ligand (I) with a =0.39 at 5 different temperatures. 
[CuCl2]0 = S.3mM; N/Cu = 1; solvent: 1,2-dichlorobenzene/methanol (13:2, 

v/v). 

F i g u r e 9 d e m o n s t r a t e s t h i s c o m p e n s a t i o n e f f e c t by t h e 
l i n e a r r e l a t i o n s h i p b e t w e e n A S ^ and A H 2 . T h i s i n d i c a t e s 
t h a t b o t h a c t i v a t i o n p a r a m e t e r s d e p e n d e q u a l l y on a a n d 
t h a t t h e i s o k i n e t i c t e m p e r a t u r e , i . e . t h e s l o p e o f t h e 
l i n e , a m o u n t s t o 256°K. T h u s , a t - 1 7°C t h e r a t e w o u l d 
become i n d e p e n d e n t o f a , w h e r e a s i t i n c r e a s e s w i t h a 
a t h i g h e r t e m p e r a t u r e s . 

F o r a p o s s i b l e q u a n t i t a t i v e d e s c r i p t i o n o f 
t y p i c a l p o l y m e r e f f e c t s we made t h e a s s u m p t i o n t h a t t h e 
v a l u e s o f A H 2 and A S 2 f o u n d f o r t h e l o w m o l e c u l a r 
w e i g h t c a t a l y s t s s t a n d f o r t h e a c t i v a t i o n p r o c e s s o f 
t h e n a k e d c a t a l y s t - s u b s t r a t e c o m p l e x a n d a r e 
i n d e p e n d e n t o f a . S o , a f t e r s u b t r a c t i n g t h e s e v a l u e s 
t h e s e p a r a t e p o l y m e r e f f e c t s a r e f o u n d . T h e n we h a v e 
t o e x p l a i n why more e n t r o p y i s g a i n e d and more e n t h a l p y 
i s n e e d e d f o r a d a p t a t i o n o f t h e i n t e r m e d i a t e c h a i n s t o 

In Modification of Polymers; Carraher, C., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



2. C H A L L A E T A L . Aminated Polystyrene-Copper Complexes 21 

150-

Figure 9. Compensation plot of activation parameters for the electron transfer 
rate constant k2 taken from Table I 

t h e t r a n s i t i o n s t a t e , when t h o s e c h a i n s become s h o r t e r . 
I n p r i n c i p l e , s u c h t r e n d s w e r e f o u n d i n t h e same way 
by S i s i d o e t a l . f o r i n t r a m o l e c u l a r h y d r o l y s i s b e t w e e n 
two c h a i n e n d s o f p o l y s a r c o s i n e ( 2 3 ) . 

I n t e r p r e t a t i o n s o f e l e c t r o n t r a n s f e r r e a c t i o n s 
w i t h i n n o r m a l t r a n s i t i o n m e t a l c o m p l e x e s a r e b a s e d on 
t h e F r a n c k - C o n d o n p r i n c i p l e , t h u s i n d i c a t i n g t h a t t h e 
m e t a l - s u b s t r a t e c o m p l e x h a s t o be d e f o r m e d b e f o r e 
e l e c t r o n t r a n s f e r t a k e s p l a c e (2^_) • T h i s means t h a t 
i n o u r c a s e t h e w h o l e p o l y m e r i c c a t a l y s t - s u b s t r a t e 
c o m p l e x i s d e f o r m e d i n t o a t r a n s i t i o n s t a t e w h i c h 
r e s e m b l e s more o r l e s s t h e f i n a l c o n f i g u r a t i o n o f a 
t e t r a h e d r a l C u ( I ) c o m p l e x . B u i l d i n g m o l e c u l a r m o d e l s 
o f o c t a h e d r a l a nd t r i g o n a l b i p y r a m i d a l c o p p e r c o m p l e x e s 
we n o t i c e d t h a t t h e t e r t i a r y NMe2 g r o u p s o f p o l y m e r 
l i g a n d ( I ) a r e a l m o s t f i x e d i n t h e f o r m e r c a s e , 
p r e d o m i n a n t l y due t o s t e r i c i n t e r a c t i o n o f t h e Me 
g r o u p s . I n a t r i g o n a l b i p y r a m i d , h o w e v e r , t h e s e a m i n e 
g r o u p s c a n r o t a t e a l m o s t f r e e l y ( F i g u r e 1 0). The 
c o n s e q u e n c e s f o r t h e c h a i n s b e t w e e n a d j a c e n t a m i n a t e d 
s t y r e n e u n i t s a r e d r a s t i c . I t f o l l o w s t h a t p r i o r t o 
a c t i v a t i o n t h e e n d - t o - e n d d i s t a n c e s f a l l w i t h i n a v e r y 
s m a l l r a n g e , 3, w h e r e a s i n t h e a c t i v a t e d s t a t e t h e y 
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Figure 10. Schematic of the proposed catalyst-substrate complex, before and in 
the activated state. The increase of the chain end-to-end distance possibilities is 

represented by the bases of the cones. 

c a n t a k e any v a l u e i n a much l a r g e r i n t e r v a l , A . 
H e n c e t h e numbe r o f c o n f o r m a t i o n s i n c r e a s e s w i t h a 
f a c t o r X g i v e n b y : 

w h e r e W(h) d e n o t e s t h e e n d - t o - e n d d i s t r i b u t i o n . T h i s 
p r o c e d u r e i s i l l u s t r a t e d i n F i g u r e 11. 

C l e a r l y , X i s an i n c r e a s i n g f u n c t i o n o f a , f o r 
n o t t o o s m a l l v a l u e s o f a . T h i s i s i n c o n f o r m i t y w i t h 
t h e i n c r e a s e o f t h e a c t i v a t i o n e n t r o p y A S 2 w i t h a . 
G e n e r a l l y , t h e c o n f o r m a t i o n a l e n e r g y i n c r e a s e s w i t h 
d e c r e a s i n g e n d - t o - e n d d i s t a n c e (25). As mo s t o f t h e 
a d d i t i o n a l c o n f o r m a t i o n s o f t h e a c t i v a t e d s t a t e h a v e 
s h o r t e r e n d - t o - e n d d i s t a n c e ( s e e F i g u r e 11 ) , t h e 
c o n t r i b u t i o n t o t h e a c t i v a t i o n e n t h a l p y A H * i s a l s o 
p o s i t i v e . M o r e o v e r , i t a p p e a r s t h a t t h i s c o n t r i b u t i o n ^ 
i n c r e a s e s w i t h a . The s t r o n g e r i n c r e a s e o f A S * a n d A H 2 
w i t h 0( f o r DMP l o c a t e d a t t h e b r i d g e p o s i t i o n o f t h e 
c a t a l y t i c c o m p l e x o f p o l y m e r l i g a n d ( I I ) ( s e e T a b l e I 
and F i g u r e 4 ) , i s i n l i n e w i t h t h e a b o v e v i e w s , s i n c e 
one s h o u l d e x p e c t a d d i t i o n a l s t e r i c i n t e r a c t i o n i n 
t h a t c a s e . 

X - / W ( h ) d h / J W ( h ) d h 
8 

( 7 ) 
A 
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W(h) 

6 —»h 

A 

Figure 11. Illustration of Equation 7 for the calculation of the increase in number 
of intermediate chain conformations accompanying deformation and activation of 

the polymeric catalyst-substrate complexes 

Anyhow, our study has demonstrated the benefit of 
"strained" polymeric catalyst-substrate complexes, a 
phenomenon well-known in enzymology (26) and once 
indicated by the term "entatic state" (16). 
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Kinetics of Intramolecular Cross-Linking and 

Conformational Properties of Cross-Linked Chains 

N. A. PLATÉ , O. V. NOAH, I. I. ROMANTZOVA, and YU. A. TARAN 
Moscow State University, Moscow, USSR 

The reactions of intramolecular cross-linking is a 
rather poorly investigated area in the field of macro
molecular reactions. However, the problems of regulari
ties of such processes are related to such important 
problems of polymer chemistry as chemical modification 
of polymers, networks formation, sorption of low mole
cular reagents by polymers, intramolecular catalysis, 
conformational transitions and so on. In spite of the 
great importance of the study of regularities of cross
-linking reactions, the experimental and theoretical 
analysis of such processes is complicated by many diffi
culties. 

Complexities of the experimental study are due to 
the difficulty of the isolation of the intramolecular 
reaction properly said, as even for the reaction in 
very dilute solution the probability of cross-linkage 
formation between different molecules is not negligible. 
Another difficulty: the measuring of the characteristic 
parameters of the reaction [kinetics, hydrodynamic pro
perties]. 

The first problem of the theory of the intramolecu
lar reactions is a calculation of dimensions of the 
intramolecularly cross-linked coils as a function of 
the degree of cross-linking. For the analytical calcu
lation of such dependence one needs to knew all possib
le topological structures for any number of cross-lin
kages and to have the calculation algorithm for each of 

0-8412-0540-X/80/47-121-025$05.00/0 
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t h e m . However the number o f s t r u c t u r e s i s r a p i d l y i n c r e 
a s e d w i t h an i n c r e a s e o f c r o s s - l i n k a g e s number / t h e r e 
are t h r e e p o s s i b l e s t r u c t u r e s f o r the c h a i n w i t h two 
c r o s s - l i n k a g e s ; f o r t h r e e c r o s s - l i n k ages t h e r e a r e 
e i g h t s t r u c t u r e s , and s o o n . F i g . l j . The c o m p l e x i t y of 
the a l g o r i t h m o f the c a l c u l a t i o n f o r e a c h o f their i s 
i n c r e a s e d e v e n more r a p i d l y . 

The s e c o n d i m p o r t a n t p r o b l e m i s a k i n e t i c a l d e s c r i p 
t i o n o f i n t r a m o l e c u l a r c r o s s - l i n k i n g . K i n e t i c c h a r a c 
t e r i s t i c s can v a r y i n w i d e range d e p e n d i n g on the n a 
t u r e o f c r o s s - l i n k i n g a g e n t s , p r o p e r t i e s o f the p o l y m e 
r i c c h a i n end e x p e r i m e n t a l c o n d i t i o n s . 

The d e t e r m i n a t i o n o f the k i n e t i c r e g u l a r i t i e s f o r 
d i f f e r e n t s y s t e m s i s i m p o r t a n t i n the f i r s t t u r n f o r 
u n d e r s t a n d i n g o f t h e p r o c e s s o f t h e n e t w o r k s f o r m a t i o n 
a n d f o r t h e s t u d y o f s o l and g e l p r o p e r t i e s . On the 
o t h e r h a n d , the s o l u t i o
the g r e a t i m p o r t a n c
f u r t h e r d e v e l o p m e n t o f t h e g e n e r a l t h e o r y c f m a c r o m o l e 
c u l a r r e a c t i o n s . 

The k i n e t i c p r o b l e m f o r the i n t r a m o l e c u l a r c r o s s -
l i n k i n g r e a c t i o n s i n g e n e r a l f o r m was n o t y e t s o l v e d . 
O n l y some p a r t i c u l a r c a s e s , i . e . the c v c l i z a t i o n o f ma-
c r o m o l e c u l e s , the i n t r a m o l e c u l a r c a t a l y s i s and d i f f u 
s i o n - con t r o l l e d c o l l i s i o n o f two r e a c t i v e g r o u p s we re 
s t u d i e d t h e o r e t i c a l l y bv >'orawetz, S i s i do and Fixman 

H e r e w e ' l l c o n s i d e r a more g e n e r a l case a s s u m i n g t h e 
p o s s i b i l i t y o f t h e c r o s s - l i n k f o r m a t i o n between any 
two s i t e s o f the m o l e c u l e r a p p r o a c h i n g one t o a n o t h e r 
t o some c r i t i c a l d i s t a n c e / w e ' l l c a l l s u c h p a i r s " c o n 
t a c t s " / and a s s u m i n g t h a t the r a t e c o n s t a n t o f t h e e l e 
m e n t a r y a c t does n o t depend on the c h a i n c o n f o r m a t i o n 
as a w h o l e and the n e a r e s t e n v i r o n m e n t . B e s i d e s w e ' l l 
assume t h a t the r e a c t i o n i s a k i n e t i c a l l y - c o n t r o l l e d 
o n e , i . e . the system, r e a c h e s the s t a t e o f the c o n f o r m a 
t i o n a l e q u i l i b r i u m , b e t w e e n two c o n s e q u e n t c r o s s - l i n k s 
f o r m a t i o n s b u t t h e e l e m e n t a r y a c t i s i r r e v e r s i b l e a n d 
so f a s t t h a t t h e c h a i n c o n f o r m a t i o n r e m a i n s c o n s t a n t 
d u r i n g i t F S - o l . 

S u c h m o d e l c o r r e s p o n d s t o many r e a l c h e m i c a l r e a c 
t i o n s o f c r o s s - l i n k i n g w i t h and w i t h o u t c r o s s - l i n k i n g 
a g e n t . 

In t h i s case t h e r a t e o f c r o s s - l i n k a g e s f o r m a t i o n 
must be p r o p o r t i o n a l t o the number o f r e a c t i v e c o n t a c t s 
i n each p a r t i c u l a r c h a i n , z . / w h e r e j i s a number o f 
c r e s s - l i n k s / . A s s u m i n g the i n d e p e n d e n c e o f the a v e r a g e 
c o n t a c t s number Z j on c r o s s - l i n k a g e s c o n f i g u r a t i o n one 
can d e s c r i b e the r e a c t i o n b y the f o l l o w i n g s y s t e m o f 
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k i n e t i c e q u a t i o n s : 

dc . / d t « k ( z . , c . - - z . c . ) ( l ) 

where C J i s a number o f c h a i n s w i t h j c r o s s - l i n k a g e s . 
Then t h e c a l c u l a t i o n o f e a u i l i b r i u m v a l u e s Z J i s the 

o n l y n r o b l e m o f k i n e t i c d e s c r i p t i o n . 
The a v e r a g e n u m b e r ^ o f c r o s s - l i n k a g e s i n a c h a i n 

n ( t * = 1/c 21 j c d ( 2 ) 
/where c= Zl c . i s a t o t a l nuirber o f c h a i n s / i s d e t e r m i 

n e d b y t h e s o l u t i o n o f f o l l o w i n g e a u a t i o n 
M-1 

d f i / d t = k / c y z . c . ( 3 ) 
0 ^ % 3 3 

T h e e x a c t a n a l y t i c a l a p p r o a c h t o t h e e s t i m a t i o n o f 
z j now i s p r a c t i c a l l
m e n t i o n e d a b o v e . T h e r e f o r e t o s o l v e t h e p r o b l e m we u s e d 
the method o f m a t h e m a t i c a l e x p e r i m e n t , Monte C a r l o me
t h o d . O u r a i m w a s : 
1 . t o c a l c u l a t e the e q u i l i b r i u m v a l u e s ZJ ; 
2. t o c a l c u l a t e t h e c r o s s - l i n k i n g k i n e t i c s ; 
3. t o c a l c u l a t e t h e c r o s s - l i n k s number d i s t r i b u t i o n ; 
4. t o c a l c u l a t e d i m e n s i o n s o f p a r t i a l l y c r o s s - l i n k e d 

m a c r o m o l e c u l a r c o i l s ; 
5. t o c o n s i d e r t h e i n f l u e n c e o f t h e r e a c t i v e g r o u p s 

d i s t r i b u t i o n and HMD. 
B e s i d e s we have shown the p o s s i b i l i t y t o a p p l y the 

r e s u l t s o f m o d e l c a l c u l a t i o n s t o some e x p e r i m e n t a l d a t a 
and c o n s i d e r a s i m p l e a p p r o x i m a t e a p p r o a c h t o the c a l 
c u l a t i o n o f d i m e n s i o n s o f p a r t i a l l y c r o s s - l i n k e d c o i l s 
a n d c r o s s - l i n k i n g k i n e t i c s . The a c c u r a c y o f t h i s a p n r o -
x i m a t i o n i s e v a l u a t e d b v c o m p a r i s o n w i t h Monte C a r l o 
r e s u l t s . 
The model and c o m p u t a t i o n p r o c e d u r e 

The l i n e a r m a c r o m o l e c u l e was s i m u l a t e d bv t h e c h a i n 
o f >! s i t e s on the v o l u m e - c e n t e r e d l a t t i c e a l l o w i n g t h e 
s e l f - i n t e r s e c t i o n w i t h minimum l o o p o f 4 c h a i n u n i t s . 

The p r o c e d u r e o f t h e s i m u l a t i o n i n c l u d e d the f o l l o 
w i n g s t e p s : t h e random c o n f o r m a t i o n was b u i l t i n the 
c o m p u t e r , the number o f r e a c t i v e c o n t a c t s / i . e . n o n -
c r o s s - l i n k e d s e l f - i n t e r s e c t i o n s . / was c a l c u l a t e d and 
t h e n one o f t h e c o n t a c t s was c r o s s - l i n k e d w i t h a p r o 
b a b i l i t y 

- j - ^ j - i ( 4 ) 
/ w h e r e fi i s a n o r m a l i z a t i o n c o e f f i c i e n t b e i n g e a u a l 
t o 1/M.7. 
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I f t h e c h a i n was n o t c r o s s - l i n k e d t h e new c o n f o r m a t i o n 
was b u i l t w i t h t h e same number o f c r o s s - l i n k a g e s fj-lj 
and s o on up t o t h e c r o s s - l i n k f o r m a t i o n . T h e t i m e b e t 
ween f o r m a t i o n o f two c o n s e q u e n t c r o s s - l i n k a g e s was d e 
t e r m i n e d as 

t = / k o ( m + f) (5) 
where m i s a number o f c o n f o r m a t i o n s b u i l t b e t w e e n / j - 1 / 
- t h and j t h c r o s s - l i n k f o r m a t i o n i s a random number 
e q u a l l y d i s t r i b u t e d b e t w e e 0 and 1 £ l j • 

The p r o c e d u r e was r e p e a t e d up t o the f o r m a t i o n o f g i 
ven number o f c r o s s - l i n k a g e s o r up t o t h e g i v e n t i m e 

The r e a c t i o n was s i m u l a t e d f o r c h a i n s o f 30 , 50 , 100 
and 150 u n i t s w i t h r e a c t i v e g r o u p s b e i n g i n e a c h s i t e 
o f t h e c h a i n and f o r
d e g r e e o f o c c u p a t i o n o f r e a c t i v e g r o u p s [cO] b e i n g e q u a l 
to 0 . 5 and 0 .2 5. F o r t h e l a s t c a s e two t y p e s o f r e a c t i v e 
g r o u p s d i s t r i b u t i o n were c o n s i d e r e d : the B e r n o u l l i a n and 
r e g u l a r d i s t r i b u t i o n s . B e s i d e s t h a t the r e a c t i o n f o r t h e 
p o l y m o l e c u l a r s a m p l e w i t h F l o r y ' s y?*D was s i m u l a t e d 
/ N = 100, u> = 0 . 5 / . 

Nov/ we s h a l l d i s c u s s some r e s u l t s o b t a i n e d . 

1 . S t a t i s t i c s o f i n t r a c h a i n c o n t a c t s 

The change o f the c o n t a c t s number w i t h i n c r e a s e o f 
the c r o s s - l i n k s number i s shown i n the F i g u r e 2 . The 
c o n t a c t s number i s i n c r e a s e d due t o the d e c r e a s e o f the 
e f f e c t i v e volume o f m a c r o m o l e c u l a r c o i l d u r i n g c r o s s -
l i n k i n g . The d e c r e a s e o f the c o n t a c t s number a t t h e h i g h 
d e g r e e s of c r o s s - l i n k i n g can be e x p l a i n e d by e x h a u s t i o n 
o f f r e e r e a c t i v e g r o u p s . I t i s r o t s u r p r i s i n g t h a t the 
dependence o f z upon j i s c h a n g e d w i t h t h e change o f 
t h e model c h a i n l e n g t h . T h e l o n g e r t h e c h a i n s , t h e g r e a t e r 
t h e e f f e c t o f c o i l s c o m p r e s s i o n and more r a p i d l y the 
a v e r a g e c o n t a c t s number i s g r o w i n a . 

I t s h o u l d be p o i n t e d o u t , t h a t t h e i n i t i a l p a r t o f 
t h e c u r v e z j (j ) can be r e p r e s e n t e d i n t h e l i n e a r f o r m . 
Below we d i s c u s s t h e p o s s i b i l i t y o f t h e usage o f t h i s 
l i n e a r d e p e n d e n c e . 

2 • K i n e t i c s o f i n t r a m o l e c u l a r c r o s s - l i n k i n g 

One c a n e x p e c t t h a t the k i n e t i c c u r v e s r e a c h the s a 
t u r a t i o n at h i g h d e g r e e s o f c r o s s - l i n k i n g due t o t h e 
e x h a u s t i o n o f r e a c t i v e g r o u p s . However i n c o m p u t e r e x p e 
r i m e n t one can o b t a i n o n l y the i n i t i a l p a r t o f k i n e t i c 
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c u r v e s . The k i n e t i c r e s u l t s o f c o m p u t e r e x p e r i m e n t a r e 
shown i n t h e F i g u r e 3 . I t can be s e e n t h a t the r e a c t i o n 
o f i n t r a m o l e c u l a r c r o s s - l i n k i n o i s an a u t o a c c e l e r a t e d 
o n e , and the i n i t i a l r a t e and t h e d e g r e e o f a u t o a . c c e l e -
r a t i o n i s i n c r e a s e d w i t h an i n c r e a s e i n c h a i n l e n g t h . 

I t was m e n t i o n e d above t h a t the k i n e t i c s o f i n t r a m o 
l e c u l a r c r o s s - l i n k i n g i s d e t e r m i n e d by the s o l u t i o n o f 
t h e k i n e t i c e q u a t i o n s s y s t e m s u p p o s i n g the i n d e p e n d e n 
ce o f t h e a v e r a g e number o f c o n t a c t s on the c r o s s - l i n k a 
ges c o n f i g u r a t i o n . The v a l i d i t y o f t h i s a s s u m p t i o n can 
be c h e c k e d by c o m p a r i s o n o f r e s u l t s o f n u m e r i c a l s o l u 
t i o n o f t h i s s y s t e m / w i t h Z J o b t a i n e d f r o m t h e c o m p u t e r 
e x p e r i m e n t / w i t h k i n e t i c r e s u l t s o b t a i n e d d i r e c t l y by 
s i m u l a t i o n . I t can be s e e n f r o m t h e F i g u r e 3 , t h a t two 
a p p r o a c h e s t o t h e c a l c u l a t i o n g i v e the same r e s u l t s . 
T h u s , the k i n e t i c s o f c r o s s - l i n k i n g can be c o m p l e t e l y 
d e s c r i b e d by e q u i l i b r i u
t i v e c o n t a c t s i n a m a c r o m o l e c u l e
i m p o r t a n t r e s u l t o f t i e c o m p u t e r c a l c u l a t i o n . 

The l i n e a r dependence o f Z j on j i n the i n i t i a l s t a g e 
o f t h e r e a c t i o n m e n t i o n e d above 

z . as T A + 3 ( 6 ) 

p e r m i t s t o w r i t e the k i n e t i c e a u a t i o n i n the s i m p l e f o r m 

d n / d t • k Q ( A n + 3 ) ( 7 ) 

The r e s u l t s o f t h e s o l u t i o n o f t h i s e q u a t i o n 

n ( t ) a 3 / A . ( e k o ' 7 V t - 1 ) ( 8 ) 

a re shown i n the same F i g u r e 3 t o o . I t can be s e e n t h a t 
the k i n e t i c s o f i n t r a m o l e c u l a r c r o s s - l i n k i n g a t the 
i n i t i a l s t a g e can b e d e s c r i b e d by l i n e a r a p p r o x i m a t i o n 
i n d e e d . 

3. C r o s s - l i n k a g e s number d i s t r i b u t i o n 

The e x a c t c r o s s - l i n k a g e s number d i s t r i b u t i o n o f the 
c h a i n s a t any moment i n t i m e i s d e t e r m i n e d b y the s o l u 
t i o n o f t h e s y s t e m ( l ) . 

I f t h e a v e r a g e number o f c o n t a c t s i n t h e c h a i n were 
c o n s t a n t d u r i n g the r e a c t i o n , t h e p r o c e s s w o u l d be a 

random one w i t h the P o i s s o n c r o s s - l i n k s number d i s t r i 
b u t i o n . The d i s p e r s i o n o f s u c h p r o c e s s i s 

D P * z o k Q t ( 9 ) 
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The c a l c u l a t i o n o f t h e d i s n e r s i o n i n t h e l i n e a r a p p 
r o x i m a t i o n , w h i c h i s v a l i d a t t h e i n i t i a l s t a g e o f t h e 
r e a c t i o n , g i v e s the e q u a t i o n 

e
k O ? t n ( t ) ( 1 0 ) 

In t h e F i g u r e 4 the v a l u e s o f t h e d i s o e r s i o n o b t a i n e d 
f r o m a c o m p u t e r e x p e r i m e n t are compared w i t h P o i s s o n and 
l i n e a r d i s p e r s i o n s . I t can be s e e n from t h a t f i g u r e t h a t 
t h e t r u e d i s t r i b u t i o n i s much w i d e r than the P o i s s o n 
d i s t r i b u t i o n and t h a t t h e w i d t h i s i n c r e a s e d w i t h an i n 
c r e a s e i n c h a i n l e n g t h . I n t h e i n i t i a l s t a g e , the d i s 
p e r s i o n f o l l o w s the l i n e a r a p p r o x i m a t i o n . F o r s h o r t 
c h a i n s a t h i g h d e g r e e s o f c r o s s - l i n k i n c the d i s t r i b u t i o n 
becomes n a r r o w e r due t o the a c c u m u l a t i o n o f c h a i n s w i t h 
many c r o s s - l i n k a g e s / c l o s e t o the maximum v a l u e . / and the 
d i s p e r s i o n t e n d s t o t h a

4 . D i m e n s i o n s o f p a r t i a l l y c r o s s - l i n k e d c o i l s and t h e i r 
shape 

T h e d i m e n s i o n s of p o l y m e r c o i l are u s u a l l v c h a r a c t e 
r i z e d by the v a l u e o f t h e mean s c u a r e r a d i u s o f g y r a t i o n 
P^ o r mean s c u a r e a n d - t o - e n d d i s t a n c e J ? 2 * ^ 

The d e p e n d e n c e o f r e l a t i v e v a l u e s p2 /p^ on t h e d e c r e e 
o f c r o s s - l i n k i n g i s p r e s e n t e d i n t h e F i g u r e 5. I t can 
be s e e n t h a t c h a i n d i m e n s i o n s a r e e s s e n t i a l l y d e c r e a s e d 
w i t h c r o s s - l i n k i n g , and t h a t t h i s e f f e c t becomes Grea 
t e r w i t n an i n c r e a s e o f t h e c h a i n l e n g t h . 

The same i s w i t h the r a t i o h ^ / h j . 
Nov; c o n s i d e r t h e c h a n c e o f t h e s h a p e o f the n o l y m e r 

c o i l s d u r i n g c r o s s - l i n k i n g . U s u a l l y t h e s h a n e o f the 
m a c r o m o l e c u l e i s r e p r e s e n t e d b y the r o t a t i o n e l l i p s o i d . 
F o r the G a u s s i a n c o i l t h e r a t i o o f the axes o f t h i s e l 
l i p s o i d / p / i s e q u a l t o ? / f o r t h e s p h e r e t>= 1 / . The d e 
p e n d e n c e o f the a n i s o t r o p y f a c t o r p on t h e d e g r e e o^ 
c r o s s - l i n k i n g f o r d i f f e r e n t c h a i n l e n g t h s i s shown on 
the F i g u r e 6 . In d e s p i t e o f t h e c o n s i d e r a b l e s c a t t e r i n g 
o f t h e p o i n t s i t can be s e e n t h a t t h e c o n f o r m a t i o n o f 
p a r t i a l l y c r o s s - l i n k e d c o i l s i s c h a n g e d t e n d i n g t o s p h e 
r i c a l f o r m . 

I t i s w e l l known t h a t £ o r G a u s s i a n c o i l s the mean 
s q u a r e d i m e n s i o n s P^ a n d h - are r e l a t e d bv the r a t i o 
h ^ / R 2 ^ 6 . I t was o f i n t e r e s t t o c h e c k the v a l i d i t y o f 
t h i s r a t i o f o r c r o s s - l i n k e d c o i l s . I t can be s e e n f rom 
t a b l e f o r the l o n g c h a i n s / N = 1 0 0 , 150 J t h e r a t i o 
h2/p2= 6 i s p r a c t i c a l l y c o n s t a n t a t d i f f e r e n t c r o s s -
l i n k a g e s n u m b e r , w h i l e f o r t h e s h o r t c h a i n s /Sis 30 , 50/ 
t h i s r a t i o i s d e c r e a s e d w i t h the d e g r e e o f c r o s s - l i n k i n g . 
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Figure 3. Average degree of cross-linking vs. time; ( ) the solution of Equa
tion 1; ( ) linear approximation; points, Monte Carlo calculation (•) N = 150; 

(X)N = 100;(m)N = 50;(A)N = 30 

D D 

0.2 0.4 0*2 0-4 
Figure 4. Dispersion of cross-linkage number distribution vs. time; ( ) Pois-
son distribution; ( ) linear approximation; points, Monte Carlo calculation 

(Q)N = 150; (X)N = 100; (*)N = 50; (A)N = 30 
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Figure 5. Relative coil dimension vs. the degree of cross-linking (Q) N 
(X)N = 100; C)N — 50; (&)N = 30 
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Figure 6. Form anisotropy factor vs. the degree of cross-linking 
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T a b l e 

h 2 / P 2 f o r c r o s s - l i n k e d c o i l s 

N 
30 50 100 150 

0 6.0 6.0 6 .0 6.0 
1 5 .3 5 . 7 6.0 5 .9 
2 5 .1 5 . 8 6 .2 5 . 9 
3 5.1 5 .5 6 .4 5 . 4 
4 4 .9 5 . 7 5 .8 5 . c 

5 5 . 0 5 . 5 5 .6 6.2 
6 4 .6 5 . 3 5 . 6 6.2 
7 5 .5 5 .8 3.8 
8 5.2 5 . 5 5 .9 
9 5. 1 5 . 8 6.2 

10 5.2 5 .6 

5 . I n f l u e n c e o f r e a c t i v e q r o u p s d i s t r b u t i on and MMP 

In t h e F i g u r e 7 the k i n e t i c c u r v e s f o r t h e m o d e l 
c h a i n s w i t h some d i s t r i b u t i o n o f r e a c t i v e arouDS a l o n g 
t h e c h a i n a r e s h o w n . The r e a c t i o n was s i m u l a t e d f o r 
t h e d e g r e e o f o c c u p a t i o n o f r e a c t i v e g r o u p s £ J = 0.5 and 
0 .25 and f o r t h e B e r n o u l l i a n a n d r e g u l a r d i s t r i b u t i o n s 
[ 8 ] . The r e s u l t s o f s u c h p r o c e d u r e a r e compared w i t h 
r e s u l t s o b t a i n e d f o r m o l e c u l e s w i t h t h e same number o f 
r e a c t i v e g r o u p s s i t u a t e d on e a c h s i t e o f t h e c h a i n 
/cD^Lj and the c h a i n i s e v i d e n t l y s h o r t e r . I t i s r a t h e r 
e v i d e n t t h a t t h e r a t e o f t h e r e a c t i o n i s d e c r e a s e d w i t h 
a d e c r e a s e i n t h e number o f r e a c t i v e g r o u p s at t h e c o n s 
t a n t l e n g t h o f t h e c h a i n . A t the c o n s t a n t number o f r e 
a c t i v e g r o u p s t h e r a t e f o r t h e c a s e o?= 1 / N = 5 0 , t£z 1J 
i s h i g h e r t h a n f o r t h e case u? ̂  1 /N = 100 , cOs. 0 . 5j. How
e v e r t h e r e s u l t s o b t a i n e d f o r d i f f e r e n t t y p e s o f r e a c t i v e 
g r o u p s d i s t r i b u t i o n are c l o s e to one a n o t h e r . The 
d i f f e r e n c e between r e s u l t s o b t a i n e d f o r unimolecular 
/ " T s l O O J 7 and Polymolecular m o d e l s a m p l e s / ^ = 1007 w i t h 
F l o r y ' s MMD a r e v e r y c l o s e t o o . 

Thus t h i s m o d e l s t u d y p e r m i t t e d t o e l u c i d a t e t h e main 
r e g u l a r i t i e s o f t h e p r o c e s s o f i n t r a m o l e c u l a r c r o s s - l i n 
k i n g . The most i n t e r e s t i n g o^ them a r e , f i r s t l y , the 
e x i s t e n c e o f a u n i f o r m r e l a t i o n s h i p b e t w e e n the k i n e t i c s 
o f t h e r e a c t i o n and t h e e q u i l i b r i u m p r o p e r t i e s o f p a r t i 
a l l y c r o s s - l i n k e d c h a i n s and s e c o n d l y , t h e i n d e p e n d e n c e 
o f t h e k i n e t i c s o f c r o s s - l i n k i n g on the c h a r a c t e r o f 
r e a c t i v e g r o u p s d i s t r i b u t i o n o n t h e i n i t i a l s t a g e o f 
t h r -i a.ct.1 on • 

In Modification of Polymers; Carraher, C., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



3. PLATE E T A L . Kinetics of Intramolecular Cross-Linking 35 

6. Applying of results obtained to experimental data 
The direct comparison of results obtained with expe

rimental data is now unfortunately imnossible, because 
of the practical absence of such experiments. However 
the suggested model and calculation method can be used 
for interpretation of some data obtained during the 
study of the sol-fraction properties in the process of 
network formation. Irzhak, Enikolopyan et a l . [9-l0l 
found the sharp decrease of i n t r i n s i c viscosity of the 
sol-fraction with polymer concentration during cross-
linking of polyvinylbutyral containing some unreacted 
hydroxyl groups with diisocyanates /at constant M and 
the average cross-linkages number/. 

There are two different explanations of this fact. 
One of them assumes the possibility of a compression of 
polymer coils at averag
mensions less than i
is based on the existence of the wide distribution of 
macromolecule dimensions in any time.It is rather natu
r a l to assume an increase of the probability of intra
molecular reaction with an increase of the dimensions 
of the macromolecule. .e. more extended conformations 
go to the gel-fraction and more coiled remain in the 
s o l . With the increase of solution concentration the 
distances between coils are diminished and the c r i t i c a l 
dimensions, necessary for a transition into the gel are 
decreased too. This process w i l l be accompanied by a 
decrease of the average dimensions of molecules in sol. 

The hypothesis about the fractionation during cross-
linking i s consistent with experimental viscosity data. 

The hypothesis can be checked by the mathematical 
experiment, i f one takes into consideration the probabi
l i t y of the intemolecular cross-linking. Let's assume 
that sol fraction contains only intramolecularly cross-
linked chains while the formation of even one intermole-
cular cross-linkage leads to the sol-gel transition. 
Because only the properties of sol fraction are of our 
interest we don't need to follow the intermolecularly 
cross-linked chains. It is rather natural to assume that 
the probability of the transition into the gel i s pro
portional to the dimensions of t!ie macromolecular c o i l . 

w = c ( F 2 ) * 
The coefficient "c" has an analogy with a concentra

tion, as more i s "c" more coiled conformation can be i n -
termolecularly cross-linked. 

In this case the procedure of the cross-linking simu
lation has to include checking of intermolecular cross-

In Modification of Polymers; Carraher, C., et al.; 
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Figure 8. Monte Carlo calculation of the R2(j) function with C = 0.5 (A, O); 
C = J (A, and y = 1 ( A , A); y = 1.5 (O, #j (solid curve, C = 0) 
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l i n k i n g by t h e c a l c u l a t i o n o f t h e c o r r e s p o n d e n t p r o b a b i 
l i t y . I f t h e i n t e r m o l e c u l a r c r o s s - l i n k a g e i s f o r m e d 
t h i s c h a i n m a t h e m a t i c a l l y i s t h r o w n away and t h e new 
c o n f o r m a t i o n i s b e i n g b u i l t . F o r c h e c k i n g o f f r a c t i o n a 
t i o n h y p o t h e s i s d i m e n s i o n s o f r e m a i n e d m o l e c u l e s h a v i n g 
the same c r o s s - l i n k a g e s number and d i f f e r e n t c a r e com
p a r e d . 

We h a v e a c c o m p l i s h e d s u c h c a l c u l a t i o n f o r t h e c h a i n s 
o f 50 and 100 u n i t s w i t h J £ « 1; 3/2 and 3 and c = 0 . 5 
and 1 . The d e p e n d e n c e s o f P 2 on a v e r a g e c r o s s - l i n k s 
number are p r e s e n t e d i n t h e F i g u r e 8. The r e s u l t s o b t a i 
n e d a t d i f f e r e n t c and % show t h a t t h e r e i s no e s s e n t i a l 
d e c r e a s e o f d i m e n s i o n s o f s o l m o l e c u l e s . The change o f 
ft l e d o n l y t o t h e change o f t h e y i e l d o f the s o l - f r a c 

t i o n and does n o t i n f l u e n c e i t s p r o p e r t i e s . 
I . e . t h e r e s u l t s o f K o n t e C a r l o e x p e r i m e n t show t h a t 

the e f f e c t o f the f r a c t i o n a t i o
t h e e x p e r i m e n t a l f a c
v i s c o s i t y w i t h an i n c r e a s e o f t h e p o l y m e r c o n c e n t r a t i o n . 

T h u s , i n s p i t e o f the model c h a r a c t e r o f the a p p r o a c h 
d e s c r i b e d i t c a n be a p p l i e d to the e s t i m a t i o n o f 
the e x p e r i m e n t a l d a t a on the p a r t i c u l a r c h e m i c a l c r o s s -
l i n k i n g r e a c t i o n s . 

7, A p p r o x i m a t e a p p r o a c h 

The method o f m a t h e m a t i c a l s i m u l a t i o n has many a d v a n 
t a g e s , and i s v e r y c l o s e t o t h e p h y s i c a l e x p e r i m e n t . 
However the f u r t h e r d e v e l o p m e n t o f t h i s a p p r o a c h / a c o n 
s i d e r a t i o n o f volume e f f e c t s , r e v e r s i b l e r e a c t i o n s and 
so o n / can be r a t h e r d i f f i c u l t b e c a u s e i t w i l l r e a u i r e 
t o o much c o m p u t e r t i m e . T h e r e f o r e i t i s e x p e d i e n t t o 
s e a r c h some s i m p l e a n a l y t i c a l o r semi a n a l y t i c a l a p p r o 
x i m a t e a p p r o a c h e s t o t h e c a l c u l a t i o n o f c r o s s - l i n k i n g 
k i n e t i c s and c o n f o r m a t i o n a l p r o p e r t i e s o f c r o s s - l i n k e d 

m a c r o 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 by the Konte C a r l o 
c a l c u l a t i o n can s e r v e as c r i t e r i a o f t h e a c c u r a c y o f 
s u c h a p p r o x i m a t i o n . 

We s u g g e s t h e r e an a p p r o x i m a t i o n b a s e d on one o f the 
r e s u l t s o b t a i n e d i n c o m p u t e r e x p e r i m e n t . I t w a s t o u n d 
t h a t the mean s q u a r e o f t h e r a d i u s o f g y r a t i o n P~ and 
t h e t o t a l number o f s e l f - i n t e r s e c t i o n s of t h e p a r t i a l l y 
c r o s s - l i n k e d c h a i n r / i t c o n s i s t s o f t h e r e a c t i v e c o n 
t a c t s and " d e a d " c o n t a c t s , c r o s s - l i n k s / a r e r e l a t e d by 
the f o 1 low i n g r e l a t i o n s h \ p : 

a (p.~ V "'' = c o n s t 
T P * TV) / 

(11 ) 

In Modification of Polymers; Carraher, C., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



38 MODIFICATION OF POLYMERS 

w h i c h i s v a l i d f o r d i f f e r e n t c h a i n l e n a t h s and d i f f e r e n t 
c r o s s - 1 i n k s numbe r . 

As i t was shewn above the k i n e t i c s o f i n t r a m o l e c u l a r 
c r o s s - l i n k i n g i s c o m p l e t e l y d e t e r m i n e d bv the number o f 
r e a c t i v e c o n t a c t s , w h i c h i s e q u a l to the number o f s e l f -
i n t e r s e c t i o n s minus the number o f c r o s s - l i n k a g e s /we do 
n o t c o n s i d e r t h e m u l t i p l e s e l f - i n t e r s e c t i o n s / . Then 
t h i s r e l a t i o n s h i p t u r n s the k i n e t i c p r o b l e m to the a v e r 
age d i m e n s i o n s c a l c u l a t i o n . 

The P r o b l e m o f the an a l y t i c a 1 r e r . r e s e n t a t i o n o f the 
d e p e n d e n c e o f t h e a v e r acre d i m e n s i o n s o f c r o s s - l i n k e d 
c o i l on t h e n um.b e r o f c ros s - l i n V age s w as con s i d e r e d by 
some a u t h o r s . 

So Edwards e t a l . [ l l j s u g g e s t e d t h e f o l l o w i n g a p p r o 
x i m a t e r e l a t i o n s h i p b a s e d on the t h e r m o d y n a m i c c o n s i d e 
r a t i o n : — ~o 

- 2 - — 2
m. m +  \- J 

T h i s r e l a t i o n i s t o o i n a c c u r a t e and g i v e s r e s u l t s 
v e r y f a r f r o m t h e ? Tonte C a r l o o n e s . 

Gordon e t a l . £l2]_/aave m o d i f i e d t h i s r e l a t i o n s h i p : 

72 

T h i s one i s much b e t t e r , b u t t h e d i s c r e p a n c i e s are 
r a t h e r e s s e n t i a l . — 

H e r e we p r o p o s e f o r t h e P c a l c u l a t i o n t h e p r o c e d u r e 
i n c l u d i n g the random c h o i c e o f the p a i r s of c r o s s - l i n 
k i n g u n i t s and t h e c a l c u l a t i o n a f t e r e v e n ' c r o s s - l i n k a 
ge f o r m a t i o n the number o f u n i t s i n the e l e m e n t s o f 
t h r e e t y p e s w h i c h compose t h e t o p o l o g i c a l s t r u c t u r e o f 
e v e r y p a r t i a l l y c r o s s - l i n k e d c o i l . These e l e m e n t s a r e 
" t h e t a i l s " / a l w a y s two j arches between two c r o s s - l i n k s 
and c i r c l e s / l o o p s / . 

R 2 o f t h e c h a i n w i t h "m" c r o s s - l i n k a g e s and d e f i n i t e 
number o f e l e m e n t s o f e a c h t y p e / t h e t o t a l number o f 
e l e m e n t s i s 2m+l/ and d e f i n i t e n u m b e r ^ o f u n i t s i n e a c h 
e l e m e n t i s c a l c u l a t e d „ £ s the sum o f R- of the l i n e a r 
p a r t / t h e t a i l s / and R- o f the c r o s s - l i n k e d p a r t / t h e 
a r c h e s and c i r c l e s / [13J : 

/ n - t h e ^ n umber o f u n i t s i n e a c h e l e m e n t / . 
On the R 2 one can c a l c u l a t e a a n d z 

•m m 
a m = c o n s t / < p J ) 3 / 2 ( 1 5 ^ 
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/ c o n s t i s c a l c u l a t e d f r o m the i n i t i a l c o n d i t i o n s / 

m ( 1 6 ) z = a 
m m 

The s o l u t i o n o f the s y s t e m of t h e k i n e t i c e a u a t i o n s w i t h 
c o e f f i c i e n t s z g i v e s t h e d e p e n d e n c e o f t h e a v e r a g e n u m 
b e r o f c r o s s - l i n k a a e s on the t i m e . 

I n t h e F i a u r e s 9 a n d _ l O the r e s u l t s o f the a o D r o x i -
)f /R2 mate c a l c u l a t i o n oi 

s u i t s o f m a t h e m a t i c a l e x p e r i m e n t . I t can be s e e n , t h a t 
t h e r e s u l t s are r a t h e r c l o s e . 

and z a r e compared w i t h r e -

- i . o k R ! j / R o 

Figure 9. Relative dimensions vs. the number of cross-linkages obtained by the 
Monte Carlo simulation (X), approximate calculation (O), and by the solution of 

Equation 13 (N = 100) 

.100,3 

30 -

20 . * 

X 

o o 

Figure 10. Average number of reactive contacts calculated by the Monte Carlo 
simulation (X) and by the approximate approach (Q)(N = 100) 

In Modification of Polymers; Carraher, C., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



40 MODIFICATION OF POLYMERS 

Thus the approach described can be applied to the de
scription of the kinetics of intramolecular cross-lin
king and the conformational properties of cross-linked 
products. 

It should be pointed out in conclusion that the re
sults obtained can be used for the further development 
of the theory of reactions of functional groups of ma-
cromolecules in different processes including both intra-
and intermolecular interactions of polymer chains. 

On the other hand this is the necessary step to go 
from the theoretical description of the macromolecular 
reactions in isolated macromolecules which is the ideal 
rather than more practical case with concentrated so
lutions when one can't neglect the intermolecular inter
action and its competition with the intramolecular one. 

The comparison of predicted calculated results with 
the experimental one
/when the latter wi l l be available/ wi l l allow also to 
choose one or another pathway of cross-linking proces
ses during chemical modification of polymers. 
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Widespread chlorine-containing polymers would 
include, 1) stable molding material for practical use 
such as polyvinyl chloride (PVC), polyvinylidene 
chloride and poly(epichlorohydrin) (PECH) and, 2) 
reactive polymers capable to introduce additional 
functional groups via their active chlorines such as 
chloromethyl polystyrene, poly ($-chloroethyl vi n y l -
ether) and poly (vinyl chloroacetate). While the 
latter, especially the chloromethyl polystyrene, has 
been widely used recently for the synthesis of variety 
of functional polymers, we should like to talk in this 
a r t i c l e about the chemical modification of the former, 
mainly of PVC and PECH, which was developed in our 
laboratory. 

Retardation of Discoloration of PVC and Decolorization 
of Discolored PVC 

PVC has long been u t i l i z i n g as a representative 
engineering plastics with low cost and stable 
properties, while the toxicity of the monomer and 
plasticizer included has given rise to public discus
sion recently. Nevertheless, the improvement of the 
thermal s t a b i l i t y i s one of the most important points 
in practical modification of PVC. The deterioration 
of PVC is known to proceed through a rapid and 
sequential elimination of hydrogen chloride along a 
length of polymer chain giving a chromophoric and easily 
oxidizable polyene structure. The ease of formation of 
the conjugated structure (Tj , once a double bond has 
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formed at a weak point of PVC (̂ ) , i s readily understood 
in terms of a l l y l i c effect of an o l e f i n i c group upon an 
adjoining chlorine-bearing carbon atom. Thus, the 
polyene structure might be developed by this zipperlike 
elimination (PVC 1 —> 2) . 

-HC1 
-CH=CH-CH=CH-

-(jjH-CH2-CjjH-CH 2 - (PVC) 

i - -HC1 
-CH=CH-QH-CH2- H-CH-CH-CH9-

: x c i 

While the numerous kinds of stabilizers were 
empirically developed and effectively used in practice
we proposed a devic
derived from a viewpoin
Namely, i f the double bond was saturated (£) simultane
ously when i t formed, the retardation of the develop
ment of conjugated polymer structure might be expected. 
We chose the reduction with diimide (NH=NH) for the 
saturation of double bond. Thus, p-toluenesulfonyl 
hydrazide (PSH) was used which acts as a diimide source 
under the condition (130-150°C) of PVC-processing. 
Under the optimum condition (130°C in dimethylformamide 
(DMF)), the dehydrochlorination was di s t i n c t l y 
suppressed as shown in equation 1 and Figure 1. 

Tos-NHNH. 
-CH=CH-CH-CH0-

i i 2 

NH=NH 
I 

TosH 
-CH-CH-CH-CH0 

A H 61 2 

- (1) 

1.0 

50 100 
Time (min) 

150 

Journal of Polymer Science 

Figure 1. Effect of PSH on the rate of discoloration of PVC—1.0 g of PVC, 5 mL 
of DMF at 130°C: (1) without PSH; (2) 4.5 g of PSH; (3) 0.16 g of PSH; (4) 0.75 g 

of PSH (1) 
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PSH also could reduce (decolorize) the deteriorized 
(discolored) PVC as well as retard the discoloration of 
PVC. Decolorization rate and the degree of decoloriza-
tion in the f i n a l stage according to the per cent 
transmission of various discolored polymers are found 
to depend on the histories of the discolored PVC (heat
ing in o-dichlorobenzene (ODB) at 180°C), the effect of 
temperature on the rate of decolorization was examined 
to result in Figure 2. Alternately, the decolorized 
PVC thus obtained was thermally stable compared with 
that obtained by oxidative method. That i s , the thermal 
s t a b i l i t y of two types of PVC, decolorized by the 
diimide reduction at 100°C for 4 h (A) and decolorized 
by oxygen bubbling in dioxane at 100°C for 4 h (B) were 
compared with that of the original PVC at 130°C in DMF. 
As shown in Figure 3, the induction period of the 
discoloration for (A
original PVC. In th
reduction, the C=C double bonds formed by dehydrochlori-
nation at the most labile chlorine atoms of PVC 
(tertiary or a l l y l i c ) were saturated with hydrogen and 
so were the most stabilized. 

50 100 150 
Time (min) 

Journal of Polymer Science 

Figure 2. Decolorization in various tem
peratures with PSH—0.3 g of PVC, 20 
mL of ODB: (A) without PSH at 100°C; 
(A) 0.6 g of PSH at 100°C; (O) without 
PSH at 130°C; (%) 0.6 g of PSH at 130°C 

a) 
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0 50 100 
Time (min) 

Journal of Polymer Science 

Figure 3. Rediscoloration of decolorized 
PVC in DMF at 130°C-O.30 g of PVC, 
15 mL of DMF: (O) decolorized PVC 
with diimide; (%) decolorized PVC with 

oxygen; (A) original PVC (I) 
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This PSH technique was later u t i l i z e d as an effective 
method of reductive modification for the unsaturated 
polymers such as polydiene rubbers and polypentenamer 
by Mango (2) and Samui et a l (_3) • 
Nucleophilic Substitution of PVC with Dithiocarbamate 

It has been long believed that the nucleophilic 
substitution (a) of chlorine in PVC is extremely 
d i f f i c u l t in contrast to the ease of elimination (b) 
(equation 2). 

(b) N u " l - N ^ N u (a) 
-CH=CH- « CH—CH- * -CH2-CH- (2) 

- H C 1 / A i l - c l" Au 

We found that the nucleophili
N,N-dialkyldithiocarbamate (R2N-CS-s"", DTC) was 
feasibly achieved at low temperature as 50-60°C in DMF 
without accompanied dehydrochlorination (equation 3) ( A ) . 

R9N-CS-SNa 
-CH-CH9- >- -CH-CH2- (3) 
dl DMF, 50-60*C LcS-NR, 

These results were assumed to be ascribed to the 
neighboring group participation via the intermediary 
cyclic carbocation (4) as shown in equation 4f as 
well as the high nucleophilicity of DTC and accelera
tion by use of the dipolar aprotic (DA) solvent. The 
formation and reactivity (stability) of such carboca
tion were examined at length with the corresponding 
model compounds of low molecular weight (5_) . A 

<C1^ ^ DTC / \ y^vtci 

i i ^ N f^y^ /' I S S 
\ J \+9 „ „ L „ V (4) 

r 

Y S cr'Y R 2 N" I = S S R 
Ir2 J R 2

 N R2 
i 

Dithiocarbamoylated PVC (PVC-DTC) thus obtained was 
easily crosslinked by irradiation, and could photo-
graft the monomer coexisted (equation 5) (6_) . The 
mechanism of these photolytic cleavage was deduced from 
the detailed researches (product examination and 
kinetic study) on the photolysis of model compounds 
such as dithiocarbamate, RS-CSNR2 {1) and xanthates, 
RS-CSOR (8). These reactions are u t i l i z e d to design 
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photosensitive polymers and recently in Japan the 
technique, photografting with water-soluble monomer, 
was applied to prepare the materials for a r t i f i c i a l 
organs. 

-CH-CH. 
I S 
I S I -CH-CH0-

h V ?H-CH2-
R2N-C=S 

h v 
CH9=CH 

- 9 H - C H 2 -

( £ H 2 - 9 H > 
X 

(5) 

Further, N-methyl dithiocarbamate (MDTC) (!9) and N-
metylglycine (sarcosine) (10) were similarly incorporat
ed into PVC matrices resulting in the derivatives 
usable to chelate forming and introduction of t h i o l -
function as shown in following scheme. Of the two main 
purpose of modification of commercial polymers; 1) 
improvement of original property of each polymer and 
2) incorporation of new function into the polymeric 
materials, our studies would be served from the view
point of the latter as the fundamental design for PVC 
and PECH with specific functions. 

In addition, Nakagawa et a l . (ljL) have shown that 
dehydrochlorination of PVC was suppressed extremely by 
incorporation of DTC or MDTC group, while the mechanism 
was not f u l l y obvious. 

NaSCS-NHMe 
-CH-CH2- >- -CH-CH2-

DMF 
S=i-NHMe 

NaSCS-N-CH9C00H 
Ae Z 

base 
-CH-CH2-
S=C-N-CH9C00H 

Me 
chelate formation 

-CH-CH9-
SH Z 

M ,n+ Me 
. A 

Ae 
crosslinking with 

metal ions 

air 

crosslinking with air 
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Nucleophilic Substitution of PVC with Thiolates 

Thiolate is another class of effective nucleophile. 
Nakamura et a l . (_12) have proved that thiols 
reacted with PVC e f f i c i e n t l y -CH-CH 
in the presence of ethylene- "| 2 
diamine to give the thio- C H 2 " ? 
etherificated PVC and PECH. ^C^ 
Especially, PECH with triazine- N / N 
3 , 5 - d i t h i o l substituent (5) I H, 
i s interesting in their ^SH 
characteristic behavior towards 
metal ions and metal surface. 5, 

We also investigated the ~* 
thioetherification of PVC with thiolate or analogous 
system (_13) : 
1) The reaction by us
easily in DMF at roo  temperatur  degre
substitution (DS) goes up to over 80% for sodium thio-
phenoxide (equivalent). 
2) In the case of t h i o l and inorganic salts, the best 
result was obtained for thiophenol and sodium cyanide, 
and DS of 90% was attained (60°C) with minimum amounts 
of C=C formation even for p-thiocresol (equivalent) and 
potassium carbonate. 
3) Even when a l l y l iso-thiuronium salt (and NaOH) is 
used tractably as a precursor of t h i o l (DMF, 40°C), the 
extent of thioetherification is nearly equal to that 
for the case 1 ) . 
4) Substitution up to 20% is possible at 80°C even in 
water, in which PVC i s quite insoluble, by use of 
thiophenoxide together with a surfactant such as 
quarternary ammonium salt. 
The reaction of the thiolated PVC with Chloramine T was 
carried out and the structure (£) of the resultant 
polymer was examined (]L4) . In the case of phenyl-
thioether, the sulfilimine structure (7) was mainly 
produced accompanied with, in part, the sulfenamide 
structure {8) binded to the main chain with N atom. In 
the case of a l l y l thioether derivative containing C=C 
moiety in the pendent group, the sulfilimine (9,) formed 
rearranged exclusively in Claisen type to the sulfen
amide structure (10) connected to the main chain with 
S atom. 
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Nucleophilic Substitution of PVC with Azide 
From the results mentioned above, i t was ascertain

ed that the chlorine in PVC i s easily replaced by 
nucleophiles in contrast to the traditional notion. 
Thus, PVC was substituted with xanthate (EtO-CSS~), 
dithioghosphate ((EtO) 2P(=S)s"), thiourea, thiosulphate 
( S-S03),and even with carbanion such as dimethyl 
malonate/DBU to some extents. In the last case, PVC 
was reacted in tetrahydrofuran (THF) with a small 
excess of dimethylmalonate in the presence of equimolar 
amounts of l,5-diazabicyclo[5,4,0]undec-5-ene (DBU). 
After 5 h at room temperature, 6 mol% of chlorine was 
replaced by the malonate accompanied with ca. 6% of C=C 
structure to result in a pale brown powdery product (15), 
Temperature of decomposition of the product, however, 
f e l l to ca. 200°C (DTA) compared with that of PVC 
(270°C). 

CH2(COOMe)2 

-CH2 > —CH-CH 2—fCH=CH-)— 
PI DBU/THF i 
^ x room temp. - -/ \ 

MeOOC COOMe 

Further interestingly, azide anion (N~), rather weak 
nucleophile, could easily react with PVC in DA-
solvents to give the azide derivatives (equivalent 
NaN3, 60°C, DS (degree of substitution): 64% 
(hexamethylphosphortriamide, HMPA), 33% (DMF) and 0% 
(THF, H90)) as shown in equation 6 (16). 
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NaN, 
-CH-CH0- -> -CH-CH2- (6) 

Azide group in PVC was further transformed to 
various types of derivatives as shown below and might 
be used for the modification and functionalization of 
PVC (17). 
-CH-CH2- -CH-CH--

N=N-NHPh 
CH=ST J-

A l l the above reactions of PVC were performed 
homogeneously in DA-solvents such as HMPA, DMF and 
dimethylsulfoxide (DMSO). For the practical modifica
tion of PVC, the reaction must be conducted under more 
commercial conditions as in slurry water. As mentioned 
before, azidation of PVC did not occur in water. 
However, the reaction proceeded feasibly in water by 
addition of some cationic surfactant to give, e.g. 8-
20% (DS) of azidated PVC at 80°C by use of tetra-n-
butyl ammonium chloride (18). The use of cationic 
surfactant was also effective in organic solvents and 
attracted increased attention as the conception of 
"phase transfer catalyst" in organic chemistry develop
ed. 

Reaction of Poly(epichlorohydrin) with Nucleophiles 
Above experience in PVC modification was recently 

applied to PECH which seems to have more labi l e 
(reactive) primary chlorine atom. PECH would be useful 
in the preparation of poly(propylene oxide) substitut-
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ed on the methyl groups with various kinds of function
al groups. Thus, there has been a number of studies 
(19) on the nucleophilic substitution on PECH, but many 
of them are patents and ambiguous in details. We 
investigated the reaction of PECH with various nucleo-
philes (vide infra) to develope the useful methods for 
modification of PECH and compare the reactivity of PECH 
with PVC. 

Thioetherification and Related Derivation. 
Thioetherification of PECH i s feasibly performed 

in DA-solvents as already described in the patent (20) . 
For example, the highest substitution was obtained by 
the reaction of P(ECH-EO)(1:1 copolymer of epichloro-
hydrin and ethylene oxide) and equimolar thiophenoxide 
in HMPA at 100°C fo
for potassium salts
substitution was estimated by the elemental analysis as 
well as the t i t r a t i o n of liberated chloride ion with 
mercuric nitrate (21). In the latter method, reacted 
medium was pretreated with hydrogen peroxide when the 
reductive nucleophiles which can react with mercuric 
ion were used. As described before for PVC, thiolation 
was also achieved conveniently with iso-thiuronium salt 
followed by alkaline hydrolysis without the direct use 
of ill- s m e l l i n g thiolate. The thiolated PECH obtained 
are rubbery solids, soluble in toluene, methylene 
chloride, ethyl methyl ketone and DMF and insoluble in 
water, acetone, dioxane and methanol. 

11 
Chloramine 
DMF-AcOH 
60°C,6 h 

T 
1)H~0 -dioxane 12 

•0 •0 

NTos 

13 14 
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The thiophenylated PECH (11) thus obtained was convert
ed to the sulfoxide structure (12,v(S0), 1040 cm ) by 
treating with hydrogen peroxide^35%) in xylene at room 
temperature. When the polymer )J. was treated with 
Chloramine T at 60 °C in DMF, sulfilimine type polymer 
(13,V(S=N), 965 cm" ) was obtained, which also affords 
the method to obtain a sulfoxide polymer without 
sulfone moiety on heating a dioxane solution containing 
small amounts of hydrogen chloride. A donor-type 
polymer 13, gave complex polymer 
(14) by the reaction with BF-- CH-CH 
methanol in methylene chloride, j 2 
which reversibly returned to 
the sulfilimine \£ with 
triethylamine. The complex 
14 exhibited the IR spectru  Ph-S+NTo
(1035-1080 cm"1) of
not ESR signal which was 3 ~ 
observed in the dark violet 
BF~-complex of polystyrene-type sulfilimine, indicating 
the electron transfer did not occur. BF^-included 
polymer 14, are interesting as a polymeric hardner for 
epoxy resin and a polymeric Lewis acid-catalyst. 

Reaction with Dithiocarbamate and Thiocyanate. 
PECH reacted smoothly with sodium dithiocarbamate 

(NaDTC), as PVC, in DA-solvents affording a photo
sensitive polymer 16. The most interesting i s the 
reaction of epichlorohydrin and NaDTC. 

It has been reported (22̂ ) that the low polymeriza
tion of ethylene oxide proceeded through a step-by-step 
addition mechanism due to the enhanced nucleophilicity 
of the dithiocarbamate (DTC) in DA-solvents. For 
example, a DMF solution (35 ml) of sodium N,N-
dimethyldithiocarbamate (0.08 mol) was added dropwise 
to a DMF solution (15 ml) of epichlorohydrin (0.05 mol) 
at room temperature; the mixture was poured into a 
large amounts of water to give a precipitate (softing 
point, 68-70°C) in good yield, which showed [r\ ] , 0.04 
(30°C, DMF) after purification by reprecipitation (DMF-
H 20). The polymer (1J) obtained exhibited characteris
t i c IR bands in the range 1490-1375 cm (-S-CS-NO and 
ether linkage (C-O-C), essentially identical with that 
of the polymer obatined by the reaction of PECH with ^ 
NaDTC in DMF-toluene, except in the range 1700«vl650 cm 
Various lines of evidence indicated the mechanism 
involving i n i t i a l polymerization of the epichlorohydrin 
catalyzed by NaDTC followed by the nucleophilic 
substitution on the chloromethyl carbon atom as shown 
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in the following scheme. The IR absorption at 1700 cm 
can not be assigned, but that of 1650 cm" would be 
ascribed to the thiolcarbamate structure (-S-CO-N<,19), 
which can reasonably be explained by the mechanism, 
involving the 1,3-dithianylium ion (18) through 
anchimerism by the DTC function. 

-1 

CHy-CHCH9Cl 

-CH--CH-0-
2
 \ 
CH2C1 

Me2NfisNa S 
>Me2NCs- (CH2CHO^ 

d:H9Cl 
17i Z 

>Me 
DMF 

Me2NCSSNa 

Me2NC :SNa 

DMF
CH2SCSNMe. 

16. 

CI 

H20 
18 

^CHO
HSCH2 

19 
PECH did not react with potassium cyanate but reacted 
with equimolar potassium thiocyanate in DMF (90°C,,16 h) 
to give the thiocyanated polymer (20, IR, 2180 cm" ) in 
53% of DS. Comparing the IR spectrum with those of 
model compounds, Me2CHCH2SCN (2180 cm" ) and 
Me2CHCH2NCS (2200., 2125 c m ) , the isothiocyanate moie
ties are scarcely existed in the polymer £0. Since the 
-SCN i s a protecting form of th i o l likewise the -SCI, 
the polymer 20 are insolubilized with aqueous a l k a l i 
presumably due to the S-S crosslinking (£1). Further, 
absorption at 2180 cm" in 20 was completely disappeared 
treating i t with two equivalents of t r i e t h y l phosphite 
at 90°C for 16 h in DMF probably due to the formation of 
phosphonate structure (22). 

•CHo-CH-0-
2 I 
CH2C1 

20 

KSCN/DMF 
90°C 

KOH/H20 
(o2) 

P(OEt) 
DMF 

- C H 2 - C H - 0 - ,20 

(!:H2SCN 

| ~ C H 2 - S - S - C H 2 - j 21 

( 9 
V-CH 2P(OEt) 2 22 
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Reaction with Thiosulfate-Formation of Bunte Salt. 
The formation of S-alkyl thiosulfate (Bunte salt) 

by the reaction of alkyl halide and sodium thiosulfate 
has been well known. Whereas a patent claimed the 
formation of Bunte salt from PECH and sodium thiosulfate 
(23), the reaction hardly proceeded in DMF owing to low 
sol u b i l i t y of sodium salt. On the other hand, both 
ammonium thiosulfate and PECH were soluble in HMPA-H20 
(7:1 vol/vol) and the reaction proceeded homogeneously. 
Water soluble Bunte salt (2^,v(S0), 1200, 1020 cm" ) was 
isolated by pouring the reaction mixture into water and 
salting out with ammonium chloride. The DS based on 
the mercuric nitrate t i t r a t i o n was in nearly accord 
with that on elemental analysis. The DS values depend
ed on the thiosulfate concentration were shown below

(NHJ 9S9O-,90°C,16hr 
-CH2-CH-0- Z J > -CH -CH-O- 23 

C ^ C l H M P A/H 20 iH2S-SO-NH; ~ 

(NH4)2S2Q3/PECH 1.0 0.15 0.05 0.01 
DS (%) 94 12 4.6 0.77 

The Bunte salt in aqueous dope decomposed gradually 
resulting an increase of acidity as; i n i t i a l (pH, 5.47), 
after 7 days (4.81), 14 days (4.76), 28 days (4.64). 
An aqueous dope of forms gel with protonic acid, 
a l k a l i , oxidizing and reducing agents as formulated 
below. The crosslinking of S-S type would be suggested 
since the formation of -SH or -S was confirmed for the 
model compound under the similar condition. 

-CHoCH-0-
2 I 

C H2 
S-SO~NH* 

4M-HC1 
(very fast) 
lM-NaOH 
in 30min. 

H2°2 
(oxidizing agent) 

N a 2 S 

(reducing agent) 
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Further, a film was obtained from an aqueous or methanol 
solution of jg. The film containing 1 wt% of water-
soluble bis-acrylate (CH2=CMeCOO(CH2CH20)14COCMe=CH2) 
insolubilized rapidly on UV-irradiation. The result 
would be ascribed to the photolytic cleavage (P-SSO^Nar* 
PSO and successive radical coupling assisted by 
bis-acrylate as has been discussed by Tsunooka et a l 
( 2 4 ) . Therefore, PECH-Bunte salt i s promising as a 
water-soluble photoresist or photo-hardening paint. 
Polymeric Bunte salt, 2 J also could bind heavy metal 
ions such as mercury and cadmium from their aqueous 
solution. In addition, when the aqueous dope of 23 i s 
added to an aqueous solution of polymeric cation as £4, 
or jj>J, polymer complex was obtained which are insoluble 
in common solvents suggesting the formation of tight, 
s a l t l i k e structure between polyanion and polycation. 

Reaction with Alcoholate. 
Though the PECH decomposes to indefinite fragments 

with n-butyl lithium or sodium hydride in THF at room 
temperature, i t reacts with sodium methoxide with 
liberation of C l ~ in which the p-elimination of hydrogen 
chloride predominates instead of nucleophilic substitu
tion. For instance, PECH in DMSO was reacted with 
double the molar quantity of sodium methoxide at room 
temperature for 24 h to give the unsaturated polyether 
2§ (DS 92.3%,V(C=C) 1630,6(=CH2) 795 cm'1) after 
purification by dissolution(DMF)-precipitation (H20) 
technique. A similar unsaturated polyther was obtained 
by the pyrolysis of the sulfilimine 13 (110-130°C) but 
not of sulfoxide 12 (100-150°C). When the polymer 26 
was heated to 90°C, the absorption of C=C and =CH2 

decreased and a new absorption at 1720 cm" appeared 
and increased. This i s explained as a result of [3.3] 
sigmatropic rearrangement of 2§ to afford including 
C=CH2 and C=0 structure as shown in equation 7. 
The formation of carbonyl structure was observed in the 
reaction of PECH at higher temperature but not for the 
reaction of P(ECH-EO). The polymer 2£ is interesting 
because i t crosslinked rapidly by the Lewis acid 
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without any hetero atoms, N or S and additional cross-
linking agents. 

MeONa 
DMSO,25°C y 0 >P 

-CHo-CH-0 > -CRnC XCH 9 >-CH9-CT CH9 
2 I 94 h 9 2 % 2 H I 2 90°C 2 I • 2 

£ H 9 C 1 2 4 N ' ^ * CH9 C-0- y U ^ CH9 C - O — 
2 V V / 

H2C^ CH2 

26, 2̂ 
Survey of Nucleophilic Substitution on PECH. 
To compare the rea c t i v i t i e s of various 

nucleophiles, the reactions of PECH with equimolar 
amounts of nucleophile
1 6 h in DMF and the
tion of chloride ion liberated. The results were 
summarized in Table 1 . The reactivity of S-nucleophile 
i s high as in general. The xanthate obtained was 
soluble in DMF, but insolubilized gradually on drying. 
Photosensitive PECH-N- i s obtained in good yield 
notwithstanding the low s o l u b i l i t y of sodium azide in 
DMF. 
The products with ammonium diethyl dithiophosphate and 
thiourea were soluble in water, but the structure of 
the expected product (PECH-S-P(=S)(OEt)2) for the 
former was not ascertained at present. The formation 
of acetate with AcOH/KF expecting hydrogen bonding 
assist was f a i l e d . No definite product was obtained in 
the case of potassium cyanide and sodium nitrate 
Contrary to the reports using tertiary amine (2J5) and 
triphenyl phosphine (26), there was no definitive clue 
for such reactions in our case. Comparison of the 
substitution reaction of PECH and PVC against the same 
nucleophiles shows the former i s more reactive as 
shown in the f i r s t two cases of Table 2. On the other 
hand, whereas sodium cyanate does not react with PECH 
(in HMPA), i t induces gelation of PVC liberating 
chloride ion. That i s , when the basicity of 
nucleophiles predominates over nucleophilicity, 
6-elimination of hydrogen chloride takes place in 
preference, and then, PVC would show high 
reactivity in which the conjugation of C=C i s effected 
more easily. 
Thus, i t was concluded that, combined the medium 
reactivity of chloromethyl group and flexible 
polyether-backbone, PECH i s one of the most promising 
halogenated polymers for the developement of various 
new functional materials. 
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Table 1. Reactivities of PECH with Nucleophiles in DMF 

Nucleophiles Conv.0 h) Notes 

PhSNa 100 formation of P-SPH 
MeONa 100 formation of C=C (elimination) 
Me2NCSSNa 87 formation of P-SCSNMe2 

EtOCSSK 86 P-SCSOEt, drying —»insolub. 
NaN3 77 heterogeneous, —*P-N3 

(EtO)2P(=S)SNH4 64 folubilized in H2<D 
KSCN 52 formation of P-SCN 
BzONa 30 formation of P-OBz 
(NH4)2S203 2
(NH2)2C=S 16 P-SC(=NH)NH3Cl", solub. in H20 
AcONa 16 formation of P-OAc 
AcOH/KF - decomp. of polymer 
KCN - reddish, decomp. of polymer 
NaN02 — yellow precipitate 
KF,NaOCN 
NEt 3 /PPh 3 0 no reaction 

Table 2. Comparison of Reactivity of PECH and PVCa ) 

Nucleophiles PECH PVC 

PhSK 100% 75.8% 
(EtO)2P(=S)SNH4 64% 28% 
NaOCN * no reaction 53% (gelation) 

a) equimolar amounts of polymer and nucleophile, in 
DMF, 90°C, 16 h. 

b) in HMPA/H20(7/2 vol/vol), 90°C, 18 h. 
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Low-Temperature Modification of Polymers 

CHARLES E. CARRAHER, JR. 

Department of Chemistry, Wright State University, Dayton, OH 45435 

We have been act ive in modifying commercially ava i lab le 
v inyl polymers which contain polar groups u t i l i z i n g techniques 
developed by us through condensation reactions of Lewis diacids 
with Lewis dibases. Most of these modifications can be depicted 
in general as follows 

where A-H can be - C O 2 H , - N H 2 , -OH, -N-OH 

Reaction with monofunctional metal containing reactants 
leads to the formation o f l inear products (form I . ) which are 
soluble in a number of polar so lvents , whereas react ion with di
functional reactants leads to formation of cross - l inked products 
(form I I . ) which are insoluble in a l l attempted solvents . 
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We have, and continue to be ac t ive ly engaged in the modif ica
t ion of such i n d u s t r i a l l y ava i lab le polymers for a number of 
reasons. F i r s t , such modifications yield products which gener
ally exhib i t dramatical ly d i f f erent physical properties many of 
the new or enhanced properties being p o t e n t i a l l y useful . For in
stance, the modification of poly(ethyleneimine) with t i n - c o n 
ta in ing moieties y i e l d i n g products III and IV gave products 
which a. exhib i t generally greater thermal stabilities; b. are 
semiconductors exh ib i t ing bulk resistivities in the general range 
of 105 to 1011 ohm-cm; c . are hydrophobic (useful for s i tuat ions 
requir ing hydrolyt ic stability and/or water repe l l ency) ; and d. 
are act ive at the 40 ppb level against fungi which are responsi 
ble for much of the natural mildew and rot. Potential uses for 
such products range from medical bandages to water repe l lent 
rainwear (1-3). 

H H H 
I I I ( C — C—-N) 
I I 
H H + 

R 2SnX 2 

H 
I 

H 

R — S n — R 
H 

H 

C N) 
H 

C N) 
R — S n — R 

I 
I I I R 

H IV 
Second, the m o d i f i c a t i o n s are intended t o a c t as models t o 

others that s i m i l a r m o d i f i c a t i o n s can be e f f e c t i v e l y c a r r i e d out 
u t i l i z i n g s i m i l a r r e a c t i o n systems and r e a c t a n t s . I t i s s i g n i f i 
cant t h a t s i m i l a r condensation between s a l t s o f p o l y ( a c r y l i c a c i d ) 
with organic a c i d h a l i d e s does not occur under t y p i c a l low tem
perature condensation c o n d i t i o n s presumably due t o a combination 
o f two i n t e r r e l a t e d f a c t o r s - r e a c t i o n with f u l l y charged Lewis 
bases t y p i c a l l y occur w i t h i n the aqueous phase o r very near the 
i n t e r f a c e where r a p i d h y d r o l y s i s o f the organic a c i d occurs. A 
number o f already u t i l i z e d o rganometallic h a l i d e s and metal con
t a i n i n g c a t i o n s e x h i b i t b e t t e r water s t a b i l i t y i n comparison with 
o r g a n i c a c i d h a l i d e s or form water s t a b l e moieties (such as C p 2 — 
TiCl2 + H2O -»• Cp2Ti(H20)J 2). Thus there e x i s t s a d i s t i n c t advan
tage i n u t i l i z i n g such metal c o n t a i n i n g reactants i n the m o d i f i 
c a t i o n o f f u l l y charged polymers. 

H H 

•fC + 
I I 

0 
II 

-c—ci -X-
c = 0 
I 
0 0 
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T h i r d , the m o d i f i c a t i o n s are being u t i l i z e d by use as models 
f o r the m o d i f i c a t i o n of n a t u r a l l y o c c u r r i n g m a t e r i a l s i n c l u d i n g 
renewable resource m a t e r i a l s such as c e l l u l o s e s , polyamides and 
natural o i l s . 

S t r u c t u r e 
As p r e v i o u s l y noted products from monofunctional r e a c t a n t s 

are l i n e a r whereas those which form d i f u n c t i o n a l r e a c t a n t s are 
c r o s s ! i n k e d . Extent o f i n c l u s i o n appears to be g e n e r a l l y more 
dependent on the nature o f the condensing agent than the func
t i o n a l i t y ( i . e . mono or d i f u n c t i o n a l r e a c t a n t s ; f o r a given p o l y 
mer and reactants c o n t a i n i n g a given metal, y i e l d and i n c l u s i o n 
appear to be more dependent on the a c t u a l chemical and p h y s i c a l 
nature o f the condensin
a l i t y ) . Extent o f i n c l u s i o
to high (80% to 100%, f o r instance Table 1). F i s h e r - H i r s c h f e l d e r -
T a y l o r space saving models of products approaching 50% and 
g r e a t e r i n c l u s i o n (assuming a l t e r n a t i n g or random i n c l u s i o n ) 
r e q u i r e e l o n g a t i o n o f the v i n y l chain backbone r e s u l t i n g i n an 
"extended" s t r u c t u r e f o r the modified products. Further products 
from monofunctional r e a c t a n t s probably e x h i b i t some short range 
h e l i c a l segmental s t r u c t u r a l . I t would be u s e f u l to i n v e s t i g a t e 
the a c t u a l s t e r e o products f o r such p r o p e r t i e s as dynamic bulk 
p r o p e r t i e s (the suspected extended s t r u c t u r e s might o f f e r some 
useful compression r e l a t e d p r o p e r t i e s ) and o p t i c a l p r o p e r t i e s . 
O p t i c a l a c t i v i t y could r e s u l t from e i t h e r the assymetric carbon 
present i n the polymer chain now being randomized due to 
s t e r i c c o n s t r a i n t s o r from an imposed h e l i c a l s t r u c t u r e o f the 
products. Further c r o s s l i n k i n g o f the products under compressed 
c o n d i t i o n s might produce products with p o t e n t i a l l y useful bulk 
p r o p e r t i e s . 

For the products formed u t i l i z i n g the i n t e r f a c i a l technique 
i n p a r t i c u l a r , the f a c t t h a t high i n c l u s i o n o f the monomeric por
t i o n w i t h i n polymer chains even f o r "low o v e r a l l y i e l d " systems 
may be due to the polymer chains being drawn, or remaining with
i n the c r i t i c a l r e a c t i o n zone u n t i l m o d i f i c a t i o n i s e s s e n t i a l l y 
complete r a t h e r than to some neighboring group a s s i s t a n c e - t h e i r 
p o s i t i o n r a t h e r than increased chemical r e a c t i v i t y may be the 
e s s e n t i a l aspect. The r e l a t i v e amount o f m o d i f i c a t i o n o f polymer 
chains which are i n the c r i t i c a l r e a c t i o n zone may be enhanced 
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Table 1. Sample Results f o r the M o d i f i c a t i o n o f Polymers 
Through Reaction with A c i d C h l o r i d e s . 

A c i d C h l o r i d e Product I n c l u s i o n Reac- Ref. 
Y i e l d {%) Y i e l d (%) t i o n 

Cond. 
Thionyl C h l o r i d e 
Methanesulfonyl C h l o r i d e 
p-Bromobenzenesulfonyl C h l o r i d e 
D i b u t y l t i n d i c h l o r i d e 
T r i p h e n y l t i n d i c h l o r i d e 
T r i p h e n y l s i l i c o n C h l o r i d e 
Phenylphosphonic D i c h l o r i d e 
Phenylthioshosphonic D i c h l o r i d e 
T r i p h e n y l t i n C h l o r i d e 
D i p h e n y l t i n D i c h l o r i d e 
T r i - n - b u t y l t 1 n C h l o r i d
T r i p h e n y l t i n C h l o r i d e 
D i b u t y l t i n D i i o d i d e 
D i e t h y l t i n D i c h l o r i d e 
D i e t h y l Chlorothiophosphate 
Phenyl Dichlorophosphate 
Benzenesulfonyl C h l o r i d e 
p-Bromobenzenesulfonyl C h l o r i d e 
D i p h e n y l t i n D i c h l o r i d e 
T r i - n - p r o p y l t i n C h l o r i d e 
C p 2 T i C l 2 

C p 2 H f C l 2 

C p 2 T i C l 2 

C p 2 H f C l 2 

C p 2 T i C l 2 

Reaction Conditions - General - 25-28°C, 17,500 to 20,500 rpm no 
load s t i r r i n g r a t e . 
a. PVA (23 mmoles) i n 50 ml H 20 and a c i d c h l o r i d e (23 mmoles) i n 

50 ml CCI4 f o r 2 mins. s t i r r i n g time. 
b. Poly(sodium a c r y l a t e ) (3 mmoles) i n 50 ml H2O and a c i d 
c h l o r i d e (3 mmoles) i n 50 ml CHCI3 f o r 30 sees, s t i r r i n g time. 
c. PVA (3 mmole) i n 50 ml H2O and a c i d c h l o r i d e (3 mmole) i n 
50 ml d i e t h y l e t h e r with an equivalence o f NaOH added, 30 seconds 
s t i r r i n g time. 

17 56 a 4 
15 79 a 4 
10 69 a 4 
76 98 b 5 
48 66 b 5 
42 40 b 5 
2 75 a 6 
6 70 a 6 

26 24 c 7 
20 16 c 7 

94 88 d 8 
16 33 d 8 
29 56 e 9 
72 100 e 9 
67 54 e 10 
64 39 e 10 
97 98 e 11 
98 98 e 11 
96 82 c 12 
81 74 c 12 
35 80 e 13 
34 80 e 13 
99 100 c 14 

d. Polyethyleneimine (1 mmole) i n 50 ml H2O and a c i d c h l o r i d e 
(1 mmole) i n 50 ml hexane with an equivalence o f NaOH, 30 sees, 
s t i r r i n g time. 
e. Polyacrylamideoxime (2.5 mmole) i n 50 ml H2O, a c i d c h l o r i d e 
(2.5 mmole) i n 50 ml CHCI3, equivalence o f NaOH, 20 sees, s t i r 
r i n g time. 
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through the i n i t i a l i n c l u s i o n of the somewhat p o l a r comonomers 
sin c e most i n t e r f a c i a l condensation occurs near the i n t e r f a c e 
which i s a mixture o f p o l a r (aqueous) and e s s e n t i a l l y nonpolar 
(organic phase) with modified chains c o n t a i n i n g both the o r g a n i c , 
nonpolar backbone and the p o l a r "modified" attachment from the 
modifying organometallic comonomer. Thus some a s s i s t a n c e may be 
due to the generation o f modified and "modifying" polymer chains 
which are more compatible with the " a c t i v e r e a c t i o n zone" than 
the unmodified polymer chains. 

In summary, l i t t l e i s a c t u a l l y known regarding sequence of 
i n c l u s i o n and modified chain s t r u c t u r e . There are enough poten
t i a l l y i n t e r e s t i n g points regarding both questions as to j u s t i f y 
s t u d i e s aimed a t answering these questions. The presence i n many 
cases o f heavy metals may a l l o w such s t u d i e s to be c a r r i e d out 
u t i l i z i n g techniques not p a r t i c u l a r l y u s e f u l with more c l a s s i c a l 
polymers. Results from such study may a s s i s t the understanding 
of s t r u c t u r e s o f other
l a r g e , bulky moieties ar  polymer
Extent o f Reaction 

I t appears t h a t most o f the Lewis a c i d s , noted below, which 
have been s u c c e s s f u l l y condensed to give polymeric or o l i g o m e r i c 
chains with t y p i c a l Lewis bases can be s u c c e s s f u l l y included onto 
polymer chains c o n t a i n i n g s i m i l a r n u c l e o p h i l i c r e a c t i o n c o n d i t i o n s 
s i m i l a r to those employed f o r the analogous d i f u n c t i o n a l r e a c t i o n s 
( f o r instance Table 1). 

X-M-X where M=Si, Ge, Sn, Pb, T i , Z r , 
I Hf, Pt, Mn 
R 

R R 
\/ 

X-M-X where M=As, Sb, B i , 
R 

There are some d i f f e r e n c e s though• For i n s t a n c e the f a i l u r e 
o f poly(sodium a c r y l a t e ) to condense with a number o f Group IV A 
reactants (5 J 5 - 1 9 ) stands a g a i n s t the more general s y n t h e s i s o f 
of Group IV A p o l y e s t e r s . This i s probably due to the l a r g e s i z e 
of the polymer ( g r e a t e r s t e r i c requirements) and not to a d i f 
ference i n the i n t r i n s i c r e a c t i v i t y o f the p a r t i c u l a r f u n c t i o n a l 
group. 
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0 0 R 0 0 
ell |l a I 1| || 

O-C-R-C-0 + R 2MX 2 ->• (M-O-C-R-C-O) where M=Si, Ge, Sn, Pb 
R 

1 I t 
( C — C ) + R 2MX 2 + H - C - C - 0 - M ) 
H C = 0 | R 

i e H - C - H 
0 As 

In theory any polymer c o n t a i n i n g a condensable Lewis base 
(or a c i d ) s i t e i s m o d i f i a b l e through condensation with a Lewis 
a c i d (or base). In a c t u a l i t
both i n c l u s i o n i n t o polyme
l e a d i n g to l i n e a r product formation. We have not accomplished 
the i n c l u s i o n o f phosphonate and phosphate moieties i n t o p o l y — 
(sodium a c r y l a t e ) o r with d i a c i d s a l t s such as disodium a d i p a t e . 
H y d r o l y s i s o f the phosphorus a c i d c h l o r i d e appears to be c r i t i 
c a l s i n c e only hydrolyzed phosphorus c o n t a i n i n g moieties and 
unreacted poly(sodium a c r y l a t e ) have been recovered from t h e i r 
attempted condensation. The analogous polythiophosphate e s t e r s , 
polythiophosphonate e s t e r s , polyphosphate e s t e r s and polyphos-
phonate e s t e r s have been synthesized u t i l i z i n g analogous routes 
( f o r instance 20=22). I t i s p o s s i b l e t h a t r e a c t i o n with d i o l s 
and t h i o s occurs near the i n t e r f a c e or w i t h i n the organic phase 
whereas because o f the g r e a t e r i o n i c and p o l a r nature of the 
organic s a l t r e a c t i o n with the s a l t occurs c l e a r l y w i t h i n the 
aqueous phase as p r e v i o u s l y noted. T h i s i s c o n s i s t e n t with other 
f i n d i n g s ( f o r instance 23-26). 
P h y s i c a l Appearance and P r o p e r t i e s 

The products g e n e r a l l y e x h i b i t poor to moderate low temper
ature s t a b i l i t i e s ( i . e . i n c e p t i o n o f degradation) and moderate 
to good high temperature s t a b i l i t i e s (Table 2). For instance 
PVA i t s e l f e x h i b i t s l e s s than 20% re s i d u e i n a i r and ni t r o g e n 
a t 500°C whereas the t r i b u t y l t i n (14% s u b s t i t u t i o n ) r e t a i n s 80% 
of i t s weight to 800°C ( 7 j . Degradation o f the metal c o n t a i n i n g 
products occurs through a s e r i e s o f o x i d a t i o n s i n a i r . Represen
t a t i v e TGA thermograms appear i n Figures 1 and 2. 
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Table 2. 
Thermogravimetric Data For Polymers 
Modified Through Condensation With 
Group IV A and B Reactants 

Polymer M o d i f i e d 3 - Modifying Agent I n i t i a l 10% Loss 20% Loss 
(% I n c l u s i o n ) Loss Temp. Temp. 

Temp. ( ° 0 (°C) 
(°C)b. 

PEI ( 0 C H 2 ) 2 S n C l 2 ( 7 2 ) 225 225 250 
PEI 0 S n C l 2 (61) 250 325 375 
PEI 0 3 S n C l 2 (62) 250 250 250 
PEI ( C 4 H ) S n C l 175 225 250 
PEI ( C 2 H
PEI ( C 3 H 9 ) 2 S n C l 2 275 275 275 
PEI ( C 8 H 1 7 ) 2 S n C l 2 (32) 250 250 250 
PEI ( C 4 H g ) 2 S n C l 2 (31) 250 250 250 
PVA 0 2 S n C l 2 (16) 75 250 300 
PVA ( C 4 H g ) 2 S n C l 2 (30) 150 275 300 
PVA 0 3SnCl (24) 175 250 275 
PVA ( C 4 H g ) 3 S n C l (14) 250 300 550 
PVA C p 2 T i C l 2 (82) 100 275 325 
PVA C p 2 Z r C l 2 (74) 100 250 400 
PVA C p 2 H f C l 2 (74) 75 275 450 
PAA 0 2 S i C l 2 (98) 200 300 325 
PAA 0 3 S i C l (40) 175 200 225 
PAA 0 3SnCl (66) 175 350 375 
PAA 0 2 S n C l 2 (62) 150 200 225 
PAA ( C 4 H g ) 2 S n C l 2 (98) 75 300 375 
PAO C p 2 T i C l 2 (95) 50 300 500 
PAO C p 2 Z r C l 2 (95) 50 250 375 
PAO C p 2 H f C l 2 (95) 50 300 375 
PAA 200 275 300 
PVA 225 275 300 
PAA C p 2 T i C l 2 (100) 250 275 300 
PAA C p 2 Z r C l 2 (100) 350 400 450 
PAA C p 2 H f C l 2 (100) 250 375 425 
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a. PEI = polyethyleneimine, PVA = polyvinyl alcohol, PAA = poly-
acrylic acid, PAO = polyacylamideoximes. 
b. All results are for air, temperatures are to the nearest 25C°. 

Many of the linear products can be cast to give tough films. 
Both the linear and crosslinked products can be rubbery and flex
ible with the crosslinked products inclined towards being more 
brittle. As expected, brittleness tends to increase with substi
tution. The products are hydrolytically stable to boiling water, 
for several days. This stability is physical, not chemical, i.e. 
the products are hydrophobic, thus preventing intimate contact of 
the hydrolyzable portions with water. This stability is overcome 
by addition of dipolar aportic solvents such as acetone which 
appear to act as a "wetting" agent towards the polymer. 

The linear products are generally soluble in such dipolar 
aprotic solvents as DMSO
ethylphosphate. 
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6 
Incorporation of Metal Ions into Polyimides 
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Department of Chemistry, Virginia Polytechnic Institute and State University, 
Blacksburg, VA 24061 
A. K. ST. CLAIR 
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The effect of ionic groups on the properties of bulk poly
mer (1) has normally referred to studies on polyelectrolytes in 
which an ionic group is covalently attached to the polymer 
chain which is usually neutralized by a metallic counterion. 
Studies of systems consisting of neutral polymers with dissolved 
inorganic salts are only beginning to receive considerable 
attention. 

The results of the incorporation of ions in polymers and 
their effect on the glass transition temperature (Tg) has been 
reviewed through 1969.(2) Therefore, only the more recent and 
pertinent reports will be mentioned here. Large increases have 
been produced in the Tg of poly(propylene oxide) by dissolving 
LiClO4 in the polymer. (3) Crystallization adducts of poly(ethylene 
oxide) that have been treated with HgCl2 or CdCl2 have also been 
reported.(4) Solutions of Ca(NCS)2 and "Phenoxy" polymer have sig
nificantly different physical properties compared to the pure 
polymer. Increased water absorption, Tg and electrical conduct
ivity are results of salt incorporation.(5) Mechanical properties 
of these glassy polymers are also affected by the presence of 
dissolved salt. Investigations(6)regarding the interaction of 
inorganic nitrate salts with cellulose acetate, poly(vinyl 
acetate), poly(vinyl alcohol), poly(methyl methacrylate) and poly 
(methyl acrylate) have been cited. In addition to observing large 
effects in Tg , large shifts in the infrared spectrum of both 
nitrate and polymer carbonyl frequencies have been observed. 
These observations have been interpreted in terms of complex 
formation between polymer and salt in the solid state. The change 
in Tg was shown to be an unusual function of metal ion concentra
tion (i.e. Tg increases with increasing metal concentration up to 

1 Current address: Department of Chemistry, Tennessee Tech
nological University, Cookeville, TN. 38501 

0-8412-0540-X/80/47-121-071$05.00/0 
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72 MODIFICATION OF POLYMERS 

a maximum p o i n t then Tg b e g i n s to d e c l i n e ) . 
The e f f e c t s of v a r i o u s m e t a l s a l t s on the T and c r y s t a l -

l i n i t y of some polyamides have been noted M i x t u r e s of Nylon 
6 and e i t h e r L i C l , L i B r or KC1 were prepared by m e l t i n g i n vacuo 
a t 260°C an i n t i m a t e b l e n d of the two components. The e q u i l i 
b rium m e l t i n g temperature o f pure N y l o n 6 was c o n t i n u o u s l y de
p r e s s e d by i n c r e a s i n g s a l t c o ntent w i t h KC1 b e i n g the most 
e f f e c t i v e . I n these s t u d i e s the s a l t c o u l d be e x t r a c t e d from the 
polymer w i t h hot water w i t h complete r e c o v e r y of the f u s i o n 
temperature which i s c h a r a c t e r i s t i c of pure Nylon 6. The oc
c u r r e n c e of a s t r o n g i n t e r a c t i o n p o s s i b l y between the amide group 
of the amorphous polymer and s a l t s such as L i C l and L i B r was 
p r e d i c t e d . I n a l a t e r s t u d 3 ^ ) t h e s e workers i n v e s t i g a t e d the 
e f f e c t o f these s a l t s on the g l a s s t r a n s i t i o n , T . Tg i s not 
a f f e c t e d by type and c o n t e n t of m e t a l s a l t . M e c n a n i c a l d a t a f o r 
u n o r i e n t e d specimen of Nylon 6 - s a l t m i x t u r e s r e v e a l t h a t below 
Tg the shear modulus i
Tg the modulus of Nylo
L i C l and L i B r . The Newtonian melt v i s c o s i t y was c o n s i s t e n t l y 
h i g h e r f o r the m i x t u r e s than f o r pure Nylon 6 i n each case. I t 
s h o u l d be n o t e d , however, t h a t L i B r and KC1 were more e f f e c t i v e 
than L i C l i n c a u s i n g the v i s c o s i t y i n c r e a s e . 

The employment of t r a n s i t i o n m e t a l s a l t s w i t h n e u t r a l 
p o l a r polymers i s n o t i c e a b l y l a c k i n g . R e c e n t l y , the a d d i t i o n o f 
ZnCl2 and C0CI2 t o h i g h and t o low m o l e c u l a r weight p o l y ( p r o 
p y l e n e o x i d e ) has been r e p o r t e d £1) ZnCl2 was found t o i n c r e a s e 
the Tg of b o t h h i g h and low m o l e c u l a r weight polymer but C0CI2 
o n l y i n c r e a s e d the Tg of the low m o l e c u l a r weight polymer. A 
s i n g l e phase system i n the ZnCl2 case was i n d i c a t e d ; w h i l e a two 
phase system w i t h C0CI2 a c t i n g as a f i l l e r was suggested. I n 
the z i n c c a s e , the e l e v a t i o n of Tg i s b e l i e v e d t o r e s u l t from 
the f o r m a t i o n of five-membered c h e l a t e r i n g s by c o o r d i n a t i o n of 
two a d j a c e n t oxygen atoms i n the polymer c h a i n w i t h a Z n C ^ 
m o l e c u l e . I n an analogous s i t u a t i o n , ZnCl2 was added t o p o l y -
( t e t r a m e t h y l e n e g l y c o l ) w i t h s i m i l a r r e s u l t s a l b e i t the Tg was 
r a i s e d l e s s f o r a g i v e n amount of m e t a l c h l o r i d e . I n t e r m o l e c u l a r 
c o o r d i n a t i o n w i t h e t h e r oxygen atoms from two n e i g h b o r i n g c h a i n s 
was p o s t u l a t e d s i n c e i n t r a m o l e c u l a r bonding t o z i n c ( I I ) would 
i n v o l v e the f o r m a t i o n of a l e s s s t a b l e seven-membered c h e l a t e 
r i n g . 

A n g e l d — / h a s b r i e f l y r e p o r t e d i n a p a t e n t the a d d i t i o n of 
m e t a l i o n s t o s e v e r a l types of p o l y i m i d e s . The o b j e c t of the 
i n v e n t i o n was a p r o c e s s f o r f o r m i n g p a r t i c l e - c o n t a i n i n g (<lu) 
t r a n s p a r e n t p o l y i m i d e shaped s t r u c t u r e s . U n l i k e the work d i s 
cussed p r e v i o u s l y , a l l of the m e t a l s were added i n the form of 
c o o r d i n a t i o n complexes r a t h e r than as s i m p l e anhydrous or hy-
d r a t e d s a l t s . The p r o p e r t i e s of o n l y one f i l m (e.g. c a s t from 
a N,N-dimethylformamide(DMF) s o l u t i o n of 4 , 4 f - d i a m i n o d i p h e n y l 
methane, p y r o m e l l i t i c d i a n h y d r i d e and b i s ( a c e t y l a c e t o n a t o ) -
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c o p p e r ( I I ) ) were g i v e n . These p r o p e r t i e s i n c l u d e d : %Cu = 3.0%, 
d i e l e c t r i c c o n s t a n t = 3.6 and volume r e s i s t i v i t y = 8 x 1012 
ohms-cm. No f u r t h e r p a t e n t s or p u b l i s h e d work i n t h i s a r e a a r e 
a p p a r e n t l y a v a i l a b l e Q j ) . S i n c e a r o m a t i c p o l y i m i d e s have proven 
to be e x c e l l e n t h i g h temperature a d h e s i v e s and l i m i t e d d a t a 
suggest t h a t a d d i t i o n o f m e t a l or m e t a l l o i d m a t e r i a l as a 
f i l l e r may enhance£L2) a d h e s i v e p r o p e r t i e s , we w i s h t o r e p o r t our 
r e s u l t s r e l a t i n g t o the i n c o r p o r a t i o n o f a s e r i e s of m e t a l i o n s 
i n t o v a r i o u s p o l y i m i d e s . 

R e s u l t s and D i s c u s s i o n 

P o l y i m i d e s d e r i v e d from 3,3 f,4,4'-benzophenone t e t r a c a r b o x y l i c 
a c i d d i a n h y d r i d e (BTDA), I , and 3,3 1-diaminobenzophenone (m,m!-
DABP), I I A , 4,4'-diaminobenzophenone (p,p f-DABP), I I B , or 4,4 f-
o x y d i a n i l i n e , I I C , (an
compounds) have been pr e p a r e d

ii BTDA ii m,mT -DABP, X = C=0, I I A 
0 I 0 p,p !-DABP, X = C=0, I I B 

p,p f-0DA, X = 0, I I C 

plo y e d i n v o l v e d (1) f o r m a t i o n of the pol y a m i c a c i d (20% s o l i d s ) 
i n e i t h e r DMF, N,N-dimethylacetamide(DMAC) o r d i e t h y l e n e 
g l y c o l d i m e t h y l e t h e r (Diglyme) (2) a d d i t i o n of the me t a l 
complex t o the polya m i c a c i d , I I I , i n a 1:4 r a t i o (3) f a b r i c a 
t i o n o f a f i l m of the polya m i c a c i d - m e t a l compound m i x t u r e and 
(4) t h e r m a l c o n v e r s i o n (300°C) to the m e t a l c o n t a i n i n g p o l y -
i m i d e . A p p r o x i m a t e l y twenty m e t a l s i n a v a r i e t y of forms were 
added t o the pol y a m i c a c i d s o l u t i o n s . S e v e r a l e x p e r i m e n t a l 
problems were encountered i n f o l l o w i n g t h i s procedure 

r o o o n 
II II II 

I I I 
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which l i m i t e d the number of good q u a l i t y f i l m s o b t a i n e d . These 
problems i n c l u d e : (1) m e t a l complex not d i s s o l v i n g i n appro
p r i a t e s o l v e n t , (2) g e l f o r m a t i o n o r c r o s s - l i n k i n g of the 
polymer o c c u r r i n g upon i n t e r a c t i o n w i t h the m e t a l , (3) polya m i c 
a c i d p r e c i p i t a t i n g when the m e t a l complex i s added and (4) 
me t a l promoting t h e r m a l o x i d a t i v e d e g r a d a t i o n o f the polymer 
f i l m upon c u r i n g . 

I n g e n e r a l p o l y i m i d e s d e r i v e d from BTDA + p,p f-DABP y i e l d e d 
r a t h e r poor q u a l i t y , v e r y b r i t t l e f i l m s which were due i n p a r t 
to the low v i s c o s i t y of the r e s u l t i n g polyamic a c i d s o l u t i o n . 
T h i s f a c t , c o u pled w i t h the o b s e r v a t i o n t h a t the adhesive prop
e r t i e s of the p,p f-DABP isomer a r e poor e r than the adhes i v e 
p r o p e r t i e s o f the m,mf-DABP isomerCL^J d i c t a t e d t h a t any e x t e n 
s i v e p h y s i c a l measurements s h o u l d be c a r r i e d out on the l a t t e r . 

T able 1 l i s t s some of the m e t a l compounds employed and the 
r e s u l t s o b t a i n e d when attempt  mad  t t f i l m f th
r e s u l t i n g m e t a l i o n f i l l e
DABP. B r i t t l e f i l m s wer
whether the added m e t a l i o n was h y d r a t e d o r anhydrous. The r e l a 
t i v e l y low v i s c o s i t i e s o f the r e s u l t i n g p o lyamic a c i d - m e t a l i o n 
s o l u t i o n s no doubt accounted f o r t h i s . A d d i t i o n of A l C l 3 # 6 H 2 0 
or any s i m p l e aluminium s a l t t o the polyamic a c i d produced imme
d i a t e l y a rubbery m a t e r i a l t h a t c o u l d not be c a s t i n t o a f i l m . 
A s i m i l a r r e s u l t was o b t a i n e d w i t h T i C O E t ) ^ and Ni(acac)2» 

Table 1 
F i l m s Cast 

BTDA+m,mf-DABP Polymer and M e t a l I o n s * 

M e t a l 
Compound R e s u l t s 

M e t a l 
Compound R e s u l t s 

A l ( a c a c ) ^ f l e x i b l e f i l m Mn(acac)^ v e r y b r i t t l e f i l m 

A1C1 • 6H 20 rubbery m a t e r i a l T i ( O E t ) 4 rubbery m a t e r i a l 

L i C l s u r f a c e DMAC SnCl2» 2H 20 b r i t t l e f i l m 

CrCl3« 6H 20 b r i t t l e f i l m M gCl 2* 6H 20 b r i t t l e f i l m 

F e ( a c a c ) ^ b r i t t l e f i l m N i C l 2 . 6 H 2 0 f l e x i b l e f i l m 

C r ( a c a c ) ^ b r i t t l e f i l m C u C l 2 * 4H 20 b r i t t l e f i l m 

N i ( a c a c ) 2 rubbery m a t e r i a l AgN0 3 v e r y b r i t t l e f i l m 

C a C l 2 b r i t t l e f i l m CoCacac)^ b r i t t l e f i l m 

* S o l v e n t = DMAC 
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L i t h i u m c o n t a i n i n g f i l m s were unusual i n t h a t the f i l m a f t e r 
c u r i n g was damp on the s u r f a c e w i t h what appeared t o be the s o l 
v e n t , DMAC. No o t h e r f i l m s e x h i b i t e d t h i s p r o p e r t y . The AgNO^ 
c o n t a i n i n g f i l m had the appearance of a s i l v e r m i r r o r but the 
f i l m was e x c e e d i n g l y b r i t t l e and " f l a k y - l i k e 1 1 . Only two t r u l y 
f l e x i b l e f i l m s were produced from BTDA + m,m'-DABP. These con
t a i n e d A l ( a c a c > 3 and N i C l 2 » 6 H 2 O r e s p e c t i v e l y . 

A r e p r e s e n t a t i v e sample of many of the p o l y i m i d e f i l m s t h a t 
were produced were s u b j e c t e d t o thermo-mechanical a n a l y s i s 
(TMA), t o r s i o n a l b r a i d a n a l y s i s (TBA), t h e r m a l g r a v i m e t r i c a n a l 
y s i s (TGA), i n f r a r e d s p e c t r a l a n a l y s i s and weight l o s s on p r o 
longed h e a t i n g (e.g. i s o t h e r m a l s t u d i e s ) , TABLE I I . The s o f t 
e n i n g temperature as measured by TMA and TBA a r e i n g e n e r a l 

TABLE I I 
TMA, TBA and TG f l  F i l l e d P o l y m e r s 3 

METAL ION TMA(°C) TBA(°C) TGA(°C) 

F e ( a c a c ) ^ 292 293 412 

C r ( a c a c ) ^ 287 279 

N i C l 2
# 6H 20 279 495 

MnCl 2* 4H 20 279 495 

A l ( a c a c ) ^ 271 270 555 

C a C l 2 264 266 518 

C o ( a c a c ) ^ 268 296 480 

C r C l ^ 6H 20 260 460 

L i C l 252 264 480 

M g C l 2 252 267 520 

No M e t a l 251 252 570 
S n C l 2 - 2H 20 237 550 

a S o l v e n t = DMAC; 0.1 g of m e t a l complex ( s a l t ) per 4 g o f 
polymer (20% s o l i d s ) 

Polymer Decomposition Temperature 
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i n c r e a s e d when m e t a l i o n s are added w i t h the e x c e p t i o n o f SnC l ^ * 
2 H 2 O . On the o t h e r hand, some therm a l s t a b i l i t y has been s a c r i 
f i c e d as evidenced by the TGA d a t a . S o f t e n i n g temperatures were 
more d r a m a t i c a l l y i n c r e a s e d w i t h p,p'-DABP p o l y i m i d e than w i t h 
the m,mf-DABP but a t the expense of c o n s i d e r a b l e t h e r m a l s t a b i l i t y 
l o s s . No t r e n d i s apparent i n the changes brought about by each 
m e t a l i o n . I n f a c t , each m e t a l i s almost a case unto i t s e l f . 
T h i s o b s e r v a t i o n i s f u r t h e r d r a m a t i z e d by some r a t h e r l i m i t e d 
i s o t h e r m a l measurements on s e l e c t e d f i l m s (TABLE I I I ) . T h i s 
d a t a i s t y p i c a l of the m e t a l i o n f i l l e d BTDA + p,p T-DABP p o l y -
i m i d e s which we have examined. No changes i n c h e m i c a l f u n c t i o n 
a l i t y i n the p o l y i m i d e - m e t a l f i l m were apparent as judged by 
i n f r a r e d s p e c t r a l comparisons of p o l y i m i d e a l o n e and p o l y i m i d e 
p l u s m e t a l r e g a r d l e s s of the m e t a l employed. 

MATERIAL %Weight Loss 

m,mf-DABP 
m,mT-DABPC

 b 

Polymer + A l ( a c a c ) 3 ' 
Polymer + C a C l 2

b > d 

Polymer + L i C l c , d 
Polymer + C r ( a c a c ) 3 C > d 

Polymer + Co(acac)3 c>d 

3 
4 
5 
7 
13 
52 
13 

65 hours @ 316°C 
^Solvent = DMAC 
"Solvent =Diglyme 
*0.1 g of m e t a l complex ( s a l t ) per 4 g o f polymer (20% s o l i d s ) 

The b e s t system s t u d i e d i n r e g a r d t o enhancement of polymer 
p r o p e r t i e s w h i l e m a i n t a i n i n g e x c e l l e n t f i l m q u a l i t y i n v o l v e s 
t r i ( a c e t y l a c e t o n a t o ) a l u m i n u m ( I I I ) a d d i t i o n t o the m^'-DABP 
p o l y i m i d e . An i n s p e c t i o n of Tables I - I I I r e v e a l s t h a t w i t h A l -
( a c a c ) ^ the s o f t e n i n g temperature i s i n c r e a s e d w i t h o u t the l o s s 
of any polymer t h e r m a l s t a b i l i t y , F i g u r e 1. The r e m a i n i n g f l e x 
i b l e f i l m , NiCl2*6H20, has a s l i g h t l y lower d e c o m p o s i t i o n tempera
t u r e than the "polymer-alone" f i l m a l t h o u g h the s o f t e n i n g p o i n t 
has a g a i n been i n c r e a s e d . 

S i n c e the m,mT-DABP p o l y i m i d e i s known t o be an o u t s t a n d i n g 
a d h e s i v e , l a p shear s t r e n g t h t e s t s employing t i t a n i u m - t i t a n i u m 
adherends and m e t a l i o n f i l l e d p o l y i m i d e s were conducted. T e s t s 
were performed a t room temperature, 250°C and 275°C employing 
e i t h e r DMAC or DMAC/Diglyme as the s o l v e n t . At room temperature 
r e g a r d l e s s of the m e t a l i o n employed adhesive s t r e n g t h i s de-
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c r e a s e d r e l a t i v e t o the "polymer-alone" c a s e . A g a i n the c h o i c e 
of m e t a l i o n i s c r i t i c a l . The two b e s t c a s e s , i . e . , A l ( a c a c ) ^ 
and N i C l 2

# ^ H ^ O were s u b j e c t e d t o adh e s i v e t e s t i n g a t e l e v a t e d 
temperatures. Under these c o n d i t i o n s the m e t a l i o n f i l l e d p o l y 
i m i d e s were s u p e r i o r . The A l ( a c a c ) ^ case proved t o be e x c e p t i o n a l 
i n t h a t i t e x h i b i t e d a p p r o x i m a t e l y f o u r times the l a p shear 
s t r e n g t h o f "polymer-alone" a t 275°C. We f e e l t h a t t h i s enhanced 
adhesiveness i s due i n p a r t t o the i n c r e a s e d s o f t e n i n g temperature 
of the Al(acac)« f i l l e d p o l y i m i d e . These r e s u l t s a r e somewhat 
analogous t o d a t a c o l l e c t e d by S t . C l a i r and Progar e a r l i e i E L ^ ) r e 
g a r d i n g the use of aluminum m e t a l as a f i l l e r w i t h v a r i o u s p o l y 
i m i d e s . Lap shear s t r e n g t h was found t o double a t 250°C w i t h 79% 
A l f i l l e d p o l y i m i d e v e r s u s the u n f i l l e d p o l y i m i d e . 

Table IV 
Lap Shear T e s t s 

T i t a n i u m - T i t a n i u

M e t a l Ion Added Lap Shear Strength* 3 ( p s i ) 
25°C 250°C 275°C 

No M e t a l 2966 
(3138) 

1573 438 
(496) 

A l ( a c a c ) ^ C 2378 
(2400) 

1891 1641 
(1348) 

N i C l ^ 6 H 2 0 C 1800 1332 608 

L i C l C 781 — — 
C r ( a c a c ) ^ 0 830 — — 

Numbers i n p a r e n t h e s i s correspond t o DMAC/Diglyme s o l v e n t mix
t u r e . 

^Average of f o u r t e s t s . 
0.1 g of m e t a l complex ( s a l t ) per 4g of polymer (20% s o l i d s ) 

S u r f a c e and volume r e s i s t i v i t y measurements have been p e r 
formed on f i l m s o f polymer a l o n e and polymer w i t h A l ( a c a c ) ^ added. 
S p e c i a l c are was taken t o i n s u r e t h a t o n l y f i l m s of u n i f o r m l y 
h i g h q u a l i t y were measured. R e g a r d l e s s of the f i l m p r e -
t r e a t m e n t , volume r e s i s t i v i t i e s on two i n d e p e n d e n t l y c a s t f i l m s 
of polymer a l o n e f a l l i n the l O 1 ^ ohm-cm range. No p r e v i o u s l y 
p u b l i s h e d r e s i s t i v i t y i s a v a i l a b l e on t h i s p a r t i c u l a r polymer 
a l t h o u g h upon s u r v e y i n g s e v e r a l e t h e r p o l y i m i d e s from independent 
sources we measured s i m i l a r volume r e s i s t i v i t i e s . 
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I n c o r p o r a t i o n of A l ( a c a c ) 3 i n t o the p o l y i m i d e d i s a p p o i n t i n g l y 
shows no s i g n i f i c a n t r e d u c t i o n i n volume r e s i s t i v i t y r e l a t i v e 
to the polymer a l o n e . R e p l i c a t e measurements (1.59 x 10-^ and 
1.12 x 1016 ohm-cm) on two i n d e p e n d e n t l y c a s t f i l m s support t h i s 
c o n c l u s i o n . R e o r i e n t a t i o n of the same f i l m i n the e l e c t r o d e 
assembly y i e l d e d i d e n t i c a l r e s u l t s s u g g e s t i n g u n i f o r m b e h a v i o r 
throughout the f i l m c o n t a i n i n g Al(acac)«. S i m i l a r r e s u l t s were 
o b t a i n e d on NiCl«6H 20 f i l l e d p o l y i m i d e s . (Table V) 

Table V 

R e s i s t i v i t y Data on BTDA-m,m1-DABP P o l y i m i d e F i l m s 

F i l m Volume R e s i s t i v i t y (ohms-cm) M e t a l Content 

Polymer 1.36 x 10 

Polymer + A l ( a c a c ) 1.59 x 10 
J 1.92 x 10 

Polymer + N i C l • 6H 0 1.66 x 10 
1.27 x 10 

, 1 6 

,16 

,16 1.8% A l ,16 
2.9% A l 

, 1 6 0.9% NI 
,16 

E l e c t r i f i c a t i o n P e r i o d = 1 minute @ 500 v o l t s 

'Solvent = DMAC 

Su r f a c e r e s i s t i v i t y measurements were c a r r i e d o u t , but t h e r e 
i s c o n s i d e r a b l e s c a t t e r i n the measurements. Other workers have 
a l s o noted g r e a t e r u n c e r t a i n t i e s a s s o c i a t e d w i t h s u r f a c e r e s i s 
t i v i t y measurements r e l a t i v e t o volume r e s i s t i v y measurements 
A g a i n , the A l ( a c a c ) ^ and NiCl 2»6H 20 c o n t a i n i n g f i l m s e x h i b i t a 
s u r f a c e r e s i s t i v i t y s i m i l a r t o the average of the t h r e e d a t a 
p o i n t s o b t a i n e d f o r "polymer a l o n e " f i l m s . Numerous e f f o r t s t o 
prepare h i g h q u a l i t y f i l m s i n c o r p o r a t i n g o t h e r m e t a l i o n s i n t o 
BTDA + m,mf-DABP or p,p !-DABP were not s a t i s f a c t o r y because m e t a l 
i o n a d d i t i o n r e s u l t e d i n a decrease i n s o l u t i o n v i s c o s i t y 
l e a d i n g t o u n s a t i s f a c t o r y f i l m s i n s o f a r as r e s i s t i v i t y measure
ments a r e concerned. 

These r e s u l t s suggest t h a t d u r i n g the f i l m c u r i n g p r o c e s s , 
the non-conducting A l ( a c a c ) ^ and N i C l ^ m a i n t a i n t h e i r i n t e g r i t y 
r a t h e r than b e i n g c o n v e r t e d t o the more c o n d u c t i v e aluminum o r 
n i c k e l m e t a l as o r i g i n a l l y e n v i s i o n e d . X-ray p h o t o e l e c t r o n 
s p e c t r o s c o p i c (XPS) d a t a on the A l ( a c a c ) ^ c o n t a i n i n g p o l y i m i d e 
employing a magnesium anode suggests one type o f aluminum 
s p e c i e s , F i g u r e 2. A b i n d i n g energy of 118.4 eV f o r A l 2si/2 
i s determined based on an ' i n t e r n a l carbon c a l i b r a t i o n C l s - ^ ^ 
assumed t o be 284.0 eV. T h i s v a l u e of 118.4 eV co u p l e d w i t n 
the f a c t s t h a t (1) no change i n b i n d i n g energy i s found f o r 
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1 2 3 121 119 117 115 113 III 

BINDING ENERGY (ev) 

AI(Qcac)3+ BTDA +m,m'- DABP 

Figure 2. X-ray photoelectron spectrum (Al 2s1/2) of BTDA + m,mf-DABP + 
Al(acac)3 polymer film (B.E. = 118.4 eV) 
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1 • 1 i • i i i i i i i i i i i i i 1 1 I I 1 L 

878 876 874 872 870 868 866 864 862 860 858 856 

BINDING ENERGY (ev) 

Figure 3. X-ray photoelectron spectrum (Ni 2p1/2 3/2) of BTDA + mjm'-DABP 
+ NiCl2 • 6 H20 polymer film (B.E. = 855.7 eV, 873.3 eV) 
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oxygen or nitrogen in the polyimide and (2) the binding energy 
of Al 2si/2 in Al(acac)3 * s H7.9 e V indicates that aluminum 
continues to be bound to acetylacetone in the polyimide. An 
examination of XPS data obtained on the MCI2 containing polyi
mide, Figure 3, leads to a similar conclusion (Ni 2p^/2 = 854.2 
eV in the polyimide, Ni 2p3/2 = 855.0 eV in NiCl2. The smaller 
intensity peak centered around 862 eV is the 2p^/2 satellite 
photopeak which again is indicative of nickel(II) . 

Further work in this area is underway employing polyamic 
acid systems which are known to produce higher viscosity solu
tions (e.g. polyimides derived from 4,4f-oxydianiline and either 
BTDA or pyromellitic dianhydride). This is being carried out in 
the belief that higher viscosity solutions will give rise to 
higher quality, less brittle films and will, thereby, enable a 
broader spectrum of metal systems to be studied regarding the 
adhesive and electrical conductance properties of metal ion 
filled polyimides. 
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Biologically Active Modification of Polyvinyl Alcohol: 

The Reaction of Phenyl Isocyanate with Polyvinyl 

Alcohol 

CHARLES G. GEBELEIN and KEITH E. BURNFIELD 
Department of Chemistry, Youngstown State University, Youngstown, OH 44555 

Numerous papers hav
the reactions of variou
change the properties of the polymers (1-5). Often these reac
tions have resulted in significant changes in such properties as 
flammability, solubility, thermal degradation, photodegradation, 
strength and biological activity. In this present paper, we will 
briefly review some of the reactions that have been run on 
poly(vinyl alcohol), especially in regards to their potential 
biomedical activity, and then we will describe the reaction of 
phenyl isocyanate with poly(vinyl alcohol) and consider some of 
the potential utility of this modified polymer. 

PVA Formation Reaction. Poly(vinyl alcohol) is itself a 
modified polymer being made by the alcoholysis of poly(vinyl 
acetate) under acid or base catalysis as shown in Equation 1 
(6,7). This polymer cannot be made by a direct polymerization 
because the vinyl alcohol monomer only exists in the tautomeric 
form of acetaldehyde. This saponification reaction can also be 
run on vinyl acetate copolymers and this affords a means of 
making vinyl alcohol copolymers. The homopolymer is water sol
uble and softens with decomposition at about 200°C while the 
properties of the copolymers would vary widely. Poly(vinyl alco
hol) has been widely utilized in polymer modification because: 
(1) it is readily available, (2) it is inexpensive and (3) it has 
the readily reacted hydroxyl group present. 

-f-CH0Cfr->- CHo0H -f-CH0CH->- + n CHoC00CHQ ^| n J v z| n J J 
0 H+ or OH" ? OH 

CH3~C=0 (Equation 1) 

Esterification Reactions. Possibly the simplest reaction on 
poly(vinyl alcohol) would be the acetylation to regenerate the 
poly(vinyl acetate), Equation 2. While this reaction occurs 
readily, with acetic anhydride in pyridine solution, the result-

0-8412-0540-X/80/47-121-083$05.00/0 
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i n g p o l y ( v i n y l a c e t a t e ) o f t e n has a s t r u c t u r e (and p r o p e r t i e s ) 
d i f f e r e n t from the o r g i n a l v i n y l a c e t a t e polymer. T h i s change 
o c c u r s because the o r i g i n a l p o l y ( v i n y l a c e t a t e ) o f t e n has c h a i n 
b r a n c h i n g o c c u r r i n g from the a c e t a t e group as w e l l as the polymer 
backbone c h a i n . On a l c o h o l y s i s , t h ese branches a r e c l e a v e d and 
the polymer decreases b o t h i n m o l e c u l a r weight and the e x t e n t of 
br a n c h i n g (8-12). Other p o l y m e r i c e s t e r s can be made from 
p o l y ( v i n y l a l c o h o l ) and t h i s i s i l l u s t r a t e d i n E q u a t i o n 3 which 
shows the f o r m a t i o n o f p o l y ( v i n y l b u t y r a t e ) . 

-f-CH 0CHH>-
OH 

(CH 3CO) 20 
p y r i d i n e 0 

1 
0=C-CH„ 

( E q u a t i o n 2) 

OH 

(CH 3CH 2CH
p y r i d i n e 

1 0=CCH 2CH 2CH 3 

R a d i a t i o n Induced R e a c t i o n s . G r a f t polymers have been p r e 
pared from p o l y ( v i n y l a l c o h o l ) by the i r r a d i a t i o n of the polymer-
monomer system and some o t h e r methods. The g r a f t e d s i d e c h a i n s 
r e p o r t e d i n c l u d e : a c r y l a m i d e , a c r y l i c a c i d , a c r y l o n i t r i l e , e t h y l 
a c r y l a t e , e t h y l e n e , e t h y l m e t h a c r y l a t e , methyl m e t h a c r y l a t e , 
s t y r e n e , v i n y l a c e t a t e , v i n y l c h l o r i d e , v i n y l p y r i d i n e and v i n y l 
p y r r o l i d o n e ( 1 3 ) . P o l y ( v i n y l a l c o h o l s ) w i t h g r a f t e d methyl meth
a c r y l a t e and sometimes me t h y l a c r y l a t e have been s t u d i e d as mem
branes f o r h e m o d i a l y s i s (1£J. G r a f t polymers c o n s i s t i n g o f 50% 
p o l y ( v i n y l a l c o h o l ) , 25% p o l y ( v i n y l a c e t a t e ) and 25% g r a f t e d 
e t h y l e n e o x i d e u n i t s can be used to pre p a r e c a p s u l e cases f o r 
drugs which do not r e q u i r e any a d d i t i o n a l p l a s t i c i z e r s ( 1 5 ) . 

When p o l y ( v i n y l a l c o h o l ) i s i r r a d i a t e d w i t h an e l e c t r o n beam 
above i t s Tg, a c r o s s l i n k e d h y d r o g e l forms QL6). P o l y ( v i n y l a l 
c o h o l ) h y d r o g e l s have been found t o be e f f e c t i v e eye l e n s s u b s t i 
t u t e s i n a l b i n o r a b b i t s s i n c e t h e i r p r o p e r t i e s were v e r y s i m i l a r 
t o t h e i n t a c t eye l e n s ( 1 7 ) . P o l y ( v i n y l a l c o h o l ) ointments con
t a i n i n g p i l o c a r p i n e have been shown t o be e f f e c t i v e s u s t a i n e d 
r e l e a s e agents which l a s t 4-5 hours l o n g e r than the u s u a l s o l u 
t i o n s of p i l o c a r p i n e and a r e n e a r l y f r e e of s i d e e f f e c t s such as 
eye i r r i t a t i o n ( 1 8 ) . Another h y d r o g e l a p p l i c a t i o n i n v o l v e s c r o s s -
l i n k i n g p o l y ( v i n y l a l c o h o l ) and h e p a r i n t o g e t h e r w i t h g l u t a r a l d e -
hyde and formaldehyde. These h y d r o g e l s are c l a i m e d t o have low 
th r o m b o g e n i c i t y and have been e v a l u a t e d as a h e m o d i a l y s i s mem
brane. They show promise i n t h i s l a t t e r a p p l i c a t i o n s i n c e they 
a r e more permeable to m o l e c u l e s such as i n s u l i n than are the 
u s u a l c e l l o p h a n e membranes. R a d i a t i o n c r o s s l i n k e d p o l y ( v i n y l 
a l c o h o l ) g e l s have been proposed as s y n t h e t i c c a r t i l a g e i n 
s y n o v i a l j o i n t s ( 1 9 ) . 
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A c e t a l Formation R e a c t i o n s . L i k e o t h e r a l c o h o l s , p o l y ( v i n y l 
a l c o h o l ) undergoes an a c i d c a t a l y z e d r e a c t i o n w i t h v a r i o u s a l d e 
hydes t o form a c e t a l s . Two o f these p r o d u c t s , the f o r m a l and the 
b u t y r a l , a r e of importance i n d u s t r i a l l y and the r e a c t i o n s a r e 
shown i n E q u a t i o n s 4 and 5, r e s p e c t i v e l y . P o l y ( v i n y l b u t y r a l ) has 
been known s i n c e the 4 0 f s and i s used as a p l a s t i c i n t e r l a y e r i n 
s a f e t y g l a s s . I n t h i s c a s e , the r e a c t i o n i s stopped w i t h about 
25% of t h e OH groups r e m a i n i n g , t o promote good a d h e s i o n t o t h e 
g l a s s , and the polymer i s u s u a l l y p l a s t i c i z e d w i t h about 30% 
d i b u t y l sebacate ( 2 0 ) . T h i s a c e t a l r e a c t i o n w i l l not proceed 
beyond about 87.5% c o n v e r s i o n of the OH groups s i n c e some of 
these groups become i s o l a t e d and cannot undergo a c e t a l f o r m a t i o n . 

OH OH OH 
1 1 • X -f-CH 2CHCH 2CHCH 2CIf->-

OH OH 
- f - C H 0 CHCH 0 CH->- CH Q CH 0 CH 0 CHO 

( E q u a t i o n 5) 
P o l y ( v i n y l f o r m a l ) (as i n E q u a t i o n 4 but not c r o s s l i n k e d ) i s 

a tough p l a s t i c m a t e r i a l and i s sometimes used f o r f u e l tank 
c o a t i n g s . The r e a c t i o n of p o l y ( v i n y l a l c o h o l ) w i t h formaldehyde 
q u i c k l y r e n d e r s the product water i n s o l u b l e and t h ese m a t e r i a l s 
can be used as " p o l y ( v i n y l a l c o h o l ) " f i b e r s which have much 
h i g h e r water a b s o r p t i o n than most o t h e r f i b e r s . N o r m a l l y these 
have about a t h i r d of the OH groups r e a c t e d ( 2 1 ) . A c r o s s l i n k e d 
v e r s i o n of p o l y ( v i n y l a l c o h o l ) c a l l e d I v a l o n has been used i n the 
form of a sponge i n v a r i o u s s o f t t i s s u e r e p l a c e m e n t s , c o r n e a l 
i m p l a n t s , as a plasma extender and as a bone m a t e r i a l i n human 
and a n i m a l b o d i e s . U n f o r t u n a t e l y , t h i s m a t e r i a l tends to harden 
w i t h time when i m p l a n t e d and has g e n e r a l l y been found t o be 
u n s u i t a b l e . I n a d d i t i o n , i t a l s o appears t o r e t a r d bone h e a l i n g 
(22-24). A r e c e n t a c e t a l r e a c t i o n , shown i n E q u a t i o n 6, has been 
used t o i n t r o d u c e s u l f o n a m i d e groups i n t o t h i s type of polymer. 
The a c e t a l r e a c t i o n i s c a r r i e d out t o 33-67% s u b s t i t u t i o n and 
the f i n a l product i s water s o l u b l e ( a f t e r base treatment) ( 2 5 ) . 

CH 0,H + -f-CH -CH CH-CH -CH-H 

2 CH, 

( c r o s s l i n k e d p o l y ( v i n y l f o r m a l ) 
( E q u a t i o n 4) 

-<-CH2-<?H 

CH 
CH 2CH 2CH 
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OH OH OH 
-^CH 2CHCH 2CHCH 2CI^ OHC -<^^>-8Q 

OH / H . 

NaOH ^ ~(CH 2CHCH 2-CH XC H - )-
0 .0 

OH ^ 

,NHR -^(<:H 2CHCH 2-CH ^ C H - J -

CH 

( i n s o l u b l e 
0 2 N H R 

(water s o l u b l e ) 

N a + 

(R = H, C 6H 5, n-C 4H 9) 

Complexes w i t h I o d i n e . One o f the s i m p l e s t " r e a c t i o n s " of 
p o l y ( v i n y l a l c o h o l ) i s the f o r m a t i o n o f a b l u e complex w i t h 
i o d i n e . T h i s complex f o r m a t i o n , which r e q u i r e s the presence of 
K I , has been s t u d i e d e x t e n s i v e l y by many workers (26-31). T h i s 
complex a l s o forms w i t h p a r t i a l l y h y d r o l y z e d p o l y ( v i n y l a c e t a t e s ) 
(26) and i s known t o be a f f e c t e d by the 1 , 2 - g l y c o l content and 
the i s o t a c t i c i t y of the polymer b o t h of which tend t o reduce com
p l e x f o r m a t i o n ( 3 1 ) . The complex a l s o depends on the m o l e c u l a r 
weight of the p o l y ( v i n y l a l c o h o l ) and the i o d i n e c o n c e n t r a t i o n . 
A h e l i c a l s t r u c t u r e has been proposed (28,29) f o r t h i s complex 
but has not been f i r m l y proven ( 3 0 ) . One t h i n g t h a t i s c e r t a i n , 
however, i s t h a t these complexes e x h i b i t a h i g h degree of b i o l o g 
i c a l a c t i v i t y ( 3 ) . The PV A - i o d i n e complex showed no apparent 
t o x i c e f f e c t s when i n j e c t e d i n t o mice a t the l e v e l of 1-5 mg/kg 
body we i g h t . H i g h e r dose l e v e l s d i d cause muscle c o n t r a c t i o n , 
i n h i b i t locomotor a c t i v i t y and decrease a p p e t i t e ( 3 2 ) . When a 
PVA-I2 complex was a d m i n i s t e r e d t o guinea p i g s which were i n f e s t e d 
w i t h A s c a r i s l u m b r i c o i d s , decreased l a r v a e c o n t e n t r e s u l t e d and 
the p e r o x i d e c o n t e n t of the b r a i n i n c r e a s e d ( 3 3 ) . PVA-I2 com
p l e x e s were found t o be e f f e c t i v e i n the treatment of g a s t r o i n 
t e s t i n a l d i s e a s e s ( e n t e r i t i s ) i n swine (dose l e v e l of 10-15 ml 
t w i c e d a i l y ) and c a t t l e (dose l e v e l o f 25-30 ml t w i c e d a i l y ) f o r 
a t h r e e t o f o u r day p e r i o d , i n the treatment o f c o c c i d i o s i s and 
s t r e p t o c o c c o s i s i n r a b b i t s (2-3 m l , t h r e e times d a i l y ) and i n the 
treatment o f a t r o p h i c r h i n i t i s i n swine (2A) • Ram sperm has been 
d i s i n f e c t e d by i n c u b a t i n g 24 hours a t 37°C w i t h a 10% P V A - I 2 

s o l u t i o n which was n o n t o x i c t o the sperm. I o d i n a t e d s t a r c h was 
t o x i c under these c o n d i t i o n s ( 3 5 ) . F i n a l l y , i o d i n e complexes of 
p o l y ( y i n y l a l c o h o l ) , p o l y ( v i n y l p y r r o l i d o n e ) and amylose were 
found t o possess b a c t e r i c i d a l a c t i v i t y a g a i n s t e l e v e n b a c t e r i a 
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s t a i n s w i t h the PVA complex b e i n g the most e f f e c t i v e . The m i n i 
mum i n h i b i t o r y c o n c e n t r a t i o n range f o r the s t r a i n s t e s t e d were 
477, 683 and 874 g/ml f o r the i o d i n e complexes of p o l y ( v i n y l 
a l c o h o l ) , p o l y ( v i n y l p y r r o l i d o n e ) and amylose, r e s p e c t i v e l y (3fi) • 

Phosphorus C o n t a i n i n g M o d i f i c a t i o n s , Many workers have 
m o d i f i e d p o l y ( v i n y l a l c o h o l ) i n o r d e r t o i n c l u d e the phosphorus 
atom i n t h e m o l e c u l e and a f u l l survey of these would be beyond 
the scope of t h i s paper. Much of t h i s work was done i n the hope 
of i m p a r t i n g flame r e s i s t a n c e t o the polymers. The r e a c t i o n of 
p o l y ( v i n y l a l c o h o l ) w i t h P 2 0 ^ and H3PO4 r e s u l t e d i n c r o s s l i n k e d 
p r o d u c t s w i t h up t o 20% phosphorus (37,38). L i k e w i s e the t r e a t 
ment of p o l y ( v i n y l a l c o h o l ) w i t h P O C I 3 r e s u l t e d i n a c r o s s l i n k e d 
polymer which c o n t a i n e d p r i m a r y , secondary and t e r t i a r y phosphate 
groups. T h i s m o d i f i e d polymer c o u l d be used as an i o n exchange 
r e s i n and had a c a p a c i t y of 9.7 meq/g r e s i n ( 3 9 ) . When 
p o l y ( v i n y l a l c o h o l ) wa
the h y d r o x y l groups wer
groups and the polymer was water s o l u b l e . T h i s polymer a l s o 
c o n t a i n e d up t o 2 1 . 5 % n i t r o g e n (as ammonium groups) ( 3 8 ) . 

Organophosphorus compounds have been r e a c t e d w i t h 
p o l y ( v i n y l a l c o h o l ) by many workers . I n one c a s e , about 80% of 
the h y d r o x y l groups were c o n v e r t e d t o an a c e t a l by the r e a c t i o n 
w i t h b u t y r a l d e h y d e and t h e remainder were r e a c t e d w i t h 
( C 6 H 5 ) 2 P 0 C 1 t o g i v e a polymer w i t h 5 . 2 % phosphorus ( 4 0 ) . The 
r e a c t i o n of p o l y ( v i n y l a l c o h o l ) w i t h ( ( C H 3 ) 2 C H O ) 2 P O C l f o l l o w e d by 
c r o s s l i n k i n g w i t h d i i s o c y a n a t e s i s r e p o r t e d t o g i v e a m a t e r i a l 
u s e f u l f o r f l a m e p r o o f i n g t e x t i l e s ( 4 1 ) . The r e a c t i o n of R P O C I 2 
or R P S C 1 2 (R = C 6 H 5,-CH 2 C 1 or -C 2H 5) w i t h p o l y ( v i n y l a l c o h o l ) 
g i v e s c r o s s l i n k e d p r o d u c t s w i t h some pr i m a r y phosphate groups 
p r e s e n t ( 4 ? ) . 

O r g a n o m e t a l l i c M o d i f i c a t i o n s . V a r i o u s o r g a n o m e t a l l i c groups 
have been i n c o r p o r a t e d i n t o the p o l y ( v i n y l a l c o h o l ) polymer ch a i n . 
For example, ( c y c l o p e n t a d i e n y l ) 2 ~ M C 1 2 (M = Z r , T i o r Hf) r e a c t s 
w i t h PVA t o g i v e c r o s s l i n k e d polymers w i t h 37-41% of the organo
m e t a l l i c product p r e s e n t ( 4 3 ) . M o d i f i e d p o l y ( v i n y l a l c o h o l s ) 
w i t h t i n groups were prepared by r e a c t i n g the polymer w i t h 
R 2 S n C l 2 (R = C 5 H 5 o r n-C^Hg), which gave c r o s s l i n k e d p r o d u c t s , or 
R 3 S n C l which gave l i n e a r polymers w i t h 7-12% o r g a n o m e t a l l i c ( 4 4 ) . 
P o l y ( v i n y l a l c o h o l ) a l s o r e a c t s w i t h R S 0 2 C 1 compounds to g i v e 
l i n e a r p r o d u c t s (4J5). I n g e n e r a l , where the o r g a n o m e t a l l i c , e t c . , 
c o n t a i n s o n l y one r e a c t a b l e h a l o g e n , the r e s u l t i n g m o d i f i e d 
p o l y ( v i n y l a l c o h o l ) i s l i n e a r r a t h e r than c r o s s l i n k e d . 

M o d i f i c a t i o n s w i t h T h i o l Groups. Mercapto or t h i o groups 
o f t e n have p o w e r f u l p h y s i o l o g i c a l a c t i v i t y and have been c l a i m e d 
t o be u s e f u l as r a d i a t i o n p r o t e c t i v e groups. These groups have 
been i n t r o d u c e d i n t o p o l y ( v i n y l a l c o h o l ) i n a v a r i e t y of ways. 
The h y d r o x y l group of PVA has been c o n v e r t e d t o the t h i o l group 
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by the sequence of r e a c t i o n s shown i n E q u a t i o n 7 (46,47). A 
s i n g l e t h i o l group was i n t r o d u c e d a t the bottom o f an a c e t a l 
r i n g by the r e a c t i o n sequence shown i n E q u a t i o n 8 (4&>42.)- Two 
t h i o l groups have been i n t r o d u c e d i n t o t he p o l y ( v i n y l a l c o h o l ) 
base m o l e c u l e by t h r e e d i f f e r e n t r o u t e s which a r e o u t l i n e d i n 
Equ a t i o n s 9, 10 and 11 (48,49). 

OH 
I 

C 6H 5S0 2C1 

vHBr, (NH 2) 2CS 

> -fCH_CH->-2 j n 
0S0 2C H 

|(NH 2) ; ,cs 

vNaOH(10%) JNaOH(10%) 

CH 3C0SK 

HCl/EtOH, 
60° 

2 n 
S-C-CH 0 

II 3 

0 

2

SH ( E q u a t i o n 7) 

- ( < : H 2 C H C H 2 C H - ) ^ C I C H 2 C H O / \ 

i F ^ -fCH -CH CI*-)- (NH 0) 0CS NaOH^ 
2 | I n 2 2 > > 
0 P 

^o 

OH OH 

-f-c H.-CH xCH-> 
2 T 

I 
CH 2-SH 

I n 

.0 

\ CH 
I 
CH 2C1 

or KSH, 80 

(E q u a t i o n 8) 

-{CH 0CI*-}- Na „ CH =CHCH 0Br B r 9 , C C l , 
i ^ ^ J 
OH 

CH oC0SK o r KSH o r -{CH 0CH-)-3 21 n 
(NH 2) 2CS 0 

CH 2-CH-CH 2 

SH SH 

(E q u a t i o n 9) 
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-^€H 2CHCH 2CII ) n BrCH CH CHO KSH, EtOH o r CH COSK or 
OH OH 2 > ( N H 2 ) 2 C S » 

_^H 2-CH \ C H ^ 
0 .0 
^ C H 

I 

SH SH ( E q u a t i o n 10) 

-fCH 0CHCH 0CH-)- BrCH oCH0 CH =CHCHo0Na B r 0 , C C l . 
z j z j n z ^ z z ^ z 4 ^ 
OH OH P ~ 

KSH o r CH.COSK or -{CH -CH ^CH->
3 ^ 2 | | n 

(NH ) CS ^ 0 ^ 0 
^ C H 

I 
CH 
^ ( E q u a t i o n 11) 
I 
CH~ CH CH,j Z | j z 

SH SH 

M o d i f i c a t i o n s C o n t a i n i n g B i o l o g i c a l l y A c t i v e Groups. Many 
examples of m o d i f i e d p o l y ( v i n y l a l c o h o l s ) c o n t a i n i n g b i o l o g i c a l l y 
a c t i v e groups have been made i n r e c e n t y e a r s . N u c l e i c a c i d 
models were prepared by r e a c t i n g 2 - p y r i d o n e - 5 - c a r b o x y l i c a c i d 
w i t h N , N f - c a r b o n y l d i i m i d a z o l e i n dimethylformamide and then r e 
a c t i n g w i t h p o l y ( v i n y l a l c o h o l ) ( 5 0 ) . A s p i r i n , and some o t h e r 
s a l i c y l i c a c i d d e r i v a t i v e s , have been added t o p o l y ( v i n y l a l c o 
h o l ) and c e l l u l o s e a c e t a t e by melt e s t e r i f i c a t i o n as i l l u s t r a t e d 
i n E q u a t i o n 12. The PVA-bound a s p i r i n showed a l o n g e r d u r a t i o n 
of the a n t i i n f l a m m a t o r y and a n a l g e s i c a c t i v i t i e s than does f r e e 
a s p i r i n ( 5 1 ) . 

- ^ f - ^ + ( f \ " 0 C 0 _ C H 3 m e l t . 
0 H % J ) -C00H 

( E q u a t i o n 12) 
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S e v e r a l examples of the b i n d i n g of enzymes t o p o l y ( v i n y l 
a l c o h o l ) a r e i n t h e l i t e r a t u r e . These c o u l d p o s s i b l y be used t o 
t r e a t enzyme d e f i c i e n c y d i s e a s e s . I n a r e c e n t example, t r y p s i n 
was i m m o b i l i z e d on p o l y ( v i n y l a l c o h o l ) f i b e r s u s i n g m a l e i c d i a l -
dehyde o r bromal. While the r e a c t i o n was more complete w i t h 
bromal, the r e a c t i o n w i t h m a l e i c d i a l d e h y d e gave a b e t t e r support 
which showed d e c r e a s i n g a c t i v i t y w i t h i n c r e a s i n g enzyme c o n t e n t . 
The a c t i v i t y of the bromal a c t i v a t e d system was independant of 
the enzyme content ( 5 2 ) . T r y p s i n and p a p a i n were a t t a c h e d t o 
p o l y ( v i n y l a l c o h o l ) by the r e a c t i o n sequence shown i n E q u a t i o n 
13. I n t h i s c a s e , the c r o s s l i n k e d p o l y ( v i n y l a l c o h o l ) i s t r e a t e d 
by the 1,3-dioxalone d e r i v a t i v e and then c o n v e r t e d t o e i t h e r the 
i s o t h i o c y a n a t e o r the d i a z o n i u m s a l t f o r c o u p l i n g w i t h the enzyme. 
The bound enzymes showed s i g n i f i c a n t , a l t h o reduced, a c t i v i t y i n 
each case ( 5 3 ) . 

I m i d a z o l e u n i t s have been s u b s t i t u t e d on p o l y ( v i n y l a l c o h o l ) 
c h a i n s t o t h e e x t e n t of 19-51% as shown i n E q u a t i o n 14 ( 5 4 ) . T h i s 
r e a c t i o n was run 1-5 days as a 1% s o l u t i o n i n DMF a t 85°C. U s i n g 
t h e sequence of r e a c t i o n s o u t l i n e d i n E q u a t i o n 15, 6 - m e t h y l t h i o -
p u r i n e u n i t s have been p l a c e d on the p o l y ( v i n y l a l c o h o l ) back
bone ( 5 5 ) . These polymers might be u s e f u l i n t r e a t i n g cancer or 
leukemia s i n c e the parent compound, 6-mercaptopurine, i s used i n 
t h i s way. 

( E q u a t i o n 13) 
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- ( C H C H - V -2| n 
OH 

C H 2 C 1 

OH 

<CH2ciHH 

A 2 

( E q u a t i o n 1 4 ) 

SCH 

OH 

CH CH 0-P-OH I I | 
0 
1 - ^ H 2 - C H ~ ) ^ -

OH 

2 n-x 

(E q u a t i o n 1 5 ) 

A p o t e n t i a l p o l y m e r i c h e r b i c i d e and/or p e s t i c i d e has been 
made from p o l y ( v i n y l a l c o h o l ) and 2 , 6 - d i c h l o r o b e n z a l d e h y d e , which 
i s a known p e s t i c i d e w i t h s t r o n g h e r b a c i d a l and moderate f u n g i c i 
d a l a c t i v i t y , as o u t l i n e d i n Equation 1 6 . T h i s polymer shows 
n e g l i g i b l e h y d r o l y s i s a t room temperature and o n l y 2% h y d r o l y s i s 
a f t e r t h r e e days a t 6 0 ° C . The e x t e n t of s u b s t i t u t i o n ranged 
from 1 8 - 6 8 % ( 5 6 ) . 

CHO 

-fCH 2CH - ( C H 2 C H -

OH 
-2x -(CH, 

CI-

/ C 5 w 
i x 

C I 

( E q u a t i o n 1 6 ) 
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R e a c t i o n s w i t h I s o c y a n a t e s . The r e a c t i o n of a l c o h o l s w i t h 
i s o c y a n a t e s t o form carbamates i s w e l l known and s i m i l a r r e a c t i o n s 
w i t h p o l y ( v i n y l a l c o h o l ) would be expected. U n t i l r e c e n t l y , the 
o n l y a v a i l a b l e r e a c t i o n c o n d i t i o n s were to use a heterogeneous 
r e a c t i o n m i x t u r e o r t o run t h e r e a c t i o n i n a poor s o l v e n t f o r 
p o l y ( v i n y l a l c o h o l ) . The b e s t p o l y ( v i n y l a l c o h o l ) s o l v e n t s , 
water and formaide d e r i v a t i v e s , r e a c t r a p i d l y w i t h i s o c y a n a t e s . 
N e v e r t h e l e s s , s e v e r a l such r e a c t i o n s have been run i n t h e p a s t 
and we w i l l c i t e o n l y a few of them. A p o t e n t i a l l y p h o t o s e n s i 
t i v e polymer was made by the r e a c t i o n o f a l l y l i s o c y a n a t e w i t h 
p o l y ( v i n y l a l c o h o l ) (57) and s e v e r a l workers have c r o s s l i n k e d 
p o l y ( v i n y l a l c o h o l ) w i t h hexamethylene d i i s o c y a n a t e (58 ,52) . 
These l a t t e r systems were examined as membranes (.52.) and water 
r e s i s t a n t wood ad h e s i v e s ( 5 9 ) . 

R e c e n t l y , p o l y ( v i n y l a l c o h o l ) - i s o c y a n a t e r e a c t i o n s have been 
run s u c c e s s f u l l y i n d i m e t h y l s u l f o x i d
o r a t o r i e s , i n c l u d i n g o u r s
d e r i v e d p r o d u c t s from the r e a c t i o n s o f i s o c y a n a t e s i n DMSO ( 6 0 ) , 
these r e a c t i o n s do not seem t o pose a problem i n the r e a c t i o n 
w i t h p o l y ( v i n y l a l c o h o l ) . T h i s s o l v e n t has been used t o r e a c t 
PVA w i t h methoxymethyl i s o c y a n a t e (61,62) and a s e r i e s o f i s o 
cyanates i n c l u d i n g m e t h y l , e t h y l , i s o p r o p y l , phenyl and 1-naphthyl 
( 6 3 ) . T h i s r e a c t i o n i s i l l u s t r a t e d i n E q u a t i o n 17 where R i s 
CH 3", C 2H 5~, (CH 3) 2CH", CH 3OCH 2", C ^ " o r C ^ i y 
Degrees of s u b s t i t u t i o n of 47-96% have been r e p o r t e d and t h e 
polymers are c l a i m e d t o have i n c r e a s e d v i s c o s i t y and an i n c r e a s e d 
weight l o s s i n t h e r m o g r a v i m e t r i c a n a l y s i s . The polymer e l o n g a 
t i o n i n c r e a s e s s l i g h t l y w i t h the i n c r e a s i n g degree of s u b s t i t u 
t i o n but the t e n s i l e s t r e n g t h appears t o reach a maximum a t about 
50% s u b s t i t u t i o n w i t h the p h e n y l i s o c y a n a t e m o d i f i e d p o l y ( v i n y l 
a l c o h o l ) . W ith t h i s polymer, the s o f t e n i n g p o i n t i n c r e a s e s from 
about 50°C a t 15.3% t o about 130°C a t 78.1 mole% s u b s t i t u t i o n 
( 6 3 ) . 

- t f H CH->- R-NCO -(CH 9CII ) (CH C H -
2 ' n DMSO > 2» n " X 2 | X 

OH U n i > U OH 0 
0=C ( E q u a t i o n 17) 

NHR 

A c o n t r o l l e d r e l e a s e h e r b i c i d e based on M e t r i b u z i n a t t a c h e d 
t o p o l y ( v i n y l a l c o h o l ) has been r e p o r t e d v i a an i s o c y a n a t e 
r e a c t i o n as shown i n E q u a t i o n 18. Data on the r e l e a s e r a t e has 
been p u b l i s h e d ( 5 4 ) . 
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0 
(CH 3) 3C, [-NH, 

SCH, 

2 

3 
OCN-R-NCO 

CCH 3) 3C 

N ^ ^ S C H 3 

21 n n-x 
OH 

C=0 
NH 

CCH 3) 3< N-NH-C-NH 

Gene r a l Comment. The f o r e g o i n g examples c l e a r l y show t h a t 
p o l y ( v i n y l a l c o h o l ) can be m o d i f i e d r e a d i l y and t h a t some of 
these d e r i v a t i v e s have p o t e n t i a l (and/or a c t u a l ) b i o l o g i c a l 
a c t i v i t y . T h i s survey i s d e f i n i t e l y not e n c y c l o p e d i c i n scope 
but r a t h e r i l l u s t r a t i v e . No doubt many more examples o f p o t e n 
t i a l l y b i o l o g i c a l l y a c t i v e p o l y ( v i n y l a l c o h o l ) d e r i v a t i v e s w i l l 
be developed i n the f u t u r e and i t i s e n t i r e l y p o s s i b l e t h a t some 
of these may become of v a l u e i n chemotherapy and o t h e r a r e a s 
where b i o l o g i c a l l y a c t i v e polymers a r e now b e i n g s t u d i e d . 

E x p e r i m e n t a l S e c t i o n 

M a t e r i a l s Used. The p o l y ( v i n y l a l c o h o l ) used i n t h i s s t u dy 
was a commercial (Borden c h e m i c a l ) grade o f f u l l y h y d r o l y z e d 
m a t e r i a l which had an aqueous i n t r i n s i c v i s c o s i t y o f 0,762 which 
corresponds t o a m o l e c u l a r weight o f about 59,900. T h i s m a t e r i a l 
was d r i e d i n a vacuum oven f o r s e v e r a l days a t about 100°C and 10 
t o r r b e f o r e i t was used i n the m o d i f i c a t i o n experiments. Dry, 
a n a l y t i c a l grade d i m e t h y l s u l f o x i d e (DMSO) was used as s u p p l i e d . 

M o d i f i e d Polymer P r e p a r a t i o n . The g e n e r a l procedure was the 
same f o r a l l c a s e s . The d r i e d p o l y ( v i n y l a l c o h o l ) was d i s s o l v e d 
i n DMSO at a c o n c e n t r a t i o n o f about 7.5 g / d l and a s m a l l , c a t a 
l y t i c q u a n t i t y o f t r i e t h y l a m i n e (2-3 drops) was added t o each 
s o l u t i o n t o i n c r e a s e the r e a c t i o n r a t e . ( A l t h o h i g h e r c o n c e n t r a 
t i o n s c o u l d be used, the s o l u t i o n s were too v i s c o u s t o permit 
easy h a n d l i n g and s t i r r i n g . ) Next, the amount of phenyl i s o c y a 
nate c a l c u l a t e d t o g i v e t he d e s i r e d degree of s u b s t i t u t i o n was 
added, w h i l e s t i r r i n g r a p i d l y . These homogeneous s o l u t i o n s were 
s t i r r e d m a g n e t i c a l l y f o r one week a t room temperature and a s m a l l 
q u a n t i t y of methanol was added t o d e s t r o y any r e s i d u a l t r a c e o f 

In Modification of Polymers; Carraher, C., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



94 MODIFICATION OF POLYMERS 

p h e n y l i s o c y a n a t e . ( I n a c t u a l f a c t , t h e r e was no evidence o f 
r e s i d u a l i s o c y a n a t e except i n those cases where a l a r g e excess o f 
reagent was used.) The polymer was then r e c o v e r e d by p o u r i n g 
i n t o water, s e p a r a t i n g and d r y i n g . Each polymer was f u r t h e r 
p u r i f i e d by r e d i s s o l v i n g i n a s o l v e n t and p r e c i p i t a t i n g i t by 
po u r i n g i n t o an excess of a n o n - s o l v e n t . 

I n a t y p i c a l example, 5.2 g p o l y ( v i n y l a l c o h o l ) was d i s s o l v e d 
i n 70 ml DMSO, two drops t r i e t h y l a m i n e was added and the s o l u t i o n 
was p l a c e d on a magnetic s t i r r e r i n a stoppered f l a s k . Next, 
11.1 ml pheny l i s o c y a n a t e was added s l o w l y w h i l e s t i r r i n g t o 
produce a s o l u t i o n which s h o u l d g i v e a t h e o r e t i c a l 86.5% s u b s t i 
t u t i o n of the h y d r o x y l groups. A f t e r s t i r r i n g f o r a week a t room 
temperature, 25 ml methanol was added and the e n t i r e sample was 
s l o w l y poured i n t o 1500 ml water. The p r e c i p i t a t e d polymer was 
c o l l e c t e d by f i l t r a t i o n and vacuum d r i e d . T h i s polymer was then 
d i s s o l v e d i n acetone and r e p r e c i p i t a t e d by p o u r i n g i n t o water. 
The sample was c o l l e c t e
s e v e r a l days under vacuu
(88% of t h e o r y ) . E l e m e n t a l a n a l y s i s showed t h i s sample c o n t a i n e d 
7.67% N ( t h e o r y i s 7.42% N, assuming 86.5% s u b s t i t u t i o n ) . 

Polymer P h y s i c a l P r o p e r t i e s 

I n f r a r e d S p e c t r a . F i l m s of the polymer samples were p r e 
pared by c a s t i n g from a DMSO o r a dimet h y l a c e t a m i d e s o l u t i o n unto 
a s a l t p l a t e . These were then examined f o r t h e i r i n f r a r e d s p e c t r a l 
p r o p e r t i e s i n a Beckman AccuLab 4 spectrophotometer. B a s i c a l l y , 
as the degree of s u b s t i t u t i o n i n c r e a s e d , the OH peak (3300-3400 
cm - 1) diminshed i n i n t e n s i t y and the C=0 peak (1710 cm" 1) i n 
c r e a s e d i n i n t e n s i t y - . Peaks due to the NH (3120-3140 cm" 1) and 
phenyl groups (3030-3050 cm" 1) a l s o developed as the s u b s t i t u t i o n 
i n c r e a s e d and the r e l a t i v e i n t e n s i t y o f the a l i p h a t i c CH (back
bone c h a i n ) (2910-2940 cm - 1) decreased a t the same time. Some of 
these r e s u l t s a r e summarized i n T able I where the r a t i o s of the 
C = 0/OH and p h e n y l / a l i p h a t i c CH peaks ar e r e p o r t e d f o r v a r i o u s 
degrees of s u b s t i t u t i o n . 

N u c l e a r Magnetic Resonance S p e c t r a . NMR s p e c t r a were run on 
the o r i g i n a l p o l y ( v i n y l a l c o h o l ) and some m o d i f i e d samples as 
s o l u t i o n s i n d e u t e r a t e d DMSO u s i n g a V a r i a n EM 360 sp e c t r o m e t e r . 
The d e t a i l s of the NMR s p e c t r o s c o p y a r e c o m p l i c a t e d by t a c t i c i t y 
c o n s i d e r a t i o n s as noted i n the l i t e r a t u r e ( 3 ) • I n the p r e s e n t 
c a s e , t h i s s i t u a t i o n i s c o m p l i c a t e d f u r t h e r by the presence o f 
two d i f f e r e n t types o f repeat u n i t s i n the polymer c h a i n . T h i s 
r e s u l t s i n v a r i a b l e amounts of a minimum of at l e a s t e l e v e n 
d i f f e r e n t t y pes of pro t o n s ( i g n o r i n g any t a c t i c i t y o r nonequiva-
l e n t magnetic environment problems) which w i l l i n t e r a c t w i t h each 
o t h e r a l o n g the polymer c h a i n . I n t h i s s t u d y , we ar e not attempt
i n g t o r e s o l v e t h e se d e t a i l s but a r e merely r e p o r t i n g what new 
peaks a r i s e on s u b s t i t u t i o n . A group of peaks due t o the p h e n y l 
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group a r i s e a t about 7.36 and i n c r e a s e w i t h the degree o f sub
s t i t u t i o n . At the same t i m e , the peak due t o the h y d r o x y l group 
decreased i n i n t e n s i t y . Numerous o t h e r s m a l l peaks a t 5.0, 8.6 
and 9.36 a r i s e as the degree o f s u b s t i t u t i o n i n c r e a s e s but peak 
assignments have not been made a t the p r e s e n t t i m e . 

D e n s i t y . The d e n s i t y of the polymer samples was determined 
by the s o l v e n t f l o a t a t i o n method d e s c r i b e d i n the l i t e r a t u r e ( 6 5 ) . 
A l l t hese samples ranged from 1.24 t o 1.27 and the s e r e s u l t s a r e 
r e p o r t e d i n T a b l e I . 

Polymer S o l u b i l i t y . The m o d i f i e d polymers were s o l u b l e i n 
DMSO, d i m e t h y l a c e t a m i d e , dimethylformamide and f o r m i c a c i d . They 
were i n s o l u b l e i n w a t e r , methanol and x y l e n e . Above about 57% 
degree of s u b s t i t u t i o n , the polymers were a l s o s o l u b l e i n 
b u t y r o l a c t o n e and a c e t i c a c i d  S o l u b i l i t y parameters were d e t e r 
mined f o r each polymer
the l i t e r a t u r e ( 6 5 ) . Th
t i t r a t e d w i t h x y l e n e f o r the low end o f the s o l u b i l i t y parameter 
and a second DMSO s o l u t i o n was t i t r a t e d w i t h water f o r the h i g h 
end o f the s o l u b i l i t y parameter range. These s o l u b i l i t y param
e t e r s and some o t h e r s o l u b i l i t y d a t a a r e summarized i n Table I I . 

S o l u t i o n V i s c o s i t y S t u d i e s . Ths polymer s o l u t i o n v i s c o s i t y 
was run on two m o d i f i e d polymers and the o r i g i n a l p o l y ( v i n y l 
a l c o h o l ) a t 30°C i n DMSO s o l u t i o n s u s i n g a s e r i e s 100 Cannon-
Fenske v i s c o m e t e r . The observed s p e c i f i c v i s c o s i t i e s and the 
i n t r i n s i c v i s c o s i t y f o r each of these samples a r e summarized i n 
Table I I I . 

The o r i g i n a l p o l y ( v i n y l a l c o h o l ) was s t u d i e d i n b o t h aqueous 
and DMSO s o l u t i o n s . V i s c o s i t y - m o l e c u l a r weight r e l a t i o n s h i p s 
have been r e p o r t e d f o r each o f these s o l u t i o n s a t 30°C as shown 
i n E q u a t i o n s 19 and 20 ( 3 ) . 

[ n ] water = 6.67 x 1 0 _ 4 M ° * 6 4 ( E q u a t i o n 19) 

[ n ] DMSO = 1.58 x 1 0 " 4 M 0 , 8 4 ( E q u a t i o n 20) 

For our sample, these e q u a t i o n s g i v e a m o l e c u l a r weight o f 
59,900 and 69,740 f o r the water and DMSO s o l u t i o n s , r e s p e c t i v e l y , 
w i t h an average v a l u e of 64,850. The m o l e c u l a r weight of the 
f u l l y s u b s t i t u t e d polymer would be 240,240. 

R e s u l t s and D i s c u s s i o n 

The r e a c t i o n between an i s o c y a n a t e and an a l c o h o l t o form a 
carbamate or urethane has been known f o r many y e a r s but has been 
a p p l i e d t o the p o l y ( v i n y l a l c o h o l ) system o n l y r e c e n t l y . T h i s i s 
due l a r g e l y t o the f a c t t h a t the heterogeneous r e a c t i o n between 
PVA and an i s o c y a n a t e i s d i f f i c u l t t o c o n t r o l r e p r o d u c i b l y . 
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TABLE I . THE EFFECT OF THE DEGREE OF SUBSTITUTION ON THE 
INFRARED SPECTRA AND DENSITY OF THE POLYMERS. 

% SUBSTITUTION 
INFRARED SPECTRA 

DENSITY % SUBSTITUTION C=0/OH (a) AROMATIC/ALIPHATIC (b) DENSITY 
0.0 0.00 0.00 _ 

14.8 0.34 - 1.27 
28.8 0.98 0.60 1.24 
43.7 1.16 0.71 1.25 
57.7 1.26 0.81 -
72.5 1.63 1.00 1.26 
86.5 2.60 1.00 1.25 

100.0 (c) 2.60 1.07 1.24 

(a) R a t i o of the C=0 and OH a b s o r p t i o n peaks. 
(b) R a t i o o f ph e n y
(c) 116% o f th e o r y

TABLE I I . THE EFFECT OF THE DEGREE OF SUBSTITUTION ON THE 
POLYMER SOLUBILITY. 

% SUBSTITUTION 

S0LUBILI1 T PARAMETER (a) SOLUBILITY (b) IN 
% SUBSTITUTION MEAN LOW HIGH BUTYR0-

LACT0NE 
ACETIC 
ACID 

0.0 17.2 11.1 23.4 - -
14.8 13.8 11.0 16.6 I I 
28.8 13.4 10.7 16.0 I P 
43.7 12.9 10.7 15.1 I P 
57.7 12.7 10.3 15.1 S S 
72.5 12.4 10.2 14.5 S s 
86.5 12.7 10.2 15.3 s s 

100.0 12.8 10.2 15.4 s s 

(a) Determined by t i t r a t i o n p r ocedure. 
(b) S s o l u b l e ; P p a r t i a l l y s o l u b l e ; I i n s o l u b l e 

TABLE I I I . A STUDY OF THE SPECIFIC VISCOSITY OF SOME MODIFIED 
POLY(VINYL ALCOHOL) POLYMERS IN DMSO SOLUTION AT 30°C 

% SUBSTITUTION 
CONCENTRATION g / d l INTRINSIC 

VISCOSITY % SUBSTITUTION 0.10 0.20 0.33 0.50 0.67 0.80 
INTRINSIC 
VISCOSITY 

0 (a) 0.08 0.17 0.29 0.47 0.68 0.86 0.762 
0 0.20 0.40 0.58 1.14 1.59 2.05 1.86 

43.7 0.11 0.22 0.34 0.64 0.93 1.24 0.96 
86.5 0.07 0.14 0.17b 0.29 0.43 0.51 0.70 
(a) Aqueous s o l u t i o n v i s c o s i t y . 
(b) C o n c e n t r a t i o n was 0.27 g / d l . 
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R e c e n t l y i t has been observed i n t h i s l a b o r a t o r y and o t h e r s (60-
63) t h a t t h i s r e a c t i o n can be run under homogeneous c o n d i t i o n s i n 
d i m e t h y l s u l f o x i d e s o l u t i o n t o o b t a i n the d e s i r e d m o d i f i e d p o l y 
mers. These m o d i f i e d polymers would have s e v e r a l p o t e n t i a l uses 
and e x h i b i t some unusual p r o p e r t i e s . 

Polymer S t r u c t u r e . The r e a c t i o n s t u d i e d here i s summarized 
i n E q u a t i o n 21. As shown i n the e x p e r i m e n t a l s e c t i o n , i t i s 
p o s s i b l e t o prepare these polymers a t v a r i o u s degrees of s u b s t i 
t u t i o n . As the degree of s u b s t i t u t i o n i n c r e a s e s , t he r a t i o s of 
the i n f r a r e d C=0/OH a b s o r p t i o n peaks and the p h e n y l / a l i p h a t i c C-H 
a b s o r p t i o n peaks i n c r e a s e i n a l i n e a r manner (Table I ) . ( I t would 
be p o s s i b l e t o determine the degree o f s u b s t i t u t i o n from such 
c a l i b r a t e d c u r v e s . ) At the same t i m e , the i n t e n s i t y o f the OH 
band i n the NMR s p e c t r a d i m i n i s h e s w h i l e a s t r o n g s e t of peaks 
due t o the p h e n y l group forms. E l e m e n t a l n i t r o g e n a n a l y s i s v a l u e s 
f o r the m o d i f i e d polymer
v a l u e s . I n a d d i t i o n , th
carbamate N-H bands. These f a c t o r s enable us t o have c o n f i d e n c e 
t h a t the polymer s t r u c t u r e i s as shown i n E q u a t i o n 21. 

-<CH 2CH-^ C 6H 5-NCO ^ « - ) _ ^ c i ^ 
OH DMSO, E t 3 N ? OH 0 

C=0 
I 
NH 
I 

C 6 H 5 
(E q u a t i o n 21) 

There a r e , however, t h i n g s about the polymer s t r u c t u r e which 
are not known f o r c e r t a i n . We assume t h a t the r e a c t i o n o c c u r s i n 
a random manner a l o n g the polymer backbone but t h e r e i s l i t t l e 
e v idence a t a l l c o n c e r n i n g t h i s problem and a d e t a i l e d a n a l y s i s 
must await f u t u r e r e s e a r c h . I n a d d i t i o n , we know v e r y l i t t l e 
about the e f f e c t s of polymer t a c t i c i t y on the r e a c t i o n shown i n 
Eq u a t i o n 21. T h i s a l s o remains t o be s t u d i e d . On the o t h e r 
hand, we a r e c o n f i d e n t t h a t t h i s r e a c t i o n does not l e a d t o a novel 
c r o s s l i n k i n g r e a c t i o n sequence s i n c e t h e s e polymers a r e s o l u b l e 
i n a number of d i f f e r e n t s o l v e n t s (Table I I ) . 

Polymer P r o p e r t i e s . The m o d i f i e d polymers do e x h i b i t some 
i n t e r e s t i n g p r o p e r t i e s . Water s o l u b i l i t y i s l o s t a t 15% or l e s s 
degree o f s u b s t i t u t i o n a l t h o the polymers a r e a t l e a s t p a r t i a l l y 
s o l u b l e i n a c e t i c a c i d above about 25% degree of s u b s t i t u t i o n . 
S o l u b i l i t y i n b u t y r o l a c t o n e a l s o o c c u r s above about 50% degree of 
s u b s t i t u t i o n but the polymers a r e not s o l u b l e i n x y l e n e o r 
methanol r e g a r d l e s s of the degree of s u b s t i t u t i o n . A l l polymers 
s t u d i e d were s o l u b l e i n DMSO, di m e t h y l a c e t a m i d e , d i m e t h y l f o r m -
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amide and f o r m i c a c i d . The e x p e r i m e n t a l l y determined s o l u b i l i t y 
parameters f o r a l l t hese m o d i f i e d samples show a lower l i m i t 
between 10.2 and 11.0 w i t h the upper l i m i t r a n g i n g from 14.5 t o 
16.6 (Table I I ) . The a c t u a l v a l u e of the s o l u b i l i t y parameter 
decreases as the degree of s u b s t i t u t i o n i n c r e a s e s . T h i s i s due 
l a r g e l y t o the more hydrophobic n a t u r e o f the N-phenylcarbamoyl 
group b e i n g added t o the polymer backbone. Most of these m o d i f i e d 
polymers a r e s o l u b l e i n s o l v e n t s h a v i n g s o l u b i l i t y parameters 
r a n g i n g from 11 t o 13 (66 ) . 

The e f f e c t of the degree of s u b s t i t u t i o n on the polymer 
v i s c o s i t y i s s t r i k i n g . P o l y ( v i n y l a l c o h o l ) i s more v i s c o u s i n 
DMSO than i n aqueous s o l u t i o n s (Table I I I ) . As the f r e e OH 
groups a r e r e p l a c e d by N-phenylcarbamoyl groups, the s p e c i f i c 
v i s c o s i t y d ecreases s h a r p l y . DMSO i s c o n s i d e r e d as a b e t t e r s o l 
v ent f o r p o l y ( v i n y l a l c o h o l ) than i s water ( 3 ) . We t h e r e f o r e 
e n v i s i o n t h e se DMSO s o l u t i o n s as c o n s i s t i n g o f f a i r l y extended 
c h a i n s o f PVA which i n t e r a c
by hydrogen bonding. A
N-phenylcarbamoyl u n i t s , the hydrogen bonding i n t e r a c t i o n s would 
drop s h a r p l y because the NH would i n t e r a c t l e s s than the OH and 
the b u l k y N-phenylcarbamoyl group would h i n d e r t h i s i n t e r a c t i o n 
s t e r i c a l l y . The i n c r e a s e d presence o f the b u l k y N-phenylcarbam
o y l u n i t s would a l s o tend t o i n c r e a s e c h a i n s t i f f n e s s which 
would a l s o tend t o reduce i n t e r c h a i n i n t e r a c t i o n s due t o en t a n 
glements. Thus, the presence o f the N-phenylcarbamoyl groups 
would reduce b o t h c h a i n entanglement and hydrogen bonding i n t e r 
a c t i o n s . T h i s , i n t u r n , would r e s u l t i n the observed r e d u c t i o n 
of v i s c o s i t y as the degree of s u b s t i t u t i o n i n c r e a s e s . 

I t i s worth n o t i n g t h a t t h i s v i s c o s i t y r e d u c t i o n o c c u r s even 
though the polymer m o l e c u l a r weight i n c r e a s e s . Assuming the 
i n i t i a l p o l y ( v i n y l a l c o h o l ) m o l e c u l a r weight t o be 64,850, the 
m o l e c u l a r weight o f the 43.7% and the 86.5% s u b s t i t u t e d polymers 
would be 141,500 and 216,600, r e s p e c t i v e l y . I n the 86.5% degree 
of s u b s t i t u t i o n c ase, the m o l e c u l a r weight i s about 3.3 times as 
gr e a t w h i l e the i n t r i n s i c v i s c o s i t y i s o n l y 0.38 t h a t of the 
unmodif i e d polymer. 

P o t e n t i a l Uses o f These Polymers. We have s t u d i e d the 
phenyl i s o c y a n a t e m o d i f i c a t i o n of p o l y ( v i n y l a l c o h o l ) as a model 
system. Many uses e x i s t f o r carbamates as m e d i c i n e s , p e s t i c i d e s 
and h e r b i c i d e s (67,68). F o r example, e t h y l carbamate has been 
used t o t r e a t leukemia and m u l t i p l e myeloma. E t h y l carbamate has 
a l s o been used as an a n t i d o t e f o r c e n t r a l nervous system p o i s o n 
i n g by s t r y c h n i n e . The t r a n q u i l i z e r Meprobamate i s a carbamate 
d e r i v i t i v e . Numerous p e s t i c i d e s and h e r b i c i d e s , such as S e v i n 
and Propham, a r e a l s o carbamate d e r i v a t i v e s . Propham i s i s o -
p r o p y l N-phenylcarbamate which bears a s t r o n g resemblence t o the 
polymers o f E q u a t i o n 21, and t h i s compound i s used as a p r e -
emergence h e r b i c i d e . Numerous o t h e r c l o s e analogs c o u l d be c i t e d 
a l s o . We might note a l s o t h a t the N-phenyl carbamoyl u n i t b e a r s 
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a close resemblence to acetanilide which has been used in head
ache remedies. 

In recent years there has been a growing interest in the use 
of polymeric herbicides, pesticides and drugs. Several reviews 
have appeared on this general area (69-71) and we earlier noted 
several examples of such potential behavior with poly(vinyl 
alcohol) modifications. These included modifications containing 
6-methylthiopurine (an antileukemia drug) (55) , 2,6-dichloro-
benzaldehyde (a herbicide) (56), various enzymes (52,53), aspirin 
(analgesic)(51) and mercapto groups (4£-42) • 

Our study has clearly shown that carbamate groups can be 
attached to the poly(vinyl alcohol) backbone. Further studies 
are in progress to ascertain whether the N-phenylcarbamoyl 
modified poly(vinyl alcohol) samples will show any utility as a 
herbicide or a drug. These modified polymers would, of course, 
have potential use as a new plastics or fibers but we would not 
expect great thermal stabilit

Summary 

Polymers containing pendant carbamate functional groups can 
be prepared by the reaction of phenyl isocyanate with poly(vinyl 
alcohol) in homogeneous dimethylsulfoxide solutions using a t r i -
ethylamine catalyst. These modified polymers are soluble in di
methyl sulfoxide, dimethylacetamide, dimethylformamide and formic 
acid but are insoluble in water, methanol and xylene. Above 
about 50% degree of substitution, the polymers are also soluble 
in acetic acid and butyrolactone. The modified polymers contain 
aromatic, C = 0, NH and CN bands in the infrared and show a 
diminished OH absorption. Similar results were noted in the NMR 
spectroscopy. These modified polymers show a lower specific and 
intrinsic viscosity in DMSO solutions than does the unmodified 
poly(vinyl alcohol) and this viscosity decreases as the degree 
of substitution increases. 
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Vinyl Polymerization (383): Radical Polymerization of 

Vinyl Monomer with an Aqueous Solution of 

Polystyrenesulfonate or Polyvinylphosphonate 

M. IMOTO, T. OUCHI, M. SAKAE, E. MORITA, and T. YAMADA 
Department of Applied Chemistry, Faculty of Engineering, Kansai University, 
Suita, Osaka 564, Japan 

In 1962, Kimura, Takitan
ous solution of starch y polymeriz  methy  methacry
late (MMA) and about a half of polymerized MMA grafted on starch. 
This novel polymerization was called as "uncatalyzed polymeriza
tion". Since then, a lot of macromolecule was applied, instead 
of starch, and many of them were effective to initiate the radi
cal polymerization of MMA. 

Effective macromolecules were found to be divided into two 
groups. The macromolecules which belong to Group I are effec
tive only in the presence of some metal ion, particularly Cu(II) 
ion. The macromolecules of Group II require no metal ion. 
They are listed in Tables 1 and 2. 

As can be seen, the effective macromolecules are water
-soluble or at least somewhat hydrophilic. Strongly hydrophobic 
macromolecules and low molecular compounds were always ineffec
tive. The ineffective substances which were tested are listed 
in Table 3. 

Table 1. Effective Macromolecular Substances: Group I (Effec
tive in the presence of Cu(II) ion) 

Starch (1), Cellulose (2), Cellulose Methyl Ether (3), Oxy
-cellulose (4), PVA (5), Partially Hydrolyzed PVAc (6), Silk (2), 
Wool (7), Hide-Powder (8), Natural Rubber Latex (9), Synthesized 
Poly-(a-Amino Acids) (10), Nylon-6 (11), Nylon-3 (12), a-Amylase 
(13), Lysozyme (14), RNA (15), Polyacrylonitrile (16), Polyvinyl-
sulfonate (17) . 

Table 2. Effective Macromolecular Substances: Group II (Effec
tive in the absence of Cu(II) ion) 

Polymethallylsulfonate (18), Polyallylsulfonate (19), Poly
styrenesulfonate (20), Crosslinked Polystyrenesulfonate (Ion Ex
change Resin) (21), Chondroitin Sulfate (22), Polyvinylphospho
nate (23) . 

0-8412-0540-X/80/47-121-103$05.00/0 
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T a b l e 3. I n e f f e c t i v e Substances (24) 
Macromolecules: P o l y v i n y l c h l o r i d e , P o l y e t h y l e n e , P o l y p r o p y 

l e n e , Styrene-Butadiene Rubber. 
Low m o l e c u l a r compounds: Gl u c o s e , Sucrose, ATP, CH3CH 2S03Na, 

a-Amino A c i d , P olyphosphonic A c i d , e t c . 

The p r e s e n t paper d e a l s w i t h the u n c a t a l y z 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 i t i a t e d w i t h the w a t e r - s o l u b l e macromolecule i n the 
absence of C u ( I I ) i o n . U s i n g p o l y s t y r e n e s u l f o n a t e (PSS-Na) and 
p o l y v i n y l p h o s p h o n a t e (PVPA) as the macromolecules, a st u d y on the 
pro c e s s of p o l y m e r i z a t i o n was made. And a new concept on the 
"hard and s o f t hydrophobic areas and monomers" was proposed. 

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

M a t e r i a l s : PSS-Na
z a t i o n o f p - s t y r e n e s u l f o n a t e
l y s i s of p o l y - b i s - Q 3 - c h l o r o e t h y l ) v i n y l p h o s p h o n a t e and was con
c l u d e d t o have a f o l l o w i n g f o r m u l a ( 2 3 ) : 

Bu-- CH2-9H 
0=P-0Na 

ONa 16.81 

CH 2-£H 
0=P-0Na 
0-CH 2CH 2OH 7.0** 

CH2-CH 
0=P-0Na 

4-CH 2CH 2Cl 

• H 

4.2 

Pro c e d u r e s : V i n y l monomer and an aqueous s o l u t i o n of the 
macromolecule were p l a c e d i n a tube and s e a l e d under vacuum a f t e r 
thawing w i t h n i t r o g e n . The tube was shaken or a l l o w e d t o s t a n d 
a t 85°C. I n the case of s h a k i n g , the c o n t e n t s were poured i n t o 
methanol to p r e c i p i t a t e the polymer. I n the case of s t a n d i n g , 
the upper MMA phase and the lower water phase were p i p e t t e d out 
s e p a r a t e l y and poured i n t o methanol. 

I t was confirmed by IR and e l e m e n t a l a n a l y s i s t h a t poly-MMA 
c o n t a i n e d n e i t h e r s u l f o n a t e group nor phosphonate group. There
f o r e , any g r a f t e d c o p o l y m e r i z a t i o n o f MMA onto macromolecule was 
not observed. 

R e s u l t s and D i s c u s s i o n 

1. P o l y m e r i z a t i o n s by PSS-Na and PVPA. 
We have r e p e a t e d l y r e p o r t e d t h a t a c o e x i s t e n s e of water i s 

i n d i s p e n s a b l e f o r the u n c a t a l y z e d p o l y m e r i z a t i o n . A l s o i n the 
p r e s e n t cases of PVPA and PSS-Na, the p o l y m e r i z a t i o n of MMA p r o 
ceeded o n l y i n the presence of w a t e r , as shown i n F i g . 1. 

F i g u r e 2 showed the e f f e c t of the d i s s o l v e d mass of PSS-Na 
or PVPA on the r a t e of p o l y m e r i z a t i o n o f MMA. 

When the mass of PSS-Na or PVPA was l e s s than a c e r t a i n l i 
m i t , the r a t e o f p o l y m e r i z a t i o n of MMA i n c r e a s e d w i t h the mass of 
PSS-Na or PVPA. However, p a s s i n g a c e r t a i n mass, the c o n v e r s i o n 
became to decrease or to be independent o f the mass of feeded 
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Figure 1. Conversion of MMA
MMA 3 cm3; 85°C, 3 hr, under shaking) 

macromolecule. These r e s u l t s suggested t h a t when the c o n c e n t r a 
t i o n of d i s s o l v e d macromolecule was h i g h , the macromolecules en
t a n g l e d w i t h each o t h e r and became d i f f i c u l t to form the adequate 
hydrophobic a r e a s , i n t o which the monomer was i n c o r p o r a t e d . 
A c c o r d i n g l y , the c o n v e r s i o n o f MMA decreased, when the c o n c e n t r a 
t i o n of macromolecule was too h i g h . 

The e f f e c t s o f the mass of s t y r e n e ( S t ) and MMA on polymer 
y i e l d s can be seen i n F i g s . 3 and 4. The c o n c e n t r a t i o n of PVPA 
o r PSS-Na was kept c o n s t a n t and added mass of St o r MMA was v a r i e d . 
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Figure 3. Conversion of styrene
5 cm

MMA (cm3) 

2 4 6 
MMA (cm3) 

Figure 4. Conversion of MMA vs. mass of MMA (PSS-Na(Pn 450) 0.1 g, H20 
5 cm3; PVPA 0.1 g, H2010 cm3; 85°C, 3 hr, under shaking) 

By s u b s t r a c t i n g the thermal y i e l d from the o v e r a l l y i e l d , the 
c o r r e c t e d y i e l d was c a l c u l a t e d . Beyond a c e r t a i n mass o f MMA or 
S t , the y i e l d s became to be independent of the mass of the mono
mer. T h i s i s e x p l a i n e d by the f o l l o w i n g c o n s i d e r a t i o n : the f i r s t 
s t e p o f the p o l y m e r i z a t i o n i s the i n c o r p o r a t i o n of monomer i n t o 
the hydrophobic a r e a s . When a s u f f i c i e n t mass of the monomer i s 
added, the areas may be s a t u r a t e d w i t h the monomer. Thus, the 
excess o f the monomer becomes u s e l e s s . 
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Figure 5. Application of Michaelis-
Ment en-Line weaver-Burk's equation 
(PVPA 0.1 g, H20 10 cm3; 85°C, 3 hr, 
P  indicates the degree of polymeriza

Such a r e l a t i o n s h i p between the polymer y i e l d and the mass 
of feeded MMA i s s i m i l a r t o t h a t i n the enzymatic r e a c t i o n . 
T h e r e f o r e , the r e s u l t was a p p l i e d to M i c h a e l i s - M e n t e n e q u a t i o n and 
i n the case of PVPA, the r e s u l t shown i n F i g . 5 was o b t a i n e d . 
Such a good agreement w i t h the Michaelis-Menten-Lineweaver-Burk's 
e q u a t i o n was always observed i n the u n c a t a l y z e d p o l y m e r i z a t i o n . 

2. C o n f i r m a t i o n of the Formation of Hydrophobic A r e a s . 
The d i r e c t e vidence of the f o r m a t i o n of hydrophobic areas 

(HA) was o b t a i n e d by sca n n i n g e l e c t r o n m i croscopy, c f . F i g s . 6 and 
7. 

As mentioned above, the presence of water i s i n d i s p e n s a b l e . 
Now the reason i s c l e a r . Water i s n e c e s s a r y f o r the f o r m a t i o n of 
HA i n which the p o l y m e r i z a t i o n s t a r t s . F i g u r e 8 v e r i f i e d t h i s 
c o n c l u s i o n . When DMSO was mixed, PVPA became d i f f i c u l t to form 
HA. 

Thus, the pr o c e s s of p o l y m e r i z a t i o n c o u l d be concluded to be 
as f o l l o w s : ( i ) PVPA or PSS-Na forms HA i n the aqueous phase, 
( i i ) V i n y l monomer i s i n c o r p o r a t e d i n t o the HA, ( i i i ) I n the HA, 
the p o l y m e r i z a t i o n s t a r t s . 

3. E f f e c t of the Degree of P o l y m e r i z a t i o n of PSS-Na on the V i n y l 
P o l y m e r i z a t i o n . 

As Table 4 showed, the c o n v e r s i o n s of MMA and St decreased 
w i t h the i n c r e a s e of the degree of p o l y m e r i z a t i o n ( P n ) of PSS-Na. 
T h i s was due to the d i f f i c u l t y of the f o r m a t i o n of HA when the 
l a r g e PSS-Na was d i s s o l v e d i n such a q u a n t i t y of water. I n o t h e r 
words, when PSS-Na w i t h a l a r g e P n were d i s s o l v e d i n water, the 
mole c u l e s of PSS-Na e n t a n g l e d w i t h each o t h e r and became d i f f i c u l t 
to form the adequate HA. T h i s assumption was v e r i f i e d by the 
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Figure 6. Surface views of PVPA: (A) 0.1 g of PVPA was dissolved in 1 dm3 of 
H20; (B) PVPA 0.01 g, H20 1 cm3, MMA 0.3 cm3; 85°C, 3 hr. After the polymeri

zation the system was diluted with 100 cm3 of H20 

Figure 7. Surface views of PSS-Na (PSS-Na(Pn 450) 0.1 g, MMA 3 cm3, H20 
5 cm3, diluted to 0.5 dm3) (A) before polymerization; (B) after polymerization 

(85°C,3hr) 
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0 0.5 i.
Mole fraction of H20 

in feed 
tion of H20 in the mixed solvent of H20 
and DMSO (MMA 3 cm3, PVPA 0.1 g, 
(H20 + DMSO) 10 cm3; 85°C, 3 hr) 

Table 4 
E f f e c t of P n of PSS-Na on the V i n y l P o l y m e r i z a t i o n 
(PSS-Na 0.1 g, Monomer 3 cm 3, H 20 5 cm 3; 85°C, 3 h) 

PSS-Na C o n v e r s i o n (%) 
[n] MMA AN St 

0.0 0 0.0 
85 41.0 0 20.0 

107 0.062 54.0 0 3.8 
450 0.260 16.7 0 6.4 
870 0.500 4.0 0 3.1 

3090 1.780 1.7 0 1.8 
Sodium et h y l b e n z e n e s u l f o n a t e . 

Measured i n 0.5 N-NaCl aqueous s o l u t i o n a t 30°C. 

sc a n n i n g e l e c t r o n m i c r o s c o p i c method, u s i n g PSS-Na h a v i n g P R of 
3090. 

As shown i n F i g . 9 ( A ) , when PSS-Na h a v i n g a P n of 3090 was 
d i s s o l v e d i n 500 cm3 of wa t e r , the f i g u r e s were a l i k e to assem
b l e d f i b e r s . I t i s c l e a r t h a t PSS-Na d i d not form HA to i n c o r 
p o r a t e the monomer. On the c o n t r a r y , when the same PSS-Na s o l u 
t i o n was d i l u t e d to 5000 cm 3 w i t h w a t e r , the commencement o f f o r 
m ation of HA was observed, as shown i n F i g . 9 ( B ) . A c c o r d i n g l y , 
when v e r y d i l u t e d s o l u t i o n i s a p p l i e d , the p o l y m e r i z a t i o n s h o u l d 
be taken p l a c e , even i f P n i s ve r y h i g h as 3090. 
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Figure 9. Surface views of PSS-Na(Pn 3090): (A) 0.1 g of PSS-Na(Pn 3090) dis
solved in 5 cm3 of H20, heated at 85° C for 3 hr, and diluted with 500 cm3 of H20; 

(B) same sample as (A) diluted with 2500 cm3 of H20 

We c a r r i e d out the p o l y m e r i z a t i o n of MMA. The r e s u l t s , which 
agreed w e l l w i t h the e x p e c t a t i o n , were o b t a i n e d , as shown i n 
Table 5. 

Table 5 
E f f e c t of D i l u t i o n o f the Aqueous PSS-Na S o l u t i o n 

on the P o l y m e r i z a t i o n of MMA 
(MMA 3 cm 3; 85°C, 3 h, under shaking) 

PSS-Na(P n 3090) 
g 

J * 2 ° 
cmo 

C o n v e r s i o n 
% 

0.1 5 1.7 
0.01 5 1.7 
0.01 10 1.8 
0.01 15 2.8 
0.01 20 6.3 

I n c l u d i n g the th e r m a l c o n v e r s i o n o f 0.8 + 0.2 %. 

4. Hard and S o f t Hydrophobic A r e a s . 
F o l l o w i n g t o the concept o f ha r d and s o f t a c i d s and bases, 

we would l i k e t o propose a concept of hard and s o f t HA ( m i c e l l e s ) 
and hard and s o f t monomers. 

The m i c e l l e s formed by d o d e c y l b e n z e n e s u l f o n a t e (ABS) i n water 
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are c a l l e d to be "hard 1 1, because the i n t e r i o r i s a l i k e t o an as
semble of hydrocarbon molecules and s t r o n g l y h y drophobic. How
ev e r , HA formed by the w a t e r - s o l u b l e macromolecules a r e not hydro
p h o b i c i n a s t r i c t meaning. I t i s r a t h e r a l i k e an agglomerate of 
the macromolecules. Thus, the i n t e r i o r s of HA formed by PSS-Na o r 
PVPA a r e not so hy d r o p h o b i c , but r a t h e r somewhat h y d r o p h i l i c and 
c a l l e d to be " s o f t " . The o r d e r o f hardness of HA may be as 
f o l l o w s : 

S t a r c h , PVPA 

SO3 Na+ 
S o f t (PSS-Na) 

S i m i l a r l y , v i n y l monomer
s o f t monomer, a c c o r d i n g to t h e i r h y d r o p h o b i c i t i e s . As a s c a l e of 
h y d r o p h o b i c i t y of v i n y l monomer, the s o l u b i l i t y i n water may be 
adopted. F i g u r e 10 showed some examples. Styrene i s the most 
hard monomer and AN i s the most s o f t monomer. B u t y l a c r y l a t e and 
b u t y l m e t h a c r y l a t e a r e more hard by one or d e r than methyl o r e t h y l 
a c r y l a t e and m e t h a c r y l a t e . 

And the concept i s r e a l i z e d as f o l l o w s : A v i n y l monomer hav
i n g a c e r t a i n hardness or s o f t n e s s f o r i t s h y d r o p h o b i c i t y can be 
i n c o r p o r a t e d the most e a s i l y i n t o the HA h a v i n g a c o r r e s p o n d i n g 
hardness or s o f t n e s s . 

The v a l i d i t y of t h i s concept c o u l d be observed i n the f o l l o w 
i n g e x p e r i m e n t a l r e s u l t s . 

Hard 

t 

i . Soft 

0.1-

1 -

10 -

100 -

->St* 

->BMA**(1.0) 
->BA* (1.4) 

•MMA**(16), EA*(20) 

*AN*(74) 

Figure 10. Solubilities of vinyl monomers at 20°C. Numbers indicate the solu
bilities of the monomers in water (g dm'3) (BA) butyl acrylate; (BMA) butyl 

methacrylate; (EA) ethyl acrylate; (MA) methyl acrylate. (*, 27); (**, 28) 
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5. V e r i f i c a t i o n of the Concept o f Hard and S o f t HA and Monomers. 
(1) S e l e c t i v i t y o f V i n y l Monomer f o r the U n c a t a l y z e d P o l y 

m e r i z a t i o n . 
Among the m e t h a c r y l a t e s , methyl and e t h y l e s t e r can be the 

most e a s i l y p o l y m e r i z e d by the u n c a t a l y z e d p o l y m e r i z a t i o n . T h i s 
s p e c i f i c i t y was a c o n c l u s i o n (25) which was o b t a i n e d i n the un
c a t a l y z e d p o l y m e r i z a t i o n i n i t i a t e d w i t h s i l k or c e l l u l o s e . A l s o 
i n the cases of PVPA (23) and s t a r c h (26) the same s p e c i f i c i t y was 
observed, as shown i n Tab l e 6. n - B u t y l e s t e r was always h a r d l y 
p o l y m e r i z e d . 

These s p e c i f i c p o l y m e r i z a b i l i t i e s o f MMA and e t h y l methacry
l a t e a r e not due to t h e i r r e a c t i v i t i e s . A c c o r d i n g to l i t e r a t u r e 
( 2 9 ) , the p r o p a g a t i n g and t e r m i n a t i n g r e a c t i o n c o n s t a n t s , kp and 
k t , are shown i n Table 7. B u t y l e s t e r i s u s u a l l y more r e a c t i v e 
than methyl o r e t h y l e s t e r . 

P o l y m e r i z a t i o n  V i n y
W a t e r s o l u b l e Macromolecules 

(PVPA, S t a r c h , PSS-Na(P n 1000), 0.1 g, H 20 10 cm3 (PVPA, 
S t a r c h ) 5 cm 3 (PSS-Na), Monomer 3 cm3, CuCl2-2H 20 0 g 
(PVPA, PSS-Na), 0.5 mg ( S t a r c h ) ; 85°C, 3 h, under s h a k i n g ) 

Monomer Con v e r s i o n (%) PSS-Na(P n 1000) Monomer PVPA(23) S t a r c h PSS-Na(P n 1000) 
CH 2=C(CH 3)-COOR 

R=CH 3 4.1 6.0 4.9 
C 2H 5 

i - C 3 H 7 

n-C4H 9 

CH2=CH-C00R 

5.5 

0 

5.3 
2.2 
1.2 

1.6 
0.8 

R=CH 3 13.6 55 _ 
C 2 H 5 11.8 33 
n-CZiHg 0 

AN 0 0 0 
St 0 1.3 1.2 

Table 7 
k p and k t of M e t h a c r y l a t e s a t 30°C (29) 

Ist e r Group -r—7*—.—_ — k t — 
dm-J mol -l s L dnw m o l - 1 s 1 

CH 3 143 12.2 x 1 0 6 

C 2H 5 126 7.35 x 1 0 6 

n-C 4H 9 369 10.2 x 1 0 6 
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Here, the concept of the hard and s o f t HA and monomers may 
be r e a s o n a b l y a p p l i e d . As F i g . 10 shows, n - b u t y l e s t e r s are much 
harder than methyl o r e t h y l e s t e r . A c c o r d i n g l y , n - b u t y l metha
c r y l a t e and a c r y l a t e were too h a r d t o be i n c o r p o r a t e d i n t o the 
s o f t HA formed by PVPA o r s t a r c h . 

St i s too hard t o be e a s i l y i n c o r p o r a t e d i n t o the s o f t HA 
formed by PVPA or s t a r c h . T h e r e f o r e , the c o n v e r s i o n o f St was 
ve r y low. However, Asahara e t a l . (32) p o l y m e r i z e d St e a s i l y 
w i t h the i n i t i a t i n g system of ABS and water . The m i c e l l e s o r HA 
formed by ABS i s v e r y h a r d . T h e r e f o r e , St c o u l d be e a s i l y i n c o r 
p o r a t e d i n the m i c e l l e s and e a s i l y p o l y m e r i z e d . 

PSS-Na c o u l d p o l y m e r i z e S t , as shown i n Table 4. T h i s ex
c e p t i o n a l r e s u l t s may be e x p l a i n e d as f o l l o w s : PSS-Na c o n t a i n s the 
p o s i t i v e l y charged phen y l group which can adsorb the n e g a t i v e l y 
charged phen y l group of S t . A c c o r d i n g l y , r e g a r d l e s s of the s o f t 
ness o f the HA, St can
Na, thereby takes p l a c

AN i s too s o f t t o be i n c o r p o r a t e d i n t o the HA formed by 
s t a r c h , PVPA or PSS-Na. 

(2) C o p o l v m e r i z a t i o n of MMA w i t h St i n HA h a v i n g V a r i o u s 
Hardnesses. 

The c o m p o s i t i o n curve o f the copolymers o f MMA w i t h St by the 
c o p o l y m e r i z a t i o n i n i t i a t e d w i t h PSS-Na was shown i n F i g . 11. 
The copolymer was i s o l a t e d from the water phase. The co n t e n t s of 
MMA i n the copolymer are l a r g e r than those o f S t . T h i s was due 
to the e a s i e r i n c o r p o r a t i o n o f s o f t MMA i n t o the s o f t HA formed by 
PSS-Na. 

Figure 11. Copolymer composition curves of MMA and styrene (PSS-Na(Pn 85) 
0.1 g, HzO 5 cm3, (MMA + styrene) S cm3; 85°C, 4 hr on standing) 
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Second example was o b t a i n e d from the c o p o l y m e r i z a t i o n i n i t i 
a t e d w i t h s t a r c h . The r e s u l t s were shown i n F i g . 12. The co
polymer i s o l a t e d from the monomer phase was produced by the t h e r 
mal p o l y m e r i z a t i o n and the c o m p o s i t i o n curve was co m p l e t e l y s i m i 
l a r to the o r d i n a r y curve of the r a d i c a l c o p o l y m e r i z a t i o n p r o d u c t . 
The copolymer i s o l a t e d from the water phase d i f f e r e d from the 
u s u a l copolymer. The upper curve i n d i c a t e d t h a t the HA formed by 
s t a r c h were s o f t , and s o f t MMA was much more e a s i l y i n c o r p o r a t e d 
than h a r d S t . 

0 0.5 1.0 
Mole fraction of MMA 

in monomer 

Figure 12. Composition curves of the copolymers of MMA and styrene by the 
copolymerization initiated with starch on standing (starch 0.1 g, CuCh • 2H20 

0.5 mg, H2010 cm3, (MMA + styrene) 3 cm3; 85°C, 3 hr) 

(3) The Rates of P o l y m e r i z a t i o n o f MMA and S t . 
As known w e l l , the r a t e of r a d i c a l p o l y m e r i z a t i o n (Rp) of MMA 

i s laways l a r g e r than t h a t of St (30, 31). However, a c c o r d i n g to 
Asahara et a l . (32), R p of St was l a r g e r by 3 times or more than 
MMA, when the p o l y m e r i z a t i o n s were c a r r i e d out i n the m i c e l l e s 
formed by ABS. The hard St was i n c o r p o r a t e d e a s i e r i n the hard 
HA by ABS, than the s o f t MMA. Furthermore, the n e g a t i v e l y c h a r g 
ed p h e n y l group of St c o u l d be e a s i l y adsorbed on the p o s i t i v e l y 
charged phen y l group of ABS mo l e c u l e . 

I n v e r s e l y , PSS-Na gave the much l a r g e r Rp of MMA than t h a t of 
S t . For example, when a m i x t u r e of 0.1 g of PSS-Na(P n 85) d i s 
s o l v e d i n 5 cm 3 o f H2O and 3 cm 3 o f monomer was shaken a t 85°C f o r 
3 h, the c o n v e r s i o n o f MMA was 41.0 %, w h i l e t h a t of St was o n l y 
20.2 %. 

(4) I n h i b i t i o n o f the P o l y m e r i z a t i o n w i t h P o t t a s i u m F l u o r i d e . 
As can be seen i n F i g . 13, p o t t a s i u m f l u o r i d e c o u l d i n h i b i t 

the p o l y m e r i z a t i o n of MMA i n i t i a t e d w i t h PSS-Na. T h i s i s due to 
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the a d s o r p t i o n of f l u o r i d e a n i o n on the p o s i t i v e l y charged p a r t o f 
MMA. The l o o s e complex o f MMA w i t h F~ was too s o f t t o be i n c o r 
p o r a t e d i n the HA formed by PSS-Na. Furthermore, the complex 
c o u l d not be adsorbed on the s u l f o n a t e group, even i f the i n c o r p o 
r a t i o n i n t o the HA was p o s s i b l e i n a s m a l l e x t e n t . A c c o r d i n g l y , 
the i n i t i a t i o n r e a c t i o n d i d not take p l a c e . 

6. A Proposed Mechanism of I n i t i a t i o n . 
The i n i t i a t i o n mechanism i n the system of PSS-Na and MMA was 

co n s i d e r e d to proceed as shown i n Scheme 1 (20 ) . 

Scheme 1. Proposed mechanism of the initiation reaction of the polymerization 
of MMA with PSS-Na 
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PSS-Na c o u l d i n i t i a t e the p o l y m e r i z a t i o n o f S t . The mecha
nism i s assumed as Scheme 2 (20). 

0 Na 
1 

S02 Charge 
JL transfer 

p > 

0 Na+ 

1 
S0o Proton 

transfer 

0 Na 
1 
S0o 

SO, CH 

Na+0 CH0 

CH SO, 

CH2 0~ Na Na 0" CH2 

SO, - C ^ © -CH SO, 
+ i 2 ii i Q i 2 

so, .c 
CH^ 0 Na Na+0 CH0 

•CH S02 

CH3 0" Na+ 

Scheme 2. Proposed mechanism
styrene by PSS-Na 

(23): 
The i n i t i a t i o n mechanism w i t h PVPA was proposed as f o l l o w s 

-CH5—CH . 

{ ? O-R V C H3 

0 11 

CH2 

ESS 

Transfer 
of H-

~CH 2—CH 

Q 0 7 \ 
• ? V * 

CH2 

0^ c—0-R 
I 
•C-CH3 

HCH2 

M i 

-^CH^-CH—^ -
Q ° / P V 0^^-0-R 

V V " " ' C H ! 

CH0 

ESS 

Transfer 
of H-

-CH 2—CH—^ . 

Q07\ 
* X 

p. 

11 
CH, 

0 ^ 0 - R 

•C-H 
HCH„ 

M , 

R : CH3> C2H5 Q : H, CH^CI, CH2CH2OH 

Scheme 3. Proposed mechanism for the initiation with PVPA 
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Conclusion 

A study on the process of the uncatalyzed polymerization was 
made. The conclusion was as follows; (1) The hydrophilic macro-
molecules form hydrophobic areas (HA) in the water phase; (2) Into 
the HA, vinyl monomers are incorporated; (3) Then, the radical 
polymerization starts in the HA. A new concept was proposed; 
HA are put in order from hard to soft HA, according to their 
hydrophobicities, and hard or soft vinyl monomer can be the most 
easily incorporated into the HA having corresponding hardness or 
softness. Experimental verifications for this concept were 
obtained. 
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Chemical Modifications of Polymers—Mechanistic 

Aspects and Specific Properties of the Derived Copolymers 

J. C. GALIN 
Centre de Recherches sur les Macromolecules (CNRS) 6, rue Boussingault, 
67083 Strasbourg-Cedex, France 

1. Introduction 

Chemical modification of polymers (1) still remains a field of 
continuously increasing importance in macromolecular chemistry. In 
spite of its high diversification, it may be divided into 2 distinct 
but complementary main research lines : a) the fundamental study 
of the chemical reactivity of macromolecular chains ; b) the syn
thesis of new homopolymers and copolymers, and the functionaliza
tion of linear or crosslinked polymers. Some of these facets have 
been reviewed in the last years (2-6), and the purpose of this 
presentation is to illustrate a number of characteristic topics 
both from fundamental and applied points of view, through some li
terature data and through our own studies on nucleophilic substi
tution of polymethylmethacrylate (PMMA). 

2. Theoretical framework of the analysis of the chemical reactivity 
of macromolecular chains 

Quite recently, Plate and Noah(7) have critically discussed 
all the theoretical aspects of macromolecular chain reactivity, 
and we summarize below the main conclusions related to the proces
ses of interest in our studies : kinetically controlled irreversi
ble reaction of a low molecular weight compound R on an homopoly-
mer An, involving a single monomeric unit A. 
In most cases the chemical transformation of a polymer An+R->An_xBx 

in homogeneous solution cannot be identified with the same reac
tion on a monomeric model compound A+R->B, and the main differences 
may be classified into 3 categories : a) Neighbouring group effects 
implying various types of interactions - often depending on tacti
city (8) - between the reaction site A and its 2 vicinal units ; 
they lead to different kinetic constants : k0(AAA)̂ kj(AXB)#t2(BAB). 
A limiting case is intramolecular cyclization in AB or BB dyads 
leading to new reaction products(8,9a). b) Solvation effects: the 
polarity of the micr©environment of the reaction site A(1_0) is a 
complex function of the nature of its vicinal units, of the concen
tration and of the polymer-solvent interactions. 

0-8412-0540-X/80/47-121-119$05.00/0 
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120 MODIFICATION OF POLYMERS 

c) C o n f o r m a t i o n a l e f f e c t s ; as the r e a c t i o n p r o g r e s s e s , the i n t r i n 
s i c p r o p e r t i e s o f the c h a i n ( s t e r i c h i n d r a n c e , r i g i d i t y , e xpansion 
i n the s o l v e n t . . . ) are c o n t i n u o u s l y m o d i f i e d , l e a d i n g t o p o s s i b l e 
k i n e t i c p e r t u r b a t i o n s , as a r e s u l t of c o n f o r m a t i o n a l t r a n s i t i o n 
f o r i n s t a n c e . 

S i n c e the p i o n n e e r i n g work of K e l l e r (U) i n 1962, t h e o r e t i c a l 
s t u d i e s of the r e a c t i v i t y of macromolecules have been s t e a d i l y de
ve l o p e d . They take i n t o account s o l e l y n e i g h b o u r i n g group e f f e c t s , 
i n most cases r e s t r i c t e d t o the v i c i n a l u n i t s (8b, 12-15),but r e 
c e n t l y broadened t o c o o p e r a t i v e e f f e c t s a t l o n g e r d i s t a n c e (15,16). 
I n s p i t e o f t h i s o v e r s i m p l i f i c a t i o n , i t can be assumed t h a t a good 
t h e o r e t i c a l framework emphasizing the major r o l e of the r a t i o s of 
the 3 k i n e t i c c o n s t a n t s kg:kj:k2» has now been e l a b o r a t e d ; i t a l 
lows a q u a n t i t a t i v e d e s c r i p t i o n of r e a c t i o n s on polymers from 3 
r e l a t e d p o i n t s o f view  a) k i n e t i c a n a l y s i s and l i m i t i n g y i e l d s 
(9b) ; b) c o m p o s i t i o n a l
t i o n (13,18,19) of the

Table 1 - Overview of c o o p e r a t i v e e f f e c t s on macromolecular c h a i n 
r e a c t i v i t y 

N e i g h b o u r i n g 
group e f f e c t s 

one s i n g l e r a t e 
c o n s t a n t 
k 0 = k l = k 2 

t h r e e d i f f e r e i 

kg<kj<k2 

i t r a t e c o n s t a n t s 

kQ>kj>k2 
K i n e t i c s pure random 

pr o c e s s e s 
a u t o a c c e l e r a -
t i o n 

a u t o r e t a r d a t i o n 

C o n v e r s i o n may be q u a n t i 
t a t i v e 

may be q u a n t i 
t a t i v e 

may be l i m i t e d 
k 2=0+DS m=0.666 
k1=k2=0->DSm=0.432 

C o m p o s i t i o n a l 
h e t e r o g e n e i t y 

moderate 
a =DP-l(DS m-Ds2) 

may be q u i t e 
h i g h 

may be v e r y low 

D i s t r i b u t i o n 
of A and B 
u n i t s 

B e r n o u i l l i 
s t a t i s t i c s 

Markov s t a t i s 
t i c s - formation 
of B n b l o c k s 

Markov s t a t i s t i c s 
i s o l a t e d B u n i t s 
between A n b l o c k s 

. D S m = s u b s t i t u t i o n degree i n mole, or molar f r a c t i o n of B u n i t s 
_2 i n the copolymer 

. a = mean square s t a n d a r d d e v i a t i o n t o the average c o m p o s i t i o n . 

E x h a u s t i v e s t u d i e s on w e l l - d e f i n e d systems are r a t h e r s c a r c e 
(4) ; n e v e r t h e l e s s 3 systems t h o r o u g h l y a n a l y z e d by independant 
r e s e a r c h groups are of o u t s t a n d i n g i n t e r e s t : a) the q u a t e r n i z a t i o n 
of p o l y v i n y l p y r i d i n e s b y a l k y l h a l o g e n i d e s (20-25) ; b) the c h l o r i -
n a t i o n of p o l y e t h y l e n e (13,26-28) ; c) the b a s i c o r a c i d h y d r o l y 
s i s of PMMA (29-31). On the o t h e r hand, n e i g h b o u r i n g groups e f 
f e c t s have been q u a n t i t a t i v e l y taken i n t o account f o r the k i n e t i c 
a n a l y s i s of p e r i o d a t e o x i d a t i o n of amylose (32,33). 
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3. N u c l e o p h i l i c s u b s t i t u t i o n of p r i m a r y o r g a n o l i t h i u m reagents on 
PMMA (34-36) 

SN2 r e a c t i o n s of p r i m a r y o r g a n o l i t h i u m compounds on PMMA i n 
d i l u t e homogeneous s o l u t i o n may be c o n s i d e r e d as a model system 
where a l l the i mportant r e a c t i o n parameters may be c o n t r o l l e d ; 
they a l l o w b o t h a q u a n t i t a t i v e a n a l y s i s o f PMMA c h a i n r e a c t i v i t y 
and the s y n t h e s i s of w e l l d e f i n e d k e t o n i c copolymers w i t h i n a wide 
range of p o s s i b l e s t r u c t u r a l v a r i a t i o n s . The two homologous s e r i e s 
of o r g a n o l i t h i u m compounds and the c o r r e s p o n d i n g r e a c t i o n c o n d i 
t i o n s we s e l e c t e d are g i v e n below : 

S u l f u r s t a b i l i z e d c a r b a n i o n s H e t e r o c y c l e s t a b i l i z e d c a r b a n i o n s 

I C 6 H 5 S C H 2 L i a) 25°C V I ^ ^ - C H 2 L i 
I I CH SOCH ?Na f ^ ^ N ^
I I I C H 3 S 0 2 C H 2 L i | b >

 25'60° " C O 
IV ( C H 3 ) 2 N S 0 2 C H 2 L i c) 25,60°C V I I I C H 2 L i 
V CH O S 0 9CH L i a) -78°C — 0 -N v 

2 IX V c H 2 L i 
a) THF ; b) DMSO ; c) THF + HMPA 1 S 

The r e a c t i o n s were c a r r i e d out i n d i l u t e homogeneous s o l u t i o n i n 
d i p o l a r a p r o t i c s o l v e n t s ([ester]Q=0.2-0.4 m o l e . l " * ) u s i n g s t e r e -
o r e g u l a r (pure I or S) or p r e d o m i n a n t l y s y n d i o t a c t i c r a d i c a l (R) 
PMMA, p o l y m e t h y l a c r y l a t e (PMA) and r a d i c a l a z e o t r o p i c s t y r e n e -
MMA copolymer (PSMMA, MMA m o l e . f r a c t i o n = 0.47) as w e l l as model 
monomeric ( m e t h y l p i v a l a t e ) and d i m e r i c ( d i m e t h y l g l u t a r a t e ) com
pounds. The o v e r a l l r e a c t i o n i s o u t l i n e d i n the s i m p l i f i e d scheme 

+ 2 RCH 0
 2 H

 h 0* C"0 0 ^ C H o + RCH o+CH o0H 2 > / • 2 3 3 
CH 3 R 

A A A B 
3.1. G e n e r a l survey of the r e a c t i o n p r o c e s s . 

The main c o n c l u s i o n s of a p r e v i o u s study (34) may be summari
zed as f o l l o w s : 
- I n no case does the p r o c e s s stop at the k e t o stage B as a r e s u l t 
of the i n i t i a l SN-2 step ( r e a c t i o n 1), but i t proceeds f u r t h e r t o 
k e t o - e n o l a t e B~ f o r m a t i o n through p r o t o n a b s t r a c t i o n by the more 
b a s i c R C H 2 L i s p e c i e s ( r e a c t i o n 2) ; c a r b o n y l a d d i t i o n ( r e a c t i o n 3) 
was never observed : see r e a c t i o n scheme. T h i s b e h a v i o u r was not 
expected f o r the r e a c t i o n C^H SCH^Li/PMMA t a k i n g i n t o account t h a t 
of the model system C 6H_SCH 2Li/(CR^)«C CO^CH^ ; i t has to be c o n s i 
dered as a s p e c i f i c f e a t u r e of the PMMA c h a i n . Moreover, keto-eno
l a t e f o r m a t i o n g i v e s to the copolymer an i n c r e a s i n g a n i o n i c c h a r a c 
t e r as the s u b s i t u t i o n p r o g r e s s e s and r e s t r i c t s i t s s o l u b i l i t y to 
h i g h l y d i p o l a r a p r o t i c solvents(DMSO, HMPA). 
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/ 
CH 0 

/ 

RCHo 

( 0 

< A > 0*>CH / 

+RCHn 

-*> CH 30 

> c - o - o ' c r c " ^ R 

C'H3
 C V 

- I n smooth r e a c t i o n conditions(t°C < 25, [ R C H 2 L i ] 0 / [ e s t e r ] 0 < l . 5 ) t h e 
p r o c e s s i s remarkably f r e e from s i d e r e a c t i o n s , the s u b s t i t u t i o n 
o c c u r s s e l e c t i v e l y on the e s t e r f u n c t i o n w i t h o u t any r a c e m i z a t i o n , 
d e g r a d a t i o n or c r o s s l i n k i n g ; l e a d i n g a f t e r a c i d i f i c a t i o n t o k e t o - g -
f u n c t i o n a l i z e d COCH2R u n i t s . 
- I n more d r a s t i c r e a c t i o
>1.5), i n t r a m o l e c u l a r c y c l i z a t i o

i n 3.2.3) does appear t o a v e r y low e x t e n t (0.02 molar f r a c t i o n ) , i n 
sharp c o n t r a s t t o n e a r l y q u a n t i t a t i v e c y c l i z a t i o n on d i m e t h y l g l u -
t a r a t e . C a r b o x y l a t e f o r m a t i o n (OCH^ s c i s s i o n ) m a y occur to an extent/as 
h i g h as 0.15 molar f r a c t i o n f o r s y n d i o t a c t i c copolymers a t 60°C, 
but the - C 0 2 H u n i t s may be s e l e c t i v e l y and q u a n t i t a t i v e l y m e t h y l a 
te d by CH^N^, i n t o the o r i g i n a l e s t e r f u n c t i o n . 
- The l i m i t i n g molar s u b s t i t u t i o n degree (DS m o b t a i n e d f o r [ R C H 2 L i ] 0 

/ [ e s t e r ] Q = 3 and r e a c t i o n time = 20 hours) depends on the RCH^Li / 
polymer or model system as shown i n t a b l e 2. 

Table 2 - L i m i t i n g molar s u b s t i t u t i o n degree f o r v a r i o u s R C H 2 L i / 
PMMA or model systems 

R-CH 2Li t°C model a) 
I 

PMMA b) 
R S 

PMA PS+MMA 

I I , I I I , I \ 
VI and VI] 

V 
V I I I 

1 25 
1 60 
-78 c 
-15 Q 

1 

) 1 
) 0.8 
i 

0.85 
0.95 

0.59-0.66 
0.80 
0 

0.45 

0.73 
0.98 1 

a) ( C H 3 ) 3 C C 0 2 C H 3 , [ R C H 2 L i ] Q / [ e s t e r ] 0 = 1.1 
b) PMMA-I and S : >97 % I and S t r i a d s r e s p e c t i v e l y . PMMA-R (M n = 

6 . 7 x l 0 4 ) : I = 0.05, H = 0.37 and S = 0.58. 
c) The R C H 2 L i s p e c i e s are not s t a b l e a t t°C h i g h e r than -78 and 
-15 f o r V and VIII r e s p e c t i v e l y . 

SN 9 r e a c t i o n s of p r i m a r y s t a b i l i z e d o r g a n o l i t h i u m compounds on 
p o l y a l k y l m e t h a c r y l a t e s a f f o r d s a v e r y v e r s a t i l e s y n t h e t i c r o u t e t o 
model k e t o n i c copolymers : s u b s t i t u t i o n i s s e l e c t i v e and q u a n t i t a 
t i v e up to DS m o f 0.60,and i t i s e a s i l y m onitored by the i n i t i a l 
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[ R C H ^ L i l Q / C e s t e r ] ^ r a t i o . A s e r i e s of s t r u c t u r a l l y r e l a t e d c o p o l y 
mers of the same DP and same t a c t i c i t y as the p o l y m e r i c p r e c u r 
sor may be o b t a i n e d , flariati ons on R a l l o w c l e a n i n t r o d u c t i o n of 
complex COCR^R groups of s p e c i f i c p r o p e r t i e s (see 4) i n a polyme-
t h a c r y l i c backbone. G e n e r a l i z a t i o n of t h i s p r o c e s s to the p o l y a l -
k y l a c r y l a t e s e r i e s i s not p o s s i b l e w i t h o u t simultaneous c h a i n de
g r a d a t i o n (34) : 

RCH n 

0 0 I 
R f 

The use of s t e r i c a l l y h i n d e r e d secondary o r g a n o l i t h i u m r e a g e n t s , 
such as (C^H^^CH L i , d r a s t i c a l l y f a v o r s the O - a l k y l s c i s s i o n of 
thejbster group (37) ; f i n a l l y
non e n o l i z a b l e k e t o f u n c t i o n
such as C^H^Li, promote c o m p e t i t i v e and consecutivejreactions r e s u l
t i n g i n complex copolymers of p o o r l y d e f i n e d s t r u c t u r e (38,39) : 

/ / k f C,H k / C H 
CH 3 CH 3

 1 CH 3 CH 3
 C 6 H 5 

r = k j / k 2 

.-3 2.85/RT r r = 0.016 a t 20°C (CH 3) 3CCO-OCH 3 r = 0.12x10^ e ^ / R T {\ = Q ^ a t _ 7 g 0 , 
S.M&A.S r = 0.35 a t 20°C 
MMA.M&A.MMA r < 1 a t 20°C 

On the o t h e r hand, the n i t r i l e f u n c t i o n may be a good p r e c u r s o r 
f o r the k e t o - g - f u n c t i o n a l i z e d group CO CH 2R ; n e v e r t h e l e s s t h i s 
p r o c e s s v a r i a t i o n i s r e s t r i c t e d t o copolymers b e a r i n g i s o l a t e d 
m e t h a c r y l o n i t r i l e u n i t s to a v o i d d e g r a d a t i o n (no t e r t i a r y e n o l i z a 
b l e H atom) and c y c l i z a t i o n of the CN bonds : 

3.2. R e a c t i o n k i n e t i c s and s t r u c t u r a l c h a r a c t e r i s t i c s of the modi
f i e d PMMA. 

3.2.1 - R e a c t i o n k i n e t i c s . E x p e r i m e n t a l measurements c a r 
r i e d out a t 25°C, as d e t a i l e d elsewhere ( 2 5 ) , l e a d t o the v a l u e s 
of the k i n e t i c c o n s t a n t s k n (AAA), k.(AAB ) and k 9(B-&B -) g i v e n i n 
t a b l e 3. 
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Table 3 - R e a c t i o n r a t e s of SN 0 s u b s t i t u t i o n f o r v a r i o u s R O T 0 L i / 

Reagent S o l v e n t PMMA 
t a c t i c i t y x?02 

k l 
1.mole 

k 9 

- 1 mn-1 
k Q : k, : k 2 

CH 2SOCH 2~Na + DMSO R 41 2.8 0.5 1:0.068;0.01. 

( I 56 56 0.6 1:1:0.011 
C H 3 S 0 2 C H 2 L i + DMSO * : . 10 0.6 * 0 1:0.06:0 

( C H 3 ) 2 N S 0 2 C H 2 L i + THF + 
HMPA 

R 1.55 0.32 = 0 1:0.21:0 

[ E s t e r ] Q = 0.3 m o l e . l " 1 , [ R C H 2 ] Q / [ E s t e r ] 0 = 2 

In a l l cases th  s u b s t i t u t i o  i  c h a r a c t e r i z e d b
a u t o r e t a r d e d k i n e t i c s ,
the main f a c t o r d e t e r m i n i n g  importanc  n e i g h b o u r i n g 
group e f f e c t s . F or PMMA-S and R, k 2^0 i m p l i e s a l i m i t i n g D S m v a 
l u e of 0.66 (9b) i n f a i r l y good agreement w i t h the e x p e r i m e n t a l 
d a t a . The l i m i t i n g DS m of 0.45 o b t a i n e d f o r the r e a c t i o n of V I I I 
on PMMA-R a t t°C <-15 suggests t h a t k =k ?=0 ( c a l c . l i m i t i n g D S m 

= 0.43, 9b). 

A l l these k i n e t i c f e a t u r e s may be r e a d i l y taken i n t o a c 
count w i t h i n the 3 f o l l o w i n g assumptions : a) because of lower 
s t e r i c h i n d r a n c e , i s o t a c t i c t r i a d s ^ e x h i b i t a ^ b e t t e r a c c e s s i b i l i t y 
than the s y n d i o t a c t i c ones : kQ(A mA mA)>k^(A rA rA) ; b) a u t o r e t a r 
ded k i n e t i c s a r i s e s from i n c r e a s i n g s t e r i c h i n d r a n c e around the 
r e a c t i o n s i t e s as the s u b s t i t u t i o n proceeds f u r t h e r , and from 
e l e c t r o s t a t i c r e p u l s i o n between the a n i o n i c reagent j£RCH2~) and 
the m o d i f i e d n e g a t i v e l y charged c h a i n (AAB~ and AAB~AB~) ; c) t h i s 
e l e c t r o s t a t i c e f f e c t i s p a r t l y c a n c e l e d i n i s o t a c t i c t r i a d s by 
an c h i m e r i c a s s i s t a n c e of the s u b s t i t u t e d B" u n i t t o the SN 9 step 

3.2.2 - C o m p o s i t i o n a l h e t e r o g e n e i t y of the s u b s t i t u t e d 
PMMA : For a l l systems i n v e s t i g a t e d ( 3 6 ) , the s u b s t i t u t e d PMMA 
are c h a r a c t e r i z e d by a f a i r l y h i g h c h e m i c a l homogeneity over the 
whole range of DS m(DS m<0.76), q u i t e comparable t o t h a t of a r a d i 
c a l a z e o t r o p i c S-MMA copolymer (40) (a = 1.6x10"^). The mean 
square s t a n d a r d d e v i a t i o n a r e l a t e d t o two copolymers o f DP n = 
700 d e r i v e d from PMMA-R have been e s t i m a t e d by "cross f r a c t i o n a 
t i o n " (36) : see t a b l e 4 and f i g u r e 1. 

Table 4 - C o m p o s i t i o n a l h e t e r o g e n e i t y of s u b s t i t u t e d 
- - 10* 

PMMA 

B u n i t s 
COCH 2S0 2N(CH 3) 2 

C 0 C H 2 - < S n < 

DS 
0.366 
0.300 

ca l c . 
exp 1:1:1 
2.2 3. 1 
5.6 3. 1 

" k o : k i 
1:0.2:0 

1.0 
1.0 
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D S m 

Figure 1. Compositional distribution of a predominantly syndiotactic copolymer 
bearing COCH2S02N(CH3)2 units (DPn = 650, DSm = O 366) from precipitation 
fractionation data. System I (%): CHCl3—Et20; system II (O): DMF—H20 + 
O, 5 % NH+Cl; cross fractionation (±): intermediate fractions obtained from sys

tem II are further fractionated according to System I. 

In Modification of Polymers; Carraher, C., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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—2 
A b e t t e r agreement between e x p e r i m e n t a l and c a l c u l a t e d o* v a l u e s 
cannot be r e a s o n a b l y expected because of the w e l l known d i f f i c u l 
t i e s of a c c u r a t e d e t e r m i n a t i o n of low c o m p o s i t i o n a l h e t e r o g e n e i t y 
on p o l y d i s p e r s e copolymers ( 4 J ) . Both the h i g h m o l e c u l a r weight 
of the PMMA p r e c u r s o r and the a u t o r e t a r d e d k i n e t i c s c o n t r i b u t e 
t o the na r r o w i n g of the c o m p o s i t i o n a l d i s t r i b u t i o n , but t h e i r r e 
l a t i v e i n f l u e n c e cannot be e s t i m a t e d s e p a r a t e l y . 
3.2.3 - U n i t d i s t r i b u t i o n i n the s u b s t i t u t e d PMMA (35) was i n v e s 
t i g a t e d by two independant methods : a) D i r e c t a n a l y s i s of copo
lymer m i c r o s t r u e t u r e by'H-NMR a t 250 MHz ; the NMR spectrum (py
r i d i n e s o l u t i o n a t 80°C) a re s u f f i c i e n t l y w e l l r e s o l v e d t o a l l o w 
a q u a n t i t a t i v e a n a l y s i s of u n i t d i s t r i b u t i o n , i n terms of A cen
t e r e d t r i a d s and i s o l a t e d B u n i t s i n ABA t r i a d s , b) UV s t u d i e s of 
the i o n i z a t i o n and of the i n t r a m o l e c u l a r c y c l i z a t i o n of the B~B 
and B~B~ dyads i n p r o t i c b a s i c media (NaOH-H 0 O.IN  NaOMe-MeOH 
O.IN) : i n such a mediu
are the s i t e of a comple
r e a c t i o n s we have c o m p l e t e l y e l u c i d a t e d ( 3 5 ) . The f i r s t s t e p i s 
of i n t e r e s t w i t h r e s p e c t t o B u n i t d i s t r i b u t i o n : 

R CH" 
I 
R 

X % 250 nm max— 

c 0* C vC* C vCH w i t h R=S0 2CH , 

- ° H " + I ' S0,H(CH,) (4) 
i s o s b e s t i c p o i n t 

1 
a t 270 nm 

R 
X 

3'2 

max 320 nm 

The c y c l i z a t i o n r a t e k c i s h i g h e r f o r B""B than f o r B"B" dyads and 
a d r a s t i c i n f l u e n c e of t a c t i c i t y i s observed, the meso dyads b e i n g 
by f a r more r e a c t i v e than the racemic ones,as expected ( 8 ) . Some 
c h a r a c t e r i s t i c K Q v a l u e s measured a t 20°C i n NaOH 0.1 N f o r d i f f e 
r e n t systems are c o l l e c t e d i n t a b l e 5. 
Table 5 - I n t r a m o l e c u l a r c y c l i z a t i o n r a t e s o f BB dyads i n m o d i f i e d 

PMMA 
B u n i t s 

(CH ) 1 5 2 

^ COCH 2S0 2N(CH 3) 

C0 C H 2 S 0 2 N ( C H 3 ) 2 

COCH 2S0 2CH 3 

T a c t i c i t y 

I 
I 
R 
S 

DS 

0.856 
0.688 
0.517 
0.398 

k c ( B ~ B ) f h -1 

2.35 
4. 1 
4.1 
0.24 

k c ( B B )x!0 ,h 

42.8 

8 
38 
0.72 
0.65 

The amount of u n c y c l i z e d B u n i t s may be c o r r e l a t e d w i t h the B d i s 
t r i b u t i o n , i l l u s t r a t e d by the f r a c t i o n F(ABA) of i s o l a t e d B u n i t s 
f o r i n s t a n c e , a l l o w i n g a d i r e c t comparison w i t h *H-NMR d a t a . 

In Modification of Polymers; Carraher, C., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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The e x p e r i m e n t a l r e s u l t s of the two methods a) and b) a p p l i e d t o 
copolymers b e a r i n g COCI^SC^CH^ and COCR^SC^NCCH^)^ groups are i n 
f a i r l y good agreement , as shown i n F i g u r e 2 ; f o r i s o t a c t i c c o p o l y 
mers the d i s t r i b u t i o n of B u n i t s i s n e a r l y b e r n o u i l l i a n , as expec
ted from the k i n e t i c s kg=kj ; f o r s y n d i o t a c t i c copolymers B u n i t s 
tend t o be i s o l a t e d between A b l o c k s , and t h e i r d i s t r i b u t i o n i s 
q u i t e c o m p a t i b l e w i t h t h a t c a l c u l a t e d taken i n t o account the c o r 
r e s p o n d i n g a u t o r e t a r d e d k i n e t i c s (k Q>kj»k2 - 0 ) . 

To c o n c l u d e , k i n e t i c measurements and s t r u c t u r a l a n a l y s i s 
of the copolymers have a l l o w e d a q u a n t i t a t i v e and s e l f - c o n s i s t e n t 
d e s c r i p t i o n of the r e a c t i o n of R C I ^ L i s p e c i e s on PMMA t a k i n g 
i n t o account PMMA c h a i n r e a c t i v i t y through the s i m p l i f i e d model 
of the n e a r e s t n e i g h b o u r i n g group e f f e c t s . Two main f e a t u r e s are 
p a r t i c u l a r l y r e l e v a n t : the d e f i n i t e i n f l u e n c e of t a c t i c i t y , and 
the independance of th  r e a c t i o  th l charg f 
the copolymer. I n t h i s sense
to the PMMA b a s i c h y d r o l y s i  presenc  (29,31)

4. Tautomerism of k e t o - g - h e t e r o c y c l e s on macromolecular c h a i n s 

Copolymers b e a r i n g k e t o - g - h e t e r o c y c l i c u n i t s COCH^Het are 
good systems f o r the comparative study of the s p e c i f i c t a u t o m e r i c 
e q u i l i b r i u m of the B u n i t s (42) on model compounds (CH^)^CCOC^Het. 

and on w e l l d e f i n e d macromolecular c h a i n s : 
0 N 0-H. 0...H 0-...H 
M // > k / %* . \ ^ / \ + 

- C - C H - c ; <£=r -c N -c R < J = > -C . N 
2 *CH-C'0 VCH= C/J *CH-c£j 

ketone c h e l a t e d e n o l c h e l a t e d enamine d i p o l a r form 
I n g e n e r a l , o n l y one conjugated tautomer i s i n e q u i l i b r i u m w i t h 
the k e t o form. 

Tautomerism on polymer should be q u i t e s e n s i t i v e t o n e i g h 
b o u r i n g group e f f e c t s ( c o m p o s i t i o n and u n i t d i s t r i b u t i o n , s t e r i c 
h i n d r a n c e and t a c t i c i t y ) and to the microenvironment p o l a r i t y i n 
s o l u t i o n ( c o p o l y m e r - s o l v e n t i n t e r a c t i o n s , c r i t i c a l c o n c e n t r a t i o n 
c* of c o i l i n t e r p e n e t r a t i o n ) . The d e t e r m i n a t i o n of the tautome
r i s m c o n s t a n t K T = ( t o t a l conjugated f o r m s ) / ( k e t o form) i n d i l u t e 
(c<C K) and s e m i - d i l u t e (c>c K) s o l u t i o n from *H-NMR a t 250 MHz and 
from UV s p e c t r o s c o p y has been r e p o r t e d elsewhere (39,43). The f o l 
l o w i n g s p e c t r o m e t r i c d a t a r e l a t e d to k e t o - 2 - p i c o l y l and k e t o - q u i -
n a l d y l s t r u c t u r e s are q u i t e i l l u s t r a t i v e : 

a) k e t o - 2 - p i c o l y l group (%g) : k e t o n e ^ * c h e l a t e d e n o l 

b) k e t o - q u i n a l d y l group (43) : ketone^=j>chelated enamine 

In Modification of Polymers; Carraher, C., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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Figure 2. Distribution of isolated B units for various modified PMMA. Calcu
lated for bernouillan (k0 = k, = k2) and for markovian (k0: : k 2 = I ; 0,2 : 0,01) 
copolymers. B unit = COCH2S02CH3 : I-UV (A); S-W-NMR, (*); and S-UV 
(U)- B unit = COCH2S02N(CH3)2 : I-'H-NMR (+); I-UV (A); and S-UV (\J) 

In Modification of Polymers; Carraher, C., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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^ f - j6(CH 2CO)=4.0-4.1 ppm /6(CH=)=5.4-5.5 ppm 

°*<k W<H 6)«8.2-8.3 PPm 0 ^ C C H S 6 ( H 6 ) = 8 - 4 " 8 - 5 P P m 

' 2 ' U ( O H ) =15.1 ppm 

6 (X =263 nm " 6
 ( X = 320 nm 

-r ^ ~~ T T J max , *) max I n CF oC0 oHsol.S _, o n n n -1 TT -> TT < , , . 3 2 le=7800 l.mole . l e depends on copolymer 
cm~^ s t r u c t u r e 

'A =319 nm * "} #X = 420 nm 

cm ^ s t r u c t u r e 

6(CH 0CO)=4.1-4.2 ppm J, / 6(CH=)=5.5-5.6 ppm 
0 CH 2 \ 6(H 4)=8.1-8.2 ppm QT CH ^ 6(H 3> =6.9-7.0 ppm 

S <^ ? /A =Jiy nm ft i [A = 4ZU nm -r /n-n I T i J m a x Hs«^*l max In CF oC0 oH sol/S ,^ i r k^ , . _ i TT -> 7T < , , .. 3 2 le=10100 l.mole 1 l e depends on copolymer 
cm~* s t r u c t u r e 

4.1 - K e t o - g - o x a z o l i n e s and k e t o - g - t h i a z o l i n e s ( 4 3 ) 

At 25°C, the k e t o - g - o x a z o l i n e (from V I I I ) and k e t o - g - t h i a -
z o l i n e (from IX) are n e a r l y e x c l u s i v e l y (>90 %) i n the c h e l a t e d 
enamine form b o t h f o r model compounds and c o p o l y m e r s , e i t h e r i n 
b u l k or i n most s o l v e n t s over a wide range of p o l a r i t y (from CHCl^ 
to DMSO). The k e t o form does appear o n l y i n v e r y s t r o n g hydrogen 
bonding donor s o l v e n t s l i k e t r i f l u o r o e t h a n o l (TFE). 

4.2. - K e t o - 2 - p i c o l i n e s (P)(33) and a k e t o - q u i n a l d i n e s (Q)(i3) 

These k e t o - f t - h e t e r o c y c l i c s t r u c t u r e s are w e l l s u i t e d f o r 
tautomerism study , and the main c o n c l u s i o n s of our s t u d i e s are 
summarized below : 

- For the model compounds s t u d i e d a t 30°C a t a c o n s t a n t c o n c e n t r a 
t i o n of 0.3 mole.l""^ i n 18 d i f f e r e n t s o l v e n t s c o v e r i n g a v e r y 
broad range of p o l a r i t y from hexane t o t r i f l u o r o e t h a n o l , ^ i s 
s y s t e m a t i c a l l y h i g h e r ( a b o u t one o r d e r of m a g n i t u d e ) f o r the q u i n a l -
d y l than f o r the 2 - p i c o l y l k e t o n e , a n d L n K T i s a l i n e a r l y d e c r e a s i n g 
f u n c t i o n of the s o l v e n t p o l a r i t y parameter E T d e f i n e d by Dimroth 
(44) : f i g . 3. The k e t o form i s fa v o u r e d i n h i g h l y p o l a r s o l v e n t s 
and i s the e x c l u s i v e form i n s o l v e n t s a b l e to complex the h e t e r o -
c y c l e n i t r o g e n e i t h e r by s t r o n g hydrogen bonding, l i k e TFE, or by 
ac i d - b a s e r e a c t i o n , l i k e HC0 2H or CF 3C0 2H. 
t . b u t y l - 2 - p i c o l y l ketone : 1 ^ % = -0.123 E T+4.03 ( R 1 8 = 0.991) 
t . b u t y l - q u i n a l d y Ike tone : = -0.0864 E T+4.85 ( R J 3 = 0.972) 

In Modification of Polymers; Carraher, C., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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Figure 3. Variations of the tautomerism equilibrium constant KT ([B] = 0.3 
mole • l'1, 30°C) of t-butyl-2-picolyl (•) and quinaldyl (A) ketones vs. solvent 
polarity. (DME) dimethoxyethane; (CPG) propyleneglycol carbonate; (NMF) 

N-methylformamide; (F) formamide. 

In Modification of Polymers; Carraher, C., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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- I n semi d i l u t e ( c > c , [B] = 0 . 3 - 0 . 5 mole.l"" 1) or d i l u t e (c< c , 
[B] = 1 0 ~ 2 mole.l"-'-) s o l u t i o n , Κ,ρ i s s i g n i f i c a n t l y g r e a t e r f o r co
polymers than f o r the model compounds whatever the s o l v e n t i s . For 
s e m i - d i l u t e s o l u t i o n i n a g i v e n s o l v e n t , the complex i n f l u e n c e s of 
c o m p o s i t i o n , u n i t d i s t r i b u t i o n and t a c t i c i t y do not r e s u l t i n d e f i n i 
t e t r e n d s on 1^ v a l u e s , as i l l u s t r a t e d i n t a b l e 6 by some r e p r e 
s e n t a t i v e KIJ, d a t a r e l a t e d t o k e t o - 2 - p i c o l y l s t r u c t u r e s at 2 5 ° C . 

Table 6 - Tautomerism of k e t o - 2 - p i c o l y l f u n c t i o n s on PMMA-copoly-
mers 

DS P y r i d i n e (E T=40.2) DMS0(E T » 
m % ketone *T % ketone ΔΗ k c a l . m o l e a) 

Model 69.4 
R-0.129 50.0 
R-0.313 49.0 1.04 51.1 0.96 
R-0.538 51.0 0.96 51.2 0.99 
R-0.615 46.4 1. 15 49. 1 1.03 
S-0.298 50.0 1.0 46.4 1. 15 - 3.68 
1-0.311 45.0 1.22 34.8 1.87 - 0.82 

a) ΔΗ e n t h a l p y of e n o l i z a t i o n measured i n d i l u t e s o l u t i o n ( [ B ] 
10* ~ z mole. Γ " 1) between 25 and 145°C. 

I n d i l u t e s o l u t i o n , the dépendance of L nK,j, on s o l v e n t p o l a r i t y f o r 
copolymers i s d e f i n i t e l y measurable, but i t i s s i g n i f i c a n t l y r e d u 
ced w i t h r e s p e c t to t h a t of the model compounds, by a f a c t o r of 
about 3 f o r a p r e d o m i n a n t l y s y n d i o t a c t i c c h a i n b e a r i n g k e t o - 2 -
p i c o l y l f u n c t i o n s i n the form of i s o l a t e d u n i t s (DS m = 0.129, 
F(ABA) = 0.95 , L nKp = -3.79 χ 10~ 2 E T + 1.86 (R 8 = 0.971) ) : 
see f i g u r e 4. F i n a l l y , e v e n i n h i g h l y p o l a r s o l v e n t s l i k e TFE where 
the model e x i s t s e x c l u s i v e l y i n the k e t o - f o r m , the same copolymer 
has an e n o l c o n t e n t of about 16 % and,moreover, i t shows an impor
t a n t s p e c i f i c a b s o r p t i o n band a t λ = 380 nm which may be t e n t a t i -

A l l these f e a t u r e s are i n c o n t r a s t w i t h the i n v a r i a n c e of the ea 
t e n t of e n o l i z a t i o n of p o l y v i n y l a c e t o a c e t a t e (K^ ^ 0.07) i n s o l 
v e n t s such as CH C 0 2 E t ( E T = 38.1), CHC1^(E T = 39.1), CH^COCEL 
( E T = 42.2) and C H ^ H (Ε χ = 51.2) ( 4 5 ) . 

I n a l l c a s e s , an i n c r e a s e i n temperature s h i f t s the e q u i l i b r i u m 
towards the k e t o form by d i s r u p t i n g the i n t e r n a l Η-bond which i s 
the main s t a b i l i z a t i o n f a c t o r of the e n o l or enamine. The tauton 
r i s m i s more temperature dependant f o r k e t o - q u i n a l d i n e s than f o i 

In Modification of Polymers; Carraher, C., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



132 MODIFICATION OF POLYMERS 

\ 
\ 

\ 
\ 

\ 

--3 40 50 E t \ 60 

Figure 4. Variations of the tautomerism equilibrium constant KT ([B] = 10~2 

mole • l'1, 20°C) of t-butyl-2-picolyl ketone ( ) and of the corresponding 
PMMA-copolymers vs. solvent polarity. Predominantly syndiotactic (S = 0,58) 

copolymer of DSm = 0,123 (%); syndiotactic copolymer of DSm = 298 (A) 

In Modification of Polymers; Carraher, C., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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k e t o - 2 - p i c o l i n e s , and f o r s y n d i o t a c t i c c h a i n s than f o r i s o t a c t i c 
ones. 

Toconclude, the s i g n i f i c a n t d i f f e r e n c e s we have p o i n t e d 
out between the tautomerism of k e t o - 2 - p i c o l y l and k e t o - q u i n a l d y l 
s t r u c t u r e s on model compounds and on w e l l d e f i n e d MMA-copolymers 
s t r o n g l y suggest t h a t tautomerism of w e l l choosen k e t o - f t - h e t e r o -
c y c l e s may be a v a l u a b l e probe f o r the q u a n t i t a t i v e study o f the 
s p e c i f i c c h a r a c t e r i s t i c s of the microenvironment of a g i v e n s i t e 
of a macromolecular c h a i n . The i n c r e a s e d e n o l i z a t i o n and i t s wea
k e r dependance on s o l v e n t p o l a r i t y we have n o t i c e d f o r copolymers 
may be r e a s o n a b l y a t t r i b u t e d t o n e i g h b o u r i n g group and c h a i n e f 
f e c t s which promote h i g h e r s t e r i c h i n d r a n c e and r i g i d i t y and tend 
to l e v e l o f f s o l v a t i o n and p o l a r i t y v a r i a t i o n s around 
the e n o l i z a b l e probe. 

5. Recent advances i n

5.1 - M e c h a n i s t i c and t h e o r e t i c a l a s p e c t s 
(2) 

A few yea r s ago, Harwood — has e x p e r i m e n t a l l y s t u d i e d 
the r e a c t i v i t y of copolymers i n terms of t h e i r s t r u c t u r e , f o c u s i n g 
on the dependance of the r e a c t i v i t y of a g i v e n u n i t on the n a t u r e 
of i t s n e i g h b o u r i n g s t u b s t i t u e n t s . More r e c e n t l y , q u a n t i t a t i v e 
a n a l y s i s of c o o p e r a t i v e e f f e c t s d u r i n g r e a c t i o n s on l i n e a r b i n a r y 
copolymers has been performed by Gonzalez and Hemmer(46,47) m The 
copolymer s e q u e n t i a l s t r u c t u r e i s o b v i o u s l y expected to i n f l u e n c e 
the k i n e t i c s o f c o o p e r a t i v e r e a c t i o n s , and t h e o r e t i c a l models have 
been developed b o t h f o r p e r i o d i c ( a l t e r n a t i n g copolymers) and 
a p e r i o d i c ( B e r n o u i l l i a n , f i r s t and second-order Markov c h a i n s ) 
copolymers. These c a l c u l a t i o n s a l l o w e d a q u a n t i t a t i v e i n t e r p r e t a 
t i o n of the k i n e t i c s of o x i d a t i o n and rep e a t e d o x i d a t i o n of v a r i 
ous p o l y s a c c h a r i d e s , l e a d i n g t o the s e q u e n t i a l a n a l y s i s of two 
imp o r t a n t galactomannanns, guaran and l o c u s t bean gum(^§). 
5.2 - Chemical m o d i f i c a t i o n of polymers as a s y n t h e t i c r o u t e t o 

new polymers and copolymers or f u n c t i o n a l i z e d m a t e r i a l s 

R e a c t i o n s on macromolecular p r e c u r s o r s are most o f t e n the 
key step i n the s y n t h e s i s of s o p h i s t i c a t e d polymers i n v a r i o u s 
w e l l documented f i e l d s of s t e a d i l y i n c r e a s i n g importance such as : 
a) l i n e a r o r c r o s s l i n k e d p o l y m e r i c r e a g e n t s and c a t a l y s t s (2,5,6, 
49) ; b) polymers showing e s t e r o l y t i c enzyme-like p r o p e r t i e s ( 2 , 
49-52Q ; c) p o l y m e r i c drugs (53,54) and so on... Three more spe
c i f i c but s t i l l h i g h l y s i g n i f i c a n t s t u d i e s are o u t l i n e d below. 

5.2.1 - Polyorganophosphazenes - A l l the i n v e s t i g a t i o n s 
c a r r i e d out b e f o r e 1965 to develop t e c h n o l o g i c a l a p p l i c a t i o n s of 
p o l y d i c h l o r o p h o s p h a z e n e (a) f a i l e d because of i t s u n s t a b i l i t y t o 
wards h y d r o l y s i s . N e v e r t h e l e s s complete halogen replacement by 
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SN 2 s u b s t i t u t i o n i n s o l u t i o n w i t h a v a r i e t y of n u c l e o p h i l e s (NuH) 
may be e a s i l y performed : t h i s l e a d s to a v e r y broad range of new 
polyorganophosphazenes (b) of o u t s t a n d i n g s p e c i f i c p r o p e r t i e s 
and h i g h v e r s a t i l i t y (55) 

4 N = Np' U + 2 n N u ~ > + N 1- + 2 n c l " 

(a) 
Nu H = ROH, ArOH, R 2NH 

Some copolymers (Nuj and N u 2 s u b s t i t u a n t s ) are a l r e a d y 
manufactured on an i n d u s t r i a l s c a l e as h i g h performance e l a s t o m e r s 

5.2.2. Chemical m o d i f i c a t i o n of p o l y d i e n e s - The s t u d i e s 
of CAMERON et al . Ob-59J may mngirWpH qui fp r e p r e s e n t a t i v e o f 
r e c e n t t r e n d s i n t h i s v e r

A d d i t i o n i n s o l u t i o n 
of a r y l o r a l k y l s u l f e n y l c h l o r i d e s a c c r o s s the double bond i s 
s e l e c t i v e and may be q u a n t i t a t i v e ; fu r t h e r m o r e i t i s r e g i o s e l e c -
t i v e and y i e l d s b l o c k copolymers f o r p a r t i a l m o d i f i c a t i o n 
(R=H or CH 3) : 

R - R S A r ^ p R -1 

•^CH2-C=CH-CH2J-- + m A r S C l — i v j-CH 2-C-CH-CH 2 J^ 

5.2.3. L i n e a r p o l y ( e t h y l e n i m i n e ) and p o l y ( N - a l k y l e t h y -
l e n i m i n e s ) - L i n e a r p o l y ( N - f o r m y l or N - a c y l e t h y -

l e n i m i n e s ) o b t a i n e d by c a t i o n i c p o l y m e r i z a t i o n of the c o r r e s p o n 
d i n g o x a z o l i n e s may be q u a n t i t a t i v e l y h y d r o l y z e d ( 6 l ) o r reduced(62) 
w i t h o u t d e g r a d a t i o n or c r o s s l i n k i n g : the l i n e a r p o l y ( e t h y l e n i 
mine) (PEI) and p o l y ( N - a l k y l e t h y l e n i m i n e s ) thus o b t a i n e d cannot 
be prepared d i r e c t l y by the c a t i o n i c p o l y m e r i z a t i o n of the c o r r e s 
ponding a z i r i d i n e s which l e a d s to h i g h l y branched s t r u c t u r e s and 
oligomer f o r m a t i o n ( 6 3 ) 

b a s i c h y d r o l y s i s 
> {NH-CH 2-CH 2)- n 

R=H,CHojC^.H_ 
u T^Z : — I T — * -(N-CH0-CH0> b * 
h y d r i d e r e d u c t i o n | 2 2 n 

CH 9 

I 
R 

The h y d r o l y s i s of p o l y a c y l e t h y l e n i m i n e s t o PEI i s the 
key step of the p r e p a r a t i o n of w e l l d e f i n e d b l o c k ( b ) ) and 
g r a f t (g)(65-66) polymers where PEI b l o c k s show i n t e r e s t i n g che
l a t i n g p r o p e r t i e s f o r heavy me t a l i o n s i p o l y ( b u t a d i e n e - b - E I ) , 
p o l y ( b u t a d i e n e - g - E I ) and p o l y ( s t y r e n e - g - E I ) . 
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6. P e r s p e c t i v e s and c o n c l u s i o n s 

6.1. M e c h a n i s t i c and t h e o r e t i c a l a s p e c t s of the r e a c t i v i t y of 
macromolecular c h a i n s i n s o l u t i o n 

F u r t h e r q u a n t i t a t i v e s t u d i e s r e l a t e d to b o t h r e a c t i o n 
k i n e t i c s and copolymer s t r u c t u r e , and performed on w e l l d e f i n e d 
p o l y m e r i c p r e c u r s o r s , are s t i l l n e c e s s a r y i n o r d e r to g i v e , a t 
the e x p e r i m e n t a l l e v e l , a broader and more r i g o r o u s base 
to the t h e o r e t i c a l c a l c u l a t i o n s r e l y i n g on c o o p e r a t i v e e f f e c t s 
r e s t r i c t e d to the n e a r e s t n e i g h b o u r s . Moreover a n a l y s i s of com
p l e x systems have to be c o n s i d e r e d to p o i n t out the n e c e s s a r y 
l i m i t a t i o n s of such a s i m p l i f i e d t h e o r y , and some p a r t i c u l a r 
p o i n t s may be of s p e c i a l i n t e r e s t , such as a) c o o p e r a t i v e e f f e c t s 
t a k i n g i n t o account b o t h c o n f i g u r a t i o n a l and c o m p o s i t i o n a l 
e f f e c t s , which may l e a  maximu  10 k i n e t i
a g i v e n f u n c t i o n on a p o l y m e r i
e f f e c t s a t l o n g e r d i s t a n c e ,
a l r e a d y c a r r i e d nut(15,16) . c ) s p e c i f i c s o l v a t i o n e f f e c t s , l i k e 
s e l e c t i v e a b s o r p t i o n of the reagent R on an p r e v i o u s l y r e a c t e d 
b l o c k B n of the p o l y m e r i c prppnrsnr(38>68) . ^ c o n f o r m a t i o n a l 
t r a n s i t i o n s o c c u r i n g as the r e a c t i o n p r o g r e s s e s . 

On the o t h e r hand, two i m p o r t a n t f a c t o r s of macromolecu
l a r c h a i n r e a c t i v i t y i n s o l u t i o n deserve more a t t e n t i o n , n a m e l y 
the n a t u r e of the r e a c t i o n medium and the polymer c o n c e n t r a t i o n . 

6.1.1. Q u a n t i t a t i v e a n a l y s i s of the i n f l u e n c e of the 
r e a c t i o n medium - I t may be r e a s o n a b l y expected 

t h a t s t e r i c and p o l a r e f f e c t s due to the c h a i n backbone and t o the 
n e i g h b o u r i n g u n i t s c o n t r i b u t e to an a p p r e c i a b l e e x t e n t t o the 
p o l a r i t y of the microenvironment of a g i v e n r e a c t i o n s i t e of a 
p o l y m e r i c c h a i n . Thus the i n f l u e n c e of the s o l v e n t on r e a c t i o n 
p r o c e s s may be s i g n i f i c a n t l y weaker f o r polymers than f o r low 
m o l e c u l a r weight model compounds, but i t may be s t i l l measurable. 
The concept of "microenvironment p o l a r i t y " has promoted e x p e r i 
mental approaches m a i n l y through s p e c t r o m e t r i c methods such as 
f l u o r e s c e n c e (69,70) i photochromism(Zi), solvatochromism(L2). 
Chemical e q u i l i b r i u m such as tautomerism, as we have p r e v i o u s l y 
shown (see 4.), may be used as a s e n s i t i v e probe i n t h i s f i e l d , 
and the q u a n t i t a t i v e a n a l y s i s of the c h e m i c a l r e a c t i v i t y of 
p o l y m e r i c systems v e r s u s s o l v e n t p o l a r i t y may a l s o be of h i g h 
v a l u e as p o i n t e d out by Morawetz e t a l . ( L ? ) # 

6.1.2. Polymer c o n c e n t r a t i o n e f f e c t s on i t s c h e m i c a l 
r e a c t i v i t y - A t c o n c e n t r a t i o n h i g h e r than the 

c r i t i c a l c o n c e n t r a t i o n c* of c o i l i n t e r p e n e t r a t i o n ( c * i s a 
f u n c t i o n of b o t h the polymer m o l e c u l a r weight and the polymer-
s o l v e n t i n t e r a c t i o n s ) i n t e r m O l e c u l a r i n t e r a c t i o n s may become of 
i n c r e a s e d importance, and t h e i r p o s s i b l e i n f l u e n c e on c h a i n r e a c 
t i v i t y remains an open f i e l d f o r f u t u r e s t u d i e s . 
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6.2. Chemical reactions on polymers as a synthetic route to new 
polymers and functionalized polymeric materials 

Reactions on polymers may be now easily monitored and 
performed in a very selective way for an increasing number of 
cases. They may be thus considered as an efficient alternative to 
copolymerization, and they are indeed for some systems the best 
method for the synthesis of structurally well defined polymers 
and copolymers (DPn and MWD, branching, tacticity,homogeneity...) 
On the other hand, the scope of functionalization of polymeric 
materials is practically infinite, even for very sophisticated 
structural units. In this field, the macromolecular chemist has to 
remain well aware of recent progress of organic chemistry which 
is continuously developing synthetic reagents and methods of 
outstanding efficiency and specificity. 
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Conversion of Graft Polyacrylamide to Amines via the 

Hofmann and Mannich Reactions 

R. J. ELDRIDGE 

CSIRO, Division of Chemical Technology, South Melbourne, Victoria, Australia 

Magnetic ion exchang
tages over conventional
They settle rapidly, permit high flow rates in fixed bed plant, 
and can be pumped continuously without damage in moving bed 
plant. By forming a shell of ion exchanger about a fine magnetic 
core, resins with very high reaction rates can be produced. 
Graft polymerization of monomers such as acrylic acid on core 
particles consisting of magnetic iron oxide embedded in cross-
linked poly (vinyl alcohol) (PVA) has been described previously 
(A). 

Magnetic weak base resins are of interest for a variety of 
water treatment applications. However, the attempted graft 
polymerization on magnetic PVA beads of diallylamine, methyl-
diallylamine, dimethylaminoethyl methacrylate and dimethylamin-
opropylacrylamide (as hydrochlorides) was unsuccessful. Attempts 
to prepare magnetic weak base resins by modification of grafted 
acrylic acid also failed. However acrylamide grafts readily to 
crosslinked PVA (2) and the Hofmann degradation of such grafts 
offers a possible alternative route. The Mannich reaction can 
also be used to introduce amino groups into magnetic polyacrylamide 
(PAM) beads. 

Hofmann Degradation of Polymeric Amides 

The preparation of (soluble) polyvinylamine by reacting PAM 
with hypohalite was attempted as early as 1944, but high convert 
sions have been reported only recently (3»4,5^6). Early work at 
high temperature (7) resulted in a decrease in the nitrogen content 
of the polymer from 19.7% to <15% instead of the expected increase 
to 32.5%. Polymethacrylamide (PMAM) yielded a polymer containing 
<5.5% w/w amine units (8). The product from PAM treated at 
25-30° for one hour contained up to 25% N (9) and that from PMAM 
at 21° for 3h up to 20% w/w amine (10). However, the carboxylic 
acid content of these products often exceeded 20% and other un
wanted functional groups were also obtained. Mullier and Smets 
(10) found the amine content to increase slightly when the amount 
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of NaOC used was l e s s than s t o i c h i o m e t r i c . PNAM gave 
h i g h e r y i e l d s of amine than p o l y a c r y l a m i d e ( 1 0 ) , and a l t h o u g h 
Arcus (8) found hypobromite t o r e a c t v e r y s l o w l y w i t h PNAM, both 
he and S c h i l l e r and Suen (9) got h i g h e r y i e l d s of amine w i t h OBr" 
than w i t h OCT. 

I n a study p u b l i s h e d a f t e r the p r e s e n t work commenced, Tanaka 
and Senju (3,4^5^6) r e p o r t e d c o n v e r s i o n of 85-97% of the amide 
groups of PAM t o amino groups (as determined by c o l l o i d t i t r a t i o n ) . 
They used a v e r y s l i g h t excess of NaOCl i n 3.6-5.3 M NaOH s o l u t i o n 
a t or below 0°C f o r up to 24 hours. F o r m a t i o n of c a r b o x y l groups 
under these c o n d i t i o n s d i d not exceed 5-6%. The o r d e r o f adding 
the r e a g e n t s i s s i g n i f i c a n t , adding t h e polymer to h y p o c h l o r i t e 
b e i n g p r e f e r a b l e t o the r e v e r s e o r d e r . P r i o r h y d r o l y s i s of some 
of the amide groups i n c r e a s e d the c o n v e r s i o n t o amine of the 
remainder. 

A t low temperature  f o r m a t i o f th  N-chloroamid  i n t e r m e d
i a t e i s much f a s t e r tha
s i o n t o the i s o c y a n a t e i  h i g
NaOH, i s o c y a n a t e groups a r e h y d r o l y z e d t o amine as f a s t as they 
a r e formed, p r e v e n t i n g s i d e r e a c t i o n s between i s o c y a n a t e and 
amide or N-chloroamide groups. V i s c o s i t y measurements i n d i c a t e d 
t h a t c h a i n s c i s s i o n i s a l s o g r e a t l y reduced. Tanaka and Senju 
found OBr t o be i n f e r i o r t o 0C1~, and d i s p u t e d t h e c l a i m of 
S u g i u r a et a l . (11) to have o b t a i n e d h i g h c o n v e r s i o n s w i t h OBr . 
S t . P i e r r e e t a l . (12,13) were a l s o unable to reporduce these 
r e s u l t s . 

I f Tanaka and S e n j u 1 s f i n d i n g s a p p l y a l s o f o r g r a f t e d 
p o l y a c r y l a m i d e , t h e i r procedure c o u l d be used to produce weak 
base r e s i n s c o n s i s t i n g of p o l y v i n y l a m i n e c h a i n s g r a f t e d to 
magnetic PVA beads. The c a p a c i t y of these r e s i n s would be 
reduced by any c h a i n s c i s s i o n d u r i n g the Hofmann d e g r a d a t i o n , 
but c o u l d r e a c h u s e f u l v a l u e s . However, the h i g h l o c a l 
c o n c e n t r a t i o n and reduced m o b i l i t y of the g r a f t e d c h a i n s c o u l d 

w e l l a l t e r the course of the r e a c t i o n , r e s u l t i n g i n the optimum 
c o n d i t i o n s b e i n g d i f f e r e n t from those f o r s o l u b l e polymer. Op
timum c o n d i t i o n s f o r g r a f t e d PAM were sought by t r e a t i n g g r a f t s 
w i t h NaOCl and NaOBr a t v a r i o u s temperatures, NaOH c o n c e n t r a t i o n s 
and h y p o h a l i t e : a m i d e r a t i o s . 

Hofmann D e g r a d a t i o n of G r a f t e d PAM 

E x p e r i m e n t a l : The p r e p a r a t i o n of ^ lOOum beads of c r o s s -
l i n k e d PVA c o n t a i n i n g F e 3 ^ o r Y ~ F e 2 ° 3 a n c* g r a f t e c * w i t h PAM 
has been d e s c r i b e d p r e v i o u s l y ( 2 ) . G r a f t beads c o n t a i n i n g 
2.0-6.6 mmol/g PAM were s t i r r e d i n 2.5M aqueous NaOH s o l u t i o n and 
commercial NaOCl s o l u t i o n (1.82M by iodometry) or aqueous 
Br2/NaOH s o l u t i o n (0.175 - 0.50M/2.5M) was added. When no 
temperature c o n t r o l was a p p l i e d the system reached temperatures 
of up t o 60°. A t the end of each r e a c t i o n the product was 
f i l t e r e d o f f , washed c o p i o u s l y w i t h w a t e r , a i r d r i e d to a f r e e 
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f l o w i n g powder, and weighed, I t was then used to pack an i o n 
exchange column, c o n v e r t e d to t h e h y d r o c h l o r i d e form and e l u t e d 
w i t h 2M N a N 0 3 s o l u t i o n . Amine c a p a c i t i e s were determined by 
t i t r a t i o n w i t h 1M AgN03 s o l u t i o n . T o t a l a c i d - b a s e c a p a c i t i e s 
were determined i n a few cases by adding excess a c i d t o the base 
form o f the r e s i n o r v i c e v e r s a and b a c k - t i t r a t i n g . E l e m e n t a l 
a n a l y s e s were performed by the A u s t r a l i a n M i c r o a n a l y t i c a l S e r v i c e . 
E x p e r i m e n t a l d e t a i l s and a n a l y t i c a l r e s u l t s a r e g i v e n i n Tab l e s 
I (hypobromite) and I I ( h y p o c h l o r i t e ) . 

R e s u l t s and D i s c u s s i o n : I t i s c l e a r from the y i e l d s of amine 
shown i n the Tab l e s t h a t OGT i s s u p e r i o r t o OBr". However the 
b e s t c a p a c i t i e s o b t a i n e d were o n l y 1.5-1.7 meq/g (23-25% conver
s i o n ) . T h i s cannot be due e n t i r e l y t o c h a i n s c i s s i o n s i n c e the 
l o s s i n mass of the g r a f t e d p a r t i c l e s was u s u a l l y s m a l l . ( I n 
some cases t h e r e was a c t u a l l
d e t e r m i n a t i o n s i n d i c a t e
groups were h y d r o l y z e d to c a r b o x y l a t e , even a t 0°C. C o n v e r s i o n 
of a l l ^C0NH2 groups t o ̂ COONa would g i v e a mass i n c r e a s e of 
15% f o r a g r a f t p a r t i c l e i n i t i a l l y c o n t a i n i n g 6.6 mmol/g amide. 
T h i s suggests t h a t not a l l the o r i g i n a l amide groups were 
c o n v e r t e d to amino o r c a r b o x y l a t e groups; p r o b a b l y some s c i s s i o n 
o c c u r r e d . C r o s s l i n k i n g t he g r a f t e d polymer w i t h m e t h y l e n e b i s -
a c r y l a m i d e d i d not prevent s c i s s i o n (H12). 

I n c o n t r a s t t o the beh a v i o u r of l i n e a r PAM ( 1 0 ) , optium 
c o n v e r s i o n t o amine o c c u r r e d a t a h y p o c h l o r i t e : a m i d e r a t i o of 
1.5:1 (H21). A t room temperature the r e a c t i o n was e s s e n t i a l l y 
complete i n 20 minutes (compare H10, 11,14). A t 0°C the r e a c t i o n 
i s much slower (H17), but r e a s o n a b l e c o n v e r s i o n s a r e reached a f t e r 
about 120 minutes (H19). However, the v e r y h i g h c o n v e r s i o n s of 
Tanaka and Senju were not a t t a i n e d . Another d i f f e r e n c e from the 
beh a v i o u r of the l i n e a r polymer i s t h a t p r i o r h y d r o l y s i s i s 
disadvantageous (H13, H18). 

S t i r r i n g NaOCl/NaOH s o l u t i o n s i n open beakers i n the absence 
of magnetic beads d i d not r e s u l t i n any decrease i n the 
h y p o c h l o r i t e c o n c e n t r a t i o n . When u n g r a f t e d magnetic beads were 
added t h e r e was s t i l l no s i g n i f i c a n t decrease over s e v e r a l h o u r s . 
Thus the 1.5:1 r a t i o i s not an a r t e f a c t due to l o s s of C I 2 
or r e a c t i o n of h y p o c h l o r i t e w i t h the PVA c o r e . 

M i c r o a n a l y s i s of s e v e r a l p r o d u c t s showed the presence o f 
2.2-5.3% w/w of non-amine n i t r o g e n ( T a b l e I I ) . T h i s suggests the 

presence of u n r e a c t e d amide groups i n the Hofmann p r o d u c t s even 
when r e l a t i v e l y h i g h y i e l d s of amine were o b t a i n e d . However, 
assuming the 4.9% rion-amine n i t r o g e n i n H18 to be i n the form of 
3.5 mmol/g of u n r e a c t e d amide l e a v e s 0.3 mmol/g of the o r i g i n a l 
amide unaccounted f o r , and the decrease i n c a r b o x y l c o ntent con
f i r m s t h a t t h e r e has been some c h a i n s c i s s i o n . The l a r g e amount of 
unr e a c t e d amide i s presumably due t o the i n a c c e s s i b i l i t y o f some 
monomer u n i t s , s i n c e use of excess h y p o c h l o r i t e does not i n c r e a s e 
c o n v e r s i o n t o amine (H9, H22). A f t e r s t a n d i n g f o r 18 hours i n 
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2M NaOH s o l u t i o n , H10 c o n t a i n e d 0.58% non-amine n i t r o g e n . The 
r e s i d u a l non-amine n i t r o g e n a f t e r h y d r o l y s i s may i n d i c a t e the 
presence of o t h e r f u n c t i o n a l groups such as l a c t a m r i n g s ( 1 0 ) , but 
the a l k a l i n e h y d r o l y s i s of PAM i s v e r y d i f f i c u l t t o d r i v e t o 
c o m p l e t i o n (14, 15), and t h i s n i t r o g e n c o u l d e q u a l l y w e l l be 
p r e s e n t i n r e s i d u a l amide groups. P r o d u c t H18 a l s o c o n t a i n e d 
2.0% n o n i o n i c C l , a t t r i b u t e d t o a - c h l o r o c a r b o x y l i c a c i d groups, 
which were r e p o r t e d by M u l l i e r and Smets ( 1 0 ) . 

The s t a b i l i t y of the base r e s i n s produced by the Hofmann 
r e a c t i o n was t e s t e d by s h a k i n g 2.0g l o t s o f H16 i n 50 ml o f 
2% NaOH, 10% NaCl s o l u t i o n . The amine c a p a c i t y decreased w i t h 
time as shown i n T a b l e I I I . Because of t h i s i n s t a b i l i t y and 

the r e l a t i v e l y low amine c a p a c i t i e s a t t a i n e d , the p r o d u c t s were 
not s u i t a b l e f o r the i n t e n d e d a p p l i c a t i o n s . 

Weak Base R e s i n s v i a th  Mannich R e a c t i o

A m i n o - s u b s t i t u t e d (Mannic  polymer  prepare y 
r e a c t i n g a m i d e - c o n t a i n i n g polymers w i t h formaldehyde and a s u i t a 
b l e amine. Sugiyama and Kamogawa (16) t r e a t e d PAM i n aqueous 
s o l u t i o n w i t h excess paraformaldehyde (50°C, l h ) f o l l o w e d by 
excess dimethylamine (50°C, l h ) . T h i s procedure gave 68% 
c o n v e r s i o n t o amine. S c h i l l e r and Suen (9) used a s i m i l a r p r o 
cedure w i t h monomeric formaldehyde and v a r i o u s amines, but w i t h 
excess PAM. M u l l e r j i t a l . (17) prepared monomeric amines from 
methacrylamide by r e a c t i o n w i t h formaldehyde and s e v e r a l p r i m a r y 
and secondary amines (30 min a t 60-70°C). These compounds were 
u n s t a b l e i n a c i d s o l u t i o n . B a r t o l i e t a l . (18) prepared a 
s e r i e s o f monomers by r e a c t i n g a c r y l a m i d e w i t h paraformaldehyde 
and secondary amines i n C C l ^ . 

Magnetic amine r e s i n s were prepared by a procedure based on 
t h a t of Sugiyama and Kamogawa. A s l u r r y of 4.25g of PAM g r a f t 
beads (24.6 mmol) i n 30 ml of water was heated t o 50 C and 2 m l 
of 37% H^CO s o l u t i o n (24.7 mmol) was added. A f t e r one hour 
1.8g (24.6 mmol) o f d i e t h y l a m i n e (b.p. 55.5 C) was added and 
h e a t i n g a t 50 C under r e f l u x c o n t i n u e d f o r a f u r t h e r one hour. 

V a r i a t i o n s on t h i s procedure a r e s e t out i n Table IV. I t 
can be seen t h a t adding excess r e a g e n t s does not improve the 
c a p a c i t y o b t a i n e d , but t h a t s e q u e n t i a l a d d i t i o n i s of some b e n e f i t 
(M3, M4). Str o n g base r e s i n s cannot be prepared by t h i s r o u t e 
s i n c e t e r t i a r y amines do not r e a c t (M5), and a v e r y weak 
secondary amine a l s o g i v e s v e r y l i t t l e r e a c t i o n (M6). 

Pro d u c t s were co n v e r t e d t o the h y d r o c h l o r i d e s a l t w i t h IM 
HC1. The i n i t i a l c a p a c i t y d e t e r m i n a t i o n on M l (AgN0~ t i t r a t i o n ) 

gave a v a l u e of 2.48 meq/g, c a l c u l a t e d on f r e e base. 100% 
c o n v e r s i o n would g i v e 3.88 meq/g. However, r e p e a t d e t e r m i n a t i o n s 
on the same sample gave v a l u e s o f 2.01 and 1.80 meq/g. C o n v e r s i o n 
of t h i s sample t o the h y d r o c h l o r i d e w i t h 0.1M HC1 r e s u l t e d i n a 
f u r t h e r drop t o 1.66, and even e l u t i n g the n i t r a t e form w i t h 2M 
NaCl s o l u t i o n produced a f u r t h e r drop, t o 1.57 meq/g. E v i d e n t l y 
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TABLE I I I DEGRADATION OF BASE RESIN IN NaOH/NaCl SOLUTION 

TIME/d MASS/g % DECREASE mmol AMINE % DECREASE 

0 2.00 _ 3.04 _ 
1 1.71 14.5 2.62 14 
3 1.63 18.5 2.04 33 
7 1.51 24.5 1.24 59 
LO - - 1.42 53 

TABLE IV. REACTION OF PAM GRAFT WITH FORMALDEHYDE AND AMINES 

NO H 2CO AMIN CAPACITY 

Ml 24.7 mmol 24.6 mmo  d i e t h y l a m i n e g  meq/g 
M2 24.7 mmol 36.9 mmol d i e t h y l a m i n e 2h 5.33g 2.16 meq/g 
M3 37.0 mmol 43.9 mmol d i e t h y l a m i n e ^ 2h 2.42 meq/g 
M4 37.0 mmol 43.9 mmol d i e t h y l a m i n e 2h 5.51g 2.16 meq/g 
M5 37.0 mmol 36.6 mmol t r i e t h y l a m i n e 2h 4.67g 0.0 meq/g 
M6 37.0 mmol 37.2 mmol d i e t h a n o l a m i n e 2h 5.18g 0.06 meq/g 

1. added a f t e r l h 
2. added w i t h ^ CO 

the aminomethylamide l i n k a g e i s h i g h l y l a b i l e under a c i d i c c o n d i 
t i o n s . S t a b i l i t y measurements were a l s o c a r r i e d out under a l k a l i n e 
c o n d i t i o n s , by sh a k i n g 1.9g l o t s of f r e s h M l i n 50 ml of 2% 
NaOH/10% NaCl s o l u t i o n . A f t e r 24 hours, the c a p a c i t y had f a l l e n 
t o 0.44 meq/g (82% l o s s ) and a f t e r t w e l v e days no c a p a c i t y r e 
mained. The c o n v e r s i o n o f PAM g r a f t s t o u s e f u l a n i o n exchangers 
c l e a r l y r e q u i r e s a much more i n e r t l i n k a g e than t h a t i n t r o d u c e d 
by the Mannich r e a c t i o n . 

Abstract 

Graft polyvinylamine has been prepared by the Hofmann 
degradation of polyacrylamide grafted to crosslinked polyvinyl 
alcohol particles containing magnetic iron oxide. Conversion of 
amide to amine groups was limited to c. 25%, and was 
accompanied by hydrolysis and chain scission. Hypochlorite was 
more effective than hypobromite, and the maximum yield of amine 
occurred at a hypochlorite:amide ratio of 1.5:1. The major 
factor limiting the yield appeared to be the inaccessibility of 
some monomer units to hypochlorite. Graft weak base resins were 
also prepared by treating the magnetic polyacrylamide grafts with 
stoichiometric amounts of formaldehyde and diethylamine. Both 
Hofman and Mannich products were labile, and unsuitable for use 
as ion exchangers. 
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Polymer-Copper Catalysts for Oxidative Polymerization 

of Phenol Derivatives 

E. TSUCHIDA and H. NISHIDE 

Department of Polymer Chemistry, Waseda University, Shinjuku, Tokyo 160, Japan 

A polymer-metal complex i s composed of a synthetic polymer 
and metal ions. Its synthesis represents an attempt to give an 
organic polymer with inorganic functions (1). For example,we bound 
metal chelates such as Fe-porphyrins or Co-Schiff-base chelates 
to a polymer-chain through coordinate or covalent bonds (Scheme 
1,2). These polymer-metal complexes carry molecular oxygen 
reversibly, as hemoglobin and myoglobin do. When a polymer ligand 
(3) is mixed directly with a "naked" metal ion, which generally 
has four or six coordinate bonding hands, another group of poly
mer-metal complexes is formed. This may be of the intra-polymer 
chelate type (Scheme 2) or of the insoluble inter-polymer chelate 
type. 

Scheme 1 

Scheme 2 

If one combines a catalytically active metal ion with a 
polymer via Scheme 2, a polymer to catalyze a reaction can be 
obtained. It is reasonable to assume that the metal catalyst 
bound to the polymer backbone will show a specific behavior com
pared with that of the corresponding monomeric complex, because 
the reactivities of strongly 
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a f f e c t e d by the polymer chain t h a t e x i s t s outside the coordina
t i o n sphere and surrounds the metal complex. Indeed some polymer-
metal complexes have been found to e x h i b i t high e f f i c i e n c y i n 
c a t a l y s i s Q ) . 

The Cu-complex-catalyzed o x i d a t i v e polymerization o f phenol 
d e r i v a t i v e s has been s e l e c t e d here as a model r e a c t i o n i n which 
a polymer-metal complex acts as a c a t a l y s t . The c a t a l y t i c c y c l e 
i s i l l u s t r a t e d i n Scheme 3, the example used being the o x i d a t i v e 

d i m e r i z a t i o n o f 2,6-dimethylphenol (XOH). In the f i r s t s t e p , the 
substrate (phenol) coordinates to the Cu(n) complex and one e l e 
ctron t r a n s f e r s from the su b s t r a t e to the Cu(n) i o n . Then the 
a c t i v a t e d s u b s t r a t e d i s s o c i a t e s from the c a t a l y s t and the reduced 
c a t a l y s t i s r e o x i d i z e d to the o r i g i n a l Cu(n) complex by oxygen. 
This o x i d a t i v e r e a c t i o n has some merits f o r the study o f the 
c a t a l y t i c e f f e c t o f a polymer. ( i ) The complex homogeneously 
c a t a l y z e d the r e a c t i o n . ( i i ) The r e a c t i o n intermediate i s the 
sub s t r a t e - c o o r d i n a t e d complex (substrate-metal ion - l i g a n d mixed 
complex), so that the property of the l i g a n d i s c l e a r l y r e f l e c t e d 
i n the c a t a l y s i s . ( i i i ) The r e a c t i o n proceeds r a p i d l y under 
mild c o n d i t i o n s (at room temperature under an a i r atmosphere), 
( i v ) The complex c a t a l y s t a f f e c t s not only the r e a c t i o n r a t e but 
a l s o the c h a r a c t e r i s t i c s o f the r e s u l t i n g polymer. 

Since the o x i d a t i v e polymerization of phenols i s the in d u s t 
r i a l process used to produce poly(phenyleneoxide)s (Scheme 4 ) , 
the a p p l i c a t i o n of polymer c a t a l y s t s may well be of i n t e r e s t . 
Furthermore, enzymic, o x i d a t i v e polymerization of phenols i s an 
important pathway i n b i o s y n t h e s i s . For example, black pigment 
of animal kingdom "melanin" i s the polymeric product o f 2,6-
dihydroxyindole J,, which i s the o x i d a t i v e product of t y r o s i n e , 
c a t a l y z e d by copper enzyme " t y r o s i n a s e " . In plants " l i g n i n " i s 
the natural polymer o f phenols, such as c o n i f e r y l alcohol 2 and 
sin a p y l a l c o h o l ^. Tyrosinase contains four Cu ions i n caTaly-
t i c a l l y a c t i v e s i t e which are considered to a c t c o o p e r a t i v e l y . 
These Cu ions are presumed to be surrounded by the non-polar 
apoprotein, and t h e i r r e a c t i v i t i e s i n s u b s t i t u t i o n and redox 
r e a c t i o n s are c o n t r o l l e d by the environmental p r o t e i n . 
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1n a i r at room temp. 
polymer-Cu cat. Scheme 4 

HO CH=CH-CH20H 
HO R2 

Ri=CH 30, R2=H H Ri=R 2=CH 30 
2 

In the present paper we describe the c a t a l y t i c mechanisms 
of s y n t h e t i c polymer-Cu complexes: a c a t a l y t i c i n t e r a c t i o n be
tween the metal ions whic
concentration and an environmenta
Cu i o n s . In the l a t t e r h a l f , the c a t a l y t i c behavior i s compared 
with the s p e c i f i c one of t y r o s i n a s e enzyme i n the melanin-form
a t i o n r e a c t i o n which i s a mul t i - s t e p r e a c t i o n . To the f o l l o w i n g 
polymers Cu ions are combined. 

PVP = p o l y ( 4 - v i n y l p y r i d i n e ) 
QPVP = p a r t i a l l y q u a t e m i z e d PVP with e t h y l bromide 
DBQP = p a r t i a l l y c r o s s l i n k e d PVP with dibromobutane 
PSP = copolymer o f styrene and 4 - v i n y l p y r i d i n e 
PVIm = po l y ( N - v i n y l i m i d a z o l e ) 
PIPo = copolymer of N- v i n y l i m i d a z o l e and N - v i n y l p y r r o l i d o n e 
PSI = copolymer of styrene and N- v i n y l i m i d a z o l e 

Formation o f Polymer-Cu Complexes 
When a cu p r i c s a l t i s added to a polymer-1igand s o l u t i o n , a 

green*blue Cu complex i s r a p i d l y formed. S p e c t r o s c o p i c study 
i n d i c a t e d that complex formation between Cu and a polymer-1igand 
was not a step-by-step mechanism and that the composition o f the 
complex, C u ( l i g a n d K , i n a polymer l i g a n d remained constant 
throughout the course o f the r e a c t i o n (£). 

In order to study the shape of a polymer-Cu complex, v i s c o -
metric measurements o f a homogeneous s o l u t i o n o f QPVP were c a r r i e d 
out ( F i g . 1). At constant QPVP c o n c e n t r a t i o n , an increa s e i n the 
added amount o f Cu ions causes a decrease i n v i s c o s i t y , which 
rev e a l s that the polymer-1igand chain i s markedly c o n t r a c t e d due 
to intra-polymer c h e l a t i o n . An intra-polymer c h e l a t e takes a 
very compact form and Cu ions are crowded w i t h i n the cont r a c t e d 
polymer chain (Scheme 2). The adsorption o f Cu ions on the poly
mer l i g a n d i s s i g m o i d a l , as can be seen i n F i g , 1. At a low 
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8r 3 

Figure 1. Adsorption of Cu ions on polymer ligand: adsorption of Cu(II) on(O) 
QPVP; (U) DBQP; (%) viscosity of QPVP solution in pH 5 CHsCOOH-CH3-

COONa buffer 

In Modification of Polymers; Carraher, C., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



11. TSUCHIDA AND NISHIDE Polymer-Copper Catalysts 151 

Tab. I 
Formation constant(K) 
of the PVP complexes 

Complex K 
PVP-Cu 13,800 
PVP-Mn 620 

Cu 14,000 
Mn 1,800 

320 
PVP-Cu,Mn 
pyridine-Cu 

concentration o f Cu i o n s , the conformation o f the polymer i s not 
s u f f i c i e n t l y c ontracted to form s t a b l e Cu c h e l a t e s , but a t higher 
Cu c o n c e n t r a t i o n s , the t i g h t packing of the polymer l i g a n d , 
caused by intra-polymer c h e l a t i o n with a larg e number of Cu i o n s , 
p r o g r e s s i v e l y f a c i l i t a t e s c h e l a t e formation. The conformational 
change i n the polymer l i g a n d from an extended shape to a co n t r a c t 
ed one, which occurs with the binding r e a c t i o n , enhances the Cu 
io n - b i n d i n g a b i l i t y . This cooperative binding i s i l l u s t r a t e d by 
Scheme 5. On the other hand, the Cu complexation on the c r o s s -
l i n k e d polymer-1igand DBQP i s o f Langmuir's type, because i t s 
conformation i s f i x e d throughout the binding r e a c t i o n by pre-
c r o s s l i n k i n g . 

Scheme 5 

The cooperative phenomenon of complexation was a l s o observed 
f o r a heteronuclear polymer complex, e.g., the PVP-Cu,Mn mixed 
metal ion system (Tab. I ) . Although the complex forming a b i l i t y 
of Mn ion i t s e l f i s weak, the formation constant (K) f o r the Mn 
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complex increases 3 f o l d i n PVP-Cu,Mn. Cu ions a s s i s t Mn ions 
to coordinate by c o n t r a c t i n g the polymer chain. 

The K values are gr e a t e r i n the PVP complexes than i n the 
monomeric Cu complex system, as i s a l s o shown i n Tab. I. This 
appeares to be general f o r polymer complex systems (5J. This 
large s t a b i l i t y o f the polymer-Cu complex gives advantages as the 
c a t a l y s t , ( i ) The c a t a l y t i c a l l y e f f e c t i v e complex i s formed, 
even i f the polymer-1 igand i s not excess to Cu i o n . C h a l l a e t al. 
reported t h a t the maximum of the a c t i v i t y was observed at [ l i g a n d 
u n i t ] / [ C u ] ^ l f o r the aminated poly( s t y r e n e ) l i g a n d ( 6 ) . ( i i ) 
The polymer complex i s s t a b l e toward i n a c t i v a t i o n , e.g., a l k a l i n e 
h y d r o l y s i s during the po l y m e r i z a t i o n . 
I n t e r a c t i o n between Metal Ions i n the C a t a l y s i s 

The polymer comple
are crowded w i t h i n the  polyme  (Schem  2),
tha t an i n t e r a c t i o n between the metal ions i s expected i n the 
c a t a l y s i s o f heteronuclear polymer complex. 

8 
c (a) 
E 6 

<v 
CO 

4 

0 Cr Mn Fe Co Ni Cu Zn 

8 
(b) 

Figure 2. Catalytic activities of (a) the 
PVP complexes and (b) the PVP-Cu 
secondary metal mixed complexes (O) 
PVP catalyst; (%) pyridine catalyst, in 

methanol, 80°C Cr Mn Fe Co Ni Cu Zn 
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The o x i d a t i o n rates o f X0H were measured f o r the PVP complexes 
of the t r a n s i t i o n metal ions of the 4th s e r i e s , i . e . , Cr, Mn, Fe, 
Co, N i , Cu and Zn i o n . As can be seen i n F i g . 2 ( a ) , the Cu 
complexes e x h i b i t the highest a c t i v i t y and the a c t i v i t y o f the 
PVP-Cu c a t a l y s t i s higher than t h a t of the monomeric pyridine-Cu 
c a t a l y s t . To t h i s Cu complex, e q u i v a l e n t amountof the second metal 
component was added i.e., the PVP-Cu, secondary metal ion mixed 
complexes were prepared. The a c t i v i t i e s of these mixed complexes 
are summarized i n F i g . 2 (b ) . One n o t i c e s t h a t Mn ion increases 
the c a t a l y t i c a c t i v i t y o f the Cu ion although Cr and Fe ion i n 
h i b i t the c a t a l y t i c a c t i v i t y . Another important r e s u l t i n F i g . 2 
(b) i s t h a t the e f f e c t of secondary metal ion i s more c l e a r l y 
observed i n the PVP system, comparing to the monomeric p y r i d i n e 
c a t a l y s t s . 

The PVP-Cu,Mn mixe
dation rate but a l s o th
the r e s u l t i n g X0H polymer. This higher e f f i c i e n c y of the Cu,Mn 
mixed complex was a l s o recognized f o r other system, using other 
polymer-1igand and other s o l v e n t . Thus i t i s concluded that the 
combination of Cu ion and Mn ion on a polymer-1igand provides 
good c a t a l y s t s f o r the o x i d a t i v e polymerization of phenols. 

The rate constants o f elementary r e a c t i o n s (see Scheme 3) 
were estimated f o r the PVP-Cu,Mn c a t a l y s t . For example, the rate 
constant of e l e c t r o n - t r a n s f e r (ke) and of c a t a l y s t r e o x i d a t i o n 
(ko) were determined by measuring the decrease and the i n c r e a s e 
i n the d-d absorption of Cu(n) . The k e value f o r Cu(n) ->Cu(I): 
14 min- 1 was much l a r g e r than that f o r Mn(HI) -*Mn(n) . k 0 were 
PVP-Mn (0.042 min-1PVP-Cu,Mn (0.040)>PVP-Cu(0.013), res p e c t 
i v e l y . Furthermore the f o l l o w i n g r a p i d redox r e a c t i o n was regoc-
n i z e d . 

Cu(I) + Mn(m) , . P V P . . . . — • Cu(E) + Mn(E) (4) 
v 1 K 1 anaerobic c o n d i t i o n s v 1 v 1 ^ 
From these r e s u l t s , the schematic redox c y c l e s are proposed 

f o r the PVP-Cu,Mn c a t a l y s t where two c y c l e s geared each other 
(Scheme 6 ) : 

Scheme 6 
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i . e . , the s u b s t r a t e XOH coordinates to the Cu(n) complex and i s 
a c t i v a t e d . The reduced Cu(I) c a t a l y s t i s r e o x i d i z e d to the o r i 
g i n a l Cu(II) complex by r a p i d redox with Mn(in) i o n . Thus form
ed Mn(II) complex smoothly r e o x i d i z e d by oxygen. For the PVP 
complex the i n t e r a c t i o n between Cu and Mn ions occurs e f f e c t i v e l y 
because Cu and Mn ions coordinate on the polymer chain s t r o n g l y 
and i n high c o n c e n t r a t i o n . 

T h i s s t o i c h i o m e t r i c i n t e r a c t i o n between Cu and Mn on PVP i s sup
ported by the i n f l u e n c e s of the composition o f the PVP-Cu,Mn 
c a t a l y s t . F i g . 3 (a) shows that the maximum of the c a t a l y t i c 
a c t i v i t y appears at [Mn]/[Cu] = 1. This means th a t Cu ion and 
Mn ion i n t e r a c t each other e q u i v a l e n t l y . The r a t i o [ p y r i d i n e 
u n i t of PVP]/[metal ion] i s p l o t t e d as a b s c i s s a i n F i g . 3 ( b ) . 
The a c t i v i t y passes through a maximum at the moderately excess 
r a t i o . This r e s u l t i s
to e x i s t on the polyme
i n t e r a c t each other and l a r g e excess of PVP decreases the ion 
c o n c e n t r a t i o n and retards the cooperative i n t e r a c t i o n . 
Environmental E f f e c t of Polymer-1igand 

The c a t a l y t i c a c t i v i t y of the Cu complex on the o x i d a t i v e 
r e a c t i o n i n s o l u t i o n i s much i n f l u e n c e d a l s o by the chemical en
vironment around i t . Tab. II shows the e f f e c t of r e a c t i o n s o l 
vent. The highest rate i s observed f o r the r e a c t i o n i n a benzene 
solvent. 

Tab. II Polymerization rate o f XOH ca t a l y z e d by 
pyridine-Cu complex i n s e v e r a l s o l v e n t s 

S . 1 „ t Benzene M e t h a n o l ? 
Rate-10 3 , 9 - - 0 Q n o i i 
(mol/1 min) 1 2 6' 6 3' 8 1- 3 

The r e a c t i o n rate v a r i e s with the change i n the s o l v e n t com
p o s i t i o n . The c a t a l y s i s o f pyridine-Cu i n DMSO-benzene mixed 
s o l v e n t i s summarized i n F i g . 4 (a) . The rate constant of the 
c a t a l y s t r e o x i d a t i o n ( k 0 ) and the o v e r a l l rate increase although 
the rate constant o f e l e c t r o n - t r a n s f e r ( k e ) decreases with the 
benzene content. Instead o f the benzene s o l v e n t , the copolymer 
of v i n y l p y r i d i n e with styrene (PSP) was used as a polymer l i g a n d , 
as shown i n F i g . 4 (b). The o v e r a l l rate and k 0 i n c r e a s e with 
the styrene content i n the PSP l i g a n d , j u s t as the s o l v e n t e f f e c t 
of benzene. Only several times amount of styrene u n i t to Cu ion 
(as polymer concentration ca. 0.1 wt% of the s o l v e n t ) a f f e c t s 
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the r e a c t i o n , t h a t corresponds to the s o l v e n t e f f e c t caused by ca. 
40 v o l % of benzene. The l o c a l chemical environment of the poly
mer-Cu c a t a l y s t can be considered to be f a i r l y d i f f e r e n t from 
that o f the monomeric analogue due to the e f f e c t o f the polymer 
chain and the neighboring group, even i f part of the complex i s 
the same i n both. 

Figure 4. Catalytic activity of the pyridine-Cu catalyst in DMSO-benzene sol
vent (a) and activity of the PSP-Cu catalyst in DMSO (b): (O) oxidative polym
erization rate of XOH; (A) rate constant of electron transfer step (ke); (%) rate 

constant of catalyst reoxidation step 

In aqueous s o l v e n t a hydrophobic environment was constructed 
by using a water-soluble and hydrophobic t r i - b l o c k copolymer 
(Scheme 7 ) . The c e n t r a l block i s hydrophobic and composed of the 
copolymer of styrene and N - v i n y l i m i d a z o l e (PSI), to which Cu ions 
can c o o r d i n a t e . This c e n t r a l block was synthesized by UV-i r r a d i a -
t i o n polymerization b y t e l e c h e l i c i n i t i a t o r of bis(4-carbomethoxy-
p h e n y l ) - d i s u l f i d e . The r e a c t i o n of t e l e c h e l i c block with poly-
(ethyleneoxide) gave the block copolymer PE0-PSI-PE0. 

The block copolymer was complexed with Cu(II) ion i n metha
n o l , then the methanol was evaporated to dryness. The Cu complex
ed block copolymer was s o l u b l e i n water. I t s s p e c t r o s c o p i c pro
perty showed tha t the s t r u c t u r e and s t a b i l i t y of the Cu complex 
were s i m i l a r to those o f the complex i n a benzene s o l v e n t . But 
the r e a c t i v i t y o f the Cu complex i n the block copolymer could not 
be examined. The Cu complex was occuluded so t i g h t l y i n the 
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hydrophobic domain that i t did not react with phenols and other 
reducing agents. 

CH2=CH + CH2=CH 

CH3oco-Q^s-SiQ^:oocH, 

UV radiation 

CH-OCO-Q-S- fCH2CH). • .(CH2CH). • .-S-^-C00CH3 HOfCH^O^H 

H0(CH2CH20)mC0-Q-S fCH2CH)...(CH2CH). .-S-Q-C0(0CH2CH2)-0H 

Scheme 7 

Melanin Formation Catalyzed by Polymer-Cu Complexes 

Oxidative polymerization of phenol derivatives is also impor
tant pathway in vivo, and one example is the formation of melanin 
from tyrosine catalyzed by the Cu enzyme, tyrosinase. The path
way from tyrosine to melanin is described by Raper (7_) and Mason 
(8) as Scheme 8: the oxygenation of tyrosine to 4-(3,4-dihydro-
xyphenyl)-L-alanin (dopa), its subsequent oxidation to dopaqui-
none, its oxidative cyclization to dopachrome and succeeding de
carboxylation to 5,6-dihydroxyindole, and the oxidative coupling 
of the products leads to the melanin polymer. The oxidation of 
dopa to melanin was attempted here by using Cu as the catalyst. 

The Cu complexes with imidazole-containing ligands exhibit 
much higher catalytic activity among other complexes, i.e., Cu 
complexes of polyamine, polyaminocarboxylic acid or pyridine, 
and Mn, Fe, Co or Ni complexes of imidazole (Tab. III). The 
dopa oxidation with imidazoles-Cu complexes yielded a relatively 
stable intermediate with\ max at 480 nm, which was assigned 
to dopachrome. Similar spectral change was observed for the 
tyrosinase-catalyzed oxidation. The formation rate of dopa
chrome (kD) was determined from the increase in the absorbance 
at 480 nm and this rate corresponded to the oxidation of dopa 
to dopaqunone which was a rate-determining step of dopa-
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Tab. I l l Melanin formation c a t a l y z e d by metal complexes 

r,+=i,„..i. Melanin C a t a l y s t p H ? 
formation r a t e constant 

pH 4 (1/mol sec) 
Rate determining 
step 

Cu(II) 
Im-Cu 
PVIm-Cu 
PIPo 2 0-Cu PIPo 3 S-Cu PM-Cu 

0 
23 
23 
40 
38 
0 

0 
0 

0.17 
0.16 
0.16 
0 

Dopa-* (pH 4) 

Dopa-» , F M 7 L Dopachrome->-VK ' 

NaIO„-PVIm-Cu 
NaIO„-PAA-Cu 

1.2 
0.4 Dopachrome-* 

PVIm-Ni 
PVIm-Fe 
Autoxid. 

0.04 
0.04 
0 

Dopa-* 

Tyrosinase 900 Dopa-* ,Dopachrome-*-
pH 4=acetate b u f f e r , pH 7=phosphate b u f f e r , a t room temperature 

under a i r 
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Tyrosinase I Dopa 
Tyrosinase ^ slow 

^very fast ° y ^ ^ r ^ ° -

H. Dopaquinone Leucodopachrome 

very 
fast 

I C O 
H H 

Dopachrome 5,6-Dihydroxyindole 
fast 

s 1 ow 
Melanin Polymery 

H 
Indole-5,6-quinone 

Scheme 8 

chrome formation. The succeeding i n c r e a s e i n absorbance through
out v i s i b l e region meant the melanin formation, and i t s form
a t i o n rate (k^) was estimated. When dopa was o x i d i z e d by the Cu 
complexes of polymeric imidazoles (PVIm and PIPo) or imidazole, 
both r e a c t i o n s o f dopachrome formation and melanin formation 
proceeded at comparable r a t e . 

The pH dependence o f the rate constants were shown i n F i g . 5. 
The k D value increases and the r a t i o n kjvj/kp decreases with pH. 
The values with t y r o s i n a s e are a l s o given i n the rate per Cu 
eq u i v a l e n t , c o n s i d e r i n g t h a t the enzyme contains 4 Cu ions (Mol. 
wt. 12,800) (£). Much d i f f e r e n c e between the values with t y r o s i 
nase and those with other Cu complexes i n d i c a t e s t h a t the rate of 
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Figure 5. The pH dependence of rate 
constant of dopachrome and melanin 
formation: (Q) imidazole-Cu; (O) 
PVIm-Cu; (A) PIPo-Cu; ((*) tyrosinase; 

30°C, air, phosphate buffer 

dopachrome formation i s extremely a c c e l e r a t e d with t y r o s i n a s e . 
In the s y n t h e t i c c a t a l y s t s , the behavior of the PIPo-Cu c a t a l y s t In the s y n t h e t i c c a t a l y s t s , u i c u c n a v . 
i s most resemble to that o f t y r o s i n a s e 

When dopa was o x i d i z e d using the PIPo-Cu c a t a l y s t , the 
d i s t i n g u i s h e d a c c e l e r a t i o n was observed as compared with the PVIm-
Cu or imidazole-Cu c a t a l y s t s ( F i g . 6). An increas e in content of 
the N - v i n y l p y r r o l i d o n e residue i n the PIPo copolymer caused high
e r a c t i v i t y o f the Cu complex f o r the dopa o x i d a t i o n . The s i m i 
l a r a c c e l e r a t i o n was a l s o produced when N-methyl-pyrrolidone was 
added to the system of PVIm-Cu. However, n e a r l y 10 3 f o l d con
c e n t r a t i o n of the p y r r o l i d o n e residue was necessary as compared 
with the PIPo copolymer. A d d i t i o n o f homopolymer of N - v i n y l -
p y r r o l i d o n e to PVIm-Cu caused no a c c e l e r a t i o n . 

T h i s a c c e l e r a t i o n by PIPo was r e s t r i c t e d i n the process o f 
dopa o x i d a t i o n to the qui none and was not observed i n the melanin 
formation process. Thus the c a t a l y t i c behavior o f the PIPo-Cu 
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^ 10 3.[Pyrrolidone u n i t ] (mol/1) 

1 t i I I I Figure 6. Effect of pyrrolidone residue: 
n n a r\ q i o (O) PVIm-Cu + meihylpyrrolidone; 
U U'° (Q) PIPo-Cu; (%) PVIm-Cu + poly-[l-Methyl -2-pyrrolidone] (mol/1) (vinylpyrrolidone) 

complexes comes c l o s e to that o f t y r o s i n a s e . From the f o l l o w i n g 
r e s u l t s , the e f f e c t of PIPo i s concluded that the a c t i v e species 
f o r dopa o x i d a t i o n , i . e . , molecular oxygen-bound Cu complex i s 
formed with considerable ease i n the PIPo-Cu c a t a l y t i c system, 
which r e s u l t e d i n s e l e c t i v e a c c e l e r a t i o n o f dopa o x i d a t i o n to 
dopaquinone i n the course of melanin formation, ( i ) kD in c r e a s e d 
t i l l the c a t a l y s t composition [imidazole u n i t ] / [ C u ] = 2, which 
impl i e d that the coordinated imidazole l i g a n d necessary f o r the 
a c t i v e species i s l e s s than two per Cu i o n . ( i i ) Cu ion e x i s t 
ed as Cu(II) i n the steady s t a t e of the c a t a l y s i s . ( i i i ) Nei
t h e r the o x i d a t i o n o f dopa nor the reduction of Cu(II) complex 
proceeded i n the absence o f oxygen. Molecular oxygen i s necessary 
f o r the c a t a l y s t . ( i v ) Oxygen coordinated s t r u c t u r e f o r the 
a c t i v e intermediate Cu complex i s approved from the r e s u l t o f 
a c c e l e r a t i o n induced by hydrogen peroxide, ko was increased pro
p o r t i o n a l l y by adding H 2 O 2 , and the spectrum o f the Cu complex 
with H 20 2 resembled to that o f oxy-tyrosinase. The a c t i v e i n t e r 
mediate f o r the c a t a l y s i s can the r e f o r e be presumed to be the b i -
n u c l e a r y-dioxo complex (Scheme 9). The dimeric s t r u c t u r e i s 
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a p p l i e d to f a c i l i t a t e the simultaneous two e l e c t r o n t r a n s f e r . We 
speculate the a c t i v e s i t e o f t y r o s i n a s e as Scheme 10. 

Im / * 
Scheme 9 Scheme 10 

The r e s u l t i n g , s y n t h e t i
absorbed l i g h t over the u l t r a v i o l e t and v i s i b l e regions (Tab. IV). 
They contained very s t a b l e f r e e r a d i c a l , being o f i n t e r e s t to ph y s i 
ology. 

Tab. IV P r o p e r t i e s o f melanin polymers 

Substrate C a t a l y s t Y i e l d ( % ) S o l u b i l i t y C o l o r ESR sp e c t r a 

Catechol PVIm-Cu 82 
imidazole-Cu 46 

non 
a l k a l i aq. 

black f r e e r a d i c a l 
ii n 

Dopa PVIm-Cu 86 
imidazole-Cu 39 

non 
non 

deep balck " 
II II 

5,6-dihydroxy 
i n d o l e PVIm-Cu 26 aq. 

[Substrate]=10 mmol/1, [Cu]=2 mmol/1, 2 days i n water, at room 
temperature under a i r 

Conclusion 
At present, i t i s not y e t p o s s i b l e to p r e d i c t whether a 

polymer i n f l u e n c e s a r e a c t i o n as c a t a l y s t or an i n h i b i t o r , becaise 
the c a t a l y t i c mechanism o f one r e a c t i o n d i f f e r s from another and 
the rate-determining step v a r i e s with the r e a c t i o n c o n d i t i o n s . 
But a t l e a s t i n the c a t a l y s i s of the o x i d a t i v e p o l y m e r i z a t i o n o f 
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phenols, (i) ease in redox reaction of metal ion, and (ii) an 
interaction between metal ion and oxygen are important to design 
a catalyst which will exhibit high efficiency and selectively. 
Polymers are expected to give positive effects on this approach. 

References 
1) E.Tsuchida, H.Nishide, Adv. Polymer Sc i . , 24, 1 (1977) 
2) E.Tsuchida, E.Hasegawa, T.Kanayama, Macromolecules, 11, 947 

(1978) 
3) A polymer ligand is a polymeric substance that contains co

ordinating groups or atoms (mainly N, O and S), obtained by 
the polymerization of monomers containing coordinating sites, 
or by the chemical reaction between a polymer and a low
-molecular-weight compound having coordinating ability. 

4) H.Nishide, J.Deguchi
3498 (1976) 

5) H.Nishikawa, E.Tsuchida, J. Phys. Chem., 79, 2072 (1975) 
6) G.Challa, D.A.Noordegraaf, A.J.Schouten, Macrosymp. Dublin., 

449, 455 (1977) 
7) H.S.Raper, Physiol. Rev., 8, 245 (1928) 
8) H.S.Mason, J. Biol. Chem., 172, 83 (1948) 
9) S.Bouchilloux, P.McMahill, H.S.Mason, J. Biol. Chem., 238, 

1699 (1963) 

RECEIVED July 12, 1979. 

In Modification of Polymers; Carraher, C., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



12 

Structure, Mechanism, and Reactivity of Organotin 

Carboxylate Polymers 

K. N. SOMASEKHARAN and R. V. SUBRAMANIAN 

Department of Materials Science and Engineering, Washington State University, 
Pullman, WA 99164 

Tributyltin compound
isms and have been incorporate
tributyltin oxide (TBTO), fluoride (TBTF) or sulfide (TBTS), in 
marine biocidal paints (1). In recent years, efforts to develop 
longer-lasting and environmentally safer antifouling coatings have 
led to controlled release formulations in which the organotin 
group is chemically anchored to a polymer chain (2,3). 

We have developed several such organotin polymer compositions 
that are suitable for antifouling applications (3). In these, the 
prepolymers were prepared by partial esterification by TBTO of lin
ear polymers carrying carboxylic acid or anhydride groups. The 
free carboxylic acid or anhydride groups were then reacted with 
diepoxides to form thermoset organotin-epoxy polymers. Many vari
ations of this scheme were investigated, including one which pro
vided for simultaneous vinyl polymerization and carboxyl-epoxide 
reactions to form crosslinks. 

Biotoxicity studies on some of these formulations have shown 
that the nature and degree of crosslinking have a profound influ
ence on the size of the observed inhibition zones (4). More sig
nificantly, performance tests in marine environments reveal that 
polymer compositions that are composed of aromatic monomers resist 
fouling for longer periods (5). These observations suggest that 
the principles of antifouling performance are similar to those in
volved in plasticizer technology, environmental resistance of 
polymers, and related areas. Consideration of these principles, 
viz., transport mechanisms, boundary effects, etc., should be pre
ceded by the identification of the chemical species involved in 
these processes. 

Thus an essential step in the study of the mechanism of anti
fouling activity is the determination of the chemical nature of 
the tin compounds being released from the coatings. The identifi
cation of the chemical species will enable one to evaluate the 
change in bulk characteristics of the coatings as leaching proceeds. 
The knowledge of this chemical moiety is a prerequisite for a 
meaningful study of the rate of leaching and the mechanism of 
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r e l e a s e ; and the f a c t o r s c o n t r o l l i n g the r a t e and mechanism of 
l e a c h i n g a r e the d e s i g n parameters f o r newer and b e t t e r c o a t i n g s . 

S i n c e most of the above polymer c o m p o s i t i o n s have t i n anchored 
as t r i b u t y l t i n c a r b o x y l a t e s , we have i n i t i a t e d a study of the 
s t r u c t u r e and r e a c t i v i t y of t r i b u t y l t i n c a r b o x y l a t e s . 

S t r u c t u r e of T r i b u t y l t i n C a r b o x y l a t e s 

T r i b u t y l t i n c a r b o x y l a t e s a c t l i k e weak a c i d s , and can be t i 
t r a t e d i n hexane-ethanol (1:1) medium a g a i n s t a l k a l i . T r i b u t y l t i n 
c h l o r i d e (TBTC1) i s a l s o a weak a c i d , and g i v e s a sharp end p o i n t 
when s i m i l a r l y t i t r a t e d a g a i n s t sodium h y d r o x i d e . TBTCl g i v e s an 
i n s t a n t a n e o u s p r e c i p i t a t e w i t h s i l v e r n i t r a t e i n aqueous a l c o h o l i c 
medium. 

These o b s e r v a t i o n s do n o t , however, mean t h a t TBT c a r b o x y l a t e s 
and TBTCl a r e i o n i c i n n a t u r e  A f t e  d e t a i l e d a n a l y s i f th
p h y s i c a l e vidence such a
moment of t r i a l k y l t i n h a l i d e s y
no " s a l t - l i k e c o n s t i t u t i o n " ( 6 ) . Bonding i n the t r i a l k y l t i n c a r 
b o x y l a t e s a l s o i s e s s e n t i a l l y s i m i l a r to t h a t i n c o v a l e n t a l k y l 
e s t e r s , as evidenced by the low d i p o l e moment of 2.2D f o r t r i b u t y l 
t i n a c e t a t e i n benzene, as compared to 1.9D f o r a l k y l a c e t a t e s (7). 

Neumann p o i n t s out t h a t the low d i p o l e moment i s p r o b a b l y the 
outcome of l o n g bond l e n g t h s . Long bonds n a t u r a l l y a r e weak and 
r e a c t i v e . The e l e c t r o n c l o u d b e i n g p o l a r i z a b l e and the c e n t r a l 
atom l e s s s h i e l d e d , a p p r o a c h i n g n u c l e o p h i l e s s h o u l d f i n d the Sn 
atom an a t t r a c t i v e t a r g e t . 

The e l e c t r o n i c s t r u c t u r e of t i n i s a l s o conducive to such 
a t t a c k s . T i n atom has the e l e c t r o n i c s t r u c t u r e l s 2 2 s 2 2 p 6 3 s 2 3 p 6 3 d 1 0 

4 s 2 4 p 6 4 d 1 0 5 s 2 5 p 2 . As i n the case of carbon, the v a l e n c e e l e c t r o n s 
can undergo s p 3 h y b r i d i z a t i o n , when t i n i s t e t r a c o v a l e n t , and the 
geometry i s t e t r a h e d r a l . As the a t t a c k i n g n u c l e o p h i l e approaches, 
the h y b r i d i z a t i o n t r a n s f o r m s t o s p 3 d , w i t h t r i g o n a l - b i p y r a m i d geom
e t r y . The p i c t u r e i s r e m i n i s c e n t of the t r a n s i t i o n s t a t e i n S^2 
r e a c t i o n s . Not s u r p r i s i n g l y , c o n v e n t i o n a l t e c h n i q u e s such as t i 
t r a t i o n a g a i n s t a l k a l i f a i l e d to y i e l d i n f o r m a t i o n on the k i n e t i c s 
of the h y d r o l y s i s o f TBT c a r b o x y l a t e s . 

NMR of T r i b u t y l t i n M a l e a t e . From the s t r u c t u r e of TBTmaleate, 
H0-0C-HC=CH-C0-0-SnBu3, one would expect the v i n y l p r o t o n s t o be 
d i f f e r e n t , g i v i n g r i s e t o a d o u b l e t o f d o u b l e t s i n the NMR spec
trum. However, the spectrum of the compound, re c o r d e d on a JEOL 
MH-100 sp e c t r o m e t e r , i n carbon t e t r a c h l o r i d e (0.25M) a t room tem
p e r a t u r e , showed o n l y a s i n g l e t a b s o r p t i o n a t 6.32 ppm d o w n f i e l d 
from TMS. T h i s o b s e r v a t i o n s t r o n g l y suggests t h a t the TBT group 
undergoes f a s t exchange i n a 0.25M s o l u t i o n i n carbon t e t r a c h l o r i d e . 

NMR of T r i b u t y l t i n A c e t a t e - A c e t i c A c i d M i x t u r e . C o r r o b o r a t i n g 
the above i n d i c a t i o n i s our o b s e r v a t i o n t h a t a m i x t u r e of TBT a c e t a t e 
and a c e t i c a c i d i n carbon t e t r a c h l o r i d e shows o n l y one resonance f o r 
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t h e i r a c e t y l p r o t o n s . The p o s i t i o n o f t h i s a b s o r p t i o n i s i n t e r 
mediate between the normal p o s i t i o n s o f the a c e t y l peaks i n a c e t i c 
acid-TBT a c e t a t e . F u r t h e r , the p o s i t i o n o f t h i s resonance depends 
on the molar r a t i o s o f a c e t i c a c i d and TBT a c e t a t e i n the m i x t u r e ; 
i n f a c t , t h e r e i s a l i n e a r r e l a t i o n s h i p between the c h e m i c a l 
s h i f t s o f t h i s new peak and the molar r a t i o s o f the two compounds 
( F i g u r e 1 ) . 

The o c c u r r e n c e of an average CH3-CO resonance l i n e p o s i t i o n 
from a c e t i c a c i d and TBT a c e t a t e i s a consequence o f r a p i d chemi
c a l exchange of t h e t r i b u t y l t i n group. I t r e p r e s e n t s the CH3-CO 
pro t o n s i n a time-averaged environment. 

R e a c t i o n of T r i b u t y l t i n C a r b o x y l a t e s w i t h Sodium C h l o r i d e 

Even the i n t e r f a c i a l r e a c t i o n between TBT c a r b o x y l a t e s and 
c h l o r i d e i s v e r y f a s t ; th
day. TBTCl i s the produc

About 50 g o f pure t r i b u t y l t i n a c r y l a t e (TBTA) was d i s s o l v e d 
i n 1 l i t e r hexane. E v a p o r a t i o n of 20 ml of t h i s s o l u t i o n y i e l d e d 
a solid r e s i d u e , w e i g h i n g 0.9796 g. 

300 ml of the above s o l u t i o n of TBTA i n hexane was p l a c e d on 
top o f 3000 ml of 8% aqueous s o l u t i o n o f soidum c h l o r i d e taken i n 
a b o t t l e . The a r e a of c o n t a c t was about 180 cm 2. 20-ml samples 
were p i p e t t e d out from the hexane l a y e r a t the end o f 24, 48, 72 
and 96 hours. E v a p o r a t i o n o f these a l i q u o t s y i e l d e d liquid r e s i 
dues w e i g h i n g 0.8906 g ( 8 - 1 ) , 0.8872 g ( 8 - 2 ) , 0.8869 g (8-3) and 
0.8866 g ( 8 - 4 ) , r e s p e c t i v e l y (Table I ) . The r e s u l t s o f e x p e r i 
ments re p e a t e d w i t h 4%, 2% and 1% sodium c h l o r i d e s o l u t i o n s , keep
i n g a l l o t h e r c o n d i t i o n s the same, a r e a l s o g i v e n i n Table I . 

Each of the above l i q u i d r e s i d u e s was t r i t r a t e d a g a i n s t s t a n 
dard sodium h y d r o x i d e , u s i n g p h e n o l p h t h a l e i n as i n d i c a t o r . I d e n t i 
c a l t i t e r v a l u e s were o b t a i n e d ; the same t i t e r v a l u e was a l s o g i v 
en by the o r i g i n a l s o l i d r e s i d u e of u n r e a c t e d TBTA ( 0 - 1 ) . Such an 
o b s e r v a t i o n o f i d e n t i c a l t i t e r V a l u e s s h o u l d be expected i f the 
c o n v e r s i o n o f TBTA, by r e a c t i o n w i t h sodium c h l o r i d e , i s s o l e l y t o 
TBTCl. However, any s i d e r e a c t i o n l e a d i n g t o TBT h y d r o x i d e o r TBTO 
w i l l r e s u l t i n lower t i t e r v a l u e s s i n c e these t i n compounds, u n l i k e 
TBTA or TBTCl cannot be t i t r a t e d l i k e weak a c i d s . C l e a r l y , the 
s i d e r e a c t i o n s a r e not n o t i c e a b l e i n these experiments. H y d r o l y s i s 
i s not c o m p e t i t i v e under the c o n d i t i o n s o f t h i s s t u d y , p r o b a b l y be
cause c h l o r i d e c o n c e n t r a t i o n never drops below 10" 1 whereas hydrox
i d e c o n c e n t r a t i o n i s always below 10~ 5. ( I t was n o t i c e d t h a t the 
pH of the aqueous l a y e r i n each case had r i s e n from 6.5 t o 9.0.) 

A f t e r complete c o n v e r s i o n , 0.9796 g TBTA (0-1) i s expected t o 
y i e l d 0.8830 g TBTCl ( 0 - 2 ) . Based on t h i s , the f r a c t i o n o f TBTA 
re m a i n i n g u n r e a c t e d i n each case i s c a l c u l a t e d , and from t h a t the 
e q u i l i b r i u m c o n s t a n t , K (Table I ) . 

A s i m i l a r s e t o f exper i m e n t s , where the volume o f sodium 
c h l o r i d e was v a r i e d but i t s i n i t i a l c o n c e n t r a t i o n m a i n t a i n e d the 
same i n a l l c a s e s , was a l s o c a r r i e d o u t . The r e s u l t s a r e summar
i z e d i n Table I I . 

In Modification of Polymers; Carraher, C., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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ure 1. Variation of the position of acetyl proton resonance of TBT acetate-
acetic acid mixtures with composition 

In Modification of Polymers; Carraher, C., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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TABLE I . I n t e r f a c i a l R e a c t i o n 1 Between TBTA and NaCl 
and E q u i l i b r i u m C onstant, K. 

Sample 
NaCl, 
wt% 

Time, 
h 

R e s i d u e 2 , 
g 

Unreacted 
% TBTA K 

8-1 8 24 0.8906 7.9 __ 
8-2 8 48 0.8872 4.3 — 8-3 8 72 0.8859 4.0 — 8-4 8 96 0.8866 3.7 0.249 
4-1 4 24 0.8945 11.9 — 
4-2 4 48 0.8934 10.8 — 4-3 4 72 0.8919 9.2 — 4-4 4 96 0.8900 7.2 0.240 
2-1 2 2 — 
2-2 2 4 — 2-3 2 72 0.9009 18.5 — 2-4 2 96 0.8978 15.3 0.192 
1-1 1 24 0.9058 23.6 — 
1-2 1 48 0.9029 20.6 — 1-3 1 72 0.9037 21.4 — 1-4 1 96 0.9032 20.9 0.253 
0-1 - 0 0.9796 100.0 — 
0-2 - — 0.8830 3 0.0 — 
The volume of NaCl s o l u t i o n (300 m l ) , volume of hexane s o l u t i o n 
(300 m l ) , c o n c e n t r a t i o n o f TBTA (48.9800 g / l i t e r ) , and a r e a o f 
c o n t a c t (180 cm 2) were the same i n a l l c a s e s . 

2 0 n e v a p o r a t i o n o f 20 ml hexane s o l u t i o n . 
C a l c u l a t e d . 

TABLE I I . I n t e r f a c i a l R e a c t i o n Between TBTA and N a C l 1 . 

NaCl R e s i d u e 2 , Unreacted 
Sample S o l n . , ml g % TBTA 3 K 

1 1000 1.8908 15.4 0.200 
2 2000 1.8826 11.4 0.146 
3 3000 1.8753 7.8 0.153 
4 4000 1.8697 5.0 0.187 

0-1 — 2.0628 100.0 — 0.2 — 1.8594 3 0.0 — 
C o n c e n t r a t i o n o f NaCl s o l u t i o n = 4%, Volume o f hexane s o l u t i o n = 
200 m l , C o n c e n t r a t i o n o f TBTA = 51.4700 g / l i t e r , & a r e a o f c o n t a c t 
= 180 cm 2 i n a l l c a s e s ; a l l samples c o l l e c t e d a t the end of 7 days. 

2 0 n e v a p o r a t i o n o f 40 ml hexane s o l u t i o n . 
3 C a l c u l a t e d . 

In Modification of Polymers; Carraher, C., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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I d e n t i f i c a t i o n o f R e a c t i o n P r o d u c t s 

IR Spectroscopy. Samples o f the hexane l a y e r (8-4, 4-4, 2-4, 
1-4), a f t e r e v a p o r a t i o n o f the s o l v e n t , gave IR s p e c t r a o f m i x t u r e s 
of TBTCl and TBTA. The amount of TBTA depended on the c o n c e n t r a 
t i o n o f sodium c h l o r i d e s o l u t i o n and i t s volume, as evidenced by 
the i n t e n s i t y of the broad peak a t 1650 cm" 1. 

C h l o r i d e Assay. 20-ml a l i q u o t s c o r r e s p o n d i n g t o sample 4-4 
were evaporated. The r e s i d u e s were d i s s o l v e d i n aqueous a l c o h o l 
( 1 : 1 ) , and s i l v e r n i t r a t e i n the same s o l v e n t was added to them. 
The p r e c i p i t a t e s were c o l l e c t e d i n s i n t e r e d g l a s s c r u c i b l e s , wash
ed w i t h a l c o h o l , and d r i e d i n vacuum. The weight o f s i l v e r c h l o r 
i d e was 0.3488 g. A u t h e n t i c samples o f TBTCl (M & T C h e m i c a l s ) , 
when g r a v i m e t r i c a l l y a n a l y z e d under i d e n t i c a l c o n d i t i o n s , gave an 
assay o f 95%. Thus the c o n v e r s i o n from TBTA to TBTCl i s 94% i n 
sample 4-4. 

Column Chromatography. The hexane l a y e r c o r r e s p o n d i n g t o 
sample 4-4 was s e p a r a t e d and the s o l v e n t evaporated. The r e s i d u e 
was adsorbed on a s i l i c a g e l column, and e l u t e d w i t h hexane. The 
IR spectrum of the f i r s t f r a c t i o n was i d e n t i c a l w i t h t h a t of an 
a u t h e n t i c sample o f TBTCl. F r e q u e n c i e s i n the f i n g e r - p r i n t r e g i o n , 
i n cm- 1 : 1464 ( s ) , 1416 (m), 1377 ( s ) , 1359 (w), 1342 (m), 1293 
(m), 1250 (m), 1180 (m), 1151 (m), 1074 ( s ) , 1047 (w), 1021 (m), 
1000 (w), 959 (m), 875 ( s ) , 864 (m), 842 (w), 766 (w), 745 (w), 
695 ( s ) , 666 ( s ) . 

Gas Chromatography. TBTCl can be d i s t i l l e d a t 145°C under 
10 mm p r e s s u r e , and i t passes through n o n p o l a r gas chromatographic 
columns. The flame i o n i z a t i o n d e t e c t o r i s not s u i t a b l e , as t i n 
o x i d e formed d u r i n g combustion can d e p o s i t on the e l e c t r o d e caus
i n g e x c e s s i v e n o i s e . However, e l e c t r o n c a p t u r e d e t e c t i o n i s 
i d e a l ; the s e n s i t i v i t y i s v e r y h i g h . A n a l y t i c a l s e p a r a t i o n of the 
above f r a c t i o n was attempted on a s i l i c o n e o i l column. Temperature 
of the column was v a r i e d o n l y over a narrow range Q30-160°C), but 
the f l o w r a t e over a wide range. There was o n l y one peak under 
a l l c o n d i t i o n s , t h e r e t e n t i o n time of which corresponded t o t h a t 
of an a u t h e n t i c sample of TBTCl. 

Mass Spectroscopy. Mass s p e c t r a were r e c o r d e d on a H i t a c h i -
P e r k i n - E l m e r RMU-6G spec t r o m e t e r . 

The f i r s t f r a c t i o n from column chromatography was a n a l y z e d . 
The sample has enough vapor p r e s s u r e a t room temperature t o g i v e a 
mass spectrum. A t the v o l t a g e s n o r m a l l y employed ( 7 0 v ) , e x t e n s i v e 
f r a g m e n t a t i o n was observed. The most i n t e n s e peak i n the mass 
spectrum was a t 57, c o r r e s p o n d i n g t o C^Hg"1". Peaks c o r r e s p o n d i n g 
to C l + were a l s o i d e n t i f i e d . 

At low v o l t a g e s ( 1 5 v ) , o r g a n i c compounds u s u a l l y g i v e o n l y 
the M+ peak, the energy b e i n g i n s u f f i c i e n t to r u p t u r e the m o l e c u l e . 

In Modification of Polymers; Carraher, C., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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However, t h i s compound undergoes f r a g m e n t a t i o n even a t v e r y low 
v o l t a g e s , r e f l e c t i n g the low energy o f some of i t s bonds. 

The m o l e c u l a r i o n o f C i 2 H 2 7SnCl i s expected t o produce a 
v e r y complex p a t t e r n , because o f the co m b i n a t i o n o f the c h a r a c t e r 
i s t i c n a t u r a l abundances of the i s o t o p e s o f Sn, CI and C. The 
t h e o r e t i c a l c a l c u l a t i o n o f the i n t e n s i t y p a t t e r n has taken i n t o 
account a l l the t e n i s o t o p e s o f Sn, the two i s o t o p e s o f C I , t h r e e 
d i s t i n c t c o n t r i b u t i o n s due t o the 12 carbons (144, 145, 146), and 
the two s i g n i f i c a n t c o n t r i b u t i o n s due t o the 27 hydrogens (27 and 
28). Of t h e 120 c o m b i n a t i o n s , many o v e r l a p . 

The c a l c u l a t e d i n t e n s i t y p a t t e r n i s compared w i t h the obse r v 
ed spectrum i n Tab l e I I I . The matching i s e x c e l l e n t ; the r o o t 
mean square d e v i a t i o n between t h e observed and c a l c u l a t e d i n t e n s i 
t i e s i s l e s s than 2%. 

The p a t t e r n computed f o r C i 2 H 2 7 S n + markedly d i f f e r s from the 
observed i n t e n s i t y p a t t e r n  Only the presence of Sn and CI t o g e t h
er i n the molecule ca

I n f a c t , C i 2 H 2 7 S n +

p r o d u c t s ; even a t the low v o l t a g e (15v) used, the Sn-Cl bond under
goes s c i s s i o n . Other fragments a r e produced due t o the s u c c e s s i v e 
l o s s o f b u t y l groups. 

TABLE I I I . C a l c u l a t e d and Observed I n t e n s i t y P a t t e r n s 
i n the Mass Spectrum 

M/e Observed 1 

C a l c . f o r 
C 1 2 H 2 7 S n C l + 

C a l c . f o r 
C j 2 H 2 j Sn~̂ ~ 

M-8 2.26 2.80 
M-7 — 0.31 0.39 
M-6 — 2.31 1.95 
M-5 — 1.14 1.29 
M-4 34.86 34.35 41.91 
M-3 26.85 22.96 28.02 
M-2 71.62 70.40 73.61 
M-1 38.38 35.57 34.98 
M 100.00 100.00 2 100.OO3 

M+l 21.25 20.08 13.53 
M+2 35.68 38.44 15.21 
M+3 6.31 5.15 2.00 
M+4 17.12 18.08 17.47 
M+5 3.33 2.47 2.41 
M+6 5.41 4.69 0.15 
M+7 — 0.63 0.00 

^ o r the r e a c t i o n p r oduct of TBTA/hexane and NaCl/H 20. 
2M = 326 
3M = 291 

In Modification of Polymers; Carraher, C., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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Models f o r O r g a n o t i n Release 

A n t i f o u l i n g performance of these o r g a n o t i n c a r b o x y l a t e p o l y 
mers i n d i c a t e s t h a t t h e i r mode of a c t i o n corresponds t o the b u l k 
a b i o t i c bond c l e a v a g e model proposed by C a s t e l l i and Yeager ( 8 ) . 
The c o n t r o l l i n g f a c t o r s t o be c o n s i d e r e d here a r e : 

(a) d i f f u s i o n o f water (and p o s s i b l y c h l o r i d e i o n s ) i n t o 
the polymer m a t r i x from sea wate r ; 

(b) h y d r o l y s i s o f t r i b u t y l t i n c a r b o x y l a t e s to produce 
t r i b u t y l t i n o x i d e (or c h l o r i d e ) ; 

(c) d i f f u s i o n , f r o m the m a t r i x to the s u r f a c e , o f the 
mobi l e t i n s p e c i e s produced; 

(d) phase t r a n s f e r o f the o r g a n o t i n s p e c i e s ; 
(e) t h e i r m i g r a t i o n a c r o s s the boundary l a y e r ; and 
( f ) p o s s i b l e m e c h a n i c a l l o s s o f the t r i b u t y l t i n s p e c i e s 

from the s u r f a c e

C o n v e n t i o n a l Systems. I n the c o n v e n t i o n a l a n t i f o u l i n g compo
s i t i o n s , the o r g a n o t i n compound (TBTO, TBTF, TBTCl, TBTOAc) i s 
m e c h a n i c a l l y mixed i n t o the p a i n t v e h i c l e . When the TBT s p e c i e s 
i s c o m p l e t e l y s o l u b l e i n the polymer m a t r i x , f a c t o r s (a) and (b) 
become unimportant i n most c a s e s . The mob i l e s p e c i e s i s a l r e a d y 
p r e s e n t ; i t s d i f f u s i o n i n the m a t r i x , phase t r a n s f e r and m i g r a t i o n 
a c r o s s the boundary l a y e r i n t o the ocean environment may be r e p r e 
sented by F i g u r e 2a. When the o r g a n o t i n compound forms a d i s p e r 
sed second phase, r a t e of i t s d i s s o l u t i o n i n the polymer m a t r i x 
becomes another f a c t o r t o c o n s i d e r . 

F i g u r e 2a r e p r e s e n t s the c o n c e n t r a t i o n p r o f i l e o f the t i n 
s p e c i e s d u r i n g the s e r v i c e l i f e o f the c o a t i n g . The d i f f u s i o n i n 
the polymer m a t r i x i s r e p r e s e n t e d by F i c k ' s second law f o r non-
steady s t a t e f l o w : 

8ci/8t = Di ( 8 2ci / 8 x 2 ) -oo < x < 0 
T h i s r e f e r s to the d e p l e t i o n o f the t i n s p e c i e s a t a g i v e n p o i n t 
i n t he m a t r i x as a f u n c t i o n o f time. The d i f f u s i o n a c r o s s the 
boundary l a y e r i s g i v e n by F i c k ' s f i r s t law f o r s t a t i o n a r y s t a t e 
f l o w : 

P = -D 2 (3c 2/9x) 0 < x < x i 

T h i s r e f e r s to the permeation o f the t i n s p e c i e s through t he bound
a r y l a y e r as a f u n c t i o n o f the c o n c e n t r a t i o n g r a d i e n t . Steady 
s t a t e f l o w through normal u n i t a r e a i s i n the o p p o s i t e d i r e c t i o n 
to the c o n c e n t r a t i o n g r a d i e n t and i s p r o p o r t i o n a l t o the a b s o l u t e 
v a l u e o f t h a t g r a d i e n t . (Di and D 2, the e f f e c t i v e d i f f u s i v i t i e s , 
a r e expressed i n cm 2/sec; c i and c 2 , the c o n c e n t r a t i o n s , i n g/cm 3; 
x, the d i s t a n c e , i n cm; and t , the time, i n s.) An e q u i l i b r i u m i s 
u s u a l l y assumed a t the i n t e r f a c e : 

a t x = 0, c 2 = m c i f o r a l l t > 0. 

In Modification of Polymers; Carraher, C., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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Figure 2. Release of organotin from 
polymer matrix, nonsteady state mass 
transport in (a) polymer matrix and sta
tionary state mass transport in boundary 

layer and (b) both media 

In Modification of Polymers; Carraher, C., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



174 MODIFICATION OF POLYMERS 

The boundary c o n d i t i o n s may be s e t as f o l l o w s : 

a t t = 0 , 

a t t = 0, 

a t x = 0, 

a t x = 

a t x > x i , 

c i = c i 

c 2 = 0 

9c 
8x 

o 
C l = C i 
c 2 = 0 

-oo < X < 0 

+oo > X > 0 

8C2 
8x 

f o r a l l t 

f o r a l l t . 

f o r a l l t > 0 

L a p l a c e t r a n s f o r m a t i o n now y i e l d s the c o n c e n t r a t i o n p r o f i l e . Sub
s t i t u t i o n o f the c o n c e n t r a t i o n g r a d i e n t o b t a i n e d f o r the boundary 
l a y e r i n F i c k ' s f i r s t law w i l l g i v e the r a t e of r e l e a s e of t i n 
i n t o the environment. 

Boundary L a y e r . There e x i s t s a q u i e s c e n t boundary l a y e r 
through w hich the o r g a n o t i n s p e c i e s must d i f f u s e b e f o r e b e i n g c a r 
r i e d by the' sea water f l o w p a s t the s u r f a c e of the c o a t i n g . The 
boundary l a y e r under l a m i n a r f l o w c o n d i t i o n s and under t u r b u l e n t 
f l o w c o n d i t i o n s a r e q u a n t i t a t i v e l y d e f i n e d ( 9 ) ; the t h i c k n e s s o f 
the l a y e r (L) d ecreases as the f l u i d v e l o c i t y i n c r e a s e s . 

The r a t e o f mass t r a n s f e r a c r o s s the d i f f u s i o n l a y e r ( i n g/ 
cm 2/sec) may be g i v e n by: 

r a t e = D 2 ( C 2 / L ) . 

Here, C 2 r e p r e s e n t s the c o n c e n t r a t i o n o f the o r g a n o t i n s p e c i e s i n 
the d i f f u s i o n l a y e r a t the s u r f a c e of t h e c o a t i n g ( a t x = 0 ) ; the 
c o n c e n t r a t i o n a t the d i f f u s i o n l a y e r - s e a water boundary ( a t x = X i ) 
approximates to z e r o . 

Ketchum et a l . , who e v a l u a t e d the l e a c h i n g o f copper from 
p a i n t m a t r i c e s , have r e p o r t e d s u b s t a n t i a l changes i n l e a c h i n g r a t e 
caused by a g i t a t i o n ( 1 0 ) . However, Marson p r e d i c t s l e s s s i g n i f i 
cant d i f f e r e n c e i n the l e a c h i n g r a t e of copper under l a m i n a r and 
t u r b u l e n t f l o w c o n d i t i o n s ( 9 ) . (We have a n a l y z e d the d a t a o f 
Ketchum e t a l . i n d e t a i l and found t h a t the boundary l a y e r e f f e c t s 
a r e s i g n i f i c a n t o n l y a t the b e g i n n i n g o f l e a c h i n g and become neg
l i g i b l e as m a t r i x e f f e c t s become dominant.) T e s t s w i t h a n t i f o u l 
i n g r ubber performed on an underwater r o t a t i n g d e v i c e showed no 
s i g n i f i c a n t i n c r e a s e w i t h v e l o c i t y i n the r a t e of l o s s o f TBTO (1 1 ) . 
We have observed t h a t the r a t e o f r e l e a s e of t i n from c o n t r o l l e d 
r e l e a s e epoxy c o a t i n g s d e s c r i b e d l a t e r does not i n c r e a s e s i g n i f i 
c a n t l y when the l a m i n a r f l o w v e l o c i t y i s i n c r e a s e d . 

Phase T r a n s f e r . C a r d a r e l l i observed t h a t a n t i f o u l i n g v u l c a n 
i z e d rubber i n the p a r t i a l l y t o x i c a n t - d e p l e t e d s t a t e showed no 
measurable t o x i c a n t g r a d i e n t ( 1 1 ) , i n d i c a t i n g t h a t d i f f u s i o n i s 

In Modification of Polymers; Carraher, C., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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v e r y f a s t i n the rubber m a t r i x . A l s o , t e s t s performed on an un
derwater r o t a t i n g d e v i c e showed no s i g n i f i c a n t i n c r e a s e w i t h v e l 
o c i t y i n the r a t e of l o s s of TBTO (11). S i n c e the f a s t d i f f u s i o n 
i n the m a t r i x i s not a c o n t r o l l i n g f a c t o r , t h i s o b s e r v a t i o n sug
g e s t s t h a t the boundary l a y e r e f f e c t s a r e a l s o not v e r y s i g n i f i 
c a n t . Thus c o n t r o l l i n g f a c t o r f o r r a t e of r e l e a s e of t o x i c a n t be
comes the d i s s o l u t i o n s t a g e : 

r a t e = -K C, 

where the r a t e i s expressed i n g/cm 2/sec and C, the c o n c e n t r a t i o n 
i n the m a t r i x , i n g/cm 3. 

As p o i n t e d out e a r l i e r , the c o n v e n t i o n a l method of t r e a t i n g 
the problem i s by assuming an i n t e r f a c i a l e q u i l i b r i u m between 
C 2 & Cx. Based on the r e p o r t e d s o l u b i l i t y , 50 ppm, of TBTCl i n 
sea water ( 1 2 ) , "m" may be a s s i g n e d a v a l u e of 5  10""5  However
an assumption i s b e i n g mad
Si n c e C a r d a r e l l i has p o i n t e
l i n g i n t e r f a c i a l t r a n s f e r , we have d e c i d e d t o c o n s i d e r the phase 
t r a n s f e r r a t e r a t h e r than i n t e r f a c i a l e q u i l i b r i u m . 

D i f f u s i o n i n M a t r i x . The t r a n s p o r t e q u a t i o n f o r a s e m i - i n f i n 
i t e medium of u n i f o r m i n i t i a l c o n c e n t r a t i o n of m o b i l e s p e c i e s , 
w i t h the s u r f a c e c o n c e n t r a t i o n e q u a l to zero f o r time g r e a t e r than 
z e r o , i s g i v e n by Crank ( 1 3 ) . The r a t e of mass t r a n s f e r a t the 
s u r f a c e f o r t h i s model i s : 

r a t e = Cu ( D i / i r ) 0 ' 5 t " 0 ' 5 . 

S i n c e the m a t r i x , i n t e r f a c e and boundary l a y e r are v i s u a l i z e d 
as o f f e r i n g r e s i s t a n c e i n s u c c e s s i o n to mass t r a n s p o r t ( 1 4 ) , the 
r e s u l t a n t r e s i s t a n c e i s o b t a i n e d by combining the i n d i v i d u a l r e s i s 
tance i n s e r i e s . On t h i s b a s i s , the e x p r e s s i o n f o r the o v e r a l l 
r a t e thus becomes: 

C 0Di°- 5KD 2 

Rate = 
KD 27r°* 5t 0' 5 + D ? , 5 D 2 + D?" 5KL 

Our e x p e r i m e n t a l d a t a , when f i t t e d to t h i s e q u a t i o n , y i e l d a v a l u e 
of 1.0 x 1 0 _ l l f cm 2/sec f o r D i . L e a s t square f i t of the same d a t a 
to Crank's r a t e e q u a t i o n , which t a k e s i n t o account o n l y the d i f f u 
s i o n i n the m a t r i x , e v a l u a t e s D x to be 2.2 x 1 0 _ l l f cm 2/sec. The 
i n t e g r a l form o f Crank's e q u a t i o n ( 1 3 ) , g i v i n g the c u m u l a t i v e 
amount r e l e a s e d per u n i t s u r f a c e a r e a , 

Q = 2 C 0 (D i /TT) 0 " 5
 T

0 - 5 

g i v e s a v a l u e of 5.3 x 10~"1I+ cm 2/sec f o r D x. As can be seen from 
F i g u r e 3, the e x p e r i m e n t a l r e s u l t s agree w i t h the model, though not 
v e r y c l o s e l y . 

In Modification of Polymers; Carraher, C., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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Figure 3. Cumulative amount of TBTCl released per unit area from the epoxy 
polymer: (%) experimental values; ( ) best fit for the integral form of Crank*s 

Equation 

Figure 4. Cumulative amount of TBTCl released per unit area from the epoxy 
polymer: experimental values; ( ) curve calculated for the Godbee-Joy 

Equation with Dt = 3.38 X 1014 cm2/sec and K2 = 1.82 X 10~7 sec1 

In Modification of Polymers; Carraher, C., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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H y d r o l y s i s . NMR r e s u l t s show t h a t TBT c a r b o x y l a t e s undergo 
f a s t c h e m i c a l exchange. Even the i n t e r f a c i a l r e a c t i o n between TBT 
c a r b o x y l a t e s and c h l o r i d e i s shown to be e x t r e m e l y f a s t . The hy
d r o l y s i s i s thus not l i k e l y t o be a r a t e d e t e r m i n i n g s t e p . S i n c e 
the d i f f u s i v i t y o f water i n the m a t r i x i s expected to be much 
g r e a t e r than t h a t of TBTO, a h y d r o l y t i c e q u i l i b r i u m between the 
t r i b u t y l t i n c a r b o x y l a t e polymer and TBTO w i l l always e x i s t . As 
the m o b i l e s p e c i e s produced d i f f u s e s o u t , the h y d r o l y s i s proceeds 
a t a c o n c e n t r a t i o n - d e p e n d e n t r a t e . Godbee and Joy have developed 
a model to d e s c r i b e a s i m i l a r s i t u a t i o n i n p r e d i c t i n g the l e a c h a -
b i l i t y o f r a d i o n u c l i d e s from c e m e n t i t i o u s g r o u t s ( 1 5 ) . Based on 
t h e i r e q u a t i o n , the r a t e of r e l e a s e o f t i n from the s u r f a c e i s : 

r a t e = CD? * 5 K 2 * 5 [ e r f (K 2 • 5t° * 5 ) + e x P ( " K 2 t ) ] 
(7TK2 t ) 0 * 5 

where K 2 i s the c o n c e n t r a t i o n - d e p e n d e n
i n s e c - 1 . E x p e r i m e n t a l d a t a f i t t e d to the i n t e g r a l form o f the 
above e q u a t i o n , 

Q = C D ? ' 5 K ^ 5 [ ( t + J L ) erf(K^ 5t°' 5) + ( ^ ) 0 ' 5 e x p ( - K 2 t ) ] 

w h i t h Di = 3.38 x lO"" 1* 1 cm 2/sec and K 2 = 1.82 x 10~"7 s e c " 1 i s g i v e n 
i n F i g u r e 4. The agreement i s not v e r y good. 

L a b o r a t o r y T e s t i n g . The s i t u a t i o n e x i s t i n g d u r i n g s e r v i c e i n 
marine environments i s i l l u s t r a t e d by F i g u r e 2a. To s i m u l a t e the 
c o n d i t i o n s i n the l a b o r a t o r y f o r the d i r e c t d e t e r m i n a t i o n o f the 
r e l e a s e r a t e , i t i s not j u s t s u f f i c i e n t t o m a i n t a i n a f l o w ; the 
c o n c e n t r a t i o n of TBTCl i n t h e b u l k w i l l have t o be kept near zero 
by c o n s t a n t l y changing the sodium c h l o r i d e s o l u t i o n o r by c o n s t a n t 
l y e x t r a c t i n g TBTCl i n t o hexane or carbon t e t r a c h l o r i d e . I n f a c t , 
any e f f o r t t o m a i n t a i n zero c o n c e n t r a t i o n i n the b u l k w i l l ensure 
steady s t a t e mass t r a n s p o r t i n the boundary l a y e r . 

S t a t i c experiments approach the s i t u a t i o n d e s c r i b e d i n F i g u r e 
2b. The a p p r o p r i a t e boundary c o n d i t i o n s a r e s e t and L a p l a c e t r a n s 
f o r m a t i o n performed by B i r d e t a l . ( 1 6 ) . D i f f e r e n t i a t i o n of t h e i r 
e q u a t i o n s , e v a l u a t i o n a t x = 0, and s u b s t i t u t i o n i n F i c k ' s f i r s t 
law w i l l p r o v i d e t h e mass t r a n s f e r r a t e a t the i n t e r f a c e . D i f f u -
s i v i t i e s i n the m a t r i x and i n water can a l s o be d e r i v e d . 

Loss of T i n . The p r e p a r a t i o n and c h a r a c t e r i z a t i o n of o rgan-
o t i n - e p o x y polymers have been r e p o r t e d e a r l i e r ( 3 ) . I n an e f f o r t 
to determine the l o s s of t i n from these c o n t r o l l e d r e l e a s e f o r m u l a 
t i o n s , 0.5-mm t h i c k c o a t i n g s were kept immersed i n 4% sodium 
c h l o r i d e s o l u t i o n under c o n d i t i o n s a p p r o x i m a t i n g F i g u r e 2a. The 
c o n c e n t r a t i o n o f TBTCl i n the aqueous phase was m a i n t a i n e d low by 
c o n t i n u o u s l y e x t r a c t i n g i t i n t o hexane. A n a l y s i s of the c o a t i n g 
a t the end of 16 months r e v e a l e d t h a t not more than 2% t i n was 
l o s t i n any of the f o u r cases s t u d i e d . 

In Modification of Polymers; Carraher, C., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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T h i s i s i n agreement w i t h the r e s u l t s o f Bennett and Z e d l e r 
( 1 2 ) ; they have p o i n t e d out t h a t c o n v e n t i o n a l u r e t h a n e , v i n y l and 
epoxy systems show w i d e l y d i v e r g e n t r e l e a s e r a t e s . Whereas the 
v i n y l system l o s t TBTO a t a r a t e of 1-2 yg/cm 2/day and p o l y u r e -
thane a t 25 yg/cm 2/day, the epoxy system v i r t u a l l y l o s t no t i n . 

A n t i f o u l i n g Performance. Compositions of s e v e r a l o r g a n o t i n -
epoxy c o a t i n g s , the method of p r e p a r i n g specimens f o r a n t i f o u l i n g 
t e s t s i n marine environments and procedures f o r d e t e r m i n i n g a n t i 
f o u l i n g performance have been r e p o r t e d e a r l i e r ( 1 7 ) . F o u l i n g 
r e s i s t a n c e up t o 27 months have been observed. I t i s apparent 
from the l a b o r a t o r y t e s t s t h a t o n l y a f r a c t i o n o f t i n was r e l e a s e d 
a t the onset of f o u l i n g . 

M i l l e r has shown t h a t TBTO w i l l p r event f o u l i n g attachment a t 
l e a c h i n g r a t e s as low as 1.25 yg/cm 2/day (1 8 ) . I t i s thus r e a s o n 
a b l e t o assume t h a t f o u l i n  whe  th  r a t f r e l e a s
f a l l s below 0.5 yg Sn/cm
f u s i v i t i e s a r e c a l c u l a t e d g  e q u a t i o n
c u l a t e d e f f e c t i v e d i f f u s i v i t i e s a r e then s u b s t i t u t e d i n the i n t e 
g r a l form of Crank's e q u a t i o n to e s t i m a t e t h e amount of Sn l o s t . 
The average e f f e c t i v e d i f f u s i v i t y c a l c u l a t e d f o r the 44 composi
t i o n s i s 1.7 x 10"* 1 3 cm 2/sec and the l o s s of t i n 2.2%. These a r e 
i n q u a l i t a t i v e agreement w i t h the r e s u l t s of l a b o r a t o r y t e s t i n g . 
C a r d a r e l l i has a l s o r e p o r t e d t h a t a n t i f o u l i n g rubber r e t a i n s a con
s i d e r a b l e amount of o r g a n o t i n a d d i t i v e s even a f t e r complete f o u l 
i n g ( 1 1 ) . 

R e l e a s e Rate. F o l l o w i n g the g e n e r a l procedure d e s c r i b e d 
e a r l i e r , a 60% TBT e s t e r o f 1:1 s t y r e n e - m a l e i c a n h y d r i d e copolymer 
(SMA-1000) was c r o s s l i n k e d by DGEBA ( C i b a 6004) a t an epoxy to 
a n h y d r i d e r a t i o o f 2:1, c u r i n g a t 150°C f o r 36 h o u r s . An epoxy 
c o a t i n g of 406 cm 2 s u r f a c e a r e a and 3.17 mm t h i c k n e s s , c o n t a i n i n g 
17.4% Sn, was immersed i n 4% sodium c h l o r i d e s o l u t i o n . Laminar 
f l o w c o n d i t i o n s a r e m a i n t a i n e d t h r o u g h o u t , and pH between 6.9 and 
7.1. TBTCl r e l e a s e d was c o n t i n u o u s l y e x t r a c t e d i n t o carbon t e t r a 
c h l o r i d e . The carbon t e t r a c h l o r i d e l a y e r was p e r i o d i c a l l y a n a l y z e d 
f o r Sn by d i t h i o l method. 

The r a t e of r e l e a s e o f TBTCl was 19.2 yg/cm 2/day (7.0 yg Sn/ 
cm 2/day) on the f i r s t day of the experiment. I t s t e a d i l y dropped 
t o 1.1 yg TBTCl/cm 2/day (0.41 yg Sn/cm 2/day) a f t e r 50 days. The 
t o t a l l o s s i n 2 months was 0.16%. The e x p e r i m e n t a l d a t a a r e f i t 
t e d t o t h e o r e t i c a l e q u a t i o n s i n F i g u r e 3 and F i g u r e 4. 

D i f f u s i o n i n M a t r i x . The r a t e o f r e l e a s e drops f a s t e r than 
p r e d i c t e d by t h e models ( F i g u r e 3 and F i g u r e 4 ) . The epoxy com
p o s i t i o n s d i s c u s s e d here a r e h i g h l y c r o s s l i n k e d (3) and have g l a s s 
t r a n s i t i o n temperatures around 140°C. T h e i r f r e e volumes and seg
mental m o b i l i t i e s a r e v e r y low. I t i s known t h a t these f a c t o r s 
decrease the d i f f u s i v i t y i n the m a t r i x ( 1 9 ) . F u r t h e r , the magni
tude o f decrease i s g r e a t e r , the l a r g e r the d i f f u s i n g m o l e c u l e ( 1 9 ) ; 
TBTO i s a r e l a t i v e l y l a r g e m o l e c u l e . 

In Modification of Polymers; Carraher, C., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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C o n c l u s i o n s 

T r i b u t y l t i n c a r b o x y l a t e s undergo r a p i d c h e m i c a l exchange, as 
evidenced by NMR. As a consequence, even the i n t e r f a c i a l r e a c t i o n 
between t r i b u t y l t i n c a r b o x y l a t e and c h l o r i d e i s f a s t . IR, mass 
s p e c t r a , gas chromatographic r e t e n t i o n time and c h l o r i d e assay 
show t h a t the product o f the r e a c t i o n i s t r i b u t y l t i n c h l o r i d e . 

T r i b u t y l t i n c a r b o x y l a t e s can undergo h y d r o l y s i s t o form t r i 
b u t y l t i n h y d r o x i d e ; the c o n v e r s i o n i s q u a n t i t a t i v e a t h i g h pH, as 
t h e i r t i t r a t a b i l i t y i n d i c a t e s . T r i b u t y l t i n h y d r o x i d e r e a d i l y 
l o s e s water i n o r g a n i c media to form TBTO. However, i n aqueous 
medium, the h y d r a t e d form p r e v a i l s . P r i n c e (20) has r e p o r t e d t h a t 
t r i a l k y l t i n c h l o r i d e s e s t a b l i s h an e q u i l i b r i u m w i t h the c o r r e s p o n d 
i n g h y d r o x i d e s , i n the presence o f water. I n marine environments, 
where the c h l o r i d e c o n c e n t r a t i o n i s over 0.5M and h y d r o x i d e concen
t r a t i o n l e s s than 10" 5M  h y d r o x i d  formed would r e a d i l  b
v e r t e d t o TBTCl, w h i c h
o c h o n d r i a l f u n c t i o n (21) , ,  prov  q u i t
t o x i c t o marine organisms. 

A n t i f o u l i n g performance o f o r g a n o t i n c a r b o x y l a t e polymers 
show t h a t t h e i r mode of a c t i o n corresponds t o the " b u l k a b i o t i c 
bond c l e a v a g e " model. A l l the c o n t r o l l i n g f a c t o r s a r e a n a l y z e d . 
I t i s found t h a t the d i f f u s i o n o f the t r i b u t y l t i n s p e c i e s i n the 
m a t r i x i s the r a t e l i m i t i n g f a c t o r ; the h i g h l y c r o s s l i n k e d epoxy 
m a t r i x o f f e r s g r e a t r e s i s t a n c e f o r the d i f f u s i o n o f the l a r g e 
m o l e c u l e . 

Abstract 

Controlled release epoxy formulations in which tin is chemi
cally anchored as tributyltin carboxylate to the polymer chain are 
discussed. NMR evidence is presented to establish that rapid ex
change exists in tributyltin carboxylates. Consequently, even the 
interfacial reaction between tributyltin carboxylates and chloride 
is very fast; equilibrium constants are reported for the reaction 
between tributyltin acrylate in hexane and sodium chloride in 
water. IR spectra, gas chromatographic retention time, chloride 
assay, and the complex intensity pattern of the molecular ion 
peaks in the mass spectrum show that the product of the reaction 
is tributyltin chloride, suggesting that it is the chemical spec
ies responsible for antifouling activity in marine environment. 
The mode of action of the antifouling polymers thus conforms to 
the bulk abiotic bond cleavage model. All the controlling factors, 
viz., diffusion of water into the polymer matrix, hydrolysis of 
the tributyltin carboxylate, diffusion of tributyltin species from 
the matrix to the surface, phase transfer of the organotin species, 
and its migration across the boundary layer, are analyzed. It is 
found that the transport of the mobile tributyltin species in the 
matrix is the rate limiting factor. 

In Modification of Polymers; Carraher, C., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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Photocross-Linking of 1,2-Polybutadiene by Aromatic 

Azide 

TSUGUO YAMAOKA, TAKAHIRO TSUNODA, KEN-ICHI KOSEKI, 
and ISAO TABAYASHI 
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Cyclized polyisopren
being sensitized with bisazides(l-3). Recently, H.Harada et al. 
have reported that a partially cyclized 1,2-polybutadiene showed 
good properties as a practical photoresist material in reproduc
ing submicron patterns(4). S.Shimazu et al. have studied the 
photochemical cleavage of 2,6-di(4'-azidobenzal)cyclohexanone in 
a cyclized polyisoprene rubber matrix, and have reported that the 
principal photoreaction is the simultaneous cleavage of the both 
azido groups by absorption of a single photon with a 43% quantum 
yield(5). Their result does not support the biphotonic process 
in the photolysis of bisazide proposed by A.Reiser et al.(6). 

Even if a same azide is used as the sensitizer, such proper
ties of the photoresist as photosensitivity, photocurability and 
adhesion to base surfaces differ depending on the property of the 
base polymer. That is, degree of cyclization, content of the un
saturated groups and molecular weight of the polymer affect the 
photoresist properties mentioned above. H.L.Hunter et al. have 
discussed the dependence of the sensitivity of polybutadiene 
photoresist on the polymer structure, and have concluded that a 
higher sensitivity was obtained when 1,2- and 3,4-isomers were 
used(7). 

It is known that aromatic azides are photodecomposed to give 
active nitrenes as the transient species, which react with the 
environmental binder polymers to crosslink them. However, the 
mechanism of these photocrosslinking polymers has not been studied 
in detail. L.S.Efros et al. have proposed that the rubber poly
mer is crosslinkes in such a way that the aromatic nitrene inserts 
into an unsaturated bond of the polymer to give an aziridine ring. 
The experimental evidence for this, however, has not been given 
(8). 

In the present experiment, we have studied the mechanism of 
photocrosslinking of 1,2-polybutadiene by aromatic azide, based 
on the reaction of aromatic nitrene with unsaturated hydrocarbon 
monomeric compounds. 

0-8412-0540-X/80/47-121-185$05.00/0 
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E x p e r i m e n t a l 
Reagent 
3-Methy 1- 1-butene The c o m m e r c i a l l y a v a i l a b l e reagent was used 
a f t e r p u r i f y i n g by d i s t i l l a t i o n . 
Cyclohexene The c o m m e r c i a l l y a v a i l a b l e reagent was washed w i t h 
aqueous s o l u t i o n o f f e r r o u s s u l f a t e , d r i e d w i t h anhydrous sodium 
s u l f a t e and d i s t i l l e d ( b p . 8 3 . 0 ° C ) . The d i s t i l l e d cyclohexene was 
passed through an alumina column. T h i s p r o c e s s o f p u r i f i c a t i o n 
was r e p e a t e d t h r e e t i m e s . 
P h e n y l a z i d e 5G o f a n i l i n e was d i s s o l v e d i n 100ml o f 10% hydro
c h l o r i c a c i d and c o o l e d t o 5°C. To t h i s s o l u t i o n , l g o f sodium 
n i t r i t e i n 10ml o f water was added drop by drop w i t h a g i t a t i o n 
under 5°C. A f t e r r e a c t i n g f o r 30 m i n u t e s , l g o f sodium a z i d e was 
added g r a d u a l l y w i t h s t i r r i n g . O i l l y p h e n y l a z i d e was e x t r a c t e d 
from t h i s aqueous s o l u t i o n w i t h d i e t h y l e t h e r . P h e n y l a z i d e was 
o b t a i n e d by removing the d i e t h y l e t h e r w i t h an e v a p o r a t o r  P h e n y l 
a z i d e thus o b t a i n e d was
h, k1 - D i a z i do d i p h e n y l 5
200ml o f 10$ h y d r o c h l o r i c a c i d and 1 . 5 g o f sodium n i t r i t e i n 10ml 
o f water was added drop by drop w i t h s t i r r i n g under 5°C. A f t e r 
r e a c t i n g i t f o r 30 m i n u t e s , the s o l u t i o n became t r a n s p a r e n t . 1.5G 
o f sodium a z i d e was added t o t h i s s o l u t i o n g r a d u a l l y . kyk'-'Di-
a z i d o d i p h e n y l was p r e c i p i t a t e d . The p r e c i p i t a t e was d r i e d at room 
temperature a f t e r f i l t e r a t i o n , and p u r i f i e d by r e c r y s t a l i i z i n g 
from methanol. 
T-Phenyl-T-azabicyclo[h,1,0]heptane 20G o f p h e n y l a z i d e and 20g 
o f cyclohexene i n 50ml o f t e t r a h y d r o f u r a n were r e f l u x e d f o r 8 
hours. T r i a z o l i n e was o b t a i n e d by d i s t i l l i n g o f f t h e s o l v e n t and 
the u n r e a c t e d components. 3G o f t r i a z o l i n e was d i s s o l v e d i n 100ml 
o f benzene and i r r a d i a t e d w i t h a 100 w a t t s h i g h p r e s s u r e mercury 
lamp f o r 5 hours. A f t e r i r r a d i a t i o n , benzene was d i s t i l l e d o f f . 
T - P h e n y l - 7 - a z a b i c y c l o [ ^ , l , 0 ] h e p t a n e was o b t a i n e d as the r e s i d u e . 
The r e s i d u e was p u r i f i e d w i t h column chlomatography u s i n g alumina 
(W-200, ICN Woelem Lab.Inc..) as the adsorbent and d i e t h y l e t h e r -
n-hexane(1:1) as t h e d e v e l o p e r . 
N-( 3 - c y c l o h e x e n y l ) a n i l i n e 2 . 5 G o f 3 - c h l o r o c y c l o h e x e n e was d i s s o l v e d 
i n 20ml o f d i e t h y l e t h e r . T h i s s o l u t i o n was added t o an excess amount 
o f a n i l i n e drop by drop w i t h s t i r r i n g . A m i x t u r e o f N - ( 3 - c y c l o 
h e x e n y l ) a n i l i n e , a n i l i n e h y d r o c h l o r i d e and a n i l i n e was o b t a i n e d . 
The m i x t u r e was washed w i t h d i l u t e hydroxy ammonium and f u r t h e r 
washed w i t h d i s t i l l e d w ater. N - ( 3 - c y c l o h e x e n y l ) a n i l i n e was o b t a i n 
ed as the r e s i d u e by d i s t i l l i n g o f f a n i l i n e at 3mmHg/l08°C. 
3 , 3 T - B i c y c l o h e x e n y l 0.5G o f methylbromide was added s l o w l y t o 
50ml o f anhydrous d i e t h y l e t h e r c o n t a i n i n g 2 . 5 g o f magnesium pow
der. While the s o l u t i o n i s b u b b l i n g , 11.6g o f 3-cyclohexene i n 
100ml o f anhydrous d i e t h y l e t h e r was added. T h i s m i x t u r e was 
s t i r r e d f o r 10 hours at room temperature and washed w i t h IN hydro
c h l o r i c a c i d . A f t e r the d i e t h y l e t h e r s o l u t i o n was d r i e d w i t h an
hydrous sodium s u l f a t e , d i e t h y l e t h e r was removed by d i s t i l l a t i o n . 
3,3 f - b i c y c l o h e x e n y l (-bp. 83°C at 2mmHg) was o b t a i n e d by d i s t i l l a t i o n . 
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R e a c t i o n o f p h e n y l n i t r e n e w i t h 3-methyl-l-butene 
2G o f p h e n y l a z i d e and lOg o f 3-methyl-l-butene were d i s s o l v e d 

i n 300ml o f benzene. T h i s s o l u t i o n was i r r a d i a t e d w i t h 100 w a t t s 
h i g h p r e s s u r e mercury lamp i n a P y r e x c e l l f o r 30 hours at 20°C. 
Benzene and u n r e a c t e d 3-methyl-l-butene were removed by evapora
t i o n . 

Measurement o f g e l f r a c t i o n 
A xyrene s o l u t i o n c o n t a i n i n g 10$ o f 1,2-polybutadiene(JSR 

RB-820, MW.150,000) and a z i d e ( t h e r a t i o o f a z i d e t o v i n y l group 
o f 1,2-polybutadiene was a d j u s t e d t o 0 . 0 5 ) was c o a t e d on a g l a s s 
p l a t e u s i n g a s p i n n e r and d r i e d . The weight o f t h e f i l m on t h e 
plate(WQ) was measured. The f i l m was i r r a d i a t e d w i t h 500 w a t t s 
h i g h p r e s s u r e mercury lamp from t h e back o f the p l a t e f o r one hour 
through a g l a s s f i l t e r . The i r r a d i a t e d f i l m was washed w i t h 
x y r e n e , and t h e n d r i e d  The weight o f t h e f i l m r e m a i n i n g on'the 
plate(W) was measured. W/W

Measurements 
Gas chromatography was c a r r i e d out u t i l i z i n g a Shimazu GC-

hC P T F ( a d s o r b e n t : s i l i c o n e SE-30, c a r r i e r : N 2 UOml/min., d e t e c t o r : 
F I D ) . 

L i q u i d chromatography was c a r r i e d out u t i l i z i n g a H i t a c h i 
model 6 3 M a d s o r b e n t : H i t a c h i g e l #3010, d e v e l o p i n g solvent:methanol, 
d e t e c t i n g wavelength:28 0 n m ) . 

E l e c t r o n i c , I n f r a r e d and Mass s p e c t r a were o b t a i n e d u s i n g a 
H i t a c h i 200-20 sp e c t r o p h o t o m e t e r , a H i t a c h i EPI-S2 i n f r a r e d spec
trophotometer and a H i t a c h i RMU-6E mass s p e c t r o m e t e r , r e s p e c t i v e 
l y . NMR s p e c t r a were o b t a i n e d u s i n g a H i t a c h i - P e r k i n - E l m e r , model 
R-2U u s i n g c a r b o n t e t r a c h l o r i d e as t h e s o l v e n t . 

R e s u l t s and d i s c u s s i o n 
C r o s s l i n k i n g o f 1 , 2 - p o l y b u t a d i e n e by mono and d i n i t r e n e 

Table 1 shows the g e l f r a c t i o n s o f 1 , 2 - p o l y b u t a d i e n e f i l m 
c o n t a i n i n g mono o r d i a z i d o compound which were i r r a d i a t e d by u l 
t r a v i o l e t r a d i a t i o n . The r e s u l t s show t h a t the g e l f r a c t i o n s f o r 
d i a z i d e s are 0 . 7 7 - 0 . 8 2 , and 1 , 2 - p o l y b u t a d i e n e was c r o s s l i n k e d 
by d i n i t r e n e which was formed by the phot ode compos i t i o n o f d i -
a z i d e . The g e l f r a c t i o n s f o r monoazides have lower v a l u e s t h a n 
t h o s e f o r d i a z i d e s . T h i s means t h a t t h e c r o s s l i n k i n g w i t h mono
a z i d e s i s l e s s e f f e c t i v e t han t h a t w i t h d i a z i d e s . 

A l t h o u g h mononitrenes do not a c t as c r o s s l i n k i n g agents them
s e l v e s , t h e y can generate u n p a i r e d e l e c t r o n s i n t h e polymer c h a i n s 
by t h e a b s t r a c t i o n o f hydrogen m o l e c u l e s from t h e polymer. As the 
r e s u l t , the polymer c h a i n s are c r o s s l i n k e d by t h e r e c o m b i n a t i o n s 
o f t h e s e u n p a i r e d e l e c t r o n s . C r o s s l i n k i n g by mononitrene i n such 
a way, depends on t h e a c t i v i t y o f t h e n i t r e n e and may be not neces
s a r i l y l e s s e f f i c i e n t i n some combination o f monoazide w i t h t h e 
polymer t h a n t h a t by d i n i t r e n e as i s seen i n t h e case f o r 
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p - n i t r o p h e n y l a z i d e . 

Table 1 G e l f r a c t i o n s o f 1 , 2 - p o l y b u t a d i e n e 
c o n t a i n i n g a z i d o compound a f t e r i r 
r a d i a t e d w i t h the u l t r a v i o l e t l i g h t 

A z i d e G e l f r a c t i o n 
p - N i t r o p h e n y l a z i d e 0 . 3 8 

p-(N,N-Dimethylamino)-
p h e n y l a z i d e 0 . 0 6 

1-Azidopyrene 0 

k, k1 - Di a z i do d i p h e n y l O.TT 

h9k1-Diazidostilbene 0 . 8 0 

2 , 6 - D i ( h 1 - a z i d o b e n z a l )
cyclohexanone 

R e a c t i o n o f p h e n y l n i t r e n e w i t h u n s a t u r a t e d o l e f i n e s 
With the purpose o f u n d e r s t a n d i n g t h e c r o s s l i n k i n g mechanism 

o f 1 , 2 - p o l y b u t a d i e n e w i t h a r o m a t i c n i t r e n e , we s t u d i e d t h e r e a c 
t i o n o f p h e n y l n i t r e n e w i t h u n s a t u r a t e d o l e f i n e monomers such as 
3-methyl-l-butene and cyclohexene. These monomers are s t r u c t u a l l y 
s i m i l a r t o a u n i t segment o f 1 , 2 - p o l y b u t a d i e n e . 

Formation o f t r i a z o l i n e by a d d i t i o n o f p h e n y l a z i d e t o 3 - m e t h y l - l -
butene and i t s photodecomposition p r o d u c t s 

I t has been r e p o r t e d by R.Scheiner t h a t p h e n y l a z i d e forms 
t r i a z o l i n e compounds by 1 , 3 - c y c l i c a d d i t i o n t o u n s a t u r a t e d o l e 
f i n e s such as n - b u t y l e t h y l e n e and norbornen (9.). These t r i a z o -
l i n e s are decomposed p h o t o c h e m i c a l l y o r t h e r m a l l y t o g i v e imine 
compounds and a z i r i d i n e as i s shown i n scheme 1 . These f a c t s 
suggest t h a t p h e n y l a z i d e may r e a c t w i t h 3-methyl-l-butene t o g i v e 
t r i a z o l i n e i n a s i m i l a r r e a c t i o n t o t h a t w i t h norbornen. 

P h e n y l a z i d e and 3-methyl-l-butene were d i s s o l v e d i n n-hexane 
and s t i r r e d f o r 20 days i n the dark. Then, u n r e a c t e d p h e n y l a z i d e 
and 3-methyl-l-butene were removed by d i s t i l l a t i o n . A l i q u i d r e 
s i d u e w i t h a h i g h e r b o i l i n g p o i n t was o b t a i n e d . The e l e c t r o n i c 
spectrum o f t h e r e s i d u e d i f f e r s from b o t h components. I t g i v e s 
a b s o r p t i o n peaks at 287nm and 303nm as i s shown i n F i g u r e 1. 
These peak wavelengths are almost e q u a l t o tho s e o f t h e t r i a z o l i n e 
w hich was o b t a i n e d by t h e a d d i t i o n o f p h e n y l a z i d e t o norbornen. 
IR spectrum o f t h e r e s i d u e shows t h e disappearance o f a b s o r p t i o n 
peaks at 2 1 5 0 c m " 1 and 1 6 5 0 c m " 1 , 9 0 0 c m - 1 and 6 5 0 c m " 1 which are due 
t o v(N=N=N) o f t h e a z i d o group, v(C=C) and 6(CH 2) o f 3 - m e t h y l - l -
b u t e n e , r e s p e c t i v e l y . I n t h e mass spectrum, t h e p a r e n t peak due 
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Ar-N-NsN - + 
+ 

+ 

t o t r i a z o l i n e was not observed, but a peak was observed a t m/e= 
l 6 l . T h i s number i s e q u a l t o the m o l e c u l a r weight o f the f r a g 
ment where N 2 i s removed from t r i a z o l i n e which i s formed by the 
a d d i t i o n o f p h e n y l a z i d e t o 3-methyl-l-butene. These f a c t s l e a d 
us t o conclude t h a t a t r i a z o l i n e h a v i n g t h e s t r u c t u r e [3] o r [ 3 1 ] 
was formed by t h e a d d i t i o
I t has not y e t been determine
t r i a z o l i n e has. The r e a c t i o n mechanism o f t r i a z o l i n e f o r m a t i o n 
proposed by P . S c h e i n e r , suggests t h a t t h e s t r u c t u r e may be 5 -
i s o p r o p y l - l - p h e n y l - A 2 - l , 2 , 3 - t r i a z o l i n e ( s t r u c t u r e [ 3 ] ) . T h i s con
c l u s i o n was a l s o s u p p o r t e d by the f a c t t h a t 3 - m e t h y l - 2 - b u t y l i d e n e -
a n i l i n e [5] was o b t a i n e d by the decomposition o f t h e t r i a z o l i n e 
( v i d e i n f r a ) . 

R e f e r i n g t o F i g u r e 2 , the t r i a z o l i n e showed a remarkable 
change i n the IR spectrum a f t e r i t was i r r a d i a t e d w i t h u l t r a v i o l e t 
r a d i a t i o n . The t r i a z o l i n e was d i s s o l v e d i n benzene and i r r a d i a t e d 
w i t h u l t r a v i o l e t r a d i a t i o n . A f t e r removing benzene by d i s t i l l a 
t i o n , the photode compos i t i o n p r o d u c t s was i s o l a t e d by d i s t i l l a t i o n 
under reduced p r e s s u r e . The NMR spectrum o f the d i s t i l l a t e gave 
peaks a t T=3.0 and x=8.8 which are due t o r i n g p r o t o n s and met h y l 
p r o t o n s , r e s p e c t i v e l y . IR spectrum o f t h e d i s t i l l a t e ( F i g u r e 3a) 
shows the a b s o r p t i o n peak a t 1 2 1 0 c m - 1 which i s a t t r i b u t e d t o 
symmetric s t r e t c h i n g v i b r a t i o n o f a z i r i d i n e r i n g a s s i g n e d by H.T. 
Hoffman and J . B . P a t r i c k ( l O ) . The mass spectrum gave t h e pa r e n t 
peak a t m/e=l6l which i s e q u a l t o the m o l e c u l a r weight o f 1-
pheny 1 - 2 - i s o p r o p y l a z i r i d i n e . These r e s u l t s show t h a t t h e 
a z i r i d i n e compound i s formed from t h e decomposition o f the t r i 
a z o l i n e . The e l e c t r o n i c spectrum o f l - p h e n y l - 2 - i s o p r o p y l a z i r i d i n e 
i s c l o s e t o t h a t o f a n i l i n e as i s shown i n F i g u r e h. The s i m i l a r 
i t y o f t h e i r s p e c t r a may be due t o t h e common i r - e l e c t r o n i c s t r u c 
t u r e s o f bot h compounds. 

The r e s i d u e which was o b t a i n e d a f t e r the removal o f t h e 
a z i r i d i n e compound by d i s t i l l a t i o n shows a s t r o n g IR a b s o r p t i o n 
peak at 1 6 7 0 c m " 1 which i s a s s i g n e d t o v(C= 0 ) . S i n c e t h e a z i r i d i n e 
c o u l d not be c o m p l e t e l y removed from t h e r e s i d u e because o f i t s 
c l o s e b o i l i n g p o i n t t o t h e r e s i d u e , t h e s t r u c t u r e o f the r e s i d u e 
compound has not been determined i n t h i s s t e p . 

The r e s i d u e i s t h e r m a l l y u n s t a b l e and a c o l o r l e s s t r a n s p a r e n t 
c r y s t a l was p r e c i p i t a t e d by s t a n d i n g a t room temperature f o r a 
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Figure 1. Electronic spectra of 5-iso-
propyl-1 -phenyl-A2-1,2,3-triazoline ( ) 

and phenylazide ( ) in methanol 
200 250 300 350 

Wavelength (nm) 

3 k 5 6 7 8 9 10 12 15 
— 1001 ' ~ " ' 1 • • • — • — I 
vs. 

1*000 2000 1600 1200 800 650 
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Figure 2. IR spectrum of 5-isopropyl-l-phenyl-b2-l,2,3-triazoline and its change 
by UV irradiation (liquid film method using NaCl cell): unirradiated ( ) and 

irradiated ( ) 
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Figure 3. IR spectra of l-phenyl-2-isopropylaziridine ( ) and 3-methyl-2-
butylideneaniline ( ) 
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couple o f days. The IR spectrum o f t h e c r y s t a l shows a b s o r p t i o n 
peaks a t 3U50cm-l and l689cm-l, which are due t o v(NH) and v(C=C) 
r e s p e c t i v e l y . The mass spectrum g i v e s peaks a t m/e=322 and l 6 l . 
The former i s e q u a l t o the m o l e c u l a r weight o f t h e d i m e r i z e d 
s p e c i e s o f 3 - m e t h y l - 2 - b u t y l i d e n e a n i l i n e [ 5 ] , and th e l a t t e r , t o the 
m o l e c u l a r weight o f the f r a c t i o n which i s formed by the symmetric 
cleavage o f t h e d i m e r i z e d s p e c i e s . The e l e m e n t a l a n a l y s i s o f t h e 
c r y s t a l agrees w i t h those o f t h e dimer(Found; C : 8 l . 8 9 $ , H:9.51#, 
N:8.65#, C a l c d ; C :8l .92Jf, H:9.39#, N:8.69#). 

From these r e s u l t s , t h e c r y s t a l i n e compound was determined 
t o be a d i m e r i z e d 3 - m e t h y l - 2 - b u t y l i d e n e a n i l i n e [ 6 ] . The f o r m a t i o n 
o f such a dimer from the r e s i d u e suggests t h a t t he r e s i d u a l matter 
i s 3 - m e t h y 1 - 2 - b u t y l i d e n e a n i l i n e . T h i s presumption i s sup p o r t e d 
by the f a c t t h a t a s i m i l a r p roduct can be o b t a i n e d from t h e r e a c 
t i o n o f a l i p h a t i c n i t r e n e w i t h u n s a t u r a t e d d e f i n e s . 

HC-CH=CH 9 
I 

+ 

H C — CH-CH 
i I I 

( or 

CH l r - * . HC — C H 
I \ 

[ 4 ] 

i ^ 
H C — C — CH=CH-C 

II N CH 3 

[ 5 ] [ 6 ] 

The r e a c t i o n o f a z i r i d i n e on s i l i c a g e l 
The benzene s o l u t i o n o f l - p h e n y l - 2 - p r o p y l a z i r i d i n e [ U ] was de

v e l o p e d i n the column chromatography u s i n g a c t i v e s i l i c a g e l as an 
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a d s o r b e n t , t h e n s e p a r a t e d i n t o t h e a d s o r p t i o n and the e f f u s i o n . 
The mass spectrum o f t h e a d s o r p t i o n shows a peak a t m/e=322 which 
i s e u a l t o t h e m o l e c u l a r weight o f 3 - m e t h y l - 2 - b u t y l i d e n e a n i l i n e 
dimer [ 6 ] d e s c r i b e d i n t h e above s e c t i o n . However, b o t h NMR and IR 
s p e c t r a d i f f e r from those o f th e 3 - m e t h y l - 2 - b u t y l i d e n e a n i l i n e 
dimer. The IR spectrum o f t h e a d s o r p t i o n g i v e s no a b s o r p t i o n peak 
due t o v(C=C), w h i l e i t g i v e s the peak due t o v(NH) a t 3 5 0 0 c m-l. 
From these r e s u l t s , t he compound h a v i n g s t r u c t u r e [ 7 ] i s proposed 
f o r t he a d s o p t i o n . 

The IR spectrum o f the e f f u s i o n g i v e s a s t r o n g a b s o r p t i o n 
peak a t 1 7 ^ 0 c m - 1 due t o v(C=0) o f c a r b o n y l group. T h i s a b s o r p t i o n 
i n d i c a t e s t h a t the a z i r i d i n e was o x i d i z e d on t h e s i l i c a g e l s urface. 
Because o f such a f a c t , s i l i c a g e l can not be used f o r t h e a n a l y s i s 
o f t h e r e a c t i o n p r o d u c t s o f arom a t i c n i t r e n e w i t h u n s a t u r a t e d 
d e f i n e s . The p r e s e n t experiment, t h e r e f o r e , was r e p e a t e d by r e 
p l a c i n g s i l i c a g e l w i t h alumina

[ 4 ] S i l i c a g e l , 
C H Q 

H C — C H -

I I 
C H 0 N H 

C H , 

- C H 9 — C H , — C H — C H 2 2 1 1 
N H C H 3 

[ 7 ] 0 

Formation o f a z i r i d i n e by d i r e c t r e a c t i o n o f p h e n y l n i t r e n e w i t h 
3-me thy 1 - 1-butene 

The p r o d u c t s o b t a i n e d by r e a c t i n g p h e n y l n i t r e n e w i t h 3-methyl-
l- b u t e n e i n benzene s o l u t i o n as has been d e s c r i b e d i n t h e e x p e r i 
m e n t a l s e c t i o n was a n a l y s e d by gas chromatography. I t gave f i v e 
peaks from A f t o E' as shown i n F i g u r e 5 . Comparing the r e t e n t i o n 
times o f these peaks w i t h t h o s e which were o b t a i n e d by t h e method 
d e s c r i b e d i n the p r e v i o u s s e c t i o n o r w i t h t he compounds o b t a i n e d 
by known methods, peaks A 1 , B f and DT c o r r e s p o n d t o those o f 
a n i l i n e , a z i r i d i n e and azobenzene, r e s p e c t i v e l y . 

When, p h e n y l a z i d e and 3-methyl-l-butene are mixed i n benzene 
and kept s t a n d i n g f o r a couple o f days, t r i a z o l i n e i s formed and 
i t g i v e s a z i r i d i n e by t h e r m a l or photodecomposition. However, 
when the m i x t u r e i s i r r a d i a t e d as soon as they are mixed, t h e 
a z i r i d i n e which i s found i n t h e s o l u t i o n i s t h e one formed, not by 
the de c o m p o s i t i o n o f the t r i a z o l i n e b u t , by d i r e c t p h o t o c h e m i c a l 
r e a c t i o n o f p h e n y l n i t r e n e w i t h 3-methyl-l-butene. 

F i g u r e 6 shows t h e gas chromatogram o f th e r e a c t i o n p r o d u c t s 
o b t a i n e d by t h e u l t r a v i o l e t i r r a d i a t i o n t o p h e n y l a z i d e d i s s o l v e d 
i n 3 - m e t h y l - l - b u t e n e . I t has f o u r peaks from a t o d. Peaks a and 
c agree w i t h t h o s e o f a n i l i n e and a z i r i d i n e i n t h e i r r e t e n t i o n 
t i m e s , r e s p e c t i v e l y . I n t h i s c a s e , t h e peak due t o azobenzene d i d 
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not appear u n l i k e t h e case o f the r e a c t i o n i n benzene s o l u t i o n 
mentioned above. The absence o f azobenzene suggests t h a t t h e r e 
a c t i o n o f p h e n y l n i t r e n e w i t h 3-methyl-l-butene i s v e r y r a p i d s i n c e 
the r a t e o f azobenzene f o r m a t i o n by c o u p l i n g o f p h e n y l n i t r e n e i s 
almost d i f f u s i o n c o n t r o l l e d ( l l ) . 

Figure 5. Programmed temperature gas chromatogram of photoreaction prod
ucts of phenylazide with 3-methyl-l-butene in benzene 

SO 100 150 200 
1 1 — 1 

b 

I A i i 
1 1 I 1 . 1 ' 

0 10 20 30 

Retention Tine ( n1n ) 

Figure 6. Programmed temperature gas chromatogram of photodecomposition 
products of phenylazide in 3-methyl-l-butene 
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R e a c t i o n o f p h e n y l n i t r e n e w i t h cyclohexene 
P h e n y l a z i d e d i s s o l v e d i n cyclohexene was i r r a d i a t e d w i t h u l 

t r a v i o l e t r a d i a t i o n f o r 39 hours. The u n r e a c t e d cyclohexene was 
removed by d i s t i l l a t i o n . The r e s i d u e was s e p a r a t e d by column 
chromatography u s i n g alumina ( a c t i v i t y IV) as the adsorbent and n-
h e x a n e / d i e t h y l e t h e r ( l : l ) as t h e de v e l o p e r . 

The s t r u c t u r e o f each compound i s o l a t e d by t h e above method 
was determined by comparing i t s s p e c t r a w i t h those o f cor r e s p o n d 
i n g compound s y n t h e s i z e d by the known method. Furthermore, t h e 
r e t e n t i o n time o f the gas chromatogram was compared w i t h those o f 
the known compounds. The f o l l o w i n g p r o d u c t s were o b t a i n e d from 
d i r e c t r e a c t i o n o f p h e n y l n i t r e n e w i t h c y c l o h e x e n e ; a n i l i n e [ 8 ] ( d e 
t e r m i n e d by e l e c t r o n i c spectrum, gas chromatography), 7-phenyl-
T - a z a b i c y c l o [ t , l , 0 ] h e p t a n e [ 9 ] ( d e t e r m i n e d by e l e c t r o n i c , IR, Mass 
and NMR spec t r u m ) , N - ( 3 - c y c l o h e x e n y l ) a n i l i n e [ 1 0 ] ( d e t e r m i n e d by 
e l e c t r o n i c , IR, Mass and NMR spectrum) d f - b i c y c l o h e x e n y 3 { l l ] 
(determined by IR, Mas

NH 2 

6 0 0 Q - " > - 0 0 0 

[ 8 ] [ 9 ] [ 1 0 ] [ 1 1 ] 

Q u a n t i t a t i v e d e t e r m i n a t i o n o f the r e a c t i o n p r o d u c t s o f p h e n y l 
n i t r e n e w i t h cyclohexene 

By a method s i m i l a r t o t h a t d e s c r i b e d i n t h e l a s t s e c t i o n 
p h e n y l a z i d e i n cyclohexene was i r r a d i a t e d w i t h u l t r a v i o l e t r a d i a 
t i o n and u n r e a c t e d cyclohexene was d i s t i l l e d o f f w i t h e v a p o r a t i o n . 
The r e s i d u e was e x t r a c t e d w i t h n-hexane. The e x t r a c t was sep a r a t 
ed i n t o s e v e r a l p r o d u c t s by gas and l i q u i d chromatography. The 
gas chromatogram and the l i q u i d chromatogram are shown i n F i g u r e s 
T and 8 , which g i v e f i v e peaks from A t o E, and f o u r peaks from 
A' t o D*, r e s p e c t i v e l y i n a d d i t i o n t o t h e peak due t o the s o l v e n t . 
Peaks A and A 1 were determined t o be a n i l i n e by t h e i r r e t e n t i o n 
t i m e s . Peaks B and C 1 are due t o 3 , 3 f - b i c y c l o h e x e n y l . Peaks 
C and D* are those o f a z i r i d i n e [ 9 ] and th e product which was 
formed by the i n s e r t i o n o f p h e n y l n i t r e n e t o C-H bond o f c y c l o 
hexene . 

The r e t e n t i o n time o f a z i r i d i n e and the i n s e r t i o n p r o d u c t 
[10] are d i f f e r e n t when each o f them i s i n j e c t e d s e p a r a t e l y . How
e v e r , t h e i r peaks are not s e p a r a t e d when t h e m i x t u r e i s i n j e c t e d . 
T h e r e f o r e , peak B ! i s c o n s i d e r e d as the o v e r l a p o f peaks due t o 
a z i r i d i n e and th e i n s e r t i o n p r o d u c t . The s t r u c t u r e o f th e p r o 
duct c o r r e s p o n d i n g t o peak E c o u l d not be determined s i n c e i t s 
y i e l d was v e r y low as i s shown by t h e low i n t e n s i t y o f the peak 
i n F i g u r e 7 . 
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TEMPERATURE (*C) 
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R e t e n t i o n Time (min) 

Figure 7. Programmed temperature gas chromatogram of photodecomposition 
products of phenylazide in cyclohexene 
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Figure 8. Liquid chromatogram of photodecomposition products of phenylazide 
in cyclohexene 
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The y i e l d s o f each product were q u a n t i t a t i v e l y determined 
w i t h gas chromatography as i l l u s t r a t e d i n F i g u r e 7 , which are 
summerized i n t h e f i r s t column o f Table 2 . The y i e l d o f a z i r i 
d i ne i s predominant. I t i s n o t i c e d t h a t t he y i e l d o f 3 , 3 f - b i c y -
c l o h e x e n y l i s l a r g e r t han t h a t which i s e x p e c t e d from r e a c t i o n s , 
( l ) - ( 6 ) which are s t o i c h i o m e t r i c a l l y w r i t t e n . 
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Such mechanism, however, r e q u i r e s e q u i v a l e n t y i e l d s f o r 
a n i l i n e and 3 , 3 ! - b i c y c l o h e x e n y l . The r e s u l t s o f t h e p r e s e n t study 
(Table 2) g i v e l e s s y i e l d f o r a n i l i n e t han expected from e q s . ( l ) -
( 6 ) . 

Lwowski e t a l . ( l 2 ) have s t u d i e d t h e r e a c t i o n product o f 
e t h y l c a r b e t h o x y n i t r e n e w i t h cyclohexene. T h e i r r e s u l t s a l s o do 
not agree w i t h these e q u a t i o n s because the y i e l d o f 3 , 3 f - b i c y c l o -
h e x e n y l i s l a r g e r than t h a t o f amine compound. T h i s d i s c r e p a n c y 
suggests t h a t r e a c t i o n ( T ) may a l s o o c c u r i n a d d i t i o n t o r e a c t i o n s 
from e q . ( l ) - e q . ( 6 ) . 

P h e n y l a z i d e and a t r i p l e t s e n s i t i z e r were d i s s o l v e d i n c y c l o 
hexene and i r r a d i a t e d w i t h u l t r a v i o l e t r a d i a t i o n o f wavelengths 
l o n g e r t h a n 300nm so t h a t o n l y the s e n s i t i z e r i s e x c i t e d . The 
p h o t o l y s i s o f p h e n y l a z i d e i s occures by the energy t r a n s f e r from 
t h e e x c i t e d t r i p l e t s e n s i t i z e r . The y i e l d s o f p r o d u c t s are l i s t 
ed i n t h e second and t h i r d column o f Table 2  Where e i t h e r benzo
phenone and acetophenon
o f a n i l i n e and 3 ̂ ' - b i c y c l o h e x e n y
y i e l d s o f 7 - p h e n y l - 7 - a z a b i c y c l o [ U , l , 0 ] h e p t a n e and N - ( 3 - c y c l o -
h e x e n y l ) a n i l i n e are d e c r e a s e d , compared w i t h s i t u a t i o n s employing 
the d i r e c t p h o t o l y s i s o f p h e n y l a z i d e . The d i r e c t p h o t o l y s i s o f 
p h e n y l a z i d e may g i v e b o t h s i n g l e t and t r i p l e t n i t r e n e s . S i n c e 
t h e hydrogen a b s t r a c t i o n o f t r i p l e t n i t r e n e i s w e l l known(13), the 
r e s u l t s i n Table 2 suggest t h a t a n i l i n e and 3 , 3 l - b i c y c l o h e x e n y l 
were produced by hydrogen a b s t r a c t i o n o f p h e n y l n i t r e n e . The de
crease i n the y i e l d s o f 7 - p h e n y l - 7 - a z a b i c y c l o [ U , l , 0 ] h e p t a n e and 
N - ( 3 - c y c l o h e x e n y l ) a n i l i n e i n t h e s e n s i t i z e d p h o t o l y s i s shows t h a t 
a hydrogen a b s t r a c t i o n r e a c t i o n o f t r i p l e t n i t r e n e occures p r i o r 
t o the i n s e r t i o n r e a c t i o n t o the C-H bond o r e t h y l e n i c a l l y u n s a t u 
r a t e d group. 

Table 2 R e l a t i v e r a t i o and y i e l d ( ^ ) o f d r i e c t and s e n s i t i z e d 
p h otodecomposition p r o d u c t s o f p h e n y l a z i d e i n c y c l o 
hexene 

P r o d u c t s D i r e c t S e n s i t i z e d p h o t o l y s i s 
p h o t o l y s i s Benzophenone Acetophenone 

A n i l i n e 
3,3*-Bi c y c l o h e x e n y l 
7 - P h e n y l - 7 -
a z a b i c y c l o [ l + , l , 0 ] 
heptane 
N - ( 3 - c y c l o h e x e n y l ) 
- a n i l i n e 
unknown 

R a t i o % 
" O X 

0 . 9 

1 .0 

0 . 7 

0 . 1 

13 
30 

32 

21 

h 

R a t i o % 
3.1 

10.0 

1.0 

19 

60 

2.1+ 15 

0.1 

R a t i o 

1 1 . 8 

l.O 

1.2 

0.1 

31 
57 
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R e a c t i o n o f ^ V - d i n i t r e n o d i p h e n y l w i t h 1,2-polybutadiene i n 
m a t r i x 

l , 2 - P o l y b u t a d i e n e ( J S R PB-1000, Mn;1000) f i l m c o n t a i n i n g 
0 . 0 2 5 m o l/l o f l + , U f - d i a z i d o d i p h e n y l was pr e p a r e d . The e l e c t r o n i c 
spectrum o f t h i s f i l m i s s i m i l a r t o t h a t o f U , V - d i a z i d o d i p h e n y l 
i n wavelengths l o n g e r than 250nm s i n c e t h e polymer i s t r a n s p a r e n t 
i n t h i s wavelength r e g i o n . Furthermore, i t s e l e c t r o n i c spectrum 
showed t h a t t r i a z o l i n e was not formed between a z i d e and e t h y l e n i c 
groups o f the polymer. 

The f i l m was exposed t o u l t r a v i o l e t r a d i a t i o n i n a vacuum 
c e l l o f 10 _ 5 t o l l u s i n g a Py r e x f i l t e r . F i g u r e 9 shows the change 
i n t h e IR spectrum o f the f i l m due t o i r r a d i a t i o n w i t h u l t r a v i o l e t 
r a d i a t i o n . The peaks at 2150cm" 1 and 1300cm" 1 are due t o v A S ( N = N = N ) 
and V S ( N = N = N ) , r e s p e c t i v e l y . These peaks are decreased i n t h e i r 
i n t e n s i t i e s , showing the decom p o s i t i o n o f t h e a z i d o group. F u r 
t h e r , t h e f o l l o w i n g a b s o r p t i o n s o r i g i n a t e d from 1,2-polybutadiene 
were remarkably decrease
(v(=CR"2) o f alkene g r o u p )
t o n e ) , l 6 5 0 c m- 1(v(C=C)), l U l 0 c m - 1 ( 5 ( C H ) , i n p l a n e ) , 9 9 0 c m - 1 , 
9 6 0 c m - 1 , 905cm" 1(6(CH), out- o f p l a n e ) . These changes i n t h e peak 
i n t e n s i t i e s show t h a t t he e t h y l e n i c group o f 1,2-polybutadiene 
was r e a c t e d w i t h U , V - d i n i t r e n o d i p h e n y l . 

A b s o r p t i o n peaks due t o alkane groups a t 2 9 9 0 c m - 1 ( v ( C H ) ) , 
1^50cm- 1(6(CH), i n - p l a n e o f m e t h y l e n i c group o f t h e main c h a i n ) , 
and 1350cm" 1(6(CH), i n - p l a n e o f t e r t i a r y hydrogen o f t h e main 
ch a i n ) were a l s o decreased, but the e x t e n t o f th e decrease i s not 
l a r g e compared w i t h those due t o t h e alk e n e groups. 

The i r r a d i a t e d f i l m was washed w i t h benzene and the compo
nents which are e a s i l y s o l u b l e i n benzene were i s o l a t e d . Then, 
the f i l m was t r e a t e d w i t h t h e S o x h l e t e x t r a c t i o n method u s i n g 
benzene. F i g u r e 10 shows t h e IR s p e c t r a o f the f i l m a f t e r 5 0,150 
and 200 hours o f S o x h l e t e x t r a c t i o n . The a b s o r p t i o n peak a t 
2150cm- 1 decreases w i t h i n c r e a s e o f the e x t r a c t i o n t i m e . T h i s 
f a c t means t h a t undecomposed a z i d e was removed from the f i l m by 
S o x h l e t e x t r a c t i o n . The peak a t 1500cm" 1 i s c o n s i d e r e d as t h e 
o v e r l a p o f a b s o r p t i o n s due t o t h e benzene r i n g o f undecomposed 
a z i d e and t h a t which was bonded t o t h e polymer v i a t he r e a c t i o n o f 
n i t r e n e . The p l o t s o f the r a t i o o f t h e peak i n t e n s i t i e s f o r t h e 
a z i d e group(2150cm" 1) and f o r t h e benzene ring(1500cm" 1) a g a i n s t 
the e x t r a c t i o n time showed t h a t the r a t i o i n c r e a s e s w i t h i n c r e a s e 
o f e x t r a c t i o n t i m e , s u g g e s t i n g t he presence o f the benzene r i n g 
which i s not removed from t h e f i l m by e x t r a c t i o n , and t h e r e f o r e 
c h e m i c a l l y bonded t o the polymer. 

I n o r d e r t o determine i f t h e d i m i n i s h o f e t h y l e n i c double 
bond o f t h e polymer by t h e a t t a c k o f n i t r e n e occurs , the r a t i o 
o f IR absorbances due t o v(C=C) o f e t h y l e n i c double bond(3100cm" 1) 
and due t o v(CH) o f alkane(2990cm" 1) has been determined f o r t h e 
u n i r r a d i a t e d f i l m , i r r a d i a t e d f i l m , benzene e x t r a c t and S o x h l e t 
e x t r a c t ( T a b l e 3 ) . 

With the decomposition o f the a z i d o group, t h e double bonds 
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Figure 9. Change in IR spectrum of 1,2-polybutadiene film containing 4,4'-di-
azidodiphenyl with UV irradiation in vacuum, before ( ) and after ( ) irra

diation 

Figure 10. Change in IR spectrum of 
UV-irradiated 1,2-polybutadiene film 
containing 4,4''-diazidodiphenyl with 50, 
150, and 200 hr Soxhlet extraction by 

benzene 
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were decreased, showing t h e r e a c t i o n o f n i t r e n e w i t h t he double 
bonds. The v a l u e s f o r the i r r a d i a t e d f i l m and the benzene e x t r a c t 
do not show a remarkable decrease o f the double bond. T h i s may be 
because t h e l a r g e amount o f t h e u n r e a c t e d polymer i s c o n t a i n e d i n 
the e x t r a c t . The S o x h l e t e x t r a c t showed the e v i d e n t decrease o f 
the double bond. The S o x h l e t e x t r a c t seems t o c o n s i s t o f c r o s s -
l i n k e d polymer which was e x t r a c t e d due t o t h e low mo l e c u r a r 
weight o f the pare n t polymer. 

Table 3 The r a t i o o f IR absorbances f o r v(C=C) o f 
double bond and v(CH) o f alkane 

D(C=C)/D(CH) 
U n i r r a d i a t e d f i l m 0.h2 

I r r a d i a t e d f i l m 
Benzene e x t r a c t 
S o x h l e t e x t r a c t 0 . 0 7 
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F i g u r e 11 shows GPC curves f o r 1 , 2 - p o l y b u t a d i e n e , t h e benzene 
e x t r a c t and the S o x h l e t e x t r a c t . I t i s seen t h a t the m o l e c u l a r 
weight o f 1 , 2 - p o l y b u t a d i e n e i s about 1000 w i t h a narrow m o l e c u l a r 
weight d i s t r i b u t i o n . The GPC curve o f t h e benzene e x t r a c t i s 
almost s i m i l a r t o t h a t o f 1 , 2 - p o l y b u t a d i e n e , but shows a s l i g h t 
i n c r e a s e i n the h i g h e r components. T h i s f a c t means t h a t t h e 
benzene e x t r a c t c o n t a i n s a s m a l l amount o f c r o s s l i n k e d polymer i n 
a d d i t i o n t o the u n r e a c t e d polymer. On the o t h e r hand, the GPC 
curve o f the S o x h l e t e x t r a c t d i f f e r s from t h a t o f 1 , 2 - p o l y b u t a d i e n e 
i n i t s peak p o s i t i o n and t h e shape, showing the e x i s t e n c e o f a 
component o f h i g h e r m o l e c u l a r w e i g h t . 

I t has been found from a n a l y s i s by t h i n l a y e r chromatography 
t h a t the benzene e x t r a c t c o n t a i n s a c o n s i d e r a b l e amount o f 
d i a m i n o d i p h e n y l i n a d d i t i o n t o the u n r e a c t e d polymer. The p r e 
sence o f U j V - d i a m i n o d i p h e n y l means t h a t U , U ! - d i n i t r e n o d i p h e n y l 
a b s t r a c t e d hydrogen fro  1 , 2 - p o l y b u t a d i e n e  W i t h t h i  a b s t r a c
t i o n u n p a i r e d e l e c t r o n
c u l e and i t may be c r o s s l i n k e
p a i r e d e l e c t r o n s . The c r o s s l i n k i n g o f the polymer by such a 
mechanism w i l l be p o s s i b l e w i t h not o n l y b i s a z i d e s but a l s o mono-
a z i d e s . T h i s means t h a t c r o s s l i n k i n g by such a way c o n t r i b u t e s t o 
the p h o t o c u r i n g o f the polymer, but the e f f i c i e n c y i s not v e r y 
h i g h s i n c e the v a l u e o f the g e l f r a c t i o n s o f t h e polymers s e n s i t i z 
ed w i t h monoazide i s u s u a l l y lower than those w i t h b i s a z i d e s . 

R e s u l t s f o r the r e a c t i o n o f k,Uf-dinitrenodiphenyl w i t h 1 , 2 -
p o l y b u t a d i e n e are summerized as f o l l o w s ; 
(1) e t h y l e n i c double bond o f 1 , 2 - p o l y b u t a d i e n e i s e v i d e n t l y de

c r e a s e d , 
(2) alkane C-H group, e s p e c i a l l y t e r t i a r y C-H group i s decreased, 
(3) p h e n y l group bonded w i t h 1 , 2 - p o l y b u t a d i e n e i s p r e s e n t , 
(h) a c o n s i d e r a b l e amount o f U , U f - d i a m i n o d i p h e n y l i s formed. 
Based on these r e s u l t s and the r e a c t i o n mode o f p h e n y l a z i d e w i t h 
u n s a t u r a t e d d e f i n e monomers as t h e model compound o f the polymer, 
mechanisms [ i ] - [ i l l ] are proposed f o r the c r o s s l i n k i n g o f 1 , 2 -
p o l y b u t a d i e n e by b i s a z i d e . 

Mechanisms [ i ] and [ i l ] may o c c u r through the r e c o m b i n a t i o n 
o f u n p a i r e d e l e c t r o n s which are formed by t h e hydrogen a b s t r a c t i o n 
o f n i t r e n e s , and the i n s e r t i o n r e a c t i o n o f n i t r e n e s t o C-H bonds, 
r e s p e c t i v e l y . However, i t has not been r e v e a l e d i n t h i s study 
which C-H bond i s a t t a c k e d by the n i t r e n e . 

Mechanism [ i l l ] r e p r e s e n t s c r o s s l i n k i n g due t o a z i r i d i n e r i n g 
f o r m a t i o n . T h i s mechanism i s s u p p o r t e d by the decrease o f e t h y l 
e n i c double bond o f 1 , 2 - p o l y b u t a d i e n e and the f a c t t h a t a l a r g e 
amount o f a z i r i d i n e compound i s formed i n the r e a c t i o n o f p h e n y l 
n i t r e n e w i t h u n s a t u r a t e d d e f i n e monomers, a l t h o u g h the d i r e c t 
o b s e r v a t i o n o f i t i n 1 , 2 - p o l y b u t a d i e n e f i l m m a t r i x has not been 
accomplished i n the p r e s e n t study. 

Consequently, the p h q t o - c r o s s l i n k i n g o f 1 , 2 - p o l y b u t a d i e n e by 
b i s a z i d e might be due t o t h e c o n t r i b u t i o n o f a l l o f the mechanisms 
[ I ] - [ I I I ] . 
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N-iM>N* + 2 N 2 

CH 
II CH 2 

- e C H 2 - C ^ C H 2 - C H ^ + 

CH CH 
li li CH„ CHo [I n2 
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-(•CHg-C-^-fCHg-CH-
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Modification of Electrical Properties in Poly-N-

Vinylcarbazole by UV Light—Thermally Stimulated 

Current 

H. KITAYAMA, T. FUJIMOTO, M. YOKOYAMA, and H. MIKAWA 

Department of Applied Chemistry, Faculty of Engineering, Osaka University, 
Yamadakami, Suita, Osaka, Japan, 565 

Thermally stimulated hole current in poly-N-vinylcarbazole 
shows distinct maximum at around 5°C and another large current 
above 100°C. This 5°C maximum is due to 0.56 eV hole traps of 
7 x 1015 cm-3 density. Photoconductivity in poly-N-vinylcarbazole 
increases appreciably when irradiated with UV-light in air at room 
temperature and this increase accompanies the formation of 0.56 eV 
hole traps. The nature of this traps has been discussed. 

Poly-N-vinylcarbazole is one of the very important orga
nic photoconductors now in use in electrophotography. For prac
tical use, a little amount of sensitizer is usually added. 
Carrier generation increases usually due to the electron accep
ting property of the sensitizer in its ground state or in its 
excited state. The detailed mechanism of the carrier generation 
is the subject to be reported in another symposium of the pre
sent meeting (1). 

Another important problem of the photoconductivity of 
poly-N-vinylcarbazole is the carrier transport. With the so
-called time of flight method this problem is well investigated. 
A very important progress has been made recently on the theo
retical background of the analysis of the transport problem 
also (2). Although it has been made clear that multi-trapping 
process is determining the carrier transport in the polymer, 
not only the nature of the trap but also the trap depth and 
the trap population are not definitely known even in pure poly
-N-vinylcarbazole. The present report concerns with this problem. 

So-called thermally stimulated current is the most direct 
method to investigate the nature of the traps, the current being 
due to the carriers comming out thermally from the traps. Although 
the thermally stimulated current of poly-N-vinylcarbazole has 
already been investigated by Pai (3) and Patora (4), the results 
are somewhat different. We investigated this problem with many 

0-8412-0540-X/80/47-121-205$05.00/0 
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d i f f e r e n t samples by d i f f e r e n t groups of members and obtained 
q u i t e r e p r o d u c i b l e r e s u l t s as summarized at the top. Although 
many approximate methods are reported (5j (6) f o r the a n a l y s i s of 
the thermally stimulated c u r r e n t curve, we "obtained the values of 
trap depth by numerical a n a l y s i s of the t h e o r e t i c a l equation 
without any approximation. Thus e s t a b l i s h i n g the experimental 
method of o b t a i n i n g r e p r o d u c i b l e r e s u l t s and the method of 
e v a l u a t i n g the parameters, the f i l m s modified by UV-lig h t i n a i r 
were a l s o i n v e s t i g a t e d and confirmed that trap population 
increased with the same trap depth of 0.56 eV as of the v i r g i n 
sample. 

EXPERIMENTAL 

Poly- N - v i n y l c a r b a z o l e 
N - v i n y l c a r b a z o l e wit

benzene, degassed and polymerized at 80°C f o r 15 hrs. The polymer 
was p u r i f i e d by r e p r e c i p i t a t i o n 3 times from THF-methanol 
followed by e x t r a c t i o n with methanol. 
Sample C e l l Assembly and C r y o s t a t 

Onto the surface of a copper p l a t e , the polymer f i l m 

Figure 1. Cryostat (a) and cell assembly (b) 
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was c a s t from 5% benzene s o l u t i o n . Gold was evaporated as e l e c t 
rode. To obtain r e p r o d u c i b l e r e s u l t s , i t i s of absolute 
importance to keep the polymer i n good contact with the copper 
base p l a t e over the whole temperature range of the measurement 
from -150^100°C. T h i s was achieved by etchi n g the copper p l a t e 
with F e C l 3 s o l u t i o n p r i o r to the c a s t i n g of the f i l m . R a i s i n g 
rate of the temperature was kept constant t y p i c a l l y at 3.3°C/min. 
Annealing and cl e a n i n g up of the e v e n t u a l l y e x i s t i n g r e s i d u a l 
trapped c a r r i e r s ; f i l l i n g up of the traps with U V - i r r a d i a t i o n ; 
and the measurement of thermally stimulated currenT 

F i r s t , the whole assembly was evacuated and cooled down to 
-150°C. E l e c t r i c f i e l d was a p p l i e d to the f i l m and the temperature 
was elev a t e d at the rate of 3.3°C/min. C a r r i e r s e v e n t u a l l y 
comming out from the traps are c o l l e c t e d by the a p p l i e d f i e l d and 
the observed c u r r e n t du
r e l a x a t i o n of i n t e r n a l  polyme y
measured. T y p i c a l example of t h i s c u r r e n t i s shown by curve ( i ) of 
F i g . 2. As shown t y p i c a l l y by curve ( i i ) o f the same f i g u r e , when 
t h i s sample was cooled down again to -150°C and the same measure
ment was repeated, no thermally stimulated c u r r e n t was observed 
t i l l 100°C. This r e s u l t shows that the heating c y c l e of curve ( i ) 
cleans up the trapped c a r r i e r s and a l s o the annealing of the 
i n t e r n a l s t r e s s i f any i s completed. Thus c l e a n i n g up the f i l m , 
the f i l m was again cooled down to -150°C and i r r a d i a t e d by the 
t o t a l l i g h t of the 500W Hg lamp f o r d e f i n i t e time i n order to f i l l 
up the t r a p s . The energy d i s t r i b u t i o n o f the l i g h t i s shown i n 
F i g . 3. With t h i s low temperature i r r a d i a t i o n , p h o t o c a r r i e r s 
are generated and captured by tr a p s . A f t e r f i l l i n g up the traps 
i n t h i s way, e l e c t r i c f i e l d was a p p l i e d and t h e temperature was 
elev a t e d and the c a r r i e r s coming out from the traps were c o l 
l e c t e d by the a p p l i e d f i e l d and measured by a v i b r a t i n g - r e e d 
electrometer. 

Temperature (°C) 

Figure 2. Thermally stimulated current of poly-N-vinylcarbazole film: (i) The 
current observed for the first time without any pretreatment; (ii) the same after 
this first measurement (collecting voltage 30V (Au-\-); heating rate 3.3°C/min) 
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Figure 3. Intensity distribution of 500W 
Hg lamp Wavelength (nm) 

F i g . 4 (a) and (b) e x p l a i n the p r i n c i p l e . This i s the thermall y 
s t i m u l a t e d c u r r e n t to be used f o r the a n a l y s i s o f the trap depth 
and i t s population. In so f a r as the f i l m has no experience o f 
being heated above 110°C, the same f i l m assembly could be used 
repeatedly many times with s a t i s f a c t o r y r e p r o d u c i b l e r e s u l t s . 
Measurement o f the thermall y stimulated c u r r e n t of the poly-N-
v i n y l c a r b a z o l e f i l m i r r a d i a t e d p r i o r to the measurement wtth UV-
l i g h t i n a i r a t room temperature. 

P r i o r to the measurement of the thermall y stimulated cur
r e n t , the f i l m was i r r a d i a t e d a t room temperature with the t o t a l 
U V - l i g h t from the same 500W Hg lamp. The whole was evacuated 
and the f i l m was cooled down to -150°C, i r r a d i a t e d with Hg lamp 
to f i l l up the traps and the measurement of thermally s t i m u l a t e d 
c u r r e n t was performed i n the same way as st a t e d above. 

. A u 

PVCz fi lm 

Cu 

( a ) 

Figure 4. Principle of the measurement of thermally stimulated current: (a) when 
the sample is irradiated at —150°C photocarriers are generated and the traps are 

filled with the carriers\(b) measurement of the thermally stimulated current 
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RESULTS 

F i g . 5 shows the thermally stimulated c u r r e n t of poly-N-
v i n y l c a r b a z o l e measured with the above mentioned method. 
The curves show c l e a r l y s i n g l e peak at about 5°C and t h i s peak 
increases with the increase of the time of U V - i r r a d i a t i o n at low 
temperature. T h i s means that the amount gf the trapped c a r r i e r s 
i ncrease with the increase of the trapping i r r a d i a t i o n . When the 
p o l a r i t y of the c o l l e c t i n g f i e l d i s reversed, i . e . i n c o n t r a r y to 
F i g . 4, the gold e l e c t r o d e i s n e g a t i v e l y biased, the c u r r e n t 
decreases a p p r e c i a b l y . T h i s shows that the detrapping of hole 
c a r r i e r s are predominant i n p o l y - N - v i n y l c a r b a z o l e . 

As s t a t e d already i n the i n t r o d u c t o r y s e c t i o n , main f e a t u r e 
of the c a r r i e r t r a n s p o r t i n the polymer i s known to be the m u l t i -
trapping process of th
t i o n due to Haering an
(equation ( i ) ) w i l l be used to analyze the r e s u l t s : 

I ( T ) - I 0 e x p [ - A E / k T - 0*/b I e x p (-*E/kT) dT] , Ot=N v/NtT ( i ) 

On d i f f e r e n t i a t i n g equation ( i ) , 
e x p [ A.E/kT m] = cXkT*/b*E 

where, I(T) i s the thermally stimulated c u r r e n t at T, N v e f f e c 
t i v e s t a t e d e n s i t y of the valence band, N t e f f e c t i v e s t a t e 
d e n s i t y of the t r a p s , b the heating r a t e °K/min.,X the recombi
nation l i f e time, T m the temperature of maxium I(T) and A E i s 
the trap depth. As T m and b are known, one can c a l c u l a t e cA by 
equation ( i i ) f o r some t r i a l value o f AE. Using t h i s * * , b and 
the t r i a l value o f A E , one can c a l c u l a t e equation ( i ) and com
pare the r e s u l t with the experiment. Thus, wtth the i t e r a t i o n 
o f t h i s procedure, we can f i n d AE value which f i t s the experiment 
best. F i g . 6 shows a t y p i c a l r e s u l t . 

In t h i s way, the trap depth of the p o l y - N - v i n y l c a r b a z o l e was 
c a l c u l a t e d as A E =0.56 eV and from the area of the 5°C peak the 
trap d e n s i t y was estimated to be of the order of 7 x 10 1* c n r 3 . 

As to be not i c e d i n F i g . 5, the 5°C peak shows cons i d e r a b l e 
t a i l i n g to the lower temperature r e g i o n . This means the presence 
of some amount of shallower trapps i n the polymer. As shown by 
F i g . 7, the thermally stimulated c u r r e n t from these traps becomes 
somewhat c l e a r e r with slower heating r a t e . However, the d e n s i t y 
of these traps i s too small to analyze. Pai and Patora show a l s o 
the presence of such kind of traps (3), (4). 

As shown i n F i g s . 2,5 and 7, the curves show large thermally 
stimulated c u r r e n t i n higher temperature region a l s o . I t i s 
d i f f i c u l t , however, to observe any maximum i n t h i s c u r r e n t and i s 
impossible to analyze the trap parameters. 

0 
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Figure 5. Thermally stimulated current of poly-N-vinylcarbazole showing clear 
peak at 5°C. Peaks increase with the increase of UV illumination of the total light 
of the Hg lamp of Figure 3, at —150°C in vacuo 5-40 min. Collecting voltage 
30V (Au +); heating rate 3.3°C/min. Films were cleaned prior to the measure

ment. 
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Temperature (*C) 

Figure 6. Typical experimental curve 
of the thermally stimulated current in 
poly-N-vinylcarbazole near 5°C peak 
( ) and the calculated theoretical 
curve with the trap depth Δ Ε == 0.56 eV 
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Figure 7. Thermally stimulated current 
in poly-N-vinylcarbazole with different 
heating rates ( 1.7-6.7°C/min; collecting 
voltage 30V (Au-\-)). Films were 
cleaned first and UV illuminated for 20 
min at —150°C in vacuo with the total 

light of the Hg lamp of Figure S. 
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As shown i n F i g . 8 , when the f i l m îs i r r a d i a t e d a t room 
temperature i n aîr by UV-lîght, the r m a l l y s t i m u l a t e d c u r r e n t a t 
5°C increases c o n s i d e r a b l y . This r e s u l t shows c l e a r l y the i n 
crease o f the d e n s i t y o f the same 0 . 5 6 eV tra p s . 

Figure 8. Thermally stimulated current 
in photooxidized poly-N-vinylcarbazole 
film. Films are (i) not illuminated; (ii) illu
minated for 60 min; (in) illuminated for 2 
min with the 330-nm UV light in air at 
room temperature. In all cases, these photo-
oxidized films were cleaned by heating to 
100°C prior to the measurement, cooled to 
—150°C, and illuminated with the

of the H g lamp for 20 min in

DISCUSSIONS 
On the methods of a n a l y s i s o f the thermally s t i m u l a t e d c u r r e n t ; 
and the values o f the t r a p depth i n p o l y - N - v i n y l - c a r b a z o l e 

Various methods are proposed ( 5 , a — g ) , ( 6 ) . Among these, 
the methods i n which monomolecular recombination or bimolecular 
recombination o f the c a r r i e r s are assumed could not be used i n 
our case, because the c a r r i e r t r a n s p o r t i n p o l y - N - v i n y l c a r b a z o l e 
i s known to be the multî-trappîng process o f the hole c a r r i e r . 
The values o f the trap depth Δ Ε of 5°C peak by these several 
methods are summarized i n Tab. 1. Values are widely s c a t t e r e d 
and i t seemed t h a t t h i s i s due to the approximations i n v o l v e d i n 
the method o f a n a l y s i s . Our value i s c a l c u l a t e d by the 

Table 1 
Values of trap depth Δ Ε corresponding to the 5 ° C peak 

A n a l y s i s by the method of Δ Ε ( eV ) 
Garl i c k - G i b s o n 0 39 ± 0.02 
Haering-Adams 0 40 ± 0.12 
Bube 0 54 ± 0.01 
Luschik 0 32 t 0.14 
Hal perin-Braner 0 68 + 0.19 
This work 0 56 

With Booth's method, Λ Ε = 0 / ^ 1 . 1 eV; 
Keating's method could not be a p p l i e d , since X value was not i n 
0 . 7 5 ~ 0 . 9 . 
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fundamental t h e o r e t i c a l equation due to Haering and Adams i n the 
l i m i t o f f a s t r e t r a p p i n g without any approximation i n the c a l c u 
l a t i o n and i s b e l i e v e d to be the best one now a v a i l a b l e . 

According to G i l l (7}, the a c t i v a t i o n energy r e q u i r e d f o r 
hole hopping depended on e l e c t r i c f i e l d and t h i s energy was 0.65 
eV when the c o l l e c t i n g voltage was 30V. The average f l u c t u a t i o n 
amplitude of the energy l e v e l s o f hopping s i t e s i n Seki's model 
(8) was 0.57 eV. The a c t i v a t i o n energy of hole reported by Pai (3j 
was 0.36 eV which d i d not depend on e l e c t r i c f i e l d and tempera
t u r e . The values of Mort (9J and Regensburger (JO) were a l s o 
0.4—0.7 eV. Further, according to the measurenent of the space-
c h a r g e - l i m i t e d c u r r e n t s i n p o l y - N - v i n y l c a r b a z o l e f i l m by Kato, 
Fujimoto and Mikawa, the trap depth was 0.5 eV without depending 
on the e l e c t r i c f i e l d (11). Since the c a r r i e r t r a n s p o r t i n p o l y -
N - v i n y l c a r b a z o l e i s known to be the m u l t i - t r a p p i n g process of the 
hole c a r r i e r , the a c t i v a t i o  i  th  abov  re p o r t  i
thought to be the same wit
the 5°C peak of the thermally  presen
s t u d i e s . 
On the nature of the traps 

As well known, s o - c a l l e d excimer s i t e s e x i s t i n p o l y - N - v i n y l 
carbazole. I t i s well e s t a b l i s h e d t h a t these excimer s i t e s are the 
e f f i c i e n t traps f o r the s i n g l e t and t r i p l e t e x c i t o n s , which 
migrate along the polymer chain. The s t r u c t u r e of these s i t e s are 
thought to be a s p e c i a l conformation having a p a i r of c a r b a z o l y l 
groups arranged p a r a l l e l each other. 

I t seems to be natural to suspect i f these excimer forming 
s i t e s were the e f f e c t i v e t r a p p i n g center a l s o f o r hole c a r r i e r s . 
I f t h i s were the case, the hole c a r r i e r s would be trapped i n 
excimer s i t e s as dimer c a t i o n r a d i c a l s t a t e having lower energy 
than the i s o l a t e d c a t i o n r a d i c a l s t a t e ( f r e e h o l e ) . However, at 
l e a s t f o r the 0.56 eV trap of the 5°C peak of the thermally 
stimulated c u r r e n t curve, t h i s p o s s i b i l i t y i s r u l e d out, because 
the excimer population i n p o l y - N - v i n y l c a r b a z o l e i s so much as one 
per several hundred c a r b a z o l y l grops Q 2 ) , while t h a t of 0.56 eV 
trap i s so low as 7 χ 1 0 1 5 /cnv*. As e v i d e n t l y shown i n several 
f i g u r e s i n the preceeding s e c t i o n s , p o l y - N - v i n y l c a r b a z o l e shows 
besides 5°C peak l a r g e thermally stimulated c u r r e n t i n higher 
temperature r e g i o n . As we have no information on the -trap depth 
and the d e n s i t y of t h i s higher temperature c u r r e n t , there remains 
a p o s s i b i l i t y of these traps being due to excimer forming s i t e s 
i n the polymer. 

As already s t a t e d and shown by F i g . 8, when the f i l m i s 
i r r a d i a t e d at room temperature i n a i r by UV-light p r i o r to the 
measurement of thermally stimulated c u r r e n t , the c u r r e n t peak at 
5°C increased c o n s i d e r a b l y , i . e . the population of the 0.56 eV 
traps increased by U V - i r r a d i a t i o n i n a i r . The p h o t o c a r r i e r s 
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generated in poly-N-vinylcarbazole with the excitation in its 
lowest7L-7C*absorption region are mainly holes and the electrons 
are deeply trapped and immobilized by the electron accepting 
impurities. Photo-oxidation product of poly-N-vinylcarbazole was 
suggested by Pfister and Williams (13) as the electron accepting 
impurity and they suggested the formation of the compounds having 
structures like 

Recently, Itaya, Okamoto and Kusabayashi (14) made an estimation 
that the concentration of the electron-accepting photo-oxidation 
product of about 10"3 mol/mol monomer unit is necessary to 
interpret the high yield of the photocarrier generation of ca. 
0.1 of the photo-oxidized poly-N-vinylcarbazole film. The fact 
that the UV-irradiation of the film in air at room temperature 
increase the 0.56 eV trap density shows close connection between 
photo-oxidation product and this trap. The amount of 0.56 eV trap 
is , however, too small when compared with the estimated amount 
of the electron accepting photo-oxidation product. Moreover, from 
the organic chemical view, i t seems to be difficult to conceive 
the electron accepting moiety as hole trapping structure. Some 
kind of molecules such as for example water might be formed by 
photo-oxidation and function as 0.56 eV trap. 
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When any polymer i
ed m a t e r i a l , the s u r f a c
p r o p e r t i e s . I n comparison w i t h the l a r g e number of works devoted 
t o the development of new polymers, r e l a t i v e l y minor e f f o r t s have 
been d i r e c t e d t o the m o d i f i c a t i o n o f polymer s u r f a c e . I n p a r t i 
c u l a r , owing t o the d i f f i c u l t i e s of s t u d y i n g c h e m i c a l and p h y s i c a l 
p r o p e r t i e s of polymer s u r f a c e , few a r t i c l e s have been p u b l i s h e d on 
the c o r r e l a t i o n between the c o n d i t i o n o f s u r f a c e treatments and 
the imparted s u r f a c e p r o p e r t i e s . 

The known t e c h n i q u e s of s u r f a c e t r e a t m e n t s ( 1 ) a r e i ) corona 
d i s c h a r g e , i i ) s u r f a c e d e g r a d a t i o n o r o x i d a t i o n by o x i d i z i n g 
agents such as chromic a c i d and o t h e r s , i i i ) plasma treatment 
and/or plasma p o l y m e r i z a t i o n , i v ) g r a f t p o l y m e r i z a t i o n , and v) 
c o a t i n g . Among th e s e , i ) and v) are most w i d e l y used p r o c e s s e s 
because of t h e i r e x c e l l e n t w o r k a b i l i t y and low c o s t o f o p e r a t i o n 
whereas d u a b i l i t y o f t r e a t e d s u r f a c e i s o f t e n u n s a t i s f a c t o r y . 
S i n c e i ) i s e s s e n t i a l l y the o x i d a t i o n o f polymer s u r f a c e , the im
p a r t e d f u n c t i o n a l groups on polymer s u r f a c e a r e l i m i t e d t o oxygen 
c o n t a i n i n g p o l a r groups and the e f f e c t s a r e not s u f f i c i e n t f o r 
many purposes. Furthermore, the e f f e c t s of corona d i s c h a r g e 
treatment g r a d u a l l y d i s s i p a t e d u r i n g s t o r a g e . The pr o c e s s v) can 
p r o v i d e v a r i o u s s u r f a c e p r o p e r t i e s whereas the coated l a y e r i s not 
s t r o n g enough u n l e s s c h e m i c a l l y bound t o the base polymer. These 
pr o c e s s e s would be p o s i t i o n e d as low grade treatments f o r g e n e r a l 
purposes. The wet pro c e s s i i ) i s l e s s i m p o r t a n t than i ) owing t o 
i t s poor w o r k a b i l i t y . Use of plasma i s a p r o m i s i n g t e c h n o l o g y to 
enable ext r e m e l y t h i n l a y e r s u r f a c e m o d i f i c a t i o n . A drawback i s 
to o p e r a t e under reduced p r e s s u r e . G r a f t p o l y m e r i z a t i o n i n i t i a t e d 
by h i g h energy i r r a d i a t i o n , p h o t o - i r r a d i a t i o n , o r c a t a l y t i c 
p r o c e s s e s has been w e l l documented. However, the aim of g r a f t 
p o l y m e r i z a t i o n has not been o r i e n t e d t o s u r f a c e m o d i f i c a t i o n . 
Most of p u b l i s h e d r e s u l t s d e a l w i t h v e r y h i g h g r a f t y i e l d and con
s e q u e n t l y the b u l k p r o p e r t i e s o f the base polymer a r e a l t e r e d by 
g r a f t i n g . I n p r i n c i p l e , g r a f t p o l y m e r i z a t i o n i s an a t t r a c t i v e 
method to impart a v a r i e t y of s u r f a c e p r o p e r t i e s on the c o n d i t i o n 
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t h a t a v e r y t h i n g r a f t l a y e r can be produced 
Among these g r a f t i n g p r o c e s s e s , p h o t o c h e m i c a l r e a c t i o n s a r e 

b e s t s u i t e d f o r s u r f a c e g r a f t i n g . The reasons a r e as f o l l o w s . 
i ) P h o t o c h e m i c a l l y produced t r i p l e t s t a t e s of c a r b o n y l compounds 
a b s t r a c t hydrogen atoms from almost a l l polymers so t h a t g r a f t 
p o l y m e r i z a t i o n can be i n i t i a t e d . i i ) H i g h c o n c e n t r a t i o n o f a c t i v e 
s p e c i e s can be l o c a l l y produced a t the i n t e r f a c e between the base 
polymer and the r e a c t i n g s o l u t i o n c o n t a i n i n g s e n s i t i z e r when 
p h o t o i r r a d i a t i o n i s a p p l i e d through the base polymer f i l m . T h i s 
c o n d i t i o n c o u l d not be a c h i e v e d e i t h e r by t h e r m a l o r r a d i a t i o n 
c h e m i c a l i n i t i a t i o n . S e l e c t i v e e x c i t a i t o n i s a b i g m e r i t of 
p h o t o g r a f t i n g . Energy a b s o r p t i o n of i o n i z i n g r a d i a t i o n i s d e t e r 
mined by the t o t a l number of e l e c t r o n s , but not by f u n c t i o n a l 
groups. i i i ) I n comparison w i t h r a d i a t i o n g r a f t i n g , p h o t o c h e m i c a l 
p r o c e s s e s a r e much s i m p l e r w i t h r e s p e c t t o e n g i n e e r i n g . I n a d d i 
t i o n , the c o s t of energy source i s cheaper f o r p h o t o c h e m i s t r y

I n s p i t e o f these expecte
s u r f a c e m o d i f i c a t i o n p r o c e s s
t o a c h i e v e h i g h g r a f t y i e l d and h i g h e f f i c i e n c y ( 2 - 1 3 ) . An excep
t i o n i s the gas phase p h o t o g r a f t i n g under h i g h vacuum, which 
enabled the use of v a r i o u s monomers i n e r t to o r d i n a r y s o l u t i o n 
p o l y m e r i z a t i o n ( 1 4 ) . We thus t r i e d to develop a workable s u r f a c e 
p h o t o g r a f t i n g t e c h n i q u e . The b a s i c concepts a r e as f o l l o w s , 
i ) i n t e r a c t i o n s between base polymer and r e a c t i n g s o l u t i o n i s c o n t 
r o l l e d so as to produce v e r y t h i n g r a f t l a y e r . ii)Benzophenone(BP 
) o r o t h e r t r i p l e t s e n s i t i z e r s are i n s o l u t i o n but not i n the base 
polymer so t h a t any commercial polymers can be t r e a t e d . i i i ) W h e n 
the base polymer i s i n a form of t r a n s p a r e n t f i l m , p h o t o i r r a d i a -
t i o n i s a p p l i e d through the base polymer so t h a t the h i g h e s t 
energy a b s o r p t i o n and c o n s e q u e n t l y the h i g h e s t a c t i v e s p a c i s e 
c o n c e n t r a t i o n a r e expected on the s o l i d - l i q u i d i n t e r p h a s e . 
i v ) A c r y l a m i d e and o t h e r water s o l u b l e monomers ar e used t o impart 
h y d r o p h i l i c i t y t o the base polymer s u r f a c e . 

The p r o t o t y p e of the p r e s e n t s u r f a c e p h o t o g r a f t i n g i s the 
s u r f a c e p h o t o r e a c t i o n o f m a l e i c anhydride(ΜΑΗ) onto p o l y ( b u t a 
d i ene) f i l m ( 1 5 ) . A l t h o u g h f a i r improvement of s u r f a c e w e t t a b i l i t y 
was a c h i e v e d , p h o t o a d d i t i o n of ΜΑΗ cannot be a p p l i e d to o t h e r 
polymers h a v i n g no e t h y l e n i c double bonds. The p r e s e n t p r o c e s s i s 
a p p l i c a b l e to almost a l l polymers except f o r 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 t s analogues. 

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

The e x p e r i m e n t a l procedures were e s s e n t i a l l y the same as r e 
p o r t e d ( F i g u r e 1, (16, 1 7 ) ) . Reagents o t h e r than those d e s c r i b e d 
i n (16, 17) were as f o l l o w s . A c r y l i c acid(Wako Pure Chemicals) 
was d i s t i l l e d once under reduced p r e s s u r e under a n i t r o g e n stream. 
S o l v e n t s ( a c e t o n i t r i l e , n-hexane, and benzene) were p u r i f i e d by 
accepted p r o c e d u r e s . 
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( (a) J Uju 

Die Makromolekulare Chemie 

Figure 1. Surface photo grafting appa
ratus: (a) 100W high-pressure H g lamp; 
(b) interference filter; (c) borosilicate 
ghss plate; (d) reacting solution; (e) 
polymer film; (f) glass vessel; (g) clamp 

screw (17) 
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A H i t a c h i EPI-S2 i n f r a r e d s p e c t r o m e t e r , a c o n t a c t a n g l e meter 
(Kyowa Kagaku Co. Type CA-P) and an ESCA s p e c t r o m e t e r ( K o k u s a i Den-
k i Co.) were used f o r r e l e v a n t measurements. 

R e s u l t s and D i s c u s s i o n 

S u r f a c e P h o t o g r a f t i n g onto V a r i o u s Polymers. The r e s u l t s of 
s u r f a c e p h o t o g r a f t i n g onto v a r i o u s polymers a r e shown i n Table 1 
( 1 6 ) . The g r a f t y i e l d i s so s m a l l t h a t the weight i n c r e a s e o f 
t r e a t e d polymer f i l m cannot be d e t e c t e d g r a v i m e t r i c a l l y . However, 
the c a r b o n y l a b s o r p t i o n around 1600-1700cm~l and improvement of 
w e t t a b i l i t y c l e a r l y i n d i c a t e the f o r m a t i o n of d i s t i n c t g r a f t 
l a y e r . Furthermore, as the d u r a b i l i t y t e s t s i n Table 2(16) mani
f e s t t h a t the g r a f t l a y e r i s s t r o n g l y adhered t o the base polymer. 
Any s o l v e n t can h a r d l y remove the g r a f t l a y e r . Weathering r e s i s 
tance seems to depend much on the n a t u r e of base polymer, p o l y 
p r o p y l e n e (OPP) f i l m i s
and the l o s s o f g r a f t l a y e
of base polymer d e g r a d a t i o n . Exposure t e s t o f s u r f a c e g r a f t e d 
p o l y e t h y l e n e ( L D P E ) f i l m i s now under way. Good a n t i f o g g i n g p r o 
p e r t y i s s u s t a i n e d a f t e r one year out-door exposure under n a t u r a l 
c o n d i t i o n s . The a c c e l e r a t e d exposure t e s t p r e d i c t s a t l e a s t two 
y e a r s s e r v i c e l i f e f o r the a n t i f o g g i n g LDPE f i l m g r a f t e d w i t h 
a c r y l a m i d e (AM). 

Another extreme case i s s u r f a c e g r a f t i n g on to p l a s t i c i z e d 
p o l y ( v i n y l c h l o r i d e ) f i l m w hich i s w i d e l y used f o r green house and 
c o v e r i n g . A l t h o u g h the g r a f t i n g i s easy, the g r a f t l a y e r i s 
p h y s i c a l l y u n s t a b l e and does not seem to s t a y on the s u r f a c e . 
S i n c e T g of p l a s t i c i z e d PVC i s lower than room temperature, p o l y 
mer m o l e c u l e s would m i g r a t e t o g e t h e r w i t h the g r a f t l a y e r . The 
e x c e l l e n t w e t t a b i l i t y r i g h t a f t e r s u r f a c e g r a f t i n g i s l o s t d u r i n g 
outdoor exposure t e s t w i t h i n few weeks. A l s o , the s u r f a c e g r a f t 
l a y e r i s l o s t by h e a t i n g the sample i n an oven above 50°C. The 
s t a b i l i t y o f g r a f t l a y e r i s thus o b v i o u s l y r e l a t e d to the base 
polymer p r o p e r t i e s . 

U n s t a b i l i t y of s u r f a c e g r a f t l a y e r was r e c e n t l y d i s c u s s e d by 
Hoffman(18) f o r r a d i a t i o n - g r a f t e d h y d r o g e l s c o n s i s t i n g of p o l y ( d i -
m e t h y l s i l o x a n e ) , p o l y ( e s t e r - u r e t h a n e ) and p o l y e t h y l e n e g r a f t e d 
w i t h 2 - h y d r o x y e t h y l methacrylate(HEMA), AM and e t h y l m e t h a c r y l a t e . 
The s u r f a c e s t a b i l i t y d u r i n g d e h y d r a t i o n treatment depends s t r o n g 
l y on the base polymer p r o p e r t i e s . When HEMA or AM i s g r a f t e d 
onto the s i l i c o n e r u b b e r , the g r a f t polymers l o c a t e on the s u r f a c e 
under h y d r a t e d c o n d i t i o n whereas they m i g r a t e under the s u r f a c e 
d u r i n g d e h y d r a t i o n . Once the g r a f t polymers a r e b a r r i e d i n the 
base polymer, i t i s not easy to r e s t o r e a h y d r o p h i l i c s u r f a c e by 
r e - h y d r a t i o n . On the o t h e r hand, p o l y e t h y l e n e has a r i g i d s u r f a c e 
and the g r a f t l a y e r s t a y s on the s u r f a c e r e g a r d l e s s of the monomer 
used or the d e - h y d r a t i o n t r e a t m e n t . 

Except f o r s o f t PVC, we have not found c o n f i r m a t i v e evidence 
i n d i c a t i n g u n s t a b i l i t y of g r a f t l a y e r . N e v e r t h e l e s s , the c o n t a c t 
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Table 2 D u r a b i l i t y Test of G r a f t e d Polymer S u r f a c e . 
Sample: P o l y p r o p y l e n e F i l m P h o t o g r a f t e d w i t h A c r y l a m i d e ( 1 6 ) 

IR absorbance of amide change i n IR 
i n i t i a l a f t e r t e s t absorbance(%) 

immersion i n acetone, 24hr 0.863 0.848 -1.7 
immersion i n DMF, 24hr 0.787 0.848 +7.8* 
b o i l i n g i n water, 15hr 0.646 0.590 -8.7 
a b r a s i o n r e s i s t a n c e (dropping 
sand méthode) 1 0 Q g ^ 

400g 0.775 0.731 -5.7 
l,500g

w e a t h e r i n g t e s t (sunshine 
weather-o-meter c) 24hr 0.769 0.686 -10.8 

65hr 0.769 0.507 -34.1 
145hr 0.769 0.317 -58.8 

aDue to absorbed DMF. bASTM D-969. CASTM G 23 
Journal of Polymer Science, Polymer Letters Edition 

a n g l e measurement i s not always h i g h l y r e p r o d u c i b l e by s e v e r a l 
degrees, i n d i c a t i n g t h a t the s u r f a c e s t r u c t u r e i s s e n s i t i v e t o the 
h i s t o r y o f samples, temperature, h u m i d i t y and o t h e r s . Water 
co n t e n t on s u r f a c e may be an important f a c t o r d e t e r m i n i n g w e t t a 
b i l i t y . For f u r t h e r d i s c u s s i o n s , advancing and r e c e d i n g c o n t a c t 
a n g l e s s h o u l d be determined. 

When a f i x e d monomer i s used, the g r a f t i n g r a t e and the p r o 
p e r t i e s of g r a f t e d s u r f a c e depend v e r y much on the k i n d of 
s o l v e n t . The requirements f o r a p p r o p r i a t e s o l v e n t s a r e as 
f o l l o w s . l ) T h e s o l v e n t i s to be no n - s o l v e n t of base polymer. I n 
or d e r to o b t a i n a t h i n g r a f t l a y e r , the s o l v e n t must not s w e l l the 
base polymer e x c e s s i v e l y . S l i g h t but d e f i n i t i v e i n t e r a c t i o n s a r e 
however, n e c e s s a r y t o p r o v i d e r e a c t i o n s i t e s f o r g r a f t i n g . T h i s 
c o n t r o l i s d e l i c a t e and w i l l be d i s c u s s e d l a t e r , i i ) A l t h o u g h the 
growing g r a f t c h a i n i s not n e c e s s a r i l y s o l u b l e i n the s o l v e n t , 
good s o l v e n t - g r o w i n g c h a i n i n t e r a c t i o n s a r e advantageous to a s s i s t 
the p r o p a g a t i o n of g r a f t c h a i n o u t s i d e the base polymer s u r f a c e . 
i i i ) T h e s o l v e n t has to be i n e r t t o the t r i p l e t e x c i t e d s t a t e of 
s e n s i t i z e r . T h i s i s p a r t i c u l a r l y i m p o r t a n t f o r base polymers 
which a r e not much s u s c e p t i b l e to r a d i c a l a t t a c k . OPP and LDPE 
c o u l d not be s u r f a c e g r a f t e d from methanol s o l u t i o n whereas PVC 
and p o l y ( v i n y l i d e n e c h l o r i d e ) c o u l d . 

In Modification of Polymers; Carraher, C., et al.; 
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Choice of s e n s i t i z e r i s r e l a t e d to the base polymer p r o p e r 
t i e s . B e s i d e s t r i p l e t s e n s i t i z e r s , dyes(4, 5 ) , m e t a l s a l t s ( 1 1 , 
1 2 ) , and r a d i c a l i n i t i a t o r s ( 7 , 11, 12) have been used i n photo-
g r a f t i n g . These s e n s i t i z e r s o t h e r than t r i p l e t s e n s i t i z e r s 
a r e , however, not capable of i n i t i a t i n g s u r f a c e p h o t o g r a f t i n g 
onto p o l y o l e f i n s . A l t h o u g h b e n z o i n i s o p r o p y l e t h e r has been used 
f o r p h o t o g r a f t i n g of p o l y p r o p y l e n e , the r e a c t i o n c o n d i t i o n s seem 
t o be i n f a v o r of deep g r a f t i n g ( 1 2 ) . 

Among the polymers i n Table 1, OPP and LDPE ar e l e a s t a c t i v e 
polymers. The low r e a c t i v i t y i s not o n l y a t t r i b u t a b l e to the 
c h e m i c a l s t r u c t u r e s h a v i n g no f u n c t i o n a l groups but a l s o stemmed 
from h i g h c r y s t a l l i n i t y i n the case o f OPP which would prev e n t the 
p e n e t r a t i o n of r e a c t i n g s o l u t i o n i n t o the base polymer. Comparing 
OPP f i l m w i t h p o l y p r o p y l e n e p l a t e which i s not o r i e n t e d , the l a t e r 
i s more r e a c t i v e . For s u r f a c e p h o t o g r a f t i n g onto u n r e a c t i v e OPP 
f i l m , the r e a c t i o n under u n a e r o b i c c o n d i t i o n i s a b s o l u t e l y neces
s a r y u s i n g BP as a s e n s i t i z e r
s w e l l i n g s o l v e n t s , however
gen. I n the f o l l o w i n g s e c t i o n s , d e t a i l e d s t u d i e s on s u r f a c e 
p h o t o g r a f t i n g onto OPP f i l m a r e d e s c r i b e d . 

Time-Conversion P r o f i l e of a S u r f a c e P h o t o g r a f t i n g System, 
OPP - AM - BP i n acetone. As d i s c u s s e d above, t h e r e a r e many 
c o m p l i c a t e d f a c t o r s c o n t r o l l i n g the mode of s u r f a c e p h o t o g r a f t i n g . 
At f i r s t , c o n c e n t r a t i o n e f f e c t s of s e n s i t i z e r ( B P ) and monomer(AM) 
were s t u d i e d . The energy i n p u t / g r a f t y i e l d c u r v e s a r e shown i n 
F i g u r e s 2 and 3. Being a r a d i c a l p r o c e s s , t h i s g r a f t p o l y m e r i z a 
t i o n i s r e t a r d e d by oxygen. B e s i d e s the r a d i c a l scavenging a c t i o n 
of oxygen, d e a c t i v a t i o n o f BP* 3 by oxygen(Eq.(1)) has to be taken 
i n t o account. The p r e s e n t p h o t o g r a f t i n g system i s much more 
s e n s i t i v e to a i r than p h o t o g r a f t i n g t o PVC or c e l l u l o s e t r i a c e t a t e 
which are e a s i l y a t t a c k e d by r a d i c a l s , i n d i c a t i n g oxygen e f f e c t s 
i n the i n i t i a t i o n p r o c e s s . 

*3 3 *1 BP + 0^ — 1 BP + 0^ (1) 

The S shaped curves i n F i g u r e s 2 and 3 a r e e x p l a i n e d as 
f o l l o w s . The i n i t i a l slow r e a c t i o n i s c o n s i d e r e d as an i n d u c t i o n 
p e r i o d or an a c c e l e r a t i o n p e r i o d . A p o s s i b i l i t y i s i n h i b i t i o n by 
oxygen, p a r t i c u l a r l y t h a t i n the base polymer. A l t h o u g h n i t r o g e n 
b u b b l i n g w i l l be s u f f i c i e n t t o remove oxygen from s o l u t i o n , i t i s 
more d i f f i c u l t to remove oxygen i n polymer f i l m . P r o longed 
n i t r o g e n b u b b l i n g does not s h o r t e n the i n d u c t i o n p e r i o d . When the 
r e a c t i o n system i s i n t e r m i t t e n t l y i r r a d i a t e d and a i r i s once 
a l l o w e d to e n t e r the r e a c t i o n v e s s e l and i s a g a i n removed d u r i n g 
the dark p e r i o d , g r a f t p o l y m e r i z a t i o n does not proceed even i f the 
t o t a l i r r a d i a t i o n time exceeds the i n d u c t i o n p e r i o d observed i n 
the c o n t i n u o u s l y i r r a d i a t e d system. T h i s r e s u l t i n d i c a t e s oxygen 
to be r e s p o n s i b l e f o r the i n d u c t i o n p e r i o d , a t l e a s t i n p a r t . The 
a u t o a c c e l e r a t i o n phenomena c o u l d a l s o be brought about by the 
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Die Makromolekulare Chemie 

Figure 2. Effect of [BP] on grafting: [AM] = 2.00M in acetone; [BP] = 0.05M 
(1), 0.10M (2), 0.20U (3), 0.40M (4)(17) 
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g r a d u a l change i n the s u r f a c e p r o p e r t i e s w i t h the p r o g r e s s i o n o f 
g r a f t p o l y m e r i z a t i o n . The i n c r e a s e d w e t t a b i l i t y of the OPP f i l m 
by the r e a c t i o n m i x t u r e w i l l enhance the r a t e o f f u r t h e r g r a f t i n g . 
When OPP f i l m which was once p h o t o g r a f t e d t o the absorbance o f 
ca. 0.1 i s s u b j e c t to r e - g r a f t i n g , the second g r a f t i n g i s f a s t e r 
than the f i r s t . Consequently, the i n i t i a l s u r f a c e p r o p e r t i e s o f 
the OPP f i l m may be of g r e a t importance. S i n c e OPP i s e a s i l y 
o x i d i z e d t o g i v e c a r b o n y l and/or h y d r o x y l groups, the ease of 
s u r f a c e p h o t o g r a f t i n g would r e f l e c t the h i s t o r y o f the OPP f i l m 
such as the c o n d i t i o n s o f c a s t i n g f i l m and the s t o r a g e p e r i o d . 
As shown i n F i g u r e 5 ( A ) , the s u r f a c e o f the p r e s e n t OPP f i l m 
b e f o r e g r a f t i n g i s s l i g h t l y o x i d i z e d . Such i m p u r i t y s i t e s may 
p a r t i c i p a t e i n r a d i c a l g e n e r a t i o n . 

A f t e r the i n d u c t i o n p e r i o d , the energy i n p u t / g r a f t y i e l d 
curve r i s e s s h a r p l y and then l e v e l s o f f depending upon the r e a c 
t i o n c o n d i t i o n s . The f i n a l s tage i s e x p l a i n a b l e as a r e s u l t of 
consumption of a c t i v e s i t e
t i o n of g r a f t i n g from aceton
l a y e r i s e s t i m a t e d to be i n the o r d e r o f 10"-^ assuming complete 
coverage of s u r f a c e by polyAM and the molar e x t i n c t i o n c o e f f i c i e n t 
o f amide c a r b o n y l a t 1660cm" 1 t o be Ι Ο 2 ~ 1 0 3 . Furthermore, 
g r a f t i n g i s c o n s i d e r e d to be i n i t i a t e d o n l y by the d i r e c t a t t a c k 
by BP J generated a t the s o l i d - l i q u i d boundary r e g i o n t o the 
t e r t i a r y hydrogens of OPP f i l m . Consequently, when e i t h e r a c t i v e 
hydrogens on OPP f i l m o r BP have been consumed, the g r a f t y i e l d 
w i l l l e v e l o f f . I n a somewhat d i f f e r e n t system, dead end g r a f t 
p o l y m e r i z a t i o n was o b s e r v e d ( 8 ) . When nylon-6 f i l m doped w i t h BP 
from vapor phase onto which m e t h a c r y l i c a c i d was absorbed was 
i r r a d i a t e d , BP was r a p i d l y consumed and the r a t e o f g r a f t i n g de
creased w i t h i r r a d i a t i o n p e r i o d . I n the pr e s e n t system, t h e r e i s 
abundant amount of BP i n s o l u t i o n and BP w i l l be q u i c k l y s u p p l i e d 
to the r e a c t i o n s i t e . A se p a r a t e experiment showed t h a t uptake o f 
BP by OPP f i l m from acetone s o l u t i o n i s q u i c k enough a l t h o u g h the 
amount i s s m a l l (see l a t e r s e c t i o n ) . We t h e r e f o r e c o n s i d e r the 
l e v e l i n g o f f phenomena to be a t t r i b u t a b l e t o the consumption of 
r e a c t i v e s i t e s on OPP f i l m . 

A l ong the d i s c u s s i o n developed above, the shapes of time-con
v e r s i o n curves i n F i g u r e s 2 and 3 a r e q u a l i t a t i v e l y i n t e r p r e t e d . 
I n F i g u r e 2 where [AM] i s co n s t a n t and [BP] i s v a r i a b l e , the 
i n d u c t i o n p e r i o d decreases w i t h i n c r e a s i n g [ B P ] . On the o t h e r 
hand h i g h g r a f t y i e l d s a r e o b t a i n e d when [BP] i s reduced. With 
i n c r e a s i n g [BP], the r a t e o f p r o d u c t i o n o f i n i t i a t i n g a c t i v e 
s p e c i e s i n c r e a s e s and conseque n t l y the k i n e t i c c h a i n l e n g t h 
decreases. Under such c o n d i t i o n s , the a c t i v e s i t e s i n the p o l y 
mer s u r f a c e w i l l be r a p i d l y consumed and s h o r t polyAM c h a i n s 
would be d e n s e l y g r a f t e d . I t r e s u l t s i n the s a t u r a t i o n phenomenon 
of g r a f t y i e l d as shown by curves 3 and 4 of F i g u r e 2. Curves 1 
and 2 of F i g u r e 2 would r e p r e s e n t l o n g polyAM c h a i n s which a r e 
t h i n l y p o p u l a t e d on the polymer s u r f a c e . 

F i g u r e 3 shows the dependence of g r a f t p o l y m e r i z a t i o n on 
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[AM] a t c o n s t a n t [BP], As a n t i c i p a t e d from the c o n s t a n t r a t e of 
a c t i v e s p a c i e s p r o d u c t i o n , the l e n g t h of i n d u c t i o n p e r i o d i s 
n e a r l y i d e n t i c a l f o r a l l runs whereas the s a t u r a t i o n l e v e l o f 
g r a f t y i e l d i n c r e a s e s w i t h [AM]. Thus, c o n c e n t r a t i o n of AM and BP 
s h o u l d be balanced to a c h i e v e e f f i c i e n t s u r f a c e g r a f t p o l y m e r i 
z a t i o n . 

I n the p r e s e n t d i s c u s s i o n s , we n e g l e c t the e f f e c t s of homo-
polymer f o r m a t i o n . HomopolyAM d e p o s i t e d on OPP s u r f a c e i n the 
course of g r a f t i n g may prevent d i f f u s i o n of AM to the g r a f t i n g 
s i t e , which may slow down the r a t e of g r a f t i n g . I t i s however 
d i f f i c u l t t o e x p l a i n by t h i s r e a s o n i n g the change i n time-conver
s i o n p r o f i l e as a f u n c t i o n of [AM]/[BP] r a t i o . S i n c e our aim i s 
s u r f a c e m o d i f i c a t i o n , the amount of homopolymer was not d e t e r 
mined . 

A l s o we have not c o n s i d e r e d the p o s s i b i l i t y of g r a f t i n g on 
g r a f t e d polyAM c h a i n s . I f t h i s c o u l d happen e f f i c i e n t l y  the 
g r a f t l a y e r s h o u l d hav
problem, g r a f t i n g onto p o l y ( e t h y l e n e - g - m a l e i m i d e
i n photoinduced g r a f t p o l y m e r i z a t i o n of maleimide t o p o l y e t h y l e n e 
CIS). 

E f f e c t of S e n s i t i z e r s . F i g u r e 4 shows the e f f e c t of s e n s i t i 
z e r s on g r a f t p o l y m e r i z a t i o n . M e t h y l 2-benzoylbenzoate i s as 
e f f i c i e n t as BP, except f o r a s l i g h t l y l o n g e r i n d u c t i o n p e r i o d , 
whereas 4-bromobenzophenone i s t o t a l l y i n e f f i c i e n t . Homopolyme-
r i z a t i o n a l o n e was induced w i t h the l a t t e r s e n s i t i z e r . The t r i p 
l e t energy(ET) of benzophenone d e r i v a t i v e s l i e s between 65 and 70 
K c a l / m o l i n g e n e r a l ( 1 9 ) and the t r a n s i t i o n i s η,ττ*3 f o r b o t h BP 
and 4-bromobenzophenone. They are e q u a l l y capable of a b s t r a c t i n g 
a hydrogen atom from 2-propanol w i t h a quantum y i e l d of 1 ( 2 0 ) . 
We have no immediate e x p l a n a t i o n f o r the i n e f f i c i e n c y o f 4-bromo
benzophenone. 

Fluorenone has a lower i n i t i a t i o n e f f i c i e n c y than BP a l t h o u g h 
i t s absorbance i s h i g h e r (BP: 83^3=140 and 6 3 5 5 = 5 0 - 7 0 mol'-'-cm"1; 
f l u o r e n o n e : 6 3 1 3 = 1 3 0 0 and ε 3 5 6 = 2 0 0 m o l ^ c m - l ) (19) . A r e c e n t 
t h e o r y ( 2 1 ) of hydrogen a b s t r a c t i o n by the η,ττ*3 s t a t e of c a r b o n y l 
compounds t r e a t e d as a r a d i a t i o n l e s s t r a n s i t i o n c l a i m s t h a t the 
r a t e s a r e dependent on the e l e c t r o n i c energy, the v i b r a t i o n a l 
f r e q u e n c i e s , the reduced mass of the o s c i l l a t o r s , the C-H bond 
s t r e n g t h of the hydrogen donor, and the bond d i s t a n c e s . I n cases 
where a charge t r a n s f e r mechanism i s i n v o l v e d , the c a r b o n y l 
compound r e d u c t i o n p o t e n t i a l and the hydrogen donor i o n i z a t i o n 
energy are a l s o r a t e d e t e r m i n i n g f a c t o r s . E x c e l l e n t agreements 
between observed and c a l c u l a t e d r a t e c o n s t a n t s were r e p o r t e d ( 2 1 , 
2 2 ) f o r a v a r i e t y o f hydrogen a b s t r a c t i o n r e a c t i o n s . I n the 
p r e s e n t case where the hydrogen donor i s OPP and c o n t r i b u t i o n of 
charge t r a n s f e r i n t e r a c t i o n i s u n l i k e l y , an i n c r e a s e i n E T of 
s e n s i t i z e r i s expected to enhance the r a t e of hydrogen a b s t r a c 
t i o n . I n t h i s c o n t e x t , the low e f f i c i e n c y of f l u o r e n o n e h a v i n g 
much lower E T ( 5 3 k c a l / m o l (23)) than BP d e r i v a t i v e s i s under-
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Figure 4. Photo grafting with various sensitizers: [AM] = 2.0OM, [sensitizer] = 
0.20M in acetone; light source: two 200W medium-pressure H g lamps with a boro-
silicate ghss filter; sensitizer: BP(1), methyl 2-benzoylbenzoate(2), 9-fluorenone(3), 

4-bromobenzophenone(4 )(17) 
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standable. 
In the absence of sensitizer, neither graft nor homopolymeri-

zation was induced by i r r a d i a t i o n at 366nm. However, i r r a d i a t i o n 
by a low pressure mercury lamp through a quartz plate(the glass 
plate(c) i n Figure 1 was replaced by a quartz plate.) induces slow 
surface grafting sensitized by acetone. 

Combination of BP with 2-propanol or amines induces homopoly-
merization alone. The rate constants of BP*3 - isopropylamine and 
triethylamine are 2.95 10 8 and 2.42 lO^M-ls" 1, respectively(22) 
whereas that of BP*3 - isooctane as a model of OPP i s 1.0 lO^M - 1 

s" 1 (24). Also hydrogen abstraction from 2-propanol(k=1.0 106 M"1 

s - 1 ) (25) i s much more e f f i c i e n t than that from aliphatic hydro
carbons. Even methanol i s more reactive(k=2.8 lO^M'^s" 1)(25) than 
OPP towards BP*3. The aforementioned results and the finding that 
surface grafting does not occur i n methanol are well interpreted 
by the following elementar

B P i B P*1 i

BP*3 + RH or AM * * * P u. (3) 
H 

BP*3 + -eCH„ÇH}- ^ Ph,C- + -(CH.Ç)- (4) 
2 C H 3

n 2OH 2CH5 
I II 

I + AM x P„. (5) 
£1 

II + AM * P n. (6) 

P R. + P R. or I * homopolyAM (7) 

P h . + II 

P G . + P R . , I, or II 
j. grafted polyAM (8) 

RH: solvent or impurities with active hydrogen atoms 
Suffixes nH" and "G" represent homo and graft propagating 
chains, respectively. 

Dependence of Surface Properties on Graft Y i e l d . Properties 
of grafted surface are functions of the amount and d i s t r i b u t i o n 
of graft polymer. We w i l l f i r s t discuss the surface property -
graft y i e l d correlation while the reaction system i s fixed to the 
OPP-AM-BP-acetone combination. The IR absorbance i s a measure 
for the t o t a l amount of polyAM in the grafted f i l m whereas sur
face density of polyAM may not run p a r a l l e l with t o t a l graft 
y i e l d . We determined the surface density of polyAM by ESCA 
measurements. Although there i s a l i m i t a t i o n of accuracy i f one 
intends to achieve an absolute surface analysis, ESCA i s very 
useful for surface analysis on a r e l a t i v e scale. Examples of 
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ESCA s p e c t r a b e f o r e and a f t e r s u r f a c e g r a f t i n g a r e shown i n 
F i g u r e 5. Taking the C^g peak i n t e n s i t y as the s t a n d a r d , the 
r e l a t i v e amounts of Cis(c=0)> N1S> a n d OlS were c a l c u l a t e d and 
p l o t t e d a g a i n s t the IR absorbance i n F i g u r e 6. S i n c e the C i s 
i n t e n s i t y i s a t t r i b u t e d t o bo t h OPP and the main c h a i n o f polyAM, 
the r e l a t i v e i n t e n s i t i e s of Cis(C=0)> N1S» a n c* ®1S s n o u l d r e p r e 
sent the coverage of the f i l m s u r f a c e by polyAM. I t i s apparent 
t h a t the ESCA i n t e n s i t i e s o f polyAM i n c r e a s e s h a r p l y d u r i n g t he 
e a r l y stage o f g r a f t i n g but soon l e v e l o f f whereas the IR 
absorbance i n c r e a s e s c o n t i n u o u s l y . 

As a measure of s u r f a c e p r o p e r t i e s , we chose c o n t a c t a n g l e 
d a t a . The p l o t s of c o n t a c t angle a g a i n s t IR absorbance shown i n 
F i g u r e 7 i n d i c a t e t h a t the v a l u e s o f c o n t a c t a n g l e l e v e l o f f a t IR 
absorbance of 0.2, which agrees w i t h the l e v e l i n g o f f p o i n t o f 
ESCA i n t e n s i t i e s . These r e s u l t s suggest t h a t the coverage o f f i l m 
s u r f a c e by polyAM i s completed a t an IR absorbance o f 0.2
F u r t h e r g r a f t i n g i n c r e a s e
the s u r f a c e p r o p e r t i e s remai
g r a f t y i e l d . For the purpose of s u r f a c e m o d i f i c a t i o n , heavy 
g r a f t i n g i s unnecessary indeed! 

The s u r f a c e p r o p e r t i e s as s t u d i e d by c o n t a c t a n g l e measure
ment a r e not a f f e c t e d much by the c o m p o s i t i o n o f r e a c t i n g s o l u t i o n 
so f a r the s o l v e n t i s the same. W e t t a b i l i t y o f a l l samples 
p l o t t e d i n F i g u r e s 2 and 3 depends merely on the t o t a l amount o f 
g r a f t polymer and the c o n t a c t angle - IR absorbance p l o t s f a l l on 
the same l i n e as shown i n F i g u r e 7. 

Sol v e n t E f f e c t s on G r a f t i n g Rate and Su r f a c e P r o p e r t i e s . 
A p a r t from the c h e m i c a l e f f e c t s of s o l v e n t as hydrogen donor, 
b e i n g heterogeneous systems, an im p o r t a n t r o l e of s o l v e n t i s t o 
p r o v i d e a p p r o p r i a t e r e a c t i o n s i t e s on the b a l a n c e o f s o l v e n t 
i n t e r a c t i o n s w i t h base polymer and growing g r a f t c h a i n . For the 
study of s o l v e n t e f f e c t s , AM i s not an adequate monomer s i n c e i t 
i s s c a r c e l y s o l u b l e i n n o n - p o l a r s o l v e n t s . I n s t e a d , a c r y l i c 
a c i d ( A A ) was employed and p h o t o g r a f t i n g was conducted as shown i n 
F i g u r e 8. 

So l v e n t e f f e c t s on g r a f t i n g a r e r a t h e r d r a s t i c . Being a non-
p o l a r polymer, OPP f i l m has h i g h e r a f f i n i t y t o n-hexane o r benzene 
than t o a c e t o n i t r i l e . Acetone i s i n the m i d d l e . As a matter o f 
consequence, the polymer s u r f a c e w i l l be s l i g h t l y s w o l l e n i n con
t a c t w i t h these n o n - p o l a r s o l v e n t s and deep g r a f t i n g i s expected. 
T h i s i n d i c a t e s the volume o f base polymer a v a i l a b l e f o r g r a f t p o i 
nter i z a t i o n t o be l a g e r and the r a t e tends t o be f a s t e r . On the 
c o n t r a r y , a c e t o n i t r i l e cannot p r o v i d e g r a f t i n g s i t e s i n c e the 
s o l v e n t i s too i n c o m p a t i b l e w i t h OPP f i l m . Acetone shows an 
i n t e r m e d i a t e b e h a v i o r . The r e s u l t s suggest the p o s s i b i l i t y o f 
c o n t r o l l i n g t he t h i c k n e s s of g r a f t l a y e r by c o n t r o l l i n g s o l v e n t -
base polymer c o m p a t i b i l i t y . 

A g e n e r a l t r e n d of the shape o f time - c o n v e r s i o n p l o t s i s 
disappearance o f i n d u c t i o n p e r i o d when non - p o l a r s o l v e n t s a r e 

In Modification of Polymers; Carraher, C., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



230 MODIFICATION OF POLYMERS 

Energy in eV 

Die Makromolekulare Chemie 

Figure 5. ESCA measurements: (A) untreated OPP film; (B) OPP film after sur
face grafting with AM (17) 
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Figure 6. Plots of ESCA intensity vs. IR absorbance. The ESCA intensities are 
expressed by the peak height of the specific atoms relative to Cxs intensity. Sensi
tivities of C i S , Ols, and N1S are assumed to be 0.25, 0.60, and 0.40, respectively 

(and standardized). (O) Cis(c = oj; (n)Nis;(A) 01B (17) 

20 

0 0.2 0.4 0.6 0.8 1.0 
IR Absorbance 

Figure 7. Plots of contact angle of OPP film to water vs. IR absorbance: [AM] = 
2.00M, [BP] = 0.20M. Solvent for grafting: (O) acetone, (Φ) acetone/n-hexane-

(7/3). 
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Irradiation time(min) 

Figure 8. Solvent effects on grafting of AA onto OPP film: [AA] = 2.00U, [BP] 
= 0.20M. (A) (1) acetone; (2) acetone/acetonitrile(3/l); (3) acetonitrile; (Β) (1) 
benzene; (2) benzene/acetonitrile( 1/1); (3) acetonitrile; (C) (1) n-hexane; (2) n-

hexane / acetone(l /1 );(3) acetone. 
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used. As the r a t e of BP uptake by OPP f i l m as shown i n F i g u r e 9 
m a n i f e s t s , BP i s r a p i d l y t r a n s f e r r e d t o OPP f i l m from n-hexane 
s o l u t i o n , but not from a c e t o n i t r i l e s o l u t i o n , r e f l e c t i n g the 
degree of s o l v e n t - base polymer i n t e r a c t i o n . The h i g h i n i t i a l 
g r a f t i n g r a t e i n n-hexane w i l l then be a t t r i b u t e d t o abundant BP 
i n the s o l u t i o n - OPP boundary. 

From the comparison between F i g u r e 8 (a) and ( c ) , the i n d u c 
t i o n p e r i o d i n (a) c o u l d not be a t t r i b u t e d t o oxygen e f f e c t a l o n e . 
P r o b a b l y i n the case of ( c ) , the r a t e o f g r a f t i n g would decrease 
w i t h i n c r e a s i n g g r a f t y i e l d i f the r e a c t i o n c o u l d be f o l l o w e d up 
to a h i g h e r c o n v e r s i o n , s i n c e n-hexane - OPP i n t e r a c t i o n must be 
s t r o n g e r than n-hexane - poly(propylene-g-AA) i n t e r a c t i o n . The 
b e h a v i o r of n-hexane/acetone mixed s o l v e n t systems i s a r e a s o n a b l e 
consequence of b a l a n c i n g two opposing f a c t o r s . One i s to reduce 
the t h i c k n e s s o f g r a f t l a y e r w i t h d e c r e a s i n g s o l v e n t - OPP i n t e r 
a c t i o n when acetone content i s i n c r e a s e d  Another i s to i n c r e a s e 
s o l v e n t - g r a f t e d OPP i n t e r a c t i o
Consequently, i f a p a r
subsequent g r a f t i n g i s f a c i l i t a t e d i n acetone r i c h systems but 
suppressed i n n-hexane r i c h systems. 

The same t r e n d s of r a t e dependence on s o l v e n t p o l a r i t y a r e 
observed f o r AM systems as shown i n F i g u r e s 10 and 11. Other 
r e l e v a n t r e s u l t s a r e g i v e n i n Table 3. 

Table 3. S o l v e n t E f f e c t s on P h o t o g r a f t i n g t o OPP F i l m , 
s o l v e n t s e n s i t i z e r IR absorbance c o n t a c t angle(°) 
acetone BP 1.00 38 + 12 
acetone BIPE 0 99.0 
THF BP 0.70 76.5 
THF BIPE 0.42 102.3 
[AM] = 2.00M, [ s e n s i t i z e r ] = 0.20M, 90 min i r r a d i t i o n . 
BIPE: b e n z o i n i s o p r o p y l e t h e r 

These p e c u l i a r s o l v e n t e f f e c t s a r e o f t e n found i n heterogene
ous g r a f t p o l y m e r i z a t i o n . An example i s r a d i a t i o n o r p h o t o - i n d u 
ced g r a f t i n g o f s t y r e n e on 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 which 
the maximum g r a f t y i e l d has been r e p o r t e d a t a c e r t a i n monomer/ 
s o l v e n t r a t i o depending upon the n a t u r e s of s o l v e n t and the method 
of i n i t i a t i o n ( 1 2 ) . T h i s phenomenon was e x p l a i n e d by assuming 
Trommsdorf e f f e c t . I f the s o l v e n t does not d i s s o l v e p o l y s t y r y l 
growing c h a i n , the e x p l a n a t i o n may be a c c e p t a b l e . However, when 
a good s o l v e n t f o r p o l y s t y r e n e i s used, o t h e r f a c t o r s such as 
change i n s o l u t i o n - base polymer, s o l u t i o n - g r a f t e d base p o l y 
mer, and s o l u t i o n - growing g r a f t c h a i n i n t e r a c t i o n a r e t o be 
taken i n t o account as f u n c t i o n s of monomer/solvent m i x i n g r a t i o . 
A n a l y s i s of g r a f t y i e l d - r e a c t i o n time p r o f i l e w i l l p r o v i d e key 
i n f o r m a t i o n . 

The r e a c t i o n i n THF r e q u i r e s comments. I n THF, the r e a c t i o n 
may not be t r u e g r a f t i n g . THF i s known t o be v e r y s u s c e p t i b l e t o 
hydrogen a b s t r a c t i o n and fu r t h e r m o r e , b e n z o i n i s o p r o p l y e t h e r 
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Figure 9. Transfer of BP from various solvent systems to OPP film: [BP] = 
0.20M in (1) n-hexane, (2) n-hexane/acetone(lfl), (3) acetone 

Figure 10. Solvent effects on photo-
grafting with AM: [AM] = 2.00U, [BP] 
= 0.20M in (1) n-hexane/acetone(l/l), 
(2) acetone, (3) acetone/acetonitrile(3/l ). 
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Dielectric constant of reacting solution(£ ) 

Figure 11. Plots of graft yield and surface polyAM concentration vs. dielectric 
constant of reacting solution: [AM] = 2.00M, [BP] = 0.20M, irradiation for 90 
min. Solvent compositions: (1) acetone alone; (2) acetone/acetonitrile (8.6/1.4); 
(3) acetone/acetonitrile(3/l); (4) acetone/H20(9/1); (5) acetone/acetonitrile(l/1); 

(6) acetone/acetonitrile( 1/3); (7) acetonitrile alone. 
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which does not i n i t i a t e s u r f a c e p h o t o g r a f t i n g i n acetone c o u l d 
induce apparent p h o t o g r a f t i n g i n THF. Al t h o u g h polyAM cannot be 
removed by r e f l u x i n g the seemingly g r a f t e d OPP f i l m i n b o i l i n g 
w a t er, t h e r e i s a p o s s i b i l i t y of i n d u c i n g i n t e r n a l homopolymeri-
z a t i o n of AM r a t h e r than t r u e g r a f t p o l y m e r i z a t i o n . I n f a c t , the 
w e t t a b i l i t y t o water i s not much improved by p h o t o g r a f t i n g i n the 
THF c o n t a i n i n g systems as shown i n Table 3. 

E f f e c t s o f s o l v e n t on the p r o p e r t i e s o f g r a f t e d s u r f a c e a r e 
s t r i k i n g . I n s p i t e of the h i g h g r a f t y i e l d when non - p o l a r 
s o l v e n t s a r e used, the w e t t a b i l i t y to water i s poor and the ESCA 
spectrum of N^g i s weak or not observed a t a l l . The d i s c r e p a n c y 
between t o t a l y i e l d of g r a f t i n g and s u r f a c e c o n c e n t r a t i o n 
o f polyAM determined by ESCA i s c o n f i r m a t i v e evidence f o r the 
change i n the g r a f t l a y e r l o c a t i o n depending upon the s o l v e n t 
used. When the r e a c t i n g s o l u t i o n i s n o n - p o l a r , the g r a f t l a y e r i s 
deeper and co n s e q u e n t l y  the s u r f a c e c o n c e c t r a t i o n of polyAM i s 
low. When the r e a c t i n
OPP i s reduced, g r a f t p o l y m e r i z a t i o
c u l t y w h i l e a d i s t i n c t polyAM l a y e r i s formed on the s u r f a c e . As 
a r e s u l t , when OPP f i l m i s s u b j e c t to s u r f a c e g r a f t i n g w i t h a 
f i x e d time of i r r a d i a t i o n , the maximum s u r f a c e c o n c e n t r a t i o n of 
polyAM i s o b t a i n e d f o r a moderately p o l a r r e a c t i n g s o l u t i o n as 
shown i n F i g u r e 11. T h i s i s a r e a s o n a b l e consequence as r e v e a 
l i n g the b a l a n c e between the depth and r a t e o f p h o t o g r a f t i n g . 

The ESCA i n t e n s i t y , however, does not e x a c t l y correspond t o 
w e t t a b i l i t y . The c o n t a c t a n g l e s o f samples 1-8 i n F i g u r e 11 a r e 
p l o t t e d i n F i g u r e 12. I n t e r e s t i n g l y , the c o n t a c t a n g l e s a r e 
r e l a t e d t o the t o t a l g r a f t y i e l d s but not w i t h the r e l e v a n t ESCA 
i n t e n s i t i e s . T h i s i s i n d i c a t i v e of the d i f f e r e n c e i n the depth o f 
polyAM l a y e r d e t e c t e d by ESCA and t h a t r e s p o n s i b l e f o r i m p a r t i n g 
w e t t a b i l i t y . Depth of 50A o r l e s s i s a n a l y s e d by ESCA whereas a 
deeper l a y e r of polyAM seems to p a r t i c i p a t e i n water - polymer 
i n t e r a c t i o n . 

Another f a c t o r a f f e c t i n g s u r f a c e g r a f t i n g i s the s o l u b i l i t y 
o f growing polymer c h a i n t o r e a c t i n g s o l u t i o n . Acetone, THF, and 
a c e t o n i t r i l e a r e a l l n o n - s o l v e n t f o r polyAM. The a d d i t i o n of a 
s m a l l amount of water reduces the s o l v e n t - OPP f i l m i n t e r a c t i o n 
r e s u l t i n g i n a d i m i n i s h e d y i e l d o f g r a f t i n g w h i l e the enhanced 
s o l u b i l i t y of polyAM b r i n g s about a h i g h e r s u r f a c e c o n c e n t r a t i o n 
o f the polymer by drawing out the growing polymer c h a i n i n t o s o l u 
t i o n ( F i g u r e 11. sample 4 ) . 

A l l d i s c u s s i o n s on s o l v e n t e f f e c t s a r e summarized i n Tab l e 4 
and suggested g r a f t polymer s t r u c t u r e s a r e s k e t c h e d . 

We c o u l d not conclude a t the moment whether the s o l v e n t 
dependent s u r f a c e p r o p e r t i e s a r e t o be e x p l a i n e d o n l y by the 
d i f f e r e n c e i n the depth of g r a f t l a y e r . Another p o s s i b i l i t y i s 
the change i n p o l a r group o r i e n t a t i o n i n g r a f t l a y e r as suggested 
by Hoffman(18). T h i s arguement w i l l be s e t t l e d by d i r e c t d e t e r 
m i n a t i o n of the t h i c k n e s s of g r a f t l a y e r prepared under v a r i o u s 
c o n d i t i o n s . C l a r i f i c a t i o n of the s u r f a c e l a y e r t h i c k n e s s - s u r -
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f a c e p r o p e r t y c o r r e l a t i o n i s our immediate f u t u r e concern. How 
t h i n can the g r a f t l a y e r be t o e x h i b i t the i n t r i n s i c s u r f a c e 
p r o p e r t i e s o f g r a f t e d c h a i n ? Or, we may q u e s t i o n the o t h e r way 
around. How do the p r o p e r t i e s of base polymer i n f l u e n c e the 
g r a f t e d s u r f a c e when the g r a f t l a y e r i s ex t r e m e l y t h i n ? The 
answer w i l l p r o b a b l y depend on the k i n d o f s u r f a c e f u n c t i o n a l i t y 
we a r e l o o k i n g a t . The e s t a b l i s h m e n t o f a r e l a t i o n between 
v a r i o u s s u r f a c e p r o p e r t i e s and s u r f a c e t h i c k n e s s would be a key 
ste p i n g i v i n g an i n s i d e l o o k i n t o the p h y s i c a l c h e m i s t r y o f 
polymer s u r f a c e s . 

Oxygen E f f e c t . To a v o i d i n h i b i t o r y e f f e c t o f oxygen i s v e r y 
important i f a l a r g e s c a l e p r a c t i c a l a p p l i c a t i o n i s aimed a t . 
For i n t e r n a l g r a f t p o l y m e r i z a t i o n o r g r a f t i n g on t o polymers 
r e a c t i v e t o r a d i c a l a t t a c k , i n h i b i t i o n by oxygen i s not a s e r i o u s 
problem. However, s u r f a c e p h o t o g r a f t i n g o f p o l y o l e f i n s i n an 
open system i s v e r y i n e f f i c i e n t
c a t e t h a t oxygen d i f f u s e
r e t a r d e r . 

A t h e o r y o f radiâtionless t r a n s i t i o n ( 2 6 ) c l a i m s t h a t the 
r a t e o f energy t r a n s f e r i s i n v e r s e l y r e l a t e d t o the energy 
d i f f e r e n c e between s e n s i t i z e r t r i p l e t s t a t e and energy a c c e p t o r 
ground s t a t e . I n the case of energy t r a n s f e r from t r i p l e t s t a t e 
a r o m a t i c hydrocarbons t o oxygen, the r a t e s a r e below the d i f f u 
s i o n c o n t r o l l e d v a l u e when E T i s h i g h e r than c a . 47 K c a l / m o l ( 2 7 ) . 
Use o f h i g h energy t r i p l e t s e n s i t i z e r s w i l l be a s t r a t e g y t o 
reduce oxygen i n h i b i t i o n as w e l l as t o i n c r e a s e the r a t e c o n s t a n t 
of hydrogen a b s t r a t i o n . 

P r a c t i c a l A p p l i c a t i o n s . The f a c i l e c o n v e r s i o n o f hydropho
b i c polymer s u r f a c e t o h y d r o p h i l i c by the p r e s e n t procedure 
suggest a v a r i e t y o f p r a c t i c a l a p p l i c a t i o n s i n the f i e l d s o f 
p r i n t i n g , c o a t i n g , p a c k a g i n g , c o m p o s i t i n g , b i o m e d i c a l , and 
a g r i c u l t u r a l m a t e r i a l s . The expected u s e f u l p r o p e r t i e s imparted 
by s u r f a c e p h o t o g r a f t i n g a r e a d h e s i v e n e s s , p r i n t a b i l i t y , p a i n t a -
b i l i t y , d y a b i l i t y , a n t i - f o g g i n g p r o p e r t y , a n t i - s t a t i c p r o p e r t y , 
a n t i - s t a i n i n g p r o p e r t y , b i o - c o m p a t i b i l i t y , and so on. 

At the moment, the r e q u i r e d time o r i r r a d i a t i o n ranges from 
10 t o 10^ seconds depending upon the k i n d of base polymer, the 
monomer, and the out-put and spectrum o f the l i g h t s o u r c e . T h i s 
r e a c t i o n time i s s t i l l too l o n g f o r the o n - l i n e a p p l i c a t i o n t o 
comodity polymer f i l m s . However, u n o r i e n t e d amorphous polymers 
a v a i l a b l e as p l a t e s o r molded m a t e r i a l s a r e much more s u s c e p t i b l e 
t o the p r e s e n t s u r f a c e m o d i f i c a t i o n p r o c e s s . An example of 
a p p l y i n g the p r e s e n t p r o c e s s t o the u n d e r c o a t i n g f o r p a i n t i n g on 
p o l y s t y r e n e p l a t e s i s g i v e n i n Table 5. F u r t h e r a p p l i e d 
r e s e a r c h e s a r e now underway. 
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Figure 12. Plots of contact angle of 
samples in Figure 11 to water vs. IR 

absorbance 

20\ 

1 
_ Q _ 

0.2 0.6 1.0 
IR Absorbance at 1660cm" 

Irradiation time(min) 

Figure 13. Effects of oxygen on photo-
grafting to OPP film: [AM] = 2.00U, 
[BP] = 0.20M in acetone. The standard 
procedure as indicated in Figure 1 was ap
plied. However, a spacer was inserted be
tween c and e of the apparatus in Figure 1 
so that the irradiating side of the OPP film 
was replaced with nitrogen (1) or oxygen (3). 
The reacting solution (d) was always de-
aerated by bubbling with nitrogen. For (2), 
the apparatus in Figure 1 was used without 

modification. 
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Conclusion 

We have developed a novel method of polymer surface modifica
tion. Analysis of various factors influencing the thickness of 
graft layer leads to the conclusion that solvent interactions with 
base polymer, grafted base polymer, and propagating graft chain 
are determining factors for the rate and thickness of grafing. 
Reduction in solvent - base polymer interaction is a necessary 
condition to confine the graft layer on the base polymer surface 
whereas it is a negative factor for grafting rate. Consequently, 
the use of solvent systems having balanced properties is an essen
tial requirement for thin layer surface photografting. 

The present procedure is certainly applicable to convert 
hydrophilic surfaces to hydrophobic, or to impart more sophisti
cated functionalities other than polar property to various polymer 
materials. From the view point of practical polymer processing, 
in particular, of chemicall
line polymers, inhibitory effect of oxygen is a difficulty to be 
overcome. 

Abstract: Surface photografting method was shown to be an 
excellent procedure to improve the surface properties of various 
polymers(Table 1). Particularly it is useful to impart wettabili
ty to hydrophobic polymer surface using hydrophilic monomers such 
as acrylamide and acrylic acid and triplet sensitizers such as 
benzophenone and its derivatives. Detailed studies on photograf-
ting onto polypropylene under nitrogen atmosphere indicated that 
the reaction was initiated by hydrogen abstraction by the excited 
sensitizer and the rate of surface grafting as well as the struc
ture of grafted surface depended very much on solvent used. When 
the solvent-base polymer interaction was too strong, the grafted 
surface was not sufficiently hydrophilic although the rate was 
fast. This was interpreted as due to deep grafting(Table 4). The 
surface structure as studied by ESCA and wettability were 
discussed as functions of reaction conditions. It was then 
concluded that the use of solvent having appropriate affinity to 
the base polymer was essential to compromise the rate of grafting 
and the degree of surface modification. Possible practical 
applications were discussed and an example was presented(Table 5). 
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Acid Effects in the Radiation Grafting of Monomers to 

Polymers, Particularly Polyethylene 

JOHN L. GARNETT and NGUYEN T. YEN 

Department of Chemistry, The University of New South Wales, 
Kensington, N.S.W., 2033, Australia 

R a d i a t i o n g r a f t i n g i
f o r d i r e c t l y m o d i f y i n g th
n ique has been used w i t h a wide v a r i e t y o f n a t u r a l l y o c c u r r i n g 
macromolecules such as wool (3) and c e l l u l o s e (4) and a l s o w i t h 
many s y n t h e t i c polymers, p a r t i c u l a r l y the p o l y o l e f i n s (2_,5_,6) . 
Both the pre-irradiâtion and s imultaneous i r r a d i a t i o n procedures 
have been u t i l i s e d f o r t h i s purpose, however the l a t t e r t e c h n i q u e 
i s the more f l e x i b l e and more e x t e n s i v e l y i n v e s t i g a t e d . In the 
s i m u l t a n e o u s p r o c e d u r e , the monomer, u s u a l l y i n t h e presence o f 
s o l v e n t , i s s i m u l t a n e o u s l y i r r a d i a t e d i n c o n t a c t w i t h the backbone 
polymer. The predominant v a r i a b l e s which i n f l u e n c e the g r a f t i n g 
y i e l d i n c l u d e r a d i a t i o n dose and d o s e - r a t e , c o n c e n t r a t i o n o f 
monomer i n s o l v e n t and the s t r u c t u r e s o f b o t h monomer and backbone 
polymer. 

The i n c l u s i o n o f m i n e r a l a c i d i n the g r a f t i n g s o l u t i o n has 
r e c e n t l y been shown t o i n c r e a s e the r a d i a t i o n c o p o l y m e r i s a t i o n 
y i e l d , p a r t i c u l a r l y when s t y r e n e i s g r a f t e d t o t r u n k polymers l i k e 
wool (3) and c e l l u l o s e (4) i . e . polymers which r e a d i l y s w e l l i n 
p o l a r s o l v e n t s such as methanol. T h i s a c i d e f f e c t i s i m p o r t a n t 
s i n c e f o r many c o p o l y m e r i s a t i o n r e a c t i o n s , r e l a t i v e l y low r a d i a 
t i o n doses are r e q u i r e d t o y i e l d f i n i t e g r a f t . The p r o c e s s i s 
p a r t i c u l a r l y v a l u a b l e f o r monomers and/or polymers t h a t are e i t h e r 
r a d i a t i o n s e n s i t i v e o r r e q u i r e h i g h doses o f r a d i a t i o n t o a c h i e v e 
the r e q u i r e d g r a f t . 

A t h e o r y f o r t h i s a c i d e f f e c t has been developed e s s e n t i a l l y 
from the wool and c e l l u l o s e work (3,4). R e c e n t l y , i n a b r i e f com
m u n i c a t i o n , we r e p o r t e d analogous a c i d enhancement e f f e c t s i n the 
r a d i a t i o n g r a f t i n g o f monomers such as s t y r e n e i n methanol t o non-
p o l a r s y n t h e t i c backbone polymers l i k e p o l y p r o p y l e n e and p o l y 
e t h y l e n e Q5). In the p r e s e n t work, d e t a i l e d s t u d i e s o f t h i s a c i d 
enhancement e f f e c t are d i s c u s s e d f o r the r a d i a t i o n g r a f t i n g o f 
s t y r e n e i n v a r i o u s s o l v e n t s t o p o l y e t h y l e n e . The r e s u l t s are funda
m e n t a l l y important s i n c e most o f the experiments r e p o r t e d here have 
been performed i n s o l v e n t s such as the low m o l e c u l a r weight a l c o h o l s 
which, u n l i k e c e l l u l o s e and wool systems, do not s w e l l p o l y e t h y l e n e . 
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However the a c i d e f f e c t i s j u s t as s i g n i f i c a n t w i t h the p o l y o l e f i n s 
as w i t h the n a t u r a l l y o c c u r r i n g macromolecules. 

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

The f o l l o w i n g g r a f t i n g t e c h n i q u e was a m o d i f i c a t i o n o f t h a t 
p r e v i o u s l y used f o r analogous experiments w i t h wool ( 3 ) , c e l l u l o s e 
(4) and p o l y p r o p y l e n e ( 5 ) . S t y r e n e (ex-Monsanto, Aust. P t y . Ltd.) 
was p u r i f i e d by column chromatography on al u m i n a , a procedure t h a t 
has p r e v i o u s l y been s a t i s f a c t o r y f o r r a d i a t i o n c o p o l y m e r i s a t i o n 
(_3,£). High p u r i t y methanol (acetone f r e e , ACS r e a g e n t , code 
1212) was o b t a i n e d from A l l i e d Chemicals w h i l s t t h e r e m a i n i n g 
a l c o h o l s , d i m e t h y l formamide, d i m e t h y l s u l f o x i d e , acetone and 
dioxan were AR grade and used w i t h o u t f u r t h e r p u r i f i c a t i o n . These 
m a t e r i a l s were s a t i s f a c t o r y i n e a r l i e r g r a f t i n g r e a c t i o n s t o 
c e l l u l o s e ( 4 ) . 

The c o p o l y m e r i s a t i o
s o l v e n t b e i n g added f i r s t f o l l o w e d by a c i d o  a c o n c e n t r a t e d 
s o l u t i o n o f a c i d i n s o l v e n t , then monomer t o make up a t o t a l volume 
o f 20 m l . P o l y e t h y l e n e (ex-Union Carbide) s t r i p s (37.5 χ 25 χ 0.01 
mm) were then f u l l y immersed i n the monomer s o l u t i o n s , o n l y homo
geneous s o l u t i o n s b e i n g u s e d , s i n c e w i t h a c i d a d d i t i v e s t h e r e i s a 
l i m i t o f a c i d c o n c e n t r a t i o n b e f o r e phase s e p a r a t i o n o c c u r s . I r 
r a d i a t i o n o f the l i g h t l y s t o p p e r e d tubes c o n t a i n i n g the r e a g e n t s 
was c a r r i e d out i n c o b a l t - 6 0 o r spent f u e l element f a c i l i t i e s a t 
the A u s t r a l i a n Atomic Energy Commission. A f t e r i r r a d i a t i o n , the 
g r a f t e d polymer f i l m was q u i c k l y removed from the monomer s o l u t i o n , 
soaked f o r two days i n benzene t o remove homopolymer, benzene b e i n g 
changed s e v e r a l times d u r i n g t h e p r o c e s s . The f i l m was then washed 
a g a i n i n methanol and d r i e d i n a v e n t i l a t e d oven a t 60° t o c o n s t a n t 
w e i g h t . The g r a f t i n g y i e l d was the p e r c e n t i n c r e a s e i n weight o f 
the o r i g i n a l f i l m . 

Homopolymerisation was determined by the f o l l o w i n g m o d i f i c a 
t i o n o f the K l i n e procedure ( 7 ) . The g r a f t i n g s o l u t i o n from the 
i r r a d i a t i o n was poured i n t o methanol (200 ml) t o p r e c i p i t a t e homo-
polymer and the sample tube r i n s e d w i t h methanol (50 m l ) . Homo-
polymer which adhered t o t h e polymer f i l m and t o the tube was d i s 
s o l v e d c a r e f u l l y i n di o x a n (20 ml) and the d i o x a n s o l u t i o n added t o 
the methanol i n a beake r , t o g e t h e r w i t h the benzene washings from 
the e x t r a c t i o n o f t h e o r i g i n a l f i l m . The beaker was heated on a 
steam b a t h w i t h f r e q u e n t s t i r r i n g u n t i l a l l p o l y s t y r e n e c o a g u l a t e d , 
the m i x t u r e c o o l e d , f i l t e r e d through a t a r e d s i n t e r e d g l a s s 
c r u c i b l e , washed t h r e e times w i t h methanol (100 ml) and the 
c r u c i b l e d r i e d t o c o n s t a n t weight a t 60°. The percentage homo-
polymer was c a l c u l a t e d from the weight o f homopolymer d i v i d e d by 
the weight o f monomer i n s o l u t i o n . The g r a f t i n g e f f i c i e n c y was 
r a t i o o f g r a f t t o g r a f t p l u s homopolymer. 

R e s u l t s 
The d a t a i n T a b l e . I show t h a t t he low m o l e c u l a r weight a l c o h o l s 
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are u s e f u l s o l v e n t s f o r r a d i a t i o n 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 . 
These r e s u l t s are thus c o n s i s t e n t w i t h e a r l i e r r e p o r t s by Odian and 
coworkers (8) who o n l y used methanol and a l s o p r e l i m i n a r y e x p e r i 
ments by o u r s e l v e s (2,5). Isomeri c s t r u c t u r e o f the a l c o h o l i s 
important i n d e t e r m i n i n g s o l v e n t t o be used f o r o p t i m i s a t i o n o f 
g r a f t i n g , (Table I I ) . 

In a d d i t i o n , i n the h i g h e r m o l e c u l a r weight normal a l c o h o l s , 
c o p o l y m e r i s a t i o n reaches a maximum w i t h n-heptanol and then 
decreases (Table I I I ) . With a l l o f these a l c o h o l s (Tables I - I I I ) , 
t h e r e i s a Trommsdorff peak observed a t 30-40% monomer c o n c e n t r a t 
i o n . A d d i t i o n o f s u l f u r i c a c i d t o the g r a f t i n g s o l u t i o n s l e a d s t o 
an enhancement i n c o p o l y m e r i s a t i o n at most monomer c o n c e n t r a t i o n s , 
e s p e c i a l l y at the g e l peak. N i t r i c , s u l f u r i c and p e r c h l o r i c are 
the most e f f e c t i v e m i n e r a l a c i d s f o r i n c r e a s i n g g r a f t i n g y i e l d s 
(Table I V ) , n i t r i c b e i n g the most e f f i c i e n t . With p e r c h l o r i c a c i d , 
the Trommsdorff e f f e c t s h i f t s t o 50-60% monomer c o n c e n t r a t i o n
Organic a c i d s are not a
i n c r e a s i n g g r a f t i n g y i e l d s

Homopolymerisation which accompanies c o p o l y m e r i s a t i o n 
i n c r e a s e s at h i g h e r s t y r e n e c o n c e n t r a t i o n s , thus the g r a f t i n g 
e f f i c i e n c y decreases w i t h i n c r e a s i n g s t y r e n e c o n c e n t r a t i o n (Table 
V ) . These r e s u l t s are s i m i l a r t o analogous d a t a f o r p o l y p r o p y l e n e 
(5_,6) . I n c l u s i o n o f m i n e r a l a c i d i n c r e a s e s h o m o p o l y m e r i s a t i o n , 
however not t o the same degree as i t enhances c o p o l y m e r i s a t i o n , 
t h u s , o v e r a l l , g r a f t i n g e f f i c i e n c y i s s i g n i f i c a n t l y improved i n 
t h e presence o f a c i d . 

E f f i c i e n t c o p o l y m e r i s a t i o n can a l s o be a c h i e v e d i n s o l v e n t s 
o t h e r than the a l c o h o l s (Table V I ) . Thus the o r d e r o f e f f e c t i v e 
ness f o r the p r e s e n t c o p o l y m e r i s a t i o n o f these a d d i t i o n a l s o l v e n t s 
i s DMSO>DMF>dioxan>acetone>>chloroform>hexane. A c i d enhancement 
i s a l s o observed i n the f i r s t o f these f o u r s o l v e n t s (Table V I ) . 
C h a r a c t e r i s t i c a l l y ( 5 ) , a c i d i n c r e a s e s the i n t e n s i t y o f t h e Tromms
d o r f f peak i f i t i s a l r e a d y p r e s e n t i n t h e system (dioxan) o r 
a l t e r n a t i v e l y induces the f o r m a t i o n o f the g e l peak i f i t i s not 
p r e s e n t i n the s o l u t i o n s p r i o r t o a c i d a d d i t i o n (DMSO). 

R a d i a t i o n dose r a t e s i g n i f i c a n t l y a f f e c t s the c o p o l y m e r i s a t i o n 
y i e l d (Table V I I ) . As the dose r a t e i s i n c r e a s e d from 10,000 r a d / 
h r t o 74,000 r a d / h r t h e r e i s a g r a d u a l decrease i n g r a f t i n g y i e l d 
a t a l l monomer c o n c e n t r a t i o n s s t u d i e d f o r c o p o l y m e r i s a t i o n o f 
s t y r e n e i n DMF. A d d i t i o n o f a c i d t o t h e s e s o l u t i o n s leads t o 
s i g n i f i c a n t i n c r e a s e s i n g r a f t i n g a t a l l t h r e e dose r a t e s s t u d i e d 
(Table V I I ) . The e f f e c t o f a c i d i s more marked when methanol i s 
used as s o l v e n t ( F i g u r e 1 ) . In the absence o f a c i d , the g r a f t i n g 
y i e l d i n methanol decreases w i t h i n c r e a s i n g dose r a t e over the 
range o f 117,000 - 546,000 r a d / h r , c o n s i s t e n t w i t h the DMF d a t a i n 
Table V I I . However, i f a c i d i s added t o the m e t h a n o l i c s o l u t i o n s , 
the c o p o l y m e r i s a t i o n y i e l d remains v i r t u a l l y c o n s t a n t at t h e 
Trommsdorff peak f o r a l l dose r a t e s s t u d i e d . More i m p o r t a n t l y , 
the percentage i n c r e a s e i n g r a f t i n g y i e l d at t h e g e l peak i s v e r y 
much h i g h e r at t h e h i g h e s t dose r a t e i n the presence o f a c i d . As 
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TABLE I . A c i d E f f e c t i n R a d i a t i o n G r a f t i n g t o P o l y e t h y l e n e u s i n g 
S t y rene i n Low M o l e c u l a r Weight A l c o h o l s . a 

G r a f t % i n 

Sty r e n e Methanol E t h a n o l n-Propanol i s o - P r o p a n o l 
(%v/v) 

0 0.2M^ 0 0.2M^ 0 0.2M^ 0 0.2M^ 

10 5 18 10 11 14 19 16 15 
20 57 63 35 44 44 63 53 59 
30 75 130 91 115 92 121 73 101 
40 79 100 86 101 108 105 72 90 
50 68 75 
60 60 83 
70 56 66 58 60 56 83 58 66 
80 52 - 53 - 48 - 48 -
90 46 - 46 - 43 - 42 -

a T o t a l dose 0, .2 χ 1 0 6 r a d at 0.040 χ 10 6 r a d / h r . 

TABLE I I . A c i d E f f e c t i n R a d i a t i o n G r a f t i n g t o P o l y e t h y l e n e u s i n g 
Styrene i n t h e Iso m e r i c B u t a n o l s . a 

G r a f t % i n 
St y r e n e 
(%v/v) 

n-•Butanol i s o -•Butanol t e r ΐ- But a n o l S t y r e n e 
(%v/v) 

0 0.2M^ 0 0.2M^ 0 0.2M^ 
10 7 10 25 31 22 25 
20 29 38 81 106 59 60 
30 78 89 104 125 78 96 
40 69 100 89 113 75 84 
50 73 82 74 78 62 73 
60 63 64 62 79 50 79 
70 55 60 54 80 44 69 
80 53 - 43 - 34 -
90 41 - 39 - 41 -

^ T o t a l dose 0.2 χ 1 0 6 r a d at 0.040 χ 10 6 r a d / h r . 
^H2S0i+ 
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TABLE I I I . A c i d E f f e c t i n R a d i a t i o n G r a f t i n g t o P o l y e t h y l e n e u s i n g 
S t y r e ne i n the H i g h e r M o l e c u l a r Weight A l c o h o l s . a 

G r a f t % i n 

rP̂ /6?6 n-Pentanol n-Hexanol n-Heptanol n-Octanol n-Decanol 
I o V / V J — — — — 

0 0.2Μ^ 0 0.2M^ 0 0.2M^ 0 O^M^ 0 0.2M^ 

10 8 11 13 12 12 17 12 16 - -
20 39 41 43 51 71 82 38 47 - -
30 70 100 84 116 119 163 85 116 45 32 
40 87 116 91 130 125 170 107 130 49 55 
50 77 87 
60 64 78 64 74 68 123 74 128 - -
70 53 78 51 92 68 119 61 123 - -
80 57 - 43 - 43 - 51 - - -
90 40 - 56 - 40 - 41 - - -

a T o t a l dose 0.2 χ 10 6 r a d at 0.040 ι χ 10 6 r a d / h r . 
H2S0k. 

TABLE IV. E f f e c t o f A c i d S t r u c t u r e i n G r a f t i n g o f Styrene i n 
Methanol t o P o l y e t h y l e n e . a 

Styrene No 0 . 1 N 0 . 1 N 0 . 1 N 0 . 1 N 0 . 1 N 0 . 1 N 
(%v/v) A c i d CH3COOH HCOOH HC1 HCIO^ H2SOI* HNO3 

2 0 17 25 26 31 52 36 55 
30 34 48 47 65 87 94 1 1 0 

40 52 46 46 53 81 118 127 
50 42 37 32 36 104 108 109 
60 34 28 26 28 1 0 0 98 1 0 0 

^ T o t a l dose 0. ,2 χ 1 0 6 r a d a t 0.080 χ 1 0 6 rad/h r . 
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TABLE V. E f f e c t o f A c i d on Homopolymer Formation i n the R a d i a t i o n 
G r a f t i n g o f Styrene i n Methanol t o P o l y e t h y l e n e . a 

G r a f t Homopolymer G r a f t i n g E f f i c . 
S tyrene (%) (%) (%) 

0 0.1M 6 0 O.IM^ 0 0.1M 6 

20 13 44 0.6 1.3 30 45 
40 80 109 1.3 1.5 40 45 
60 65 75 1.4 1.7 26 27 
70 - 73 - 1.7 - 22 
80 52 -

a T o t a l dose 0.2 χ 1 0 6 r a d a t a dose r a t e o f 0. .032 χ 10 6 r a d / h r . 
I^SOi,. 

TABLE V I . A c i d E f f e c t i n R a d i a t i o n G r a f t i n g u s i n g Styrene i n 
DMF, DMSO, Acetone, Dioxan, C h l o r o f o r m and Hexane.< 

G r a f t % i n 

oy , V DMSO DMF Dioxan Acetone C h l o r o f o r m Hexane 
1>V/VJ 

0 0.2M& 0 0.2M^ 0 0.2M^ 0 0.2N£ 0 0 

10 11 24 5 16 1 7 1 4 0 0 
20 14 41 29 44 9 16 6 18 0 0 
30 18 60 48 73 35 35 12 30 0 0 
40 33 83 57 89 29 75 20 55 2 0 
50 41 115 61 91 50 93 28 50 4 2 
60 82 104 71 104 55 89 39 44 7 4 
70 85 101 64 105 44 61 36 40 10 8 
80 87 - 63 - 59 - 43 - 16 10 
90 82 - 51 - 41 - 33 - 29 -

a T o t a l dose 0.2 χ 10 6 r a d a t 0.040 χ 10 6 r a d / h r . 
H2S04. 
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Styrene (% v/v) 

Figure 1. Grafting of styrene in methanol to polyethylene at various dose rates; 
total dose 0.2 Χ 106 rads. (V) 0.117 Χ 106 rad/hr, without H2SOi; (Y) with O.IN 
H 2 S0 4 ; (0)0.196 X 106 rad/hr, without H2S0ll; (%) with O.IN H2SOJi; (A) 0.279 
X 106 rad/hr, without H2SOk; (A) with O.IN H2SOh; (Π) 0.546 X 106 rad/hr, 

without H2SOi,; (M) with O.IN H2SOk. 
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TABLE V I I . E f f e c t o f Dose Rate i n t h e Presence o f A c i d on t h e 
G r a f t i n g o f Styrene i n DMF t o Polyethylene.α 

Styrene G r a f t (%) at 
(%v/v) 0 0.1M C 0 0.1NP 0 

10 20 20 
20 158 208 63 72 
30 217 286 107 129 
40 255 336 146 156 64 84 
45 - - - - 66 94 
50 174 378 147 168 81 103 
55 -
60 287 388 163 173 91 123 
65 - - - - 92 122 
70 282 371 147 168 95 128 
75 - 340 - 165 95 128 
80 266 - 138 - 96 -
90 257 - 124 - 91 -

100 153 - 59 - - -
a T o t a l dose 0.5 χ 10 6 r a d . b Dose r a t e i n r a d χ 1 0 3 / h r . 

TABLE V I I I . E f f e c t o f A c i d i n the R a d i a t i o n G r a f t i n g o f Styrene 
i n Methanol t o P o l y e t h y l e n e u s i n g Open Tubes. a 

Without H 2 S 0 4 With W2SOh (0.1M) 

20 5.0 6.1 
40 31.0 54.6 
60 59.4 51.2 
80 51.9 48.8 

a l n c o n t r a s t t o d a t a i n p r e v i o u s t a b l e s , these runs were performed 
i n unstoppered, open tub e s . P o l y e t h y l e n e (37.5 χ 25 χ 0.004 mm) 
was used t o a dose o f 0.17 χ 10 6 r a d a t 0.038 χ 1 0 6 r a d / h r . 
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the a c i d i t y i s i n c r e a s e d , t h e g r a f t i n g y i e l d a l s o i n c r e a s e s at 
c o n s t a n t dose and dose r a t e f o r c o p o l y m e r i s a t i o n i n DMF ( F i g u r e 2 ) . 
I f i r r a d i a t i o n s are performed i n unstoppered ( i . e . open) t u b e s , 
a c i d enhancement i s s t i l l observed around the Trommsdorff peak, 
al t h o u g h the o v e r a l l g r a f t i s reduced i n t h i s r e g i o n (Table V I I I ) . 

D i s c u s s i o n 

The parameters which p r e d o m i n a n t l y i n f l u e n c e the a c i d e f f e c t 
i n r a d i a t i o n g r a f t i n g o f s t y r e n e monomer t o p o l y e t h y l e n e f i l m are 
the s t r u c t u r e o f s o l v e n t , the c o n c e n t r a t i o n o f monomer and the 
dose r a t e . Because these t h r e e v a r i a b l e s are i n t e r - r e l a t e d , i t i s 
d i f f i c u l t t o p r e d i c t , a priori, t h e c o n d i t i o n s r e q u i r e d t o y i e l d 
an optimum i n g r a f t i n g . In t h i s r e s p e c t the type o f s o l v e n t used 
i s p a r t i c u l a r l y i m p o r t a n t . 

S t r u c t u r e o f S o l v e n t
o f s t y r e n e t o p o l y e t h y l e n e
coworkers (9) have shown t h a t methanol i s a s u i t a b l e s o l v e n t f o r 
t h i s r e a c t i o n . The p r e s e n t d a t a (Tables I - I I I ) c o n f i r m these 
e a r l i e r r e s u l t s and a l s o show t h a t o t h e r low m o l e c u l a r weight 
a l c o h o l s up t o n - o c t a n o l are e f f i c i e n t s o l v e n t s f o r t h i s p r o c e s s . 
T h i s o b s e r v a t i o n i s i m p o r t a n t s i n c e analogous experiments w i t h 
c o p o l y m e r i s a t i o n t o wool (3) and c e l l u l o s e (4) i n d i c a t e t h a t o n l y 
those a l c o h o l s which wet and s w e l l t h e t r u n k polymer are s u i t a b l e 
f o r g r a f t i n g , i . e . a l c o h o l s up t o p r o p a n o l whereas b u t a n o l i s not 
e f f e c t i v e . By c o n t r a s t , f o r g r a f t i n g t o p o l y e t h y l e n e , e s p e c i a l l y 
w i t h s t y r e n e , s w e l l i n g and w e t t i n g e f f e c t s o f s o l v e n t s are not 
n e c e s s a r y s i n c e t h i s t r u n k polymer i s a l r e a d y e x t e n s i v e l y s w o l l e n 
by the monomer. Both Odian (8) and S i l v e r m a n (9) groups a t t r i b u t e 
t h e a c c e l e r a t i n g a f f e c t o f methanol i n p o l y e t h y l e n e g r a f t i n g t o 
p h y s i c a l changes i n the system caused by methanol. In the p r e s e n t 
d i s c u s s i o n , t h e r a d i a t i o n c h e m i s t r y o f the t r u n k polymer, monomer 
and s o l v e n t w i l l a l s o be shown t o be s i g n i f i c a n t , e s p e c i a l l y i n 
d e t e r m i n i n g t h e c o n d i t i o n s f o r peak g r a f t i n g . 

The Trommsdorff E f f e c t . I n the c o p o l y m e r i s a t i o n r e a c t i o n s 
u s i n g the s o l v e n t s i n Tables I - I I I , t h e r e i s a p a r t i c u l a r monomer 
c o n c e n t r a t i o n a t which the g r a f t i n g reaches a maximum, e.g. 30% 
f o r methanol. From t h e i r s t y r e n e g r a f t i n g s t u d i e s i n methanol, 
Odian and coworkers (8) a t t r i b u t e the peak t o a g e l type e f f e c t . 
They suggested t h a t i t o c c u r r e d because the p a r t i c u l a r s o l v e n t was 
a p r e c i p i t a n t o f p o l y s t y r e n e . As the g r a f t e d p o l y s t y r e n e c h a i n s 
are p r e c i p i t a t e d , they become i m m o b i l i s e d . F u r t h e r c o l l i s i o n s 
w i t h the p r e c i p i t a t e d p o l y s t y r e n e are thus i n h i b i t e d , the t e r m i n a 
t i o n r a t e i s reduced w h i l e t h e r e i s no r e d u c t i o n i n i n i t i a t i o n 
r a t e . Rate o f g r a f t i n g i s thus i n c r e a s e d . T h i s s i t u a t i o n i s 
f u r t h e r a c c e n t u a t e d by the f a c t t h a t the t e r m i n a t i o n r a t e i n the 
g r a f t i n g o f u n d i l u t e d s t y r e n e i s a l r e a d y v e r y h i n d e r e d because o f 
the h i g h v i s c o s i t y o f the g r a f t i n g medium. T h i s h i n d r a n c e i s 
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Figure 2. Grafting of styrene in DMF to polyethylene in the presence of H 2 S0 4 

at various concentrations; total dose 0.5 X 106 rad at dose rate 0.080 X 106 rad/hr 
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f u r t h e r i n c r e a s e d i n t h e presence o f methanol, due t o t h e 
p r e c i p i t a t i n g e f f e c t . Thus the Trommsdorff e f f e c t which a l r e a d y 
e x i s t s i n the system i s enhanced by the presence o f methanol. T h i s 
mechanism f o r t h e a c c e l e r a t i n g e f f e c t o f methanol i n 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 i s a l s o a p p l i c a b l e t o a l l o f the a l c o h o l s 
up t o n - o c t a n o l (Tables I - I I I ) , due t o t h e i r s i m i l a r p r e c i p i t a t i n g 
e f f e c t on p o l y s t y r e n e . Thus, C h a p i r o (1) observed t h a t i n the 
r a d i a t i o n p o l y m e r i s a t i o n o f s t y r e n e i n d i f f e r e n t a l c o h o l s , the 
polymer i s p r e c i p i t a t e d a t h i g h d i l u t i o n (90 mole p e r c e n t methanol, 
85 mole p e r c e n t n - p r o p a n o l , 80 mole p e r c e n t n - b u t a n o l o r 60 mole 
p e r c e n t n - o c t a n o l , a l l these b e i n g 70 p e r c e n t a l c o h o l by volume). 
In t h e p r e s e n t work these c o n c e n t r a t i o n s o f a l c o h o l s were a l s o 
found t o g i v e maximum g r a f t i n g y i e l d s . 

Machi, Kamel and S i l v e r m a n (9) m o d i f i e d t h e above mechanism 
o f the Trommsdorff e f f e c t . These authors a n a l y s e d m i x t u r e s o f 
s t y r e n e and methanol which were absorbed i n p o l y e t h y l e n e f i l m s 
p r i o r t o g r a f t i n g . The
m i x t u r e was v e r y low (<4%)
p o l y s t y r e n e g r a f t e d c h a i n s . They proposed a new mechanism o f the 
g e l e f f e c t based on the c o n c e n t r a t i o n o f oc c l u d e d s t y r e n e i n p o l y 
e t h y l e n e and the v i s c o s i t y o f t h e amorphous r e g i o n o f p o l y e t h y l e n e 
which i s s w o l l e n by s t y r e n e . In terms o f t h i s mechanism, methanol 
reduces the c o n c e n t r a t i o n o f o c c l u d e d s t y r e n e i n p o l y e t h y l e n e , 
hence t h e s w e l l i n g o f p o l y e t h y l e n e decreases and the v i s c o s i t y o f 
the g r a f t i n g medium i n c r e a s e s . At low s t y r e n e c o n c e n t r a t i o n s , the 
i n i t i a t i o n and p r o p a g a t i o n r a t e s are low and i n c r e a s e w i t h i n c r e a s 
i n g s t y r e n e c o n c e n t r a t i o n , w h i l e the t e r m i n a t i o n r a t e i s a l s o low 
because o f the h i g h v i s c o s i t y o f the medium. At h i g h s t y r e n e 
c o n c e n t r a t i o n s , the p r o p a g a t i o n r a t e tends t o i n c r e a s e , but the 
t e r m i n a t i o n r a t e a l s o i n c r e a s e s due t o the decreased v i s c o s i t y o f 
the s w o l l e n polymer. There i s thus an optimum s t y r e n e c o n c e n t r a 
t i o n a t which the g r a f t i n g r a t e i s a maximum. 

Both Odian and S i l v e r m a n models s a t i s f a c t o r i l y e x p l a i n most o f 
the observed r e s u l t s i n a l l s o l v e n t s (Tables I - I I I , VI) used i n t h e 
p r e s e n t s t u d y , however t h e r e a r e some e x c e p t i o n s e s p e c i a l l y when 
s o l v e n t s o t h e r than the a l c o h o l s are used (Table V I ) . Thus the 
Odian mechanism i s not c o n s i s t e n t w i t h the DMF d a t a n o r can the 
S i l v e r m a n model account f o r the acetone r e s u l t s . In a d d i t i o n , i n 
f u r t h e r p r e l i m i n a r y s t u d i e s w i t h g r a f t i n g o f s t y r e n e t o p o l y e t h y l 
ene (10) i n s o l v e n t s o t h e r than those r e p o r t e d here both Odian and 
S i l v e r m a n mechanisms are d e f i c i e n t . The problem i s t h a t p o s s i b l e 
c o n t r i b u t i o n s from the r a d i a t i o n c h e m i s t r y o f t h e components i n 
the g r a f t i n g r e a c t i o n need t o be c o n s i d e r e d i n f o r m u l a t i n g a 
complete mechanism f o r the o v e r a l l p r o c e s s . 

R a d i o l y s i s E f f e c t s . R a d i c a l s formed i n s o l v e n t (SH) and t r u n k 
polymers (PH) are imp o r t a n t i n t h e g r a f t i n g o f monomers (MH) w i t h 
gamma r a d i a t i o n . With polymers such as p o l y e t h y l e n e , g r a f t i n g 
s i t e s are formed by d i r e c t bond r u p t u r e (Equation 1 ) . A d d i t i o n a l 
s i t e s are a l s o 
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PH —YiW—> P' + H* (1) 

formed by hydrogen a b s t r a c t i o n r e a c t i o n s i n v o l v i n g r a d i o l y s i s f r a g 
ments ( S * , H') o f t h e s o l v e n t (Equations 2 and 3 ) . Thus G(H) 

PH + H* • P" + H 2 (2) 

PH + S" • P" + HS (3) 

v a l u e s o f s o l v e n t s are impo r t a n t i n r a d i a t i o n g r a f t i n g (_5,6). In 
t h i s concept monomers such as s t y r e n e are c o n s i d e r e d t o be r a d i c a l 
scavengers s i m i l a r t o the mode o f a c t i o n o f benzene i n the r a d i o -
l y s i s o f benzene-methanol s o l u t i o n s (2_,5_,11) , scavenging o c c u r r i n g 
on e i t h e r the ar o m a t i c r i n g o f s t y r e n e by pr e d o m i n a n t l y a d d i t i o n 
r e a c t i o n s ( E q u a t i o n 4) o r by r a d i c a l a t t a c k on the double bond o f 
the s i d e c h a i n . Thus f o r t h e g r a f t i n g o f s t y r e n e t o p o l y e t h y l e n e

a mechanism f o r the a c c e l e r a t i n g e f f e c t o f methanol can be proposed 
based on the r e l a t i v e numbers o f s t y r e n e molecules and methanol 
r a d i c a l s . At low c o n c e n t r a t i o n s o f s t y r e n e , t h e monomer w i l l 
e s s e n t i a l l y scavenge methanol r a d i c a l s w h i l e a t h i g h c o n c e n t r a t i o n s 
o f s t y r e n e , the monomer w i l l scavenge o t h e r s t y r e n e r a d i c a l s . 
Homopolymerisation i s thus p r e f e r r e d t o g r a f t i n g i n b o t h r e g i o n s . 
In t he mi d d l e range o f s t y r e n e c o n c e n t r a t i o n s , a compromise i s 
a t t a i n e d where t h e r e i s s u f f i c i e n t s t y r e n e t o scavenge a l l excess 
methanol r a d i c a l s not i n v o l v e d i n a c t i v a t i o n o f the t r u n k polymer, 
y e t an excess o f monomer remains f o r g r a f t i n g by t h e charge-
t r a n s f e r mechanism proposed by D i l l i and Garnett (12) o r i g i n a l l y 
f o r c o p o l y m e r i s a t i o n t o c e l l u l o s e (4) and su b s e q u e n t l y extended t o 
wool ( 3 ) , p o l y o l e f i n (2_,5) and PVC "(13) systems. The d a t a i n Table 
V are c o n s i s t e n t w i t h t h i s i n t e r p r e t a t i o n . 

An a d d i t i o n a l c o n t r i b u t i n g f a c t o r t o the mechanism o f the 
pr e s e n t g r a f t i n g r e a c t i o n i s the r o l e o f r a d i o l y t i c a l l y produced 
hydrogen atoms. In the r a d i o l y s i s o f b i n a r y m i x t u r e s o f ar o m a t i c 
and a l i p h a t i c compounds such as s t y r e n e - m e t h a n o l , the c o n c e n t r a t i o n 
o f a r o m a t i c s t r o n g l y i n f l u e n c e s t h e G(H 2) o b t a i n e d from the 
methanol. In the most e x t e n s i v e l y s t u d i e d b i n a r y m i x t u r e s o f 
benzene-methanol (11) and p y r i d i n e - m e t h a n o l (10) , i t i s found t h a t 
the y i e l d o f H atoms i s impo r t a n t i n d e t e r m i n i n g p r o d u c t y i e l d s and 
t y p e s . S m a l l a d d i t i o n s (5%) o f benzene and p y r i d i n e s i g n i f i c a n t l y 
reduce G(H 2) from the methanol by scavenging H atoms. Above 5% 
a d d i t i v e , G(H 2) i s reduced f u r t h e r , but at a slower r a t e . These 
d a t a f o r benzene-methanol and p y r i d i n e - m e t h a n o l can be e x t r a p o l a t e d 
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t o the styrene-methanol g r a f t i n g s o l u t i o n o f the p r e s e n t p o l y e t h y l 
ene g r a f t i n g system. Thus a l t h o u g h G(H) i s reduced by the presence 
o f scavenger s t y r e n e , t h e r e remains a s u f f i c i e n t c o n c e n t r a t i o n o f 
H atoms compared w i t h o t h e r r a d i c a l s t o make a s i g n i f i c a n t 
c o n t r i b u t i o n t o the a c c e l e r a t i n g e f f e c t o f methanol by a b s t r a c t i n g 
hydrogen from the backbone polymer t o g i v e a d d i t i o n a l g r a f t i n g 
s i t e s ( E q uation 2 ) . Thus the enhancement o f t h e i n i t i a t i o n r a t e 
by methanol decreases w i t h i n c r e a s i n g s t y r e n e c o n c e n t r a t i o n . 
S i m u l t a n e o u s l y , the p r o p a g a t i o n r a t e i n c r e a s e s w i t h i n c r e a s i n g 
s t y r e n e (14). Between th e s e two extremes, t h e r e i s a c o n c e n t r a t i o n 
o f s t y r e n e where g r a f t i n g i s maximised. 

A s i m i l a r e x p l a n a t i o n o f a c c e l e r a t i v e e f f e c t s observed i n 
g r a f t i n g w i t h o t h e r s o l v e n t s such as the h i g h e r s t r a i g h t c h a i n 
a l c o h o l s , DMF, DMSO, acetone, c h l o r o f o r m and cyclohexane (Table 
VI) has been advanced ( 6 ) . I t appears t h a t t h e r e i s a r e l a t i o n 
s h i p between G(H) v a l u e f s o l v e n d th  which th
s o l v e n t p a r t i c i p a t e s i
pathway thus c o n t r i b u t e s ,  e x c l u s i v e l y ,
the o v e r a l l c o p o l y m e r i s a t i o n r e a c t i o n . 

The A c i d E f f e c t . The p o s s i b l e m e c h a n i s t i c r o l e o f hydrogen 
atoms i n the c u r r e n t r a d i a t i o n g r a f t i n g work becomes even more 
s i g n i f i c a n t when a c i d i s used as an a d d i t i v e t o enhance the 
c o p o l y m e r i s a t i o n . At th e c o n c e n t r a t i o n s u t i l i s e d , a c i d s h o u l d not 
a f f e c t e s s e n t i a l l y the p h y s i c a l p r o p e r t i e s o f the system such as 
p r e c i p i t a t i o n o f the p o l y s t y r e n e g r a f t e d c h a i n s o r the s w e l l i n g o f 
the p o l y e t h y l e n e . I n s t e a d t h e a c i d e f f e c t may be a t t r i b u t e d t o 
the r a d i a t i o n c h e m i c a l p r o p e r t i e s o f the system. Thus Baxendale 
and Mellows (15) showed t h a t the a d d i t i o n o f a c i d t o methanol 
i n c r e a s e d G(H2) c o n s i d e r a b l y . The p r e c u r s o r s o f t h i s a d d i t i o n a l 
hydrogen were c o n s i d e r e d t o be H atoms from t h e r m a l i s e d e l e c t r o n 
c a p t u r e r e a c t i o n s , t y p i f i e d i n E q u a t i o n 5. 

CH 3 0 H 2
+ + e • CH 30H* + H (5) 

A c i d enhancement i n the r a d i a t i o n g r a f t i n g o f s t y r e n e i n methanol 
t o c e l l u l o s e ( 4 ) , wool (3) and i n p r e l i m i n a r y work w i t h the 
p o l y o l e f i n s (_5,6) has been proposed as b e i n g p r e d o m i n a n t l y due t o 
such r e a c t i o n s . 

F u r t h e r work (10) w i t h a c i d e f f e c t s i n the r a d i o l y s i s o f 
b i n a r y m i x t u r e s such as benzene-methanol and p y r i d i n e - m e t h a n o l 
i n d i c a t e s t h a t t h e a c i d phenomenon i s more c o m p l i c a t e d than the 
s i m p l e H atom model o r i g i n a l l y developed ( 4 ) . These more r e c e n t 
experiments (10) show t h a t w h i l s t i n c r e a s e d hydrogen atom y i e l d s 
i n the presence o f a c i d enhance the o v e r a l l g r a f t i n g y i e l d , o t h e r 
mechanisms a l s o c o n t r i b u t e t o t h i s a c i d e f f e c t . Thus the a c i d 
s t a b i l i t y o f i n t e r m e d i a t e r a d i c a l s ( I - I I I ) and a l s o analogous 
s p e c i e s i n v o l v i n g the t r u n k polymer are i m p o r t a n t . With r a d i c a l s 
( I - I I I ) , at low s t y r e n e c o n c e n t r a t i o n s i n methanol, these i n t e r 
mediates (MR-) w i l l p r e d o m i n a n t l y r e a c t w i t h o t h e r a v a i l a b l e 
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R H 

( I I I ) 

I I 
CH=CH2 CH-CH2R 

s o l v e n t r a d i c a l s by a d d i t i o n o r d i s p r o p o r t i o n a t i o n r e a c t i o n s . On 
a s t a t i s t i c a l b a s i s , the p r o b a b i l i t y o f MR- r e a c t i n g w i t h another 
s t y r e n e molecule i n t h i s c o n c e n t r a t i o n r e g i o n i s r e l a t i v e l y low, 
hence homopolymerisation i s r e l a t i v e l y low. G r a f t i n g i s a l s o 
r e l a t i v e l y low i n t h i s r e g i o n as i s the g r a f t i n g e f f i c i e n c y 
(Table 5 ) . Again on a s t a t i s t i c a l b a s i s , at r e l a t i v e l y h i g h 
s t y r e n e c o n c e n t r a t i o n s , MR* w i l l r e a c t p r e d o m i n a n t l y w i t h o t h e r 
a v a i l a b l e s t y r e n e molecules t o y i e l d homopolymer, c o n s i s t e n t w i t h 
the observed i n c r e a s i n
and g r a f t i n g e f f i c i e n c
(Table V ) . 

Between these two s t y r e n e c o n c e n t r a t i o n s , t h e r e e x i s t s an 
i n t e r m e d i a t e r e g i o n where the p r o b a b i l i t y o f MR- a b s t r a c t i n g a 
hydrogen atom from the a d j a c e n t polymer c h a i n t o g i v e a polymer 
r a d i c a l ( E q u a t i o n 6) i s h i g h and g r a f t i n g can thus be induced i n 
the cage ( E q u a t i o n 7) as d i s c u s s e d p r e v i o u s l y (16). Copolymerisa
t i o n y i e l d s and e f f i c i e n c y t hus a t t a i n a maximum i n the medium 
range o f s t y r e n e c o n c e n t r a t i o n s . T h i s mechanism, i n v o l v i n g 

PH + MR- y P- + MRH (6) 

p. + MRH y [Ρ· ·> MRH] • PMRH- (7) 

s t y r e n e - s o l v e n t r a d i c a l s (MR-) i s c o n s i s t e n t w i t h the observed 
y i e l d s o f the predominant sc a v e n g i n g p r o d u c t s found i n t h e r a d i o l y 
s i s o f benzene-methanol and p y r i d i n e - m e t h a n o l m i x t u r e s (10,11). I n 
the former system, cyclohexadiene-methanol and a n i s o l e are the 
r e l e v a n t p r o d u c t s w h i l s t i n the l a t t e r m i x t u r e , p y r i d y l m e t h a n o l 
and m e t h y l p y r i d i n e are the c o r r e s p o n d i n g p r o d u c t s . I n b o t h 
systems, these p r o d u c t s d i s p l a y maximum y i e l d s at 20-30% a r o m a t i c 
i n methanol, i . e . c l o s e t o t h e r e g i o n where the Trommsdorff peak 
appears f o r t he pr e s e n t g r a f t i n g p r o c e s s . 

F o r t h e purpose o f t h i s d i s c u s s i o n , s t y r e n e and p y r i d i n e may 
be c o n s i d e r e d t o be s t r u c t u r a l l y analogous s i n c e the ar o m a t i c r i n g 
o f s t y r e n e i s complemented by the e l e c t r o n r i c h -CH=CH2 group 
w h i l s t p y r i d i n e has the n i t r o g e n lone p a i r . A c i d e f f e c t s observed 
i n the p y r i d i n e - m e t h a n o l system may thus be e x t r a p o l a t e d t o 
styren e - m e t h a n o l . In s e p a r a t e s t u d i e s , i t has been shown t h a t 
i n c l u s i o n o f a c i d i n c r e a s e d t h e q u a n t i t i e s o f scavenging p r o d u c t s , 
p y r i d y l methanol and m e t h y l p y r i d i n e . In a d d i t i o n , one scavenging 
p r o d u c t , p y r i d y l e t h a n o l , d i s a p p e a r e d and was r e p l a c e d by a number 
o f u n i d e n t i f i e d p r o d u c t s when a c i d was i n c l u d e d i n the r a d i o l y s i s 
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m i x t u r e . The mechanism whereby a c i d i n c r e a s e s t h e y i e l d o f 
scavenging p r o d u c t s has not been c o m p l e t e l y c l a r i f i e d (10) 
e s p e c i a l l y the r o l e o f the a n i o n , however a p l a u s i b l e i n t e r p r e t a 
t i o n i s t h a t a c i d enhances the d i s p r o p o r t i o n a t i o n r e a c t i o n o f t h e 
aromatic-methanol r a d i c a l s ( E quations 8 and 9) t o g i v e h i g h e r 
y i e l d s and a w i d e r v a r i e t y o f scavenging p r o d u c t s due t o t h e 
g r e a t e r m i g r a t i o n o f e l e c t r o n s from the r i n g t o a more p o s i t i v e 
environment, thus f a c i l i t a t i n g the r u p t u r e o f the C-H bond i n the 
d i s p r o p o r t i o n a t i o n p r o c e s s . 

I t i s now proposed t h a t a c i d a c t s i n an analogous manner i n 
the styrene-methanol g r a f t i n g system. No d a t a f o r t h e scavenging 
r o l e o f s t y r e n e i n t h i s r e a c t i o n i s y e t a v a i l a b l e a l t h o u g h the 
d a t a from p r e l i m i n a r y 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 concept 
(10). I t i s thus proposed t h a t a c i d a f f e c t s the s t a b i l i t y and 
r e a c t i v i t y o f the i n t e r m e d i a t e c h a r g e - t r a n s f e r complex formed i n 

the g r a f t i n g r e a c t i o n . T h i s may occur by a f f e c t i n g the r e a c t i v i t y 
o f t h e styrene-methanol r a d i c a l s (MR*) o r a c i d may f a c i l i t a t e the 
hydrogen a b s t r a c t i o n r e a c t i o n from an a d j a c e n t polymer molecule by 
MR- t o g i v e more g r a f t i n g s i t e s ( E q u a t i o n 10). A c i d can a l s o 
s i m u l t a n e o u s l y c a t a l y s e more e f f i c i e n t r e a c t i o n between MR-
r a d i c a l s and monomer t o g i v e i n c r e a s e d homopolymer y i e l d s c o n s i s 
t e n t w i t h o b s e r v a t i o n (Table V ) , e s p e c i a l l y at low monomer 

u + 
PH + MR- — — • P- + MRH (10) 

c o n c e n t r a t i o n s . At h i g h monomer c o n c e n t r a t i o n s , the a d d i t i o n o f 
a c i d l e a d s t o m a r g i n a l i n c r e a s e s i n homopolymer y i e l d , presumably 
because homopolymer y i e l d i s a l r e a d y a p p r e c i a b l e w i t h o u t a d d i t i v e . 

I t i s s i g n i f i c a n t t h a t g r a f t i n g y i e l d s are enhanced t o the 
same degree by each o f the t h r e e s t r o n g e s t a c i d s s t u d i e d (Table 
I V ) . T h i s i n d i c a t e s t h a t a mechanism common t o a l l a c i d s p r e v a i l s 
i n t h e c o p o l y m e r i s a t i o n . The s u g g e s t i o n t h a t a c i d f a c i l i t a t e s 
hydrogen a b s t r a c t i o n from the t r u n k polymer i s c o n s i s t e n t w i t h 
S i l v e r m a n 1 s o b s e r v a t i o n (9) c o n c e r n i n g t h e s m a l l amounts o f 
methanol which were found i n s w o l l e n polymer. Thus once the 
p o l y e t h y l e n e i s s w o l l e n by the monomer, a dynamic e q u i l i b r i u m can 
be e s t a b l i s h e d such t h a t i n t e r m e d i a t e s MR- can d i f f u s e t o t r u n k 
polymer s i t e s and g r a f t . 
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The f a c t t h a t a c i d enhances g r a f t i n g a l s o i n d i c a t e s the 
p o s s i b i l i t y t h a t i o n i c p r o c e s s e s may a l s o c o n t r i b u t e t o the 
p r e s e n t g r a f t i n g mechanism. In t h i s c o n t e x t , a c i d may be con
s i d e r e d t o be a c a t a l y s t f o r t h e c a t i o n i c p r o c e s s e s p e c i a l l y s i n c e 
i o n i s i n g r a d i a t i o n i s the i n i t i a t o r f o r the r e a c t i o n and b o t h f r e e 
r a d i c a l s and i o n s are known t o be s p e c i e s formed from i n t e r a c t i o n 
between molecules and such r a d i a t i o n . However, the i o n i c mechan
ism f o r g r a f t i n g i s favoured by anhydrous c o n d i t i o n s , t h u s , i n 
t h e p r e s e n t system, a c i d enhancement v i a the i o n i c pathway would 
not appear t o be a predominant p r o c e s s . 

A c i d E f f e c t i n G r a f t i n g With Isomeric A l c o h o l s . With the 
i s o m e r i c propanols and b u t a n o l s , some unexpected r e s u l t s were 
o b t a i n e d both i n the presence and absence o f a c i d (Table I I ) . 
When n-propanol was s u b s t i t u t e d by i s o - p r o p a n o l , the' g r a f t i n g 
y i e l d around the Trommsdorff peak decreased (Table I )  but w i t h the 
c o r r e s p o n d i n g two b u t a n o l
T h i s apparent anomaly r e q u i r e
the p o l a r i t y and m o l e c u l a r s i z e o f the a l c o h o l . H i g h e r p o l a r i t y 
s h o u l d improve the p r e c i p i t a t i n g e f f e c t o f the s o l v e n t on the 
p o l y s t y r e n e c h a i n s w h i l e the h i g h e r m o l e c u l a r s i z e s h o u l d e x e r t an 
o p p o s i t e e f f e c t . From n-propanol t o i s o p r o p a n o l , the molecule i s 
more b u l k y ( d e n s i t y from 0.803 to 0.785) and the i n c r e a s e i n 
m o l e c u l a r s i z e i s more im p o r t a n t than the i n c r e a s e i n p o l a r i t y , 
hence the g r a f t i n g y i e l d s h o u l d decrease. From n-butanol t o i s o -
b u t a n o l , the i n c r e a s e i n m o l e c u l a r s i z e i s l e s s i m p o r t a n t 
( d e n s i t y from 0.808 t o 0.802) than the i n c r e a s e i n p o l a r i t y , hence 
the g r a f t i n g s h o u l d i n c r e a s e . However from i s o b u t a n o l t o t - b u t a n o l 
the m o l e c u l a r s i z e i n c r e a s e s more s i g n i f i c a n t l y ( d e n s i t y from 
0.802 t o 0.789), hence the g r a f t i n g y i e l d s h o u l d decrease as 
observed. In the presence o f a c i d s i m i l a r t r e n d s were observed 
and the y i e l d s were enhanced, as expected. 

G r a f t i n g i n Unstoppered Tubes. The f i n a l i n t e r e s t i n g f e a t u r e 
o f the p r e s e n t d a t a i s the f a c t t h a t the a c i d e f f e c t i s s t i l l 
p r e s e n t i n the styrene-methanol g r a f t i n g system i n the r e g i o n o f 
the Trommsdorff peak even i f the tubes are unstoppered ( i . e . open) 
d u r i n g the i r r a d i a t i o n (Table V I I I ) . When compared w i t h the c o r 
r e s p o n d i n g runs i n s t o p p e r e d v e s s e l s the magnitude o f t h e c o p o l y 
m e r i s a t i o n i n the g e l r e g i o n i s reduced f o r b o t h a c i d c o n t a i n i n g 
and n e u t r a l monomer s o l u t i o n s , t h i s r e s u l t presumably r e f l e c t i n g 
t h e degree t o which oxygen r e t a r d s g r a f t i n g s t r o n g l y i n t h i s 
r e g i o n . T h i s c o n c l u s i o n i s c o n s i s t e n t w i t h the r o l e o f hydrogen 
atoms, as p r e c u r s o r s , c o n t r i b u t i n g t o the g e l peak (4,5,16) , s i n c e 
oxygen would r e a d i l y scavenge such s p e c i e s . Oxygen c o u l d l i k e w i s e 
i n t e r f e r e w i t h the s t a b i l i t y o f the i n t e r m e d i a t e s i n the charge-
t r a n s f e r mechanism (Specie s I - I I I ) . The o t h e r important aspect o f 
t h e p r e s e n t a c i d enhancement observed f o r g r a f t i n g i n open tubes 
i s t h a t , i n t h i s r e s p e c t , the s t y r e n e c o p o l y m e r i s a t i o n system i s 
d i f f e r e n t t o the c o r r e s p o n d i n g g r a f t i n g r e a c t i o n i n v o l v i n g methyl 
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m e t h a c r y l a t e where no a c i d e f f e c t was r e p o r t e d f o r g r a f t i n g i n 
open tubes ( 1 7 ) . In g r a f t i n g under these c o n d i t i o n s w i t h methyl 
m e t h a c r y l a t e , homopolymerisation i s much more seve r e than w i t h 
s t y r e n e (_5,6), thus t h e r e are m e c h a n i s t i c d i f f e r e n c e s , y e t t o be 
r e s o l v e d , between the two monomer systems. The r o l e o f a c i d i n 
the p r e s e n t p o l y e t h y l e n e work i s co n f i r m e d by analogous s t u d i e s 
w i t h p o l y p r o p y l e n e (6) a l s o p r e l i m i n a r y experiments r e c e n t l y 
r e p o r t e d by Chappas and S i l v e r m a n (18) , our own s t u d i e s w i t h 
monomers o t h e r than s t y r e n e and methyl m e t h a c r y l a t e , e.g. a c r y l o -
n i t r i l e , e t h y l a c r y l a t e , a c r y l i c a c i d , a c r y l a m i d e , e t c . (3,6,10), 
a l s o t he work o f Hoffman and Ratner (19) w i t h a c r y l a m i d e . 

Advantages o f A c i d E f f e c t i n S y n t h e s i s o f Copolymers. When 
p o l a r s o l v e n t s o t h e r than t h e a l c o h o l s a r e used f o r g r a f t i n g 
(Table V I ) , s t r o n g a c i d enhancement e f f e c t s are s t i l l observed. I f 
the dose r a t e i s a l t e r e d a t a f i x e d dose, f o r a p a r t i c u l a r s o l v e n t 
(Table V I I , F i g u r e 1 ) ,
y i e l d i n g h i g h e r g r a f t s .
g r a f t i n c r e a s e s w i t h i n c r e a s i n g dose r a t e p a r t i c u l a r l y i n t h e 
r e g i o n o f the Trommsdorff e f f e c t . T h i s r e s u l t i s o f s i g n i f i c a n t , 
b e n e f i c i a l , p r e p a r a t i v e importance, s i n c e i r r a d i a t i o n a t t h e 
h i g h e s t dose r a t e i n the presence o f a c i d would s h o r t e n c o n s i d e r 
a b l y the time o f source exposure r e q u i r e d t o a c h i e v e a p a r t i c u l a r 
percentage g r a f t . As the a c i d i t y i s i n c r e a s e d f o r a p a r t i c u l a r 
s o l v e n t , c o p o l y m e r i s a t i o n i n c r e a s e s ( F i g u r e 2 ) , the l i m i t i n g 
p r o p e r t y o f t h e g r a f t i n g system under these c o n d i t i o n s b e i n g phase 
s e p a r a t i o n which occurs a t a c e r t a i n a c i d i t y , (e.g. 45% s t y r e n e i n 
DMF a t 0.5 M H 2 S 0 4 i n F i g u r e 2 ) . 

C o n c l u s i o n s 

O v e r a l l , a d d i t i o n o f a c i d i n t h e p r e s e n t p o l y e t h y l e n e system 
l e a d s t o an enhancement i n g r a f t ' over a wide range o f monomer 
c o n d i t i o n s . G e n e r a l l y t h e predominant e f f e c t occurs near the g e l 
peak. Thus a c i d can ( i ) induce a Trommsdorff e f f e c t i n a p a r t i c u l a r 
system o r ( i i ) enhance t h e i n t e n s i t y o f the g e l peak i f i t i s a l 
ready p r e s e n t . These p o l y e t h y l e n e r e s u l t s a r e s i m i l a r t o the c o r 
r e s p o n d i n g d a t a o b t a i n e d w i t h wool (3>), c e l l u l o s e ( 4 ) , p o l y p r o p y l e n e 
(5) and PVC. ( 1 3 ) . Analogous a c i d enhancement i s a l s o found i n 
g r a f t i n g monomers o t h e r than s t y r e n e (_3,<5,10,19). The a c i d e f f e c t 
thus appears t o be a g e n e r a l phenomenon i n r a d i a t i o n g r a f t i n g . 
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Abstract 

Inclusion of mineral acid in monomer solutions is shown to 
enhance grafting to polyethylene under certain gamma irradiation 
conditions. The predominant variables affecting the optimisation 
of the acid effect in these reactions are considered. These 
include type of solvent, acid structure, competing homopolymer 
formation and radiation dose-rate. A mechanism for the acid 
effect is proposed. The advantages of its use in preparative 
copolymerisation reactions are discussed. The present polyethylene 
data are compared with analogous acid enhancement observed in 
radiation grafting to wool, cellulose, polypropylene and PVC. The 
data show that the present acid effect appears to be a general 
phenomenon in radiation copolymerisation reactions. 
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Synthesis and Properties of Photopolymer Printing 

Plates for a Printing Master Plate by Modification of 

Polyvinyl Alcohol 
HISASHI NAKANE, TOSHIMI AOYAMA, HIROSHI TAKANASHI, 
BONPEI KATO, and HIROYUKI TOHDA 

Tokyo Ohka Kogyo Company, Limited, 150 Nakamaruko, Nakahara-ku, 
Kawasaki, Japan 

1. I n t r o d u c t i o n 
A number of photopolyme

Their basic structures are to combine one of the general purpose 
resins such as ce l lu lose (1), polyamide (2), polyester , poly 
urethane (3), polyvinyl alcohol (4), synthetic rubber (5) and the 
l i k e with photopolymerizing v iny l monomer, photopolymerization 
i n i t i a t o r and so on. Any one of the plates of such structures 
can be used as a press p la te , but they can not be used as an 
or ig ina l plate for duplicate plate owing to the i r i n s u f f i c i e n t 
hardness, toughness and the s imi lar negative propert ies . 
Therefore, metal plates have been conventionally used. We have 
performed the research and development of a photopolymer pr int ing 
plate for a master plate with a new basic structure by combining 
an oligomer of urea structure having a polyvinyl base with 
polyvinyl a l c o h o l , photopolymerization i n i t i a t o r and other 
ingredients . The resu l t shows that the newly developed plate (6)* 
is so good that i t has replaced metal plates and has been stably 
used at leading newspaper companies in Japan where several 
m i l l i o n s of newspapers are d a i l y issued. 

2. Experiment 
2-1: Synthesis of Oligomer 
The r e a c t i v e oligomer which i s an important i n g r e d i e n t i n the 
present research can be obtained by the polycondensation of an 
a l k y l o l d e r i v a t i v e of urea or a l k a l a t i o n a l k y l o l d e r i v a t i v e with 
N - a l k y l o l a c r y l a m i d e i n the presence of a c i d or i t s s a l t . 
(*) Thi s p l a t e i s now commercially a v a i l a b l e under a trade name 

of RIGILON MASTER of which the pantent, a p p l i e d by Tokyo Ohka 
Kogyo Co., L t d . , i s pending. 

0-8412-0540-X/80/47-121-263$05.00/0 
© 1980 American Chemical Society 
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Example of Synthesis 
Methylhydroquinone, 0.025 part by weight, i s d i s s o l v e d i n 10 
parts by weight of water. Added to t h i s i s 74 parts by weight of 
dimethylolurea dimethylether, 202 parts by weight of N-methylol-
acrylamide and 2 parts by weight of ammonium c h l o r i d e . The 
mixture i s a g i t a t e d f o r 2 hours with heating at 80°C. Thus, i s 
obtained a transparent and viscous condensation polymer which was 
then added i n t o 1,000 parts by weight of acetone and the sediments 
removed by f i l t r a t i o n . The f i l t e r e d s o l u t i o n was then d i s t i l l e d 
f o r removal of acetone and viscous oligomer condensate was 
obtained. 
2-1-2: S t r u c t u r e of Oligomer 
The oligomer i s s o l u b l e i n water, a l c o h o l , acetone and the l i k e , 
and i t shows a v i s c o s i t y of about 95cp at 25°C, measured with a 
Β type r o t a t i o n a l viscometer
As shown i n the i n f r a r e
polymer (See F i g . 1), band
urea r e s i n at 3,400 cm" 1, 3,000 cm" 1, 1,680 cm' 1, 1,540 cm- 1, 
1,380 cm- 1, 1,100 cm- 1, 1,020 c n r 1 , 780 cm- 1, and c h a r a c t e r i s t i c 
absorbance of acrylamidemethyl base a t 800 c n r 1 are present; 
judging from t h i s data, i t i s considered that N-methylacrylamide 
i s connected with the end group of urea r e s i n main chains and the 
imino group. The nuclear magnetic resonance (See F i g . 2) 
spectrum of the oligomer shows a resonance value of 6.48 ppm 
based on CH2= and a resonance value of 5.74 ppm based on -CH=. 
The s t r u c t u r e of t h i s condensate i s be l i e v e d to be that shown i n 
F i g . 3. 

9 10 11 12 13 14 

3500 3000 2500 2000 1800 1600 1400 1200 100 0 800 

Figure 1. IR absorbance spectrum of condensate 
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ι 1 1 I I I I I I I L 
10 9 8 7 6 5 4 3 2 1 0 

Figure 2. NMR of condensate 

C H 2 = C H C O N H C H 2 O H 
N H 4 C I 

HOCH2NHCONHCH2OH 

C H 2 = C H C O H N C H 2 

I 
C H 2 = CHCONHCH2 HNCON - C H 2 N - C O N H C H 2 NHCONHCH2 NHCOCH = C H 2 

I I 

C H 2 = C H C O H N C H 2 C H 2 NHCOCH = C H 2 

- H C H O 

- C H s O H 

Figure 3. Concluded structure of condensate 

2-2: Manufacture of Photopolymer P l a t e used as Master P l a t e f o r 
Duplicate P l a t e 

2-2-1 : Composition 
P a r t i a l l y s a p o n i f i e d (71-74%) p o l y v i n y l a l c o h o l (degree of 
poly m e r i z a t i o n : 500) 100 parts by weight 
Condensation polymer prepared under paragraph 2-1 

95 parts by weight 
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Benzoin i s o p r o p y l ether 2 parts by weight-
Methylhydroquinone 0.02 p a r t by weight 

2-2-2: Manufacture of P l a t e in Sheet Form 
The product prepared under paragraph 2-2-1 above, i s mixed with 
160 parts by weight of water, 40 parts by weight of methanol, as 
s o l v e n t , and d i s s o l v e d completely i n the water bath of 90°C under 
a g i t a t i o n i n a f l a s k . The s o l u t i o n thus obtained i s spread over 
a glass p l a t e , l e f t on standing over a night f o r d r y i n g , and 
s t r i p p e d o f f the glass p l a t e as a photopolymer l a y e r of 0.7 mm. 
thic k n e s s . This photopolymer l a y e r i s pasted on a s t e e l backing 
sheet on which adhesive has already been coated, and at the same 
time polyethylene t e r e p h t h a l a t e f i l m as a p r o t e c t i v e cover sheet 
i s laminated to make a photopolymer p r i n t i n g p l a t e . 
The s t r u c t u r e i s shown i n F i g . 4. 

protective cover 
(polyethyleneterephthalate film) 

-4- photopolymer layer 

-4- adhesive (bonding) layer 

•4- steel or aluminium backing sheet 

Figure 4. Structure of photopolymer printing phte* for duplicate plate. (*) The 
plate of the present development (hereafter referred to as the Photopolymer Phte). 

2-2-3: Spe c t r a l S e n s i t i v i t y of the Photopolymer P l a t e 

100 200 300 400 500 

Wavelength, 

Figure 5. Spectral sensitivity of the Photopolymer Phte 
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As shown i n F i g . 5, chemical lamp or u l t r a high pressure mercury 
lamp i s considered to be a s u i t a b l e l i g h t source f o r the Photo
polymer P l a t e . 
3. Plate-Making Process 
3-1: Exposure 
A f t e r the p r o t e c t i v e cover sheet i s peeled o f f from the Photo
polymer P l a t e , a negative f i l m i s placed on the p l a t e i n a 
complete contact with the p l a t e under vacuum. The negative f i l m 
used here, should have a density of below 0.08 i n the l i g h t 
t r a n s m i t t i n g area and over 2.6-3.0 i n the n o n - l i g h t - t r a n s m i t t i n g 
area. 
The l i g h t source which i s g e n e r a l l y recommended, i n case o f a 
newspaper s i z e of A-2 (420 X 594 mm) f o r i n s t a n c e , w i l l be: 

a) U l t r a high pressur
In case of one(l) 4 Kw output: about 1 minute exposure. 

b) Chemical lamp 
In case of 20 X 10 outputs: about 2-3 minute exposure. 

A f t e r the negative f i l m i s taken o f f the p l a t e , the exposed area 
may appear to dent a l i t t l e . A f t e r exposure, the p l a t e i s 
processed f o r washout. 
3-2: Washout 
The Photopolymer P l a t e can be washed out with water alone. In 
the a c t u a l o p e r a t i o n , the Photopolymer P l a t e i s processed on an 
Automatic Processor as shown i n F i g . 6 & 7. 
3-2-1: Washout S o l u t i o n o f Automatic Processor 
Washout water i s sprayed through 55 nozzles of 1/4 inch diameter 
under an optimum c o n d i t i o n of nozzle pressure of 6 kg/cm 2, 
r e c i r c u l a t e d a t 200 l i t / m i n . , upward spray power to spout water 
f o r 80 meters, output of 7.5 kw, and the water temperature of 
about 45°C. The washout speed under these c o n d i t i o n s i s about 20 
seconds per 0.1 mm depth of r e l i e f . (See F i g . 8 ) . 
3-2-2: Drying 
Water on the p l a t e surface i s removed with the sponge r o l l s f o r 
removal of water, and the surface i s d r i e d with 90-100°C 
convectional a i r , and then f u r t h e r d r i e d with 90-100°C f a r -
i n f r a r e d heater. 
3-2-3: Post Exposure 
By applying u l t r a v i o l e t rays to the p l a t e , l i g h t - h a r d e n i n g i s 
promoted. When t h i s process i s completed the hardness should 
have been r a i s e d to 84-90 degrees of Shore D. (See F i g . 9 ). 
When the hardness has reached t h i s l e v e l , the p l a t e can be a 
p r a c t i c a l p r i n t i n g master p l a t e f o r making paper mold and matrix. 
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post exposure w/ 
high pressure mercury 
lamps: 800 w X 2 

ultra violet rays 

Figure 6. Schematic of automatic processor 

Figure 7. Automatic processor 
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25 30 3

Temperature of water, 

Figure 8. Change of washout time for 0.1-mm relief with temperature of water 

80 

50 100 150 200 250 s 

Post exposure time, 

Figure 9. Change of hardness with post exposure time 
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The aforementioned processes w i l l genera-ly r e q u i r e the time as 
i n d i c a t e d i n the below Table 1. 

Order 1st 2nd 3rd 4th 

Processes Exposure Wash-out Drying Post exposure 

c ea. step 1 2 2 2 

T
im

e,
 m

i 

accumu
lated 

1 3 5 7 

Conditions 4 kw 
ultra high 
pressure 
mercury lamp 

6 kg/cm 2 

temp, of 
water: 45°C 

9 0 - 1 0 0 ° C 800 w X 2 
high pressure 
mercury lamps 
100°C 

2nd, 3rd and 4th processes are performed on Automatic Processor: 
Processing example of one newspaper size paper. 
Table 1 —Processing Time of The Photopolymer Plate 

4. On P r o f i l e of the Photopolymer P l a t e f o r making Paper Mold 
and Matrix 

The shoulder angle of the p l a t e obtained from the Photopolymer 
P l a t e has been so designed i n the o r i g i n a l formula that i t w i l l 
be around 23° (θ) from the time of exposure. Furthermore, the 
shoulders are f l a t and smooth. (See F i g . 10) 

Figure 10. Shoulder shape of the Photo
polymer Plate 

For t h i s reason, i t i s p o s s i b l e to o b t a i n even f i n e p a t t e r n areas 
with a clean r e p r o d u c e a b i l i t y . The rubber p l a t e s obtained with 
z i n c and other metal p l a t e s r e q u i r e c o n s i d e r a b l e exacting c o n t r o l 
of shoulder angles and a c t u a l l y d e s i r e d adjustments can not be 
made at w i l l . The reason f o r t h i s exacting c o n t r o l of shoulder 
angles may be because the shape of shoulder i s dependable upon 
a c i d c o n c e n t r a t i o n of etching s o l u t i o n , d e t e r i o r i t y degree o f 
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s o l u t i o n and l i k e f a c t o r s which are impossible to maintain these 
f a c t o r s constant at a l l times. As shown i n F i g . 11, the shoulder 
angle of the Photopolymer P l a t e shows a s l i g h t change but the 
change i s so small that i t can be ignored. 
In g e n e r a l , the shoulder angle tends to be low and i f i t i s made 
to be high i t i n v i t e s a bigger undercut and makes the s i t u a t i o n 
worse. Since the shoulder i s shaped as a chemical r e a c t i o n 
progresses by a c t i o n of a c i d , the shoulder s u r f a c e can be rough
ened by inadequate e t c h i n g caused by small undesirable changes i n 
the processing c o n d i t i o n s . That i s why the shoulders of rubber 
p l a t e s obtained from matrix are rough and d i r t y . (See F i g . 12) 

Line width of negative film images 

Figure 11. Change in the shoulder angles of image lines by change in the amount 
of exposure: (O) less exposure (600 mj/cm2); (A) proper exposure (1,000 mj/cm2); 
(Φ) over exposure (1,400 mj/cm2) (determined with Actino Integrator made by 

Oac Seisakusho Co.) 
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Figure 12. Shoulder shape of Zn powderless-etched plate 
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Figure 13. Comparison of reliefs between the Photopolymer Plate and Zn pow-
derless-etched phte: (A) the Photopolymer Phte (100 ^mline); (B) Zn powderless-
etched phte (100 μm line); (C) phte made from the Photopolymer Plate (picture 
taken from 45° angle, magnification: 30 X, showing dot: 25% ù 65 lines); (D) Zn 
phte obtained by powderless etching (picture taken from 45° angle, magnifica

tion: 30 X) 

Figure 14. Rolling press 

In Modification of Polymers; Carraher, C., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



274 M O D I F I C A T I O N O F P O L Y M E R S 

5. On Repr o d u c e a b i l i t y from the Photopolymer P l a t e to Paper-Mold 
The images i n a negative f i l m can be reproduced with good 
f i d e l i t y . P r e s e n t l y used z i n c p l a t e s , because of t h e i r suspected 
low c o l o r l o s s , show a l e s s f i d e l i t y compared with photopolymer 
p l a t e s , but t h e i r r e p r o d u c e a b i l i t y are very s i m i l a r as shown i n 
Table 2. 

Table 2 - Comparison of Dot Dimension between 
Zinc Plate and The Photopolymer Plate 

Density Dot d i a . i n 
nega. f i l m 

Zinc Plate 
The Photo
polymer plate Density Dot d i a . i n 

nega. f i l m dot d i a . depth dot dia . depth 

0.10 80 um 60 um - 70 um -
0.19 100 90 - 90 -
0.28 140 
0.37 170 
0.47 200 185 - 195 -
0.57 230 220 - 230 -
0.67 250 240 - 250 -
0.77 270 250 _ 270 82 \\m 
0.89 265 275 135 Mm 245 61 
1.00 210 230 129 200 34 
1.11 165 170 85 - -
1.20 - 120 65 - -

The comparison o f r e p r o d u c e a b i l i t y o f diameters of dots i n the 
h i g h l i g h t areas between the Photopolymer P l a t e and z i n c p l a t e 
from a negative f i l m , showed 90-95% f o r the Photopolymer P l a t e 
and about 75% f o r a z i n c p l a t e because the l a t t e r showed c o l o r 
l o s s . (See F i g . 15) 
Comparison of Rep r o d u c e a b i l i t y of Halftones between the Photo
polymer P l a t e and Powderless Etched Zinc or Magnesium P l a t e 
As shown i n F i g . 16, the Photopolymer P l a t e w i l l reproduce the 
half t o n e almost completely from the negative f i l m . This i s i n 
comparison with photopolymer p l a t e s , z i n c p l a t e s or magnesium 
pl a t e s which gi v e much l e s s r e p r o d u c e a b i l i t y . 
Comparison of Repr o d u c e a b i l i t y of I s o l a t e d Image Lines between 
the Photopolymer P l a t e and Powderless Etched Zinc or Magnesium 
P l a t e 
As shown i n F i g . 17, the Photopolymer P l a t e w i l l reproduce the 
i s o l a t e d image l i n e s almost completely from the negative f i l m . 
Contrary to the Photopolymer P l a t e , z i n c p l a t e or magnesium 
p l a t e gives much l e s s r e p r o d u c e a b i l i t y o f only 76-65%. 
The Photopolymer P l a t e produces images by simple d i s s o l u t i o n o f 
unexposed areas of the photopolymer r e s i n . However, i n case of 
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metal p l a t e s , images are produced by etching through the 
chemical r e a c t i o n of a c i d ; t h e r e f o r e , metal p l a t e s show that 
undercut i s an unavoidable phenomenon to some extent with 
powderless etching which i s a consi d e r a b l y e x c e l l e n t etching 
technique. 

1 1 J- 1 1 — 1 1 1 1 
1 2 3 4 5 6 7 8 number of samples 

(0.10) (0.28) (0.47) (0.67) density of original 

Figure 15. Comparison of dot diameters in the highlight areas of the Zn phte 
and the Photopolymer Phte: (O) dot diameter of negative; (A) dot diameter of 
the Photopolymer Phte; (Φ) dot diameter of Zn phte; (%) halftone % of dot 

diameter 

Halftone percentage of original negative, 

Figure 16. Comparison of reproduceability of halftones between the metal phte 
and the Photopolymer Phte: (%) the Photopolymer Phte; (A) Zn phte (powder-

less-etched); (O) M g phte (powderless-etched) 
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'I ι
0 50 100 150 jum 

Line width of original negative, 

Figure 17. Comparison of reproduceability of isolated image lines between the 
Photopolymer Phte and metal (Zn à- Mg) plates: (Φ) the Photopolymer Phte; 

(A ) Zn phte (powderless-etched); (O) M g phte (powderless-etched) 

6. On R e p r o d u c e a b i l i t y of Paper Mold made from the Photopolymer 
P l a t e to Stereo of Lead 

As i s c l e a r from Table 2, z i n c p l a t e s gave r e l a t i v e l y deep images 
compared with those of the Photopolymer P l a t e . However, there i s 
not much d i f f e r e n c e i n the depth between those stereos obtained 
from z i n c p l a t e s and the Photopolymer P l a t e , as shown i n Table 3. 
This means that i n reproduction work from a paper mold i n t o a 
ste r e o , even i f an e f f o r t i s made to give more depth beyond 
n e c e s s i t y , i t i s not a c t u a l l y reproduced i n the s t e r e o . The 
Photopolymer P l a t e can show a s a t i s f a c t o r y r e p r o d u c e a b i l i t y i f i t 
has 30-40 ym depth i n the shadow area. Further evaluations were 
made on i s o l a t e d l i n e s ( i n case of 60-150 μπι l i n e width) and 
depth i n reverse area f o r t h e i r r e p r o d u c e a b i l i t y onto paper 
s u r f a c e , and the r e s u l t s were more s t a b l e than those with metal 
p l a t e s . Stereos can be a l s o made with polypropylene as well as 
with le a d . 
7. On Making Thermoformed Matrix of Phenol Group Resin to be 

used f o r Thermoformed Polymer P r i n t i n g P l a t e s i n c l u d i n g 
Rubber Plates and the l i k e 

The Photopolymer P l a t e of over 85° Shore D hardness can stand 
temperatures over 160°C, and i t could be s u c c e s s f u l l y used as a 
master p l a t e f o r making thermoformed matrix o f phenol group r e s i n 
to be used f o r thermoformed polymer p r i n t i n g p l a t e s such as 
rubber p l a t e s and the l i k e under c o n d i t i o n s of 30 kg/cm 2 pressure 
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and temperature of 150°C f o r 8 minutes. In t h i s case, i t i s more 
e f f i c i e n t to use a quick-drying spray of g r a p h i t e group together 
as a r e l e a s i n g agent. The matrixes thus obtained are widely 
used f o r reproducing f l e x o g r a p h i c rubber p r i n t i n g p l a t e s . 

Table 3- Comparison of R e p r o d u c e a b i l i t y of Dot Diameters i n 
Stereos made from Zinc P l a t e and the Photopolymer 
P l a t e 

Density 
Dot d i a . i n 
negative 
f i l m 

Stereo made from 
Density 

Dot d i a . i n 
negative 
f i l m 

z i n c s l a t e Photopolymer P l a t e Density 
Dot d i a . i n 
negative 
f i l m dot d i a . depth dot d i a . depth 

0.10 80 um 50 u"i - - -
0.19 100 0 - 80 -0.28 140 
0.37 170 120 - 150 -
0.47 200 150 - 170 -0.57 230 200 - 195 -
0.67 250 205 - 220 -0.77 270 230 - 245 41 um 
0.89 265 270 47 um 220 36 
1.00 210 230 34 160 25 
1.11 165 145 20 - -

Figure 18. Thermoformed matrix of 
phenol groups by the Photopolymer Phte 

8. Waste S o l u t i o n 
No t o x i c substance i s contained i n the waste water of the Photo
polymer P l a t e washout s o l u t i o n , and i t i s s a f e . 
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9. Influence of the Photopolymer P l a t e to the h e a l t h 
Acute t o x i c t e s t s with mouses show t h a t the exposed Photopolymer 
P l a t e has no t o x i d i t y at a l l and even the unexposed Photopolymer 
P l a t e has only a very weak t o x i d i t y ; t h e r e f o r e , there are no bad 
i n f l u e n c e s to the health and the Photopolymer P l a t e can be 
handled s a f e l y . 

Figure 19. Thermoformed rubber printing plate and matrix by the Photopolymer 
Phte 

10. Conclusion 
The Photopolymer P l a t e , a water developable photopolymer r e l i e f 
p r i n t i n g master p l a t e made by m o d i f i c a t i o n of p o l y v i n y l a l c o h o l 
with urea group oligomer having a f u n c t i o n a l p o l y v i n y l base, f o r 
making paper mold and matrix f o r p r i n t i n g master p l a t e s , has 
c h a r a c t e r i s t i c s which are very c l o s e to those of the convention
a l l y etched metal r e l i e f p r i n t i n g p l a t e s and has some s u p e r i o r 
points to them. 
Furthermore, the Photopolymer P l a t e does not r e q u i r e handling of 
dangerous chemicals which must be handled with care and which 
c r e a t e p o l l u t i o n problems, and i t can be s a f e l y processed with 
water alone. 
Because of these advantages, the Photopolymer P l a t e has been 
accepted by most of the le a d i n g Japanese newspaper companies and 
i t i s a t t r a c t i n g more people i n d i f f e r e n t f i e l d of the p r i n t i n g 
i n d u s t r y . 
11. G r a t i t u d e 
We would l i k e to express our s i n c e r e a p p r e c i a t i o n to the e n g i 
neers of the major newspaper companies i n Japan f o r t h e i r co
operation i n presenting t h e i r v a l u a b l e information and data on 
the e v a l u a t i o n of the Photopolymer P l a t e . 
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Sensitized Photodegradation of Polymethylmethacrylate 
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Poly(methylmethacrylate)
polymer in the radiatio
reported that PMMA is an excellent resist material usable in the 
microfabrication technology for manufacturing the microelectronic 
devices where X-rays and electron beams are used as radiation 
sources (2). 

There is an empirical rule proposed by Millar, Wall and Char
lesby which is useful for the prediction of the radiation effect 
of polymers, i .e. , crosslinkable or degradable (1); where vinyl 
polymers in which there are two side chains attached to a single 
carbon (namely,-CH2-CR1R2-) degrade while those with a single side 
chain or no side chain (namely, -CH2-CR1H- or -CH2-CH2-) cross
links. However, considerable exceptions are known to this rule 
(1). Recently, the authors demonstrated theoretically that there 
is a fundamental difference between degradable and crosslinkable 
polymers, which is due to the chemical or electronic structures 
of polymers themselves (3). The radiation effects of polymers are 
governed by the reaction in the excited states without exceptions. 
Millar-Wall-Charlesby's empirical rule is exact only when the 
shape of the adiabatic potential curve in the ground state reflects 
those in the excited states. Typical examples illustrating this 
for degradable and crosslinkable polymers are shown in Fig. 1 and 
Fig. 2, respectively (4). We find that the activation energies of 
the main chain cleavage reactions in the excited states are very 
small in the former and quite large in the latter. On the other 
hand, it is easily shown by the same procedure that the C-H bond 
is very weak in the excited states and a polymer radical which 
crosslinks (4) will be formed especially readily in the latter 
case. 

If the newly proposed theory is applicable in the case of 
PMMA, the polymer should be degraded by the irradiation of UV 
light because PMMA has a weak absorption band near the 230 nm 
wavelength region (Fig. 5). Lin demonstrated that PMMA is degra
dable under the irradiation of Deep UV (200V350 nm light) giving 
a high-quality resist image (5). Since the deep UV lithography 
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13 Γ 

Journal of Polymer Science, Polymer Chemistry Edition 

Figure 1. Adiabatic potential curves in the main chain scission of a model com
pound of poly(isobutylene): 2,2-, 4,4-tetramethylpentane (4). &Eai(=0.61eV), 
AETj(=0.35eV), and AEo(=2.05eV) are the activation energies of the main chain 
scission in the lowest singlet excited state (Sj), the lowest triplet state (Tt), and 

the ground state, respectively. 
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Figure 2. Adiabatic potential curves in the main chain scission of a model com
pound of polyethylene: ethane (Φ) Alg; (O) Alu; « ) A2g; A2u; (A) Eg; 

(Δ ) Eu; ( j singlet; ( ) triplet (4) 
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i s expected t o be a n e a r - f u t u r e t e c h n i q u e f o r t h e p r o d u c t i o n o f 
the m i c r o e l e c t r o n i c d e v i c e s ( 6 ) , t h e development of polymer mate
r i a l s w hich have e x c e l l e n t p r o p e r t i e s as a Deep UV r e s i s t i s an 
impo r t a n t problem. A l t h o u g h PMMA g i v e s a h i g h - q u a l i t y r e s i s t 
image, i t s d i s a d v a n t a g e from the p r a c t i c a l v i e w p o i n t i s i t s v e r y 
low s e n s i t i v i t y t o Deep UV l i g h t ( t h e slow r e a c t i o n r a t e o f t h e 
photodegradation) and i t s weakness as a r e s i s t i v e m a t e r i a l i n the 
plasma e t c h i n g which i s used i n the m i c r o f a b r i c a t i o n p r o c e s s . 
G e n e r a l l y s p e a k i n g , i t i s not easy t o f i n d a new p o l y m e r i c mate
r i a l w hich g i v e s a h i g h - q u a l i t y image. So, the a c c e r e l a t i o n o f 
the r e a c t i o n r a t e o f the p h o t o d e g r a d a t i o n (the phenomenon i s c a l l 
ed s e n s i t i z a t i o n ) o f PMMA i s p r e f e r a b l e f o r the p r e s e n t purpose. 
A s u c c e s s f u l example o f s e n s i t i z a t i o n i s found i n t h e case o f 
p o l y ( v i n y l cinnamate) ( 7 ) . 

We r e c e n t l y found t h a t some a r o m a t i c compounds a c c e r e l a t e t he 
d e g r a d a t i o n r e a c t i o n o f  unde  th  l i g h  i r r a d i a t i o n
The s e n s i t i v i t y o f the s e n s i t i z e
of u n s e n s i t i z e d PMMA, whe
p o s i t i v e t ype Deep UV r e s i s t f o r t h e f o r m a t i o n o f microimage by 
the p r a c t i c a l a l i g n e r which l o a d s a Xe-Hg s h o r t a r c lamp newly 
developed f o r t h e Deep UV l i t h o g r a p h y ( 8 ) . We confir m e d t h a t t he 
main c h a i n d e g r a d a t i o n o f PMMA i s a c c e r e l a t e d by the s e n i s t i z a t i o n . 
The measurement of t h e s p e c t r a l dependence o f the a b s o l u t e quantum 
y i e l d s p e c t r a o f PMMA s e n s i t i z e d by some of the n o v e l s e n s i t i z e r s 
r e v e a l e d t h a t t h e quantum y i e l d i t s e l f i n c r e a s e s even i n the wave
l e n g t h r e g i o n where PMMA i t s e l f absorbs l i g h t and has i t s i n t r i n 
s i c s e n s i t i v i t y . T h i s paper p r e s e n t s t h ese new f i n d i n g s from the 
ex p e r i m e n t a l p o i n t of view. 

EXPERIMENTAL 

Measurement o f S e n s i t i v i t y 
PMMA i n e t h y l e n e g l y c o l monoethylether monoacetate (7 wt%) was 

coated i n 0.5 ym t h i c k n e s s by the s p i n n i n g method on a t h e r m a l l y 
o x i d i z e d s i l i c o n w a f e r. The coated polymer was d r i e d a t 80°C f o r 
30 min ( p r e b a k i n g ) , and then i r r a d i a t e d s t e p w i s e a t the r e g u l a r 
time i n t e r v a l s by a u l t r a h i g h - p r e s s u r e Hg s h o r t a r c lamp (100 W) 
a t the d i s t a n c e o f 11 cm. The i r r a d i a t e d polymer c o a t i n g was im
mersed i n the d e v e l o p e r ( m i x t u r e o f e t h y l a c e t a t e 1 volume and i s o -
a m y l a c e t a t e 9 volumes) a t 25°C f o r 1 min (development) and l i n s e d . 
The r e l a t i v e s e n s i t i v i t y o f polymer was d e f i n e d as the r e c i p r o c a l 
of t h e l e a s t i r r a d i a t i o n time r e q u i r e d f o r t h e d i s s o l u t i o n o f the 
polymer where more than 90 % of th e o r i g i n a l t h i c k n e s s was main
t a i n e d a t the n o n - i r r a d i a t e d p a r t o f the c o a t i n g . (See Formula (3. 
a)) The time i n t e r v a l was a j u s t e d i n o r d e r t o o b t a i n the same 
s i g n i f i c a n t f i g u r e s . The s e n s i t i z e d polymer s o l u t i o n was prepared 
by a dding the s e n s i t i z e r (10 wt% o f the polymer) t o the PMMA et h y 
l e n e g l y c o l monoethylether monoacetate s o l u t i o n . S i m i l a r measure
ments were a l s o made u s i n g a Xe-Hg s h o r t a r c lamp (500 W) f o r Deep 
UV l i t h o g r a p h y . 
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Mesurement o f S p e c t r a l S e n s i t i v i t y 
The polymer c o a t i n g prepared as d e s c r i b e d above was i r r a d i a t 

ed s t e p w i s e a t the r e g u l a r i n t e r v a l s by the monochromatic l i g h t 
o b t a i n e d by the monochrometer mounting the 200 nm-blaze g r a t i n g 
and 5 kW Xe s h o r t a r c lamp (9) ( F i g . 3 ) . L i g h t e m i t t e d from t h e 
Xe lamp was i n t r o d u c e d t o the s p e c t r o s c o p e u s i n g a r e f l e c t i v e 
g r a t i n g . The spectrogram o f the s e n s i t i v i t y o f the monochromatic 
l i g h t i s o b t a i n e d when the r e s i s t c o a t i n g was i r r a d i a t e d a t the 
sample h o l d e r . The r e l a t i v e s e n s i t i v i t i e s over a wide range o f 
the wavelength a r e o b t a i n e d a t once by t h i s method as shown i n 
F i g . 4. The i n t e n s i t y o f the monochromatic l i g h t was measured 
u s i n g a vacuum thermocouple w i t h a q u a r t z window (10). The s p e c t 
r a l s e n s i t i v i t y was c o r r e c t e d by u s i n g the i n t e n s i t y d a t a shown i n 
F i g . 6. 

Measurement of Quantum Y i e l d 
The number of photons

mer c o a t i n g , o f 2537 Â l i g h  p r e s s u r g g
lamp was measured by a c h e m i c a l a c t i n o m e t e r ( 1 1 ) , where a s o l u t i o n 
of K 3Fe(C 20z.) e3H 20 i n a c e l l w i t h a q u a r t z window was i r r a d i a t e d 
i n p l a c e o f a polymer c o a t i n g sample. The l e a s t number of photons 
r e q u i r e d f o r the d i s s o l u t i o n o f the PMMA c o a t i n g when immersed i n 
the d e v e l o p e r was 1.457«ΙΟ""1* e i n s t e i n / c m 2 . 

I t was found from the a b s o r p t i o n snectrum t h a t 1.1 % of t h e 
i n c i d e n t photons were absorbed a t 2537 A by a PMMA f i l m o f 0.5 ym 
t h i c k n e s s ( F i g . 5). The m o l e c u l a r weight d i s t r i b u t i o n and the 
average m o l e c u l a r weight of the coated polymer which was i r r a d i a t 
ed f o r t h e l e a s t i r r a d i a t i o n time r e q u i r e d f o r the d i s s o l u t i o n o f 
polymer c o a t i n g i n the d e v e l o p e r were measured by ge l - p e r m e a t i o n 
chromatography ( F i g . 7 ) . 

From n o t i n g the changes o f the m o l e c u l a r weight d i s t r i b u t i o n s 
and t h e average m o l e c u l a r weight b e f o r e and a f t e r UV l i g h t i r r a d i 
a t i o n , we t e n t a t i v e l y p o s t u l a t e t h e r e a c t i o n mechanism as f o l l o w s : 
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U s i n g t h e m o l e c u l a r weight change and the number of photons r e 
q u i r e d f o r the change, t h e a b s o l u t e quantum y i e l d a t 2537 A of 
PMMA was o b t a i n e d where t h e v a l u e o f 0.9 was used as the d e n s i t y 
o f PMMA f i l m . Once the a b s o l u t e quantum y i e l d a t 2537 Â was ob
t a i n e d , t h e a b s o l u t e quantum y i e l d s over a l l t h e s p e c t r a l range 
can be c a l c u l a t e d from the r e l a t i v e d a t a o f the s p e c t r a l s e n s i t i -
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Figure 3. Optical system of instrument of spectral sensitivity measurement: 
(L) Xe arc lamp; (Ml) concave mirror; (M2, M3) mirror; (S) shutter; (SI) slit; 

(G) concave reflective grating 
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Figure 4. Spectral sensitivity data of PMMA and sensitized PMMA obtained by 
the equipment shown in Figure 3: (A) PMMA; (B) PMMA + ^-text-butyl benzoic 
acid; (C) PMMA + 2,4-di-tert-butylphenol; (D) PMMA + 2,4,6-tri-tert-butyl-

phenol 
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v i t y as w i l l be shown l a t e r ( F i g . 8). F o r the s e n s i t i z e d polymer 
c o a t i n g , t he same method i s a p p l i c a b l e . V a r i a b l e s a r e the photon 
a b s o r p t i o n d a t a i n the % s c a l e which depends upon t h e a b s o r p t i o n 
spectrum o f the s e n s i t i z e r , and the l e a s t i r r a d i a t i o n time r e q u i r 
ed f o r d i s s o l u t i o n o f polymer c o a t i n g i n the d e v e l o p e r . The ab
s o r p t i o n s p e c t r a o f s e n s i t i z e r s were measured i n PMMA f i l m o f 0.5 
ym t h i c k n e s s and was always 0.5 ym as measured by TALYSTEP ( T a y l e r 
-Hobson, E n g l a n d ) . The d e n s i t y o f t h e f i l m was assumed t o be 0.9 
i n a l l c a s e s . 

RESULTS AND DISCUSSIONS 

D e f i n i t i o n s o f S e n s i t i v i t y and Quantum Y i e l d 
S e n s i t i v i t y , S, of t h e t h i n r e s i s t s f i l m i s d e f i n e d as the 

number, N, of a s p e c i f i c r e a c t i o n occured i n one polymer m o l e c u l e , 
which forms t h e f i l m , by one photon i r r a d i a t e d on a u n i t s u r f a c e 
( c m 2 ) . I n t h i s case quantu
N, o f a s p e c i f i c r e a c t i o
photon absorbed per one polymer m o l e c u l e ; namely, Φ i s the number 
Ν o f a s p e c i f i c r e a c t i o n caused by one photon absorbed: 

S = dN ( r e a c t i o n / m o l e c u l e ) / d E i r r a ( L (photon/cm 2) ( l . a ) 
φ = dN ( r e a c t i o n / m o l e c u l e ) / d E a b s o r b # ( p h o t o n / m o l e c u l e ) 

= dN / d E a b s o r b # ( r e a c t i o n / p h o t o n ) ( l . b ) 
d E i r r a d . = d [ l 0 t ] ( 2. a) 

d E a b s o r b . = (1/n) d [ l 0 ( l - e x p ( - k c ) ) t ] (2.b) 

where I 0 i s t h e number o f photons i n c i d e n t on t h e 1 cm 2 s u r f a c e 
of t h e r e s i s t f i l m d u r i n g a u n i t time a t a s p e c i f i c w avelength, 
k t he a b s o r p t i o n c o e f f i c i e n t per one chromophore a t the same wave
l e n g t h and c the number o f chromophore i n t h e 1 cm 2 of the r e s i s t 
f i l m o f a d e f i n i t e t h i c k n e s s . The v a l u e ( l - e x p ( - k c ) ) i s the ab
s o r p t i o n o f the r e s i s t f i l m i n the t r a n s m i t t a n c e s c a l e (%), η i s 
the number of polymer m o l e c u l e i n t h e 1 cm 2 r e s i s t f i l m o f a d e f i 
n i t e t h i c k n e s s and t i s the i r r a d i a t i o n time. 

A d e f i n i t e number of main c h a i n c l e a v a g e s s h o u l d occur i n t h e 
s o l u b l e p a r t o f t h e f i l m when a deve l o p e r i s s p e c i f i e d and the 
l e a s t amount o f photons r e q u i r e d f o r t h e d i s s o l u t i o n o f the f i l m 
i n t h e deve l o p e r used. I f t h e d e f i n i t e number i s K, the f o l l o w i n g 
formulae a r e o b t a i n e d ; 

J K d Ν 
g = δ = 

Ιο / A t d t 
Ο 

Κ_ 
I 0 A t 

(3.a) 
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f d N 

Io(l-exp(-kc))/n J A t d t " A t *<> (l-exp(-kc) )/n 
(3.b) 

where At i s the least i r r a d i a t i o n time required for the dissolu
tion of the irradiated part of the r e s i s t f i l m i n the developer. 
From (3.a) and (3.b) we obtain the relationship between the sen
s i t i v i t y S and the quantum y i e l d φ; namely, 

s = φ (l-exp(-kc)) ( 4 ) 

η 
Using formula (4), we obtain the absolute spectral s e n s i t i v i t i e s 
of various r e s i s t films (Fig. 9). 

Relative S e n s i t i v i t y of Sensitized PMMA 
The r e l a t i v e s e n s i t i v i t

as the reciprocal of th
dissolution of the polyemr coating when the l i g h t source, the i r 
radiation conditions, the conditions of the development and the 
developer are specified; because i n this case I 0 and Κ of the 
formula (3.a) become constant. 

Some examples of the s e n s i t i v i t i e s of the sensitized PMMA 
coatings are shown in Table 1, where 2,4,6-tri-tert-butyl phenol 
i s most effective. 

Table 1. R e l a t i v e S e n s i t i v i t y Using Ultra-High 
Pressure Hg Lamp as a L i g h t Source 

SENSITIZER R.S. 
(PMMA) 100 

p - t e r t - b u t y l benzoic A c i d 200 
p - t e r t - B u t y l Benzene 180 
p - t e r t - O c t y l Phenol 200 
t e r t - B u t y l Hydroquinone 120 
2,5- D i - t e r t - B u t y l Hydroquinone 220 
2,6- D i - t e r t - B u t y l p-Cresol 131 
2 , 4 - D i - t e r t Butyl Phenol 250 
2 , 4 , 6 - T r i - t e r t - B u t y l Phenol 330 
4 , 4 ' - T h i o - b i s ( 6 - t e r t - B u t y l - 150 3-methyl Phenol) 
2,2'-Methylene-bi s(4-methyl-

6- t e r t - B u t y l Phenol) 

150 3-methyl Phenol) 
2,2'-Methylene-bi s(4-methyl-

6- t e r t - B u t y l Phenol) 131 
2,2'-Methylene-bi s ( 4 - e t h y l - 133 6 - t e r t - B u t y l Phenol) 133 

R.S.: R e l a t i v e S e n s i t i v i t y (PMMA=100) 
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Main Chain Degradation of PMMA 
In order to prove that the sensitizer i s effective i n the 

main chain degradation of PMMA, the change i n the molecular weight 
di s t r i b u t i o n of PMMA f i l m before and after i r r a d i a t i o n was mea
sured by GPC using tetrahydrofuran as a elution developer and 
calib l a t e d with a standard sample of polystylene. The c a l i b l a t i o n 
method i s known to give a r e l i a b l e result when the elution deve
loper i s tetrahydrofuran (12). The least dosage of radiation re
quired for the dissolution of the sensitized f i l m i n the developer 
was used i n this experiment. The sensitizer used was 2,4,6-tri-
t e r t - butyl phenol. The results appear i n Fig. 7. It i s clear 
from the results of Table 1 and Fig. 7 that the main chain clea
vage reaction i s accerelated by addition of sensitizers. 

The feature of the p r o f i l e of the curves i n Fig. 7 i s that 
the i n i t i a l wider molecular weight d i s t r i b u t i o n range converges 
to that of a smaller range by the i r r a d i a t i o n  These moleuclar 
weight di s t r i b u t i o n change
the linear scale and th
(abscissa). The linear scale has such a simple physical meaning 
that the area under the curves are the t o t a l weight of the sample. 
The exponential scale i s not as easily interpreted although this 
scale i s often used. It i s interesting that the exponential d i s 
t r i b u t i o n curves r e f l e c t the commonly used d i s t r i b u t i o n measure, 
Mw/Mn. The values of Mw/Mn are approximately equal before and af
ter i r r a d i a t i o n (Table 2), r e f l e c t i n g that these two curves are 
similar. The values of Table 2 were calculated from the data of 
Fig. 7. 

Spectral Dependence of the Absolute Quantum Yi e l d of the Main 
Chain Cleavage Reaction 

The raw data of the spectral s e n s i t i v i t i e s of the sensitized 
and unsensitized PMMA, which were obtained using the equipment 
shown i n Fig. 3, appear i n Fig. 4. These data were corrected at 
f i r s t by the intensity data shown i n Fig. 6; and then the spectral 
dependence of the quantum y i e l d was obtained by the following pro
cedure: i n equation of (3.a), I 0At i s the number of the photon 
quanta(per 1 cm2 of the film) irradiated at the ridge l i n e of the 
mountain i n Fig. 4, because the least amount of the photon quanta 
required for the dissolution of PMMA f i l m was irradiated at the 
ridge l i n e ; (l-exp(-kc)) i s the absorption of the f i l m i n a d e f i 
n i t e thickness (0.5 ym i n this experiment) i n the transmittance 
scale (%); η i s the number of polymer molecule containing i n the 
1 cm2 f i l m at the d e f i n i t e thickness. These values are a l l mea
surable. The value Κ i s the number of the main chain f i s s i o n 
occurring i n one polymer molecule by the i r r a d i a t i o n of the photon 
quanta of I 0At. The value of Κ i s easily calculated to be about 
4 from the data i n Table 2. The value of I 0 A t was precisely de
termined at 2537 A using a chemical actinometer. 

Using this data the spectral dependence of the absolute quan
tum y i e l d of the main chain f i s s i o n of PMMA was calculated follow-
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MOLECULAR WEIGHT (MW) 

MOLECULAR WEIGHT (MW) /TO 4 

Figure 7. Molecular weight distribution of PMMA. F(mol wt) is normalized in 
such a way that f Y (mol wt)à(mol wt) = 1: (Q) before exposure; (A) after expo

sure 

Table 2. Molecular Weight Change by U V - I r r a d i a t i o n * 
I r r a d i a t i o n Mw Mn Mw/Mn 

before 685,000 341,000 2.01 
a f t e r 160,000 91,400 1.74 

* The l e a s t i r r a d i a t i o n r e q u i r e d f o r the d i s s o l u t i o n 
of polymer coating i n the developer. 
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i n g the fo r m u l a ( 3 . b ) , and th e r e s u l t s a r e shown i n F i g . 8. The 
quantum y i e l d o f th e s e n s i t i z e d PMMA i n c r e a s e s over wide range o f 
wavelength when we compared i t w i t h t h a t o f PMMA i t s e l f . 

A b s o l u t e S p e c t r a l S e n s i t i v i t y 
The a b s o l u t e s e n s i t i v i t y was d e f i n e d as the number o f main 

c h a i n s c i s s i o n s o c c u r r i n g i n one photon m o l e c u l e when one photon 
was i r r a d i a t e d on a u n i t s u r f a c e (1 cm 2) o f th e f i l m . I f t h e 
s p e c t r a l dependence o f the quantum y i e l d has been o b t a i n e d , t h e 
a b s o l u t e s e n s i t i v i t y i s c a l c u l a t e d f o l l o w i n g t h e f o r m u l a ( 4 ) . The 
r e s u l t s o b t a i n e d a r e shown i n F i g . 9. The p r a c t i c a l s e n s i t i v i t y 
w i l l be the i n t e g r a l o f th e product o f the a b s o l u t e i n t e n s i t y o f 
the i r r a d i a t e d l i g h t and the a b s o l u t e s e n s i t i v i t y i n F i g . 9 over 
a l l t h e wavelength o f th e s p e c t r a . 

APPLICATION TO DEEP UV

Experiments i n t h i s s e c t i o n were c a r r i e d out u s i n g p r a c t i c a l 
equipment, because the e v a l u a t i o n o f the PMMA r e s i s t s h o u l d have 
p r a c t i c a l meaning. For the p r o d u c t i o n t e s t o f t h e m i c r o - p a t t e r n s 
a Canon PLA-520F a l i g n e r f o r Deep UV l i t h o g r a p h y l o a d i n g a Xe-Hg 
s h o r t a r c lamp was used ( 8 ) , and f o r plasma e t c h i n g t e s t a Tokyo 
Ohka OAPM-300 plasma e t c h i n g machine was used; b o t h operated under 
p r a c t i c a l c o n d i t i o n s . 

R e l a t i v e S e n s i t i v i t y of the S e n s i t i z e d PMMA 
R e l a t i v e s e n s i t i v i t i e s o f PMMA s e n s i t i z e d by v a r i o u s s e n s i t i 

z e r s were measured u s i n g p r a c t i c a l c o n d i t i o n s . The r e s u l t s a r e 
shown i n T a b l e 3. 

Formation o f M i c r o P a t t e r n s 
The e l e c t r o n microscope images o f t h e f i n e p a t t e r n s o b t a i n e d 

by PMMA i t s e l f and PMMA s e n s i t i z e d by 2 , 4 , 6 - t r i - t e r t - b u t y l phenol 
on t h e s i l i c o n wafer appear i n F i g s . 10 and 11, r e s p e c t i v e l y . 
The s l i t w i d t h of the f i n e p a t t e r n s i s 0.5, 1.0 and 1.5 ym i n ( a ) , 
and t h e m a g n i f y i n g image o f the 0.5 ym a r e a i s shown i n ( b ) . The 
t h i c k n e s s o f th e c o a t i n g i s 0.5 ym. 

R e s i s t i v i t y t o the Plasma E t c h i n g 
The comparison o f the r e s i s t i v e p r o p e r t y i n the plasma e t c h 

i n g p r o c e s s between PMMA i t s e l f and PMMA s e n s i t i z e d by 2 , 4 , 6 - t r i -
t e r t - b u t y l phenol i s shown i n F i g . 12. F o l l o w i n g t h e e t c h i n g time, 
t h e t h i c k n e s s o f th e PMMA c o a t i n g becomes t h i n n e r . The r a t e o f 
the d e c r e a s i n g o f the f i l m t h i c k n e s s i s p r o p o r t i o n a l t o the e t c h 
i n g time i n t h e former c a s e , but i t becomes v e r y slow i n t h e case 
of t h e s e n s i t i z e d PMMA. T h e r e f o r e , t h e s e n s i t i z e d PMMA i s a supe
r i o r r e s i s t than PMMA i t s e l f i n b o t h p r o p e r t i e s o f the s e n s i t i v i t y 
and t h e r e s i s t i v i t y . T h i s f a c t i s t r u e i n the cases o f o t h e r sen
s i t i z e r s . 

The reason f o r t h e i n c r e a s e o f the r e s i s t i v i t y o f the s e n s i -
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WAVELENGTH (nm) 

Figure 8. Spectral dependence of quantum yield: (Φ) PMMA; PMMA + 
p-tert-butyl benzoic acid; (A) PMMA + 2,4-di-tert-butylphenol; (O) PMMA + 

2,4f6-tri-tert-butylphenol 
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Figure 9. Spectral sensitivities of PMMA and sensitized PMMA: (Φ) PMMA; 
(\T\) PMMA + p-tert-butyl benzoic acid; (A) PMMA + 2,4-di-tert-butylphenol; 

(O)PMMA + 2,4,6-tri-tert-butylphenol 

In Modification of Polymers; Carraher, C., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



296 MODIFICATION OF POLYMERS 

Figure 10. Electron microscope images of the fine patterns obtained by PMMA 
(window opening

Figure 11. Electron microscope images of the fine patterns obtained by 2,4,6-tri-
tert-butylphenol-sensitized PMMA (window opening pattern) (a) X 1000; (b) 

X2500 

Table 3. Relative S e n s i t i v i t y of Sensit ized PMMA 
Using P r a c t i c a l Conditions 

SENSITIZER 

(PMMA) 100 
120 
200 
400 

p - t e r t - B u t y l Benzoic Acid 
2 , 4 - d i - t e r t - B u t y l Phenol 
2 , 4 , 6 - t r i - t e r t - B u t y l Phenol 
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Etching Time/min. 

Figure 12. Resistive property of sensitized PMMA: decrease of resist thickness 
by plasma (Apparatus: OAPA-300; RF: 200 W; vac: 0.55 torr; gas: CFh 95% and 

Ο2 5%; flow rate: 1.2 L/min) 

1.0 

LU 

WAVELENGTH (nm) 

Figure 13. Sensitizer remaining in thin resist film after development (PMMA + 
p-tert-butyl benzoic acid) 
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tized PMMA is due to the fact that the added sensitizer remains 
even after the development in the thin film (0.5 ym). The absorp
tion spectra of the resist coating before and after development 
shown in Fig. 13 indicates that more than 80 % of the unchanged 
sensitizer remains. This data means that the resist coating 
scarecely swells in the development process and that fine micro-
patterns will be available by the sensitized PMMA resist newly 
developed in this research. 
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The Effect of Photolysis on the Biodegradation of 

Some Step-Growth Polymers 
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Earlier studies on
tiated by the desire to avoid degradation, thereby obtaining long 
lasting materials. As the disposal of bio-inert synthetic poly
mer wastes became increasing difficult, the emphasis in studies 
on the biodégradation of polymers shifted to the design and syn
thesis of biodegradable polymers. Since many low molecular 
weight organic materials can be utilized by soil microorganisms, 
one of the approaches to biodegradable polymers has been the pre
paration of photodegradable materials that will give fragments 
that are biodegradable on photolysis. (1,2., 3) One of the most 
important applications of biodegradable polymers is the use of 
these materials as agricultural mulches and controlled release 
agricultural chemical formulation. For use in agriculture, one 
cannot depend on photodegradation as the primary degradation 
process since the available amount of sunlight can vary considera
bly, and, furthermore, soil might cover the materials, thereby 
prevent light from reaching them. Biodegradable polymers without 
the need of photolysis for degradation must therefore be developed 
also. The optimal might be a polymer that is both biodegradable 
and photodegradable. We report here our recent results on the 
effects of photolysis on the biodégradation of step-growth poly
mers. 

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

S y n t h e s i s . P o l y ( e t h y l e n e sebacamide) ( A ) , p o l y ( 1 , 2 - p r o -
p y l e n e sebacamide) (Β), p o l y ( 2 - h y d r o x y - l , 3 - p r o p y l e n e sebacamide) 
(Ε), p o l y ( 2 - h y d r o x y - l , 3 - p r o p y l e n e sebacamide-co-2propylene seba
camide) ( F ) , p o l y ( b e n z y l e t h y l e n e sebacamide) (Η), and p o l y ( p i p e r -
a z i n y l sebacamide) ( J ) were prepared by i n t e r f a c i a l p o l y m e r i z a t i o n 
u s i n g carbon t e t r a c h l o r i d e and water as s o l v e n t s . (4) 

P o l y ( l , l - d i m e t h y l e t h y l e n e sebacamide) (C) was prepared by 
s o l u t i o n p o l y m e r i z a t i o n o f 1,1 - d i m e t h y l e t h y l e n e d i a m i n e and seba-
c o y l c h l o r i d e i n c h l o r o f o r m u s i n g t r i e t h y l a m i n e as base. 

0-8412-0540-X/80/47-121-299$05.00/0 
© 1980 American Chemical Society 
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Poly(dodecamethylene D - t a r t r a t e ) (G) was prepared by melt 
p o l y m e r i z a t i o n of 1,12-dodecanediol and t a r t a r i c a c i d w i t h p - t o -
l u e n e s u l f o n i c a c i d as c a t a l y s t . (5) 

P o l y u r e a s D and I were prepared i n s o l u t i o n w i t h 1 , 6 - d i i s o -
cyanatohexane and the co r r e a p o n d i n g diamine u s i n g b i c y c l o - ^ 2 , 2 , 2 ) -
d i a z a o c t a n e as c a t a l y s t . (6) 

P h o t o l y s i s . Polymer f i l m s suspended i n water were i r r a d i a t e d 
w i t h a w a t e r - c o o l e d 450 w medium p r e s s u r e Hanovia Hg lamp through 
q u a r t z f i l t e r a t a d i s t a n c e o f 2.5 i n c h e s i n the presence of a i r 
at r . t . f o r 24 h r . The i n t r i n s i c v i s c o s i t i e s o f the polymer 
samples b e f o r e and a f t e r p h o t o l y s i s were compared. Weight l o s s e s 
of the sample were a l s o measured. 

Biodégradation. The a b i l i t i e s o f the polymer samples t o sup
p o r t the growth of the
n u t r i e n t source were compare
can S o c i e t y o f T e s t i n g f o  M a t e r i a l s recommended procedure and 
r a t i n g o f growth were used t o r e p o r t the r e s u l t s i n Tables 1 & 2: 
0 = no v i s i b l e growth; 1 = 10% s u r f a c e covered; 2 = 10-30% s u r 
f a c e covered; 3 = 30-60% s u r f a c e covered; 4 = 60-100% s u r f a c e 
covered. I n c u b a t i o n p e r i o d a t r . t . was f o u r weeks. D e t a i l s of 
the biodégradation procedure were r e p o r t e d e a r l i e r . (4,6) 

R e s u l t s and D i s c u s s i o n 

S i n c e the pr i m a r y mechanism f o r b i o l o g i c a l systems t o degra
de macromolecules i s h y d r o l y s i s f o l l o w e d by o x i d a t i o n we have d i 
r e c t e d our r e s e a r c h e f f o r t s f i r s t l y t o the degradable polymers 
c o n t a i n i n g h y d r o l y z a b l e groups such as amide, e s t e r , u r e a , and 
urethane. We reasoned t h a t s y n t h e t i c polymers c o n t a i n i n g s t r u c 
t u r a l and s t e r e o c h e m i c a l f e a t u r e s t h a t a r e s i m i l a r t o t h a t of p r o 
t e i n s might be degradable by common p r o t e a s e s and e s t e r a s e s . 
S i n c e many p r o t e a s e s a r e s p e c i f i c i n c l e a v i n g p e p t i d e l i n k a g e s 
a d j a c e n t to s u b s t i t u e n t groups, we d e c i d e d to prepare s u b s t i t u t e d 
polymers, a n t i c i p a t i n g t h a t the i n t r o d u c t i o n o f the s u b s t i t u e n t s 
would make t h e polymers more degradable. M e t h y l a t e d , b e n z y l a t e d , 
and h y d r o x y l a t e d polymers were prepared and t h e i r biodégradations 
have been s t u d i e d . Compared t o the u n s u b s t i t u t e d polymers we 
found the s u b s t i t u t e d polymers more s u s c e p t i b l e t o a t t a c k by en
zymes and microorganisms. (4,6) 

Alt h o u g h h i g h m o l e c u l a r weight polyamides such as n y l o n - 6 , 
nylon-6,6, and nylon-12 were found t o r e s i s t m i c r o b i a l (_7,_8) and 
enzyme a t t a c k (9) low m o l e c u l a r weight c y c l i c and l i n e a r o l i g o m e r s 
of ε-aminocaproic a c i d were found to be u t i l i z e d by c e r t a i n bac
t e r i a i s o l a t e d from the e f f u e n t water of a nylon-6 p l a n t . (10,11, 
12) P h o t o l y s i s of polymers might r e s u l t i n f r a g m e n t a t i o n of the 
polymer c h a i n s thus l e a d i n g t o improved b i o d e g r a d a b i l i t i e s . On 
the o t h e r hand, i f p h o t o c r o s s l i n k i n g o c c u r s one can expect a de
cr e a s e i n b i o d e g r a d a b i l i t y . 

In Modification of Polymers; Carraher, C., et al.; 
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P h o t o l y s i s o f the u n s u b s t i t u t e d p o l y ( e t h y l e n e sebacamide) 
( A ) , m e t h y l a t e d p o l y ( l , 2 - p r o p y l e n e sebacamide) (Β) , and p o l y ( l , l -
d i methy1ethylene sebacamide) (C) r e s u l t e d i n m o s t l y c h a i n f r a g 
m e n t a t i o n as i n d i c a t e d by t h e decreases i n i n t r i n s i c v i s c o s i t i e s 
of t h e polymer samples, T a b l e 1. The same decrease i n i n t r i n s i c 
v i s c o s i t y was a l s o observed f o r p o l y u r e a D. Polymer A and D r e 
mained b i o - i n e r t under the t e s t i n g c o n d i t i o n whereas the a b i l i 
t i e s f o r polymers Β and C t o support the growth of A p e r g i l l u s 
n i g e r were improved by p h o t o l y s i s . 

T a b l e 1. P h o t o l y s i s and Biodégradation, of Polymers 
t h a t Undergo P r i m a r y P h o t o f r a g m e n t a t i o n . 

ÇTQ A. n i g e r g r o w t h a 

Polymer B e f o r

-NHCH oCH oNHC0(CH o) QC0- A 0.36 0.24 0 0 
Ζ Ζ Ζ ο 

-NHCHCH oNHC0(CH o) oC0- Β 0.57 0.51 1 2 j Ζ Ζ ο 

CH 3 

CH. 
I 3 

-NHCCH oNHC0(CH o) oC0- C 0.06 0.05 1 2 j Ζ Ζ ο 

CH 3 

-NHCHCH oNHC0NH(CH oKNHC0- D 1.00 0.80 0 0 
ι Ζ Ζ ο 

CH 3 

a ASTM r a t i n g , see e x p e r i m e n t a l . 

P h o t o l y s i s o f h y d r o x y l a t e d polymers E, F, G, b e n z y l a t e d 
polymers H and I , and p o l y ( p i p e r a z i n y l sebacamide) J a l l r e s u l t e d 
i n c r o s s l i n k i n g as the polymer samples became i n s o l u b l e a f t e r 
p h o t o l y s i s . I n t e r e s t i n g l y enough, however, w i t h the e x c e p t i o n of 
polymer H, a l l polymer samples were found t o be b e t t e r carbon 
n u t r i e n t s f o r the fungus A s p e r g i l l u s n i g e r a f t e r p h o t o l y s i s . 
S m a l l amounts of weight l o s s e s (up t o 4%) were a l s o observed 
a f t e r p h o t o l y s i s . S i n c e t h e samples were suspended i n water 
d u r i n g p h o t o l y s i s these r e s u l t s suggested t h a t a l t h o u g h photo-
c r o s s l i n k i n g was t h e pr i m a r y p r o c e s s p h o t o f r a g m e n t a t i o n a l s o 
o c c u r r e d t o a s m a l l e x t e n t t o g i v e water s o l u b l e fragments. 
Photofragmentâtion a l s o produced m a t e r i a l s t h a t were b e t t e r 
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T a b l e 2. P h o t o l y s i s and Biodégradation of Polymers 
t h a t undergo P r i m a r y P h o t o c r o s s l i n k i n g . 

Polymer 

-NHCH oCHCH oNHC0(CH o) oC0- Ε 
Ζ ι Ζ Δ Ο 
OH 

- (NHCH oCHCH oNHC0(CH n) oC0) -
^| Δ Δ Ο Χ 
OH 

-(NHCHCH oNHC0(CH o) oC0j l ζ o y 
CH„ 

A. n i g e r growth 
B e f o r e A f t e r 

x/y = 1/3 

χ/y - 1/1 

χ/y = 3/1 

D- -0(CH 0). o00CCH-CHC0 -
2 1 2 I I 

OH OH 

D,L- -NHCHCH oNHC0(CH o) oC0- Η I Ζ Ζ ο 

CH 2Ph 

-NHCHC00CH.CHo00CNH(CH0)^NHCO-I Ζ Ζ Ζ ο 

CH 2Ph 

-Ν NC0(CH o) oC0-
V / Δ Ο 

ASTM r a t i n g , see e x p e r i m e n t a l . 
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n u t r i e n t s f o r the fungus than the o r i g i n a l polymers, as i n d i c a t e d 
by t h e s u b s t a n t i a l i n c r e a s e s o f f u n g a l growth, T a b l e 2. 

There a r e se v e r a l mechanisms by which c a r b o n y l - c o n t a i n i n g 
polymers can r e a c t p h o t o c h e m i c a l l y . The most im p o r t a n t two a r e 
the N o r r i s h Type I and N o r r i s h Type I I p r o c e s s e s , b o t h o f which 
might r e s u l t i n c h a i n f r a g m e n t a t i o n . However, the r e c e n t l y r e 
p o r t e d s t u d i e s f a v o r e d N o r r i s h Type I I pro c e s s as the more im
p o r t a n t o f the two f o r p h o t o d e g r a d a t i o n of polymers. (13,14,15, 
16) I t has been suggested t h a t γ-hydrogen a b s t r a c t i o n by the 
e x c i t e d c a r b o n y l group t o g i v e a s h o r t - l i v e d b i r a d i c a l i s r e s 
p o n s i b l e f o r the e v e n t u a l f r a g m e n t a t i o n t o o l e f i n and c a r b o n y l 
end groups. 

N o r r i s h Type 

R = H 

I 
0 

*CH-CH 0NH-i ζ 
CH I 

0 
R 

R = Ph 

\ 

CH-CH0NH 
II 2 

CH 

\ 

Η 
I 

C CH-CH 0NH— ^ „ Ί . . . j I 2 > C r o s s l i n k i n g 
0 eCH 
\ \ 

H R * E x c i t e d c a r b o n y l 

N o r r i s h Type I I 
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CH n 
R = H CH. 

il 2 

c N 

I 
R 

* E x c i t e d c a r b o n y l 

N o r r i s h Type I I 

Our r e s u l t s suggest t h a t i n the cases o f b e n z y l a t e d and 
h y d r o x y l a t e d polymers the b i r a d i c a l i n t e r m e d i a t e s a r e s t a b i l i z e d 
by t h e ph e n y l and hydroxy group, r e s u l t i n g i n a l o n g e r l i f e f o r 
the i n t e r m e d i a t e s . As a r e s u l t , c r o s s l i n k i n g becomes t h e f a v o r 
a b l e p r o c e s s . I n t h e cases o f t h e u n s u b s t i t u t e d and t h e m e t h y l 
a t e d polymers t he s h o r t - l i v e d b i r a d i c a l s l a c k such s t a b i l i z a t i o n 
and t h e u n i m o l c u l a r f r a g m e n t a t i o n becomes the f a v o r a b l e p r o c e s s . 

S i n c e i n most cases t h e a b i l i t i e s o f b i o d e g r a d a b l e polymers 
t o support f u n g a l growth were found t o be improved by p h o t o l y s i s 
i t can be concluded t h a t p h o t o l y s i s produced s m a l l fragments. 
These a r e b e t t e r n u t r i e n t s f o r t he f u n g i . Of the few r e p o r t s 
a v a i l a b l e on t h e e f f e c t of m o l e c u l a r weight on the b i o d e g r a d a -
b i l i t y of polymers i t i s g e n e r a l l y accepted t h a t t he lower 
m o l e c u l a r weight m a t e r i a l s degrade f a s t e r than t h e i r h i g h e r mole
c u l a r weight a n a l o g s . (8,17) 

Of the polymers s t u d i e d the me t h y l a t e d polyamides Β and C 
are b o t h b i o d e g r a d a b l e and photodegradable. T h e i r use i n a g r i 
c u l t u r e a r e b e i n g s t u d i e d . 
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Polyethylene by Chlorotrifluoroethylene 

T. KAGIYA, T. WADA, N. YOKOYAMA, and Η. Ο Ν Ο 
Department of Hydrocarbon Chemistry, Kyoto University, Kyoto, Japan 

Polyethylene is well know  t  b  cross-linked b  ionizin
radiation through the recombinatio
produced by the irradiation (1). The efficiency of the reaction 
is not so high and the G-value has been reported to be 1-5 
(2, 3). 

In the previous papers, we reported that the radiation
-induced cross-linking of polyethylene was accelerated by 
acetylene (4) and by the mixtures of acetylene and some 
fluorine-containing monomers (5). 

The present paper is a continuation of these studies. We 
found that the cross-linking of polyethylene was promoted by the 
presence of chlorotrifluoroethylene (CTFE) and the unsaturated 
groups contained in polyethylene decreased rapidly with the 
proceeding of the cross-linking reaction. The cross-linkings of 
buatdiene- and isoprene-grafted polyethylenes in the presence of 
CTFE were carried out in order to elucidate the role of unsaturat
ed groups in the cross-linking reaction. In addition the 
cross-linking of polyethylene was also studied in the presence 
of the mixture of CTFE and butadiene. On the basis of these 
results, the acceleration mechanism of the cross-linking of 
polyethylene by CTFE was discussed. 

Experimental 

Material. Films (thickness; 20/<) of low density polyethylene 
(LDPE) (Sumikathene:number average molecular weight; 2.0 
density; 0.92) and high density one (HDPE) (Hizex: 1.4 * 10 5, 0.96) 
were used in the experiment. Polyethylene films which contained 
high concentration of unsaturated groups were prepared without 
gel formation by the radiation-induced grafting of butadiene and 
isoprene in gas phase onto LDPE film at the irradiation dose 
lower than 1.5 Mrad in the same method as reported previously 
(6). The concentrations of the total unsaturated group ([U]Q), 
trans-vinylene ([Ut]o), vinyl ([UV]Q) and vinylidene ([Ud]0) in 
polyethylene used are shown in Table I. 

0-8412-0540-X/80/47-121-307$05.00/0 
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Table I 
C o n c e n t r a t i o n o f u n s a t u r a t e d groups i n p o l y e t h y l e n e s 

Ί Number of u n s a t u r a t e d group p e r 1000 carbons 
P o l y e t h y l e n e Γ τ τ 1 ΓΤΤ*-Ί ΓΤΤ,,Ί Γ Τ Τ Λ Ί 

J0 
HDP Ε 
LDPE 
BG-LDP E - l a ) 

BG-LDPE-2 a ) 

BG-LDPE-3 a ) 

IG-LDPE b^ 

[ u ] o [ u t ] 0 [ U v ] Q [Ud] ( 

0.18 0.00 0.11 0.07 
0.41 0.06 0.21 0.14 
1.32 0.93 0.35 0.04 
4.32 3.19 1.00 0.03 
9.25 6.76 2.40 0.09 
1.91 0.04 0.93 0.98 

a) 
b) 

B u t a d i e n e - g r a f t e d lo
I s o p r e n e - g r a f t e d lo y p o l y e t h y l e n

CTFE was used as s u p p l i e d from D a i k i n Kogyo Co. L t d . ( p u r i t y ; 
99.5% up). Commercially a v a i l a b l e butadiene was used as o b t a i n e d . 

Procedure. The r a d i a t i o n s - i n d u c e d c r o s s - l i n k i n g was c a r r i e d 
out as f o l l o w s . About 0.1 g of p o l y e t h y l e n e f i l m was p l a c e d i n 
a g l a s s ampoule o f 30 mm diameter and 200 mm l o n g . Gaseous 
CTFE and the m i x t u r e o f CTFE/butadiene was i n t r o d u c e d i n t o the 
ampoule under the gas p r e s s u r e o f 1 atm. a f t e r e v a c u a t i o n of the 
ampoule. The ampoule was i r r a d i a t e d by Y - r a y w i t h a c o b a l t - 6 0 
a t the dose r a t e o f 0.05Mrad/hr a t room temperature. 

A f t e r the i r r a d i a t i o n , the s u r f a c e o f the f i l m was wiped 
w i t h a s o f t c l o t h wetted w i t h acetone, d r i e d under vacuum a t 
40°C f o r 10 hours and weighed. The degree o f g r a f t i n g (Dg) was 
determined by the e q u a t i o n ( 1 ) . 

W - W 
Dg = - ê - X 100 (%) (1) 

W 0 

Where, WQ and Wg are the weight o f the sample f i l m s b e f o r e and 
a f t e r the i r r a d i a t i o n , r e s p e c t i v e l y . 

The p o l y e t h y l e n e f i l m thus o b t a i n e d was packed i n a 100 mesh 
s t a i n l e s s s t e e l b a s k e t , e x t r a c t e d w i t h hot p-xylene i n a S o x h l e t 
e x t r a c t o r f o r 48 hours, washed w i t h acetone f o r 4 hours i n the 
same type e x t r a c t o r , d r i e d i n vacuum f o r 20 hours a t 40°C and 
weighed. The g e l f r a c t i o n (Gf) of the polymer was detrmined 
by the e q u a t i o n (2) from the weight change by the e x t r a c t i o n . 
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W 
Gf = r ^ X l O O (%) (2) 

W b 

Where Ŵ  and Wa are the weight of the samples b e f o r e and a f t e r 
the e x t r a c t i o n , r e s p e c t i v e l y . 

The IR-spectrum o f the polymer was measured w i t h a Nippon 
Bunko Model DS-403G i n f r a r e d s p e c t r o m e t e r . The c o n c e n t r a t i o n 
of the u n s a t u r a t e d groups i n the polymer (number of u n s a t u r a t e d 
group per 1000 carbons) was determined from the absorbances a t 
966 cm"l ( t r a n s - v i n y l e n e ) , 910 ( v i n y l ) and 890 ( v i n y l i d e n e ) i n 
the IR-spectrum by the method r e p o r t e d by C e r n i a e t a l . ( 7 ) . 

The c o m p o s i t i o n o f the c o - g r a f t polymer o b t a i n e d by the 
i r r a d i a t i o n i n CTFE/butadiene m i x t u r e was determined from the 
over a l l degree of g r a f t i n g by weight measureement and the degree 
of g r a f t i n g o f CTFE (Dg(CTFE)
from the IR-spectrum o
of Dg(CTFE) was p r o p o r t i o n a l to the absorbance ( 1 2 1 5 ^
cm"l ( a s s i g n e d t o C-F bond) as expreesed by the e q u a t i o n ( 3 ) . 

Dg(CTFE) = 9 1 . 6 D 1 2 1 5 (wt%) (3) 

R e s u l t s and D i s c u s s i o n 

R a d i a t i o n - I n d u c e d C r o s s - L i n k i n g i n the Presence o f Some 
F l u o r i n e - C o n t a i n i n g Monomers. The r e s u l t s o f the r a d i a t i o n -
induced c r o s s - l i n k i n g o f low d e n s i t y p o l y e t h y l e n e i n the presence 
of v a r i o u s f l u o r i n e - c o n t a i n i n g monomers a t a dose o f 2.5 Mrad are 
summarized i n Table H . Both the f o r m a t i o n of g e l and the decrease 
i n the amount o f u n s a t u r a t e d groups c o n t a i n e d i n p o l y e t h y l e n e 
were found i n the i r r a d i a t i o n i n the presence of these monomers. 
The h i g h e s t v a l u e s o f the g e l f r a c t i o n and the degree o f g r a f t i n g 
were o b t a i n e d i n the i r r a d i a t i o n i n the presence of CTFE. I n 
a d d i t i o n , the u n s a t u r a t e d groups decreased i n the i r r a d i a t i o n 
i n CTFE more markedly than i n the o t h e r monomers. These r e s u l t s 
l e a d t o the c o n s i d e r a t i o n t h a t the c r o s s - l i n k i n g o f p o l y e t h y l e n e 
i n the presence o f these monomers i s r e s u l t e d by g r a f t i n g w i t h 
the consumption of the u n s a t u r a t e d groups c o n t a i n e d i n 
p o l y e t h y l e n e . 

Role of U n s a t u r a t e d Group i n the C r o s s - L i n k i n g i n the 
Presence of CTFE. I n o r d e r t o make c l e a r the r o l e o f u n s a t u r a t e d 
group c o n t a i n e d i n p o l y e t h y l e n e , the r a d i a t i o n - i n d u c e d 
c r o s s - l i n k i n g s o f the p o l y e t h y l e n e s c o n t a i n i n g v a r i o u s c o n c e n t r a t 
i o n s o f the u n s a t u r a t e d groups were c a r r i e d out i n the presence 
of CTFE. 

F i g u r e s 1-3 show the changes i n the g e l f r a c t i o n o f 
i r r a d i a t e d polymer, the degree of g r a f t i n g o f CTFE and the t o t a l 
c o n c e n t r a t i o n of the u n s a t u r a t e d groups ([U]) w i t h the i r r a d i a t i o n 
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Table II 
R a d i a t i o n - i n d u c e d c r o s s - l i n k i n g o f LDPE i n the presence o f v a r i o u s 

f l u o r i n e - c o n t a i n i n g monomers a t a dose of 2.5 Mrad 

Monomer 

(Vacuum) 
T F E a ) 

CTFE 
HFP 
VdF 
V F d ) 

,c) 

Dg Gf No. of unsatd. groups per 1000 carbons 
(%) (%) [U] [Ut] [Uv] [Ud] 

10.0 
23.5 
1.4 
0.2 
0.6 

0 
14.9 
50.0 
11.8 
4.7 
6.5 

0.37 
0.19 
0.01 
0.30 
0.31 
0.31 

0.12 
0.05 
0.01 
0.07 
0.05 
0.04 

0.15 
0.09 
0.00 
0.14 
0.17 
0.16 

0.10 
0.05 
0.00 
0.09 
0.09 
0.11 

( N o n - i r r a d i a t e d LDPE) 
a) 
b) 
c) 
d) 

T e t r a f l u o r o e t h y l e n e 
H e x a f l u o r o p r o p y l e n e 
V i n y l i d e n e f l u o r i d e 
V i n y l f l u o r i d e 

100 

_ 60h 

ο 40h 

2 3 
Dose (Mrad) 

Figure 1. Plot of Gf vs. dose in the irradiation of various poly ethylenes in the 
presence of CTFE ((%) HOPE; (O) LDPE; ((D) BG-LDPE-1; (€) BG-LDPE-2; 

((E) BG-LDPE-3; (Θ) IG-LDPE) and in vacuum ((A) LDPE; (A) HDPE) 
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100 

80h 

Dose (Mrad ) 

Figure 2. Plot of Dg vs. dose in the irradiation of various polyethylenes in the 
presence of CTFE (symbols are the same as in Figure 1 ) 

Dose (Mrad ) 

Figure 3. Plot of [U] vs. dose in the irradiation of various polyethylenes in the 
presence of CTFE (symbols are the same as in Figure 1) and in vacuum ( ) 
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dose i n the i r r a d i a t i o n i n the presence of CTFE. As found i n 
F i g u r e 1, the g e l f o r m a t i o n was ex t r e m e l y a c c e l e r a t e d by CTFE and 
the r a t e s o f g e l f o r m a t i o n o f b u t a d i e n e - and i s o p r e n e - g r a f t e d 
p o l y e t h y l e n e s were h i g h e r than those o f the o r i g i n a l ones. 

On the o t h e r hand, the r a t e s of g r a f t i n g o f CTFE onto 
b u t a d i e n e - and i s o p r e n e - g r a f t e d p o l y e t h y l e n e s were lower than 
those onto o r i g i n a l ones ( F i g u r e 2 ) . As shown i n F i g u r e 3, the 
r a t e o f consumption o f the u n s a t u r a t e d groups, as w e l l as the 
g e l f r a c t i o n , was remarkably a c c e l e r a t e d by CTFE. 

The average r a t e s o f g e l f o r m a t i o n , g r a f t i n g o f CTFE and 
consumption o f the u n s a t u r a t e d groups i n the i r r a d i a t i o n i n the 
presence o f CTFE were summarized i n Table m. The o r d e r of the 
r a t e of g e l f o r m a t i o n d i d not agree w i t h t h a t i n the r a t e of 
g r a f t i n g , but those i n the i n i t i a l t o t a l c o n c e n t r a t i o n and the 
r a t e of consumption o f the u n s a t u r a t e d groups. F i g u r e 4 shows 
the p l o t s o f the r a t e s o f l f o r m a t i o d g r a f t i n  a g a i n s t th
i n i t i a l t o t a l c o n c e n t r a t i o
i n the p o l y e t h y l e n e s . Th
the i n c r e a s e i n the c o n c e n t r a t i o n o f the u n s a t u r a t e d groups, w h i l e 
the g r a f t i n g r a t e onto the p o l y e t h y l e n e decreased. 
C h a r l e s b y - P i n n e r 1 s p l o t (8) d i d not g i v e a s t r a i g h t l i n e f o r the 
data o f g e l f o r m a t i o n i n the presence o f CTFE. 

These r e s u l t s l e a d t o the c o n s i d e r a t i o n t h a t the 
c r o s s - l i n k i n g of p o l y e t h y l e n e i n the presence of CTFE i s not 

Table III 
R a d i a t i o n - i n d u c e d c r o s s - l i n k i n g o f v a r i o u s 

p o l y e t h y l e n e s i n the presence of CTFE 

P o l y e t h y l e n e 
[ u ] o R ( g e l ) a ) R ( g r a f t ) b ) 

c} 
R(unsat) ' υ (%/hr) (%/hr) (No./1000C/hr: 

HDPE 0.18 0.66 0.56 0.005 
LDPE 0.41 0.98 0.42 0.009 
BG-LDPE-1 1.32 1.43 0.25 0.020 
BG-LDPE-2 4.22 2.50 0.22 0.110 
BG-LDPE-3 9.25 2.78 0.21 0.167 
IG-LDPE 1.91 1.85 0.15 0.037 

a) 
Average r a t e of g e l f o r m a t i o n i n the range of the g e l f r a c t i o n 

0-50%. 
Average r a t e of g r a f t i n g i n the range of the degree o f g r a f t i n g 

0-10% 
c) 

Average r a t e o f consumption o f t o t a l u n s a t u r a t e d group o f 
consumption 0-50% 

In Modification of Polymers; Carraher, C., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



20. KAGIYA ET AL. Cross-Linking of Polyethylene 313 

0.8 
3 

IG-LDPE 

0 
0 

Figure 4. Plots of R(gel) (O) and R(graft) (Φ) vs. [U]0 in the irradiation of 
various polyethylenes in the presence of CTFE 

caused by the r e c o m b i n a t i o n of r a d i c a l s , such as p o l y e t h y l e n e 
r a d i c a l and p r o p a g a t i n g g r a f t c h a i n r a d i c a l of CTFE, but the 
a d d i t i o n r e a c t i o n o f the u n s a t u r a t e d groups t o the p r o p a g a t i n g 
g r a f t c h a i n r d a i c a l . 

F i g u r e 5 shows the r e l a t i o n s h i p between the g e l f r a c t i o n 
and the t o t a l consumption o f the u n s a t u r a t e d groups (-A[U] 
expressed by e q u a t i o n (4)) i n the i r r a d i a t i o n of b u t a d i e n e -
and i s o p r e n e - g r a f t e d p o l y e t h y l e n e s i n the presence o f CTFE. 

The g e l f r a c t i o n i n c r e a s e d w i t h the consumption of the u n s a t u r a t e d 
groups. The e f f i c i e n c y o f g e l f o r m a t i o n by the t o t a l consumption 
of the u n s a t u r a t e d groups, t h a t i s , the s l o p e o f the curves 
decreased w i t h the i n c r e a s e i n the i n i t i a l t o t a l c o n c e n t r a t i o n o f 
the u n s a t u r a t e d groups. The lower e f f i c i e n c y i n the p o l y e t h y l e n e 
w i t h h i g h e r c o n c e n t r a t i o n of the u n s a t u r a t e d groups may be caused 
by the more f r e q u e n t i n t r a m o l e c u l a r c r o s s - l i n k i n g r e a c t i o n i n the 
d i e n e s - g r a f t e d p o l y e t h y l e n e s . 

On the b a s i s of the r e s u l t s d e s c r i b e d above, the c h a i n 
mechanism f o r the r e a c t i o n s of c r o s s - l i n k i n g and g r a f t i n g i n the 
i r r a d i a t i o n i n the presence of CTFE can be pr e s e n t e d by the 
equ a t i o n s ( 5 ) - ( 8 - 3 ) . 

-A[D] - [U] - [ U ] 0 (4) 
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Figure 5. Plot of Gf vs. —Δ[ϋ] in the irradiation of various polyethylenes in the 
presence of CTFE (symbols are the same as in Figure 1) 

I n i t i a t i o n ; 

HC- + C F 0 = C F C 1 —»· H C - C F r C F C l ( 5> 
S S 2 

P r o p a g a t i o n ; 

* ^ , ^ H C ^ C F 0 - C F C 1 + C F =CFC1 — > HC ~ C F - - C F C 1 - C F - - C F C 1 ( 6) j I Z ^ Ζ ζ 

Cro s s - l i n k i n g ; 

s f s \ 
H C ~ C F _ - C F C 1 + CH — > H C ~ C F _ - C F C 1 - C H (l-V) 
' CH ' , T , -CH 

1 ( I ) j 

+ CH = C H - C H - » H C ~ C F 0 - C F C 1 - C H „ - C H - C H (7-2) 
2 S S 2

 2 s 
(H) 

+ C H „ = C R - C H - » H C ~ C F 0 - C F C 1 - C H - - C R - C H (7-3) 
2 i i 2 2 i 

(m) 
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R e - i n i t i a t i o n ; 

( I ) + C F =CFC1—-> HC — C F ~ - C F C 1 2 ι 2 CH 
I 
C H - C F 0 - C F C 1 
J 2 , 

(8-1) 

( H ) + CF = C F C l - > H C - ^ C F ^ - C F C l CH 0-CH-CH — (8-2) 
I 

( m ) + C F 0 = C F C 1 - J > H C ^ C F 0 - C F C 1 C H 0 - C R - C H ~ 
2 I 

(8-3) 

C F 2 - C F C 1 

(R = a l k y l grou

As d i s c u s s e d k i n e t i c a l l y i n d e t a i l ( 9 ) , the r e a c t i v i t y o f 
each u n s a t u r a t e d group i n the c r o s s - l i n k i n g r e a c t i o n s (7-1)-(7-3) 
was i n the o r d e r , v i n y l i d e n e > v i n y l > t r a n s - v i n y l e n e . 

I n o r d e r t o d i s c u s s the r e s u l t s d e s c r i b e d above, the 
a c t i v a t i o n e n e r g i e s o f the model r e a c t i o n s (7-1)-(7-3) were 
e s t i m a t e d by au t h o r ' s method ( 1 0 ) . The a c t i v a t i o n e n e r g i e s were 
c a l c u l a t e d as 1.5 kc a l / m o l e f o r ( 7 - 1 ) , 0.5 k c a l / m o l e f o r (7-2) and 
0.3 k c a l / m o l e f o r ( 7 - 3 ) , r e s p e c t i v e l y . The o r d e r i n the 
r e a c t i v i t y of each u n s a t u r a t e d group i n the c r o s s - l i n k i n g 
r e a c t i o n s (7-1)-(7-3) can be w e l l e x p l a i n e d by these t h e o r e t i c a l 
c o n s i d e r a t i o n s . The a c t i v a t i o n e n e r g i e s o f the r e a c t i o n s 
( 7 - l ) - ( 7 - 3 ) were much s m a l l e r than those ( > 4 kc a l / m o l e ) of the 
a d d i t i o n r e a c t i o n s o f the u n s a t u r a t e d groups to the p r o p a g a t i n g 
c h a i n r a d i c a l s produced from the c o n v e n t i o n a l v i n y l monomers, 
such as s t y r e n e , methyl m e t h a c r y l a t e , methyl a c r y l a t e , v i n y l 
a c e t a t e and v i n y l c h l o r i d e . T h e r e f o r e , the promotion o f g e l 
f o r m a t i o n o f the p o l y e t h y l e n e s c o n t a i n i n g the u n s a t u r a t e d groups 
by CTFE can be a s c r i b e d t o the h i g h r e a c t i v i t y o f CTFE p r o p a g a t i n g 
r a d i c a l i n the a d d i t i o n r e a c t i o n to the u n s a t u r a t e d groups. 

As has been shown i n F i g u r e 4, the g r a f t i n g r a t e decreased 
w i t h the i n c r e a s e i n the u n s a t u r a t e d groups c o n t a i n e d i n the 
p o l y e t h y l e n e s . T h i s r e s u l t may i n d i c a t e t h a t the r a t e c o n s t a n t s 
of the r e - i n i t i a t i o n s (8-1)-(8-3) a r e c o n s i d e r a b l y s m a l l e r than 
t h a t of p r o p a g a t i o n ( 6 ) . 

S i n c e BG-LDPEs c o n t a i n m a i n l y t r a n s - v i n y l e n e group and v i n y l 
one, the r e a c t i o n s ( 7 - 1 ) , ( 7 - 2 ) , (8-1) and (8-2) take p l a c e i n 
the i r r a d i a t i o n o f these polymers. W h i l e , the r e a c t i o n s ( 7 - 2 ) , 
( 7 - 3 ) , (8-2) and (8-3) take p l a c e i n the i r r a d i a t i o n o f IG-LDPE 
c o n t a i n i n g v i n y l and v i n y l i d e n e groups. The lower r a t e o f 
g r a f t i n g onto IG-LDPE may be caused by the lower r e a c t i v i t y o f 
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t e r t i a r y carbon r a d i c a l ( m ) i n the r e - i n i t i a t i o n (8-3) than, those 
of secondary r a d i c a l s ( I ) and ( I I ) i n the r e - i n i t i a t i o n (8-1) and 
(8 - 2 ) . 

R a d i a t i o n - I n d u c e d C r o s s - L i n k i n g i n the Presence o f 
CTFE/Butadiene M i x t u r e . On the b a s i s o f the r e s u l t s mentioned i n 
the p r e v i o u s s e c t i o n , i t i s concluded t h a t i n the i r r a d i a t i o n 
o f p o l y e t h y l e n e s i n the presence o f CTFE the p o l y e t h y l e n e s a r e 
m a i n l y c r o s s - l i n k e d through the a d d i t i o n r e a c t i o n o f the 
u n s a t u r a t e d groups c o n t a i n e d i n the main and the s i d e c h a i n s o f 
the polymers t o the p r o p a g a t i n g g r a f t c h a i n r a d i c a l of CTFE. 
T h e r e f o r e , the r a d i a t i o n - i n d u c e d c r o s s - l i n k i n g o f p o l y e t h y l e n e 
i s expected t o be a c c e l e r a t e d by the presence o f the m i x t u r e o f 
CTFE and a diene monomer e f f e c t i v e l y than the presence o f pure 
CTFE. 

The r a d i a t i o n - i n d u c e
presence of CTFE/butadien
are shown i n F i g u r e 6. The o v e r a l l degree o f c o - g r a f t i n g 
decreased g r a d u a l l y w i t h the i n c r e a s e i n the mole f r a c t i o n o f 
but a d i e n e i n the m i x t u r e , w h i l e the g e l f r a c t i o n o f the polymer 
was i n c r e a s e d r a p i d l y by the a d d i t i o n o f a s m a l l amount of 
buta d i e n e to CTFE and then decreased w i t h the i n c r e a s e i n 
but a d i e n e mole f r a c t i o n i n the m i x t u r e . The maximum of the g e l 
f r a c t i o n was found a t about 0.1-0.2 o f butadiene mole f r a c t i o n 
i n the m i x t u r e . 
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Figure 6. Plots of Gf and Dg vs. butadiene mole fraction in the irradiation of 
LDPE (O, Q) in the monomer mixture and HDPE (Φ, • ) in the CTFE/buta

diene mixture 
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The c o m p o s i t i o n curve i n the c o - g r a f t p o l y m e r i z a t i o n o f 
CTFE and bu t a d i e n e i s shown i n F i g u r e 7. From the r e s u l t , the 
monomer r e a c t i v i t y r a t i o s were o b t a i n e d as rcT-pE=0.10±0.06 and 
rButadiene =16±3 from the Finemann-Ross p l o t . S i n c e the product 
of rcjvpE χ ̂ Butadiene * s n e a r l y e q u a l to one, a random c o - g r a f t i n g 
t a k e s p l a c e i n the r e a c t i o n system. The h i g h r e a c t i v i t y of 
butadiene i n the c o - g r a f t i n g r e s u l t s i n the remarkable a c c e l e r a t 
i o n of the g e l f o r m a t i o n by the a d d i t i o n o f a s m a l l amount of 
buta d i e n e to CTFE ( F i g u r e 6 ) . 

The t o t a l c o n c e n t r a t i o n o f u n s a t u r a t e d groups ([ϋ] &) observed 
i n the polymer, which was o b t a i n e d by the i r r a d i a t i o n i n the 
presence o f CTFE/butadiene m i x t u r e , was lower than the 
c o n c e n t r a t i o n ( [ U ] ^ ) c a l c u l a t e d based on the assumption t h a t 
b u t a d i e n e i n t r o d u c e s equimolar u n s a t u r a t e d groups i n t o the s i d e 
c h a i n o f the polymer. As shown i n F i g u r e 8, a r e l a t i o n s h i p was 
o b t a i n e d between the g e l f r a c t i o d th  consumptio f th
u n s a t u r a t e d groups ([U],-[U
of the m i x t u r e . From t h i  f i g u r e  g e
f r a c t i o n i n c r e a s e d w i t h the i n c r e a s e i n the v a l u e [U], -[U] . 

Mole fraction butadiene in monomer 

Figure 7. Composition curve for the co-graft polymerization of CTFE/butadiene 
onto HOPE (·) and LDPE (O) 

From these r e s u l t s , i t i s concluded t h a t the a c c e l e r a t i o n 
of c r o s s - l i n k i n g o f p o l y e t h y l e n e by the presence o f CTFE/butadiene 
m i x t u r e i s due t o the a d d i t i o n r e a c t i o n (9) of the p r o p a g a t i n g 
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100 

(u%-(Uîa (No.71000 carbons) 

Figure 8. Plot of Gf vs. [U]b - [U]a in the irradiation of HOPE (Φ) and LDPE 
(O)in the presence of CTFE/butadiene mixture 

g r a f t c h a i n r a d i c a l o f CTFE to the u n s a t u r a t e d groups i n c o r p o r a t e d 
by the g r a f t i n g of b u t a d i e n e . 

HC —CF 0-CFC1 + HC ~ CH -CH=CH-CH ~ CH -CH— f l ι 2 2 2, 
CH 
II 

CH2 

\ HC~CF~-CFC1-CH-CH-CH.T ( 2 1 2 
' CH_ 

\ 
— CH~ (9) 

or HC~CF„-CFC1-CH„-CH-CH-CH„~CH 
\ 2 2 s 2 S 
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21 
Effect of Discharge Frequency on the Plasma 

Polymerization of Ethane 

S. MORITA and S. ISHIBASHI 
Department of Electrical Engineering, Meijo University, Tenpaku-ku, 
Nagoya 468, Japan 

M. SHEN and A. T. BELL 
Department of Chemical Engineering, University of California, Berkeley, CA 94720 

Plasma polymerized films have potential applications as die
l ec t r i c s , protective coatings (1,2), and as shown most recently, as 
coatings on the fabrication of pel let target for the use of laser 
nuclear fusion {3). The plasma polymerization method has several 
dis t inct ive features compared to other methods (lf.2)· F o r example, 
many kinds of monomers may be polymerized by this method and i t i s 
possible to make a coating on porous or smooth substrates. Also, 
the properties and morphology of the polymer may be controlled 
rela t ively easily by selecting the discharge conditions such as 
pressure, monomer flow rate, discharge frequency, discharge power 
level and so on. However, i t i s at present not possible to predict 
apriori the desired fi lm properties and the morphology because of 
the very complex polymerization mechanisms, pr inc ipa l ly , due to the 
lack of sufficient experimental data on the relation between d is 
charge phenomena and polymerization mechanism. 

Most of plasma polymerizations have been carried out in the 
frequency range from 50 Hz to 13.56 MHz with using the capacitively 
coupled discharge system (_4,lj5) . For the inductively coupled d i s 
charge system, a frequency of 13.56 MHz was mostly used as a d i s 
charge frequency (17,18). In this paper, the discussion w i l l be 
concentrated on the discharge in the capacitively coupled discharge 
system. 

The polymerization mechanisms have been extensively studied in 
a wide discharge frequency region (4-16). But these studies are 
confined to the rather limited region of pressure, flow rate, d i s 
charge frequency and power level (JL9) . However, there are some 
studies on the effect of the discharge frequency. Taniguchi (<8) 
measured the growth rate in the discharge frequency range from 100 
Hz to 100 KHz. Brown (13,14) studied at several discharge frequen
cies from 3.14 MHz to 14 MHz. Carcano (4) discussed the effects of 
discharge frequency on the plasma polymerization, but he measured 
only the flashover voltage of styrene vapour as a function of d is -

0-8412-0540-X/80/47-121-321$05.00/0 
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c h a r g e f r e q u e n c y f r o m 5 0 H z t o 6 M H z a n d t h e a c t u a l e x p e r i m e n t o n 

t h e p l a s m a p o l y m e r i z a t i o n w a s d o n e a t t h e f r e q u e n c y o f 2 K H z . 

M o s t p l a s m a p o l y m e r i z a t i o n s w e r e d i s c u s s e d b y a n a l y z i n g t h e 

g r o w t h r a t e a s a f u n c t i o n o f a d i s c h a r g e c u r r e n t o r a d i s c h a r g e 

p o w e r l e v e l . T h e d i s c h a r g e c u r r e n t w a s u s e d m o s t l y f o r a p a r a m e t e r 

i n t h e l o w d i s c h a r g e f r e q u e n c y r e g i o n ( 4 - 9 f 1 2 , 1 3 ) , b u t t h e d i s 

c h a r g e p o w e r w a s u s e d i n t h e h i g h d i s c h a r g e f r e q u e n c y r e g i o n ( 1 0 , 1 1 , 

1 4 - 1 8 ) . T h e r e l a t i o n s b e t w e e n t h e g r o w t h r a t e a n d a d i s c h a r g e 

c u r r e n t o r a d i s c h a r g e p o w e r l e v e l w e r e v a r i a b l e f o r e a c h e x p e r i 

m e n t . W h e n t h e g r o w t h r a t e s w e r e p l o t t e d a g a i n s t t h e d i s c h a r g e 

c u r r e n t o r t h e p o w e r l e v e l , t h e c u r v e s w e r e u s u a l l y l i n e a r o r 

c o n v e x ( 4 - 9 , 1 1 - 1 5 , 1 8 ) , b u t c o n c a v e c u r v e s w e r e a l s o o b t a i n e d ( 1 0 , 

1 7 ) . 

I n t h i s s t u d y , t h e p l a s m a p o l y m e r i z a t i o n a n d t h e d i s c h a r g e 

p h e n o m e n a w e r e s t u d i e d a s a f u n c t i o n o f t h e d i s c h a r g e f r e q u e n c y . I n 

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

i n f r a r e d s p e c t r a a n d t h e

f o r t h e s a m p l e s f o r m e d i

E x p é r i m e n t a i s 

A s c h e m a t i c d i a g r a m o f a p p a r a t u s i s s h o w n i n F i g . 1 . F o r t h e 

d i s c h a r g e p o w e r s u p p l y , t h r e e a m p l i f i e r s w e r e u s e d . O n e c o v e r e d 

t h e f r e q u e n c y r a n g e f r o m 4 0 H z t o 2 0 K H z i n a c o n t i n u o u s m a n n e r . 

I t c o n s i s t e d o f a n o s c i l a t o r ( I E C , F 3 3 ) , a n a m p l i f i e r ( B o r g e n , 

M T - 1 2 5 ) a n d a s e t - u p t r a n s f o r m e r . I n o r d e r t o c o n t r o l t h e d i s 

c h a r g e c u r r e n t , v a r i a b l e r e s i s t a n c e w a s i n s e r t e d i n s e r i e s 

b e t w e e n t h e s e t - u p t r a n s f o r m e r a n d t h e r e a c t o r . N e x t o n e c o v e r e d 

t h e r a n g e f r o m 2 0 K H z t o 1 0 M H z . I t c o n s i s t e d o f a n o s c i l a t o r ( H P , 

6 5 1 A ) , t w o a m p l i f i e r s ( E N I , 2 4 0 L ) a n d a s e t - u p t r a n s f o r m e r . T w o 

a m p l i f i e r s w e r e u s e d i n p a r a l l e l r u n . L a s t o n e w a s a v a i l a b l e o n l y 

a t 1 3 . 5 6 M H z a n d i t c o n s i s t e d o f a g e n e r a t o r ( I P C , P M 1 0 4 B ) a n d a n 

i m p e d a n c e m a t c h i n g c i r c u i t . 

A t u b u l a r t y p e r e a c t o r w a s u s e d i n t h i s e x p e r i m e n t a s s h o w n i n 

F i g . 2 . T w o c o p p e r e l e c t r o d e s w i t h a n a r e a o f 1 0 0 c m 2 e a c h w e r e s e t 

i n p a r a l l e l w i t h a g a p o f 3 . 5 c m . I n o r d e r t o d i m i n i s h t h e e d d y 

c u r r e n t i n t h e g a s f l o w , T e f l o n i n s e r t s w e r e s e t i n a t u b u l a r r e 

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

l a t i n g w a t e r . T h e t e m p e r a t u r e o f w a t e r w a s a l m o s t 1 9 ° C t h r o u g h o u t 

t h i s e x p e r i m e n t . 

T h e c a p a c i t a n c e o f a p a r a l l e l e l e c t r o d e s y s t e m w a s a b o u t 3 p F 

i n t h e a i r . T h e i m p e d a n c e o f t h e g l o w d i s c h a r g e w a s e s t i m a t e d t o b e 

t h e o r d e r o f 1 0 Κ Ω i n t h e l o w f r e q u e n c y r e g i o n a n d t h e o r d e r o f 1 

Κ Ω i n t h e h i g h f r e q u e n c y r e g i o n f r o m p r e l i m i n a r y e x p e r i m e n t . T h e 

i m p e d a n c e o f 3 p F a t 5 0 0 K H z i s a b o u t 1 0 0 Κ Ω . T h e r e f o r e , m a t c h i n g 

c i r c u i t w a s u s e d f o r t h e s e d i s c h a r g e s y s t e m s a t t h e h i g h e r f r e q u e n 

c y t h a n 5 0 0 K H z . 

G a s e o u s m o n o m e r o f e t h a n e w a s p u r c h a s e d f r o m t h e M a t h e s o n G a s 

C o . . T h e p l a s m a p o l y m e r i z e d e t h a n e ( P P E ) w a s d e p o s i t e d o n a l u m i n u m 

f o i l s e t o n t h e d i s c h a r g e e l e c t r o d e t h r o u g h o u t t h i s w o r k a n d t h e 
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Figure 1. Diagram of apparatus: (M) monomer reservoir; (F) flow meter; (VG) 
vacuum gage (mercury manometer); (E) electrode; (T) liquid nitrogen trap; (P) 
mechanical pump; (Vj) needle valve; (V2) stop valve; (V3) pressure control valve; 
(OSC) discharge frequency oscillator; (AMP) amplifier; (IMC) impedance match

ing circuit 

Gas 
Inlet 

Copper Electrode To AMP 

Teflon Insert 15.4- teert 2J°^g 

Figure 2. Tubular type reactor (numbers show length of parts in cm) 
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p o l y m e r g r o w t h r a t e w a s o b t a i n e d b y w e i g h i n g . F r o m t h e p r e l i m i n a r y 

e x p e r i m e n t a l r e s u l t s , t h e d i s c h a r g e c o n d i t i o n w a s s e l e c t e d a s a 

p r e s s u r e o f 0 . 5 t o r r , a f l o w r a t e o f 2 0 c m 3 S T P / m i n a n d a p o w e r 

l e v e l o f 1 0 w a t t s . U n d e r t h i s c o n d i t i o n , a l m o s t c o m p l e t e f i l m w a s 

o b t a i n e d i n t h e d i s c h a r g e f r e q u e n c y r a n g e f r o m 5 0 H z t o 1 3 . 5 6 M H z . 

T h e d i s c h a r g e v o l t a g e a n d c u r r e n t w e r e m e a s u r e d w i t h a V T V M 

( H P , 4 1 0 B ) b y u s i n g v o l t a g e d i v i d e r a n d s e r i e s r e s i s t a n c e i n 

c i r c u i t , w h i c h w e r e c a r e f u l l y d e s i g n e d a t t h e h i g h f r e q u e n c y i n 

o r d e r t o m i n i m i z e t h e e f f e c t o f s t r a y c a p a c i t a n c e . H o w e v e r , t h e 

d i s c h a r g e v o l t a g e a n d c u r r e n t w e r e n o t m e a s u r e d a t t h e h i g h e r 

f r e q u e n c y t h a n 2 M H z b e c a u s e o f t h e f r e q u e n c y l i m i t o f m e a s u r i n g 

c i r c u i t . T h e w a v e s h a p e s o f v o l t a g e a n d c u r r e n t a n d t h e p h a s e s h i f t 

b e t w e e n t h e m w e r e o b s e r v e d b y a n o s c i l o s c o p e . T h e w a v e s h a p e s w e r e 

n o t s i n e w a v e s , e s p e c i a l l y i n t h e l o w d i s c h a r g e f r e q u e n c y r e g i o n , 

b u t t h e p h a s e s h i f t w a s n e g l i g i b l y s m a l l . I n o r d e r t o c o n f i r m t h e 

v a l u e o f d i s c h a r g e c u r r e n t m e a s u r e d b y a V T V M , a t h e r m o c o u p l e t y p e 

c u r r e n t m e t e r w a s u s e d i

F o r t h e s a m e d i s c h a r g e c u r r e n

m e t h o d s , t h e g r o w t h r a t e o f t h e p o l y m e r i z a t i o n w a s l a r g e r f o r t h e 

e x p e r i m e n t b y u s i n g a t h e r m o c o u p l e t y p e c u r r e n t m e t e r t h a n t h a t b y 

u s i n g a V T V M . B u t t h e d i f f e r e n c e b e t w e e n t h e m w a s w i t h i n a b o u t 1 0 

% e r r o r o f t h a t b y a t h e r m o c o u p l e t y p e c u r r e n t m e t e r i n o u r e x p e r i 

m e n t a l c o n d i t i o n . T h e r e f o r e , t h e V T V M w a s u s e d t h r o u g h o u t t h i s 

e x p e r i m e n t i n s t e a d o f a t h e r m o c o u p l e t y p e c u r r e n t m e t e r . 

T h e P P E f i l m s f o r t h e i n f r a r e d s p e c t r a m e a s u r e m e n t w e r e f o r m e d 

o n N a C l o r K C 1 c r y s t a l s a t t h r e e d i f f e r e n t d i s c h a r g e f r e q u e n c i e s . 

F o r t h e d i s c h a r g e f r e q u e n c i e s o f 1 K H z a n d 1 0 0 K H z , t h e t w o f i l m s 

w e r e p o l y m e r i z e d a t 0 . 5 t o r r , 2 0 c m 3 S T P / m i n a n d 1 0 w a t t s . A n o t h e r 

o n e w a s p r e p a r e d a t 1 3 . 5 6 M H z , 2 . 0 t o r r , 2 0 c m 3 S T P / m i n a n d 5 0 

w a t t s . I n f r a r e d s p e c t r a w e r e r e c o r d e d w i t h a P e r k i n - E l m e r M o d e l 1 3 7 

S p e c t r o m e t e r . 

F o r t h e d i e l e c t r i c l o s s m e a s u r e m e n t b y a b r i d g e ( A n d o C o . T R -

1 0 C ) , m e t a l - P P E - m e t a l s a n d w i c h s p e c i m e n s w e r e p r e p a r e d o n t h e s i l i c o n 

d i o x i d e s u b s t r a t e ( C o r n i n g 7 0 5 9 ) . E v a p o r a t e d a l u m i n u m w a s u s e d a s 

a m e t a l e l e c t r o d e . T h e P P E f i l m f o r t h e u s e o f d i e l e c t r i c m e a s u r e 

m e n t w a s f o r m e d w i t h t h e d i s c h a r g e e l e c t r o d e w h o s e s u r f a c e a r e a 

w a s 2 6 c m 2 a n d t h e r e m a i n d e r o f t h e e l e c t r o d e w a s c o v e r e d b y t h e 

T e f l o n p l a t e . T w o k i n d s o f s a m p l e s w e r e p r e p a r e d f o r t h i s e x p e r i 

m e n t . O n e o f t h e m w a s f o r m e d a t 5 K H z , 0 . 5 t o r r , 2 0 c m 3 S T P / m i n a n d 

5 w a t t s . T h e o t h e r w a s f o r m e d a t 1 3 . 5 6 M H z , 0 . 5 t o r r , 4 0 c m 3 S T P / m i n 

a n d 2 5 w a t t s . 

R e s u l t s 

T h e e f f e c t s o f d i s c h a r g e f r e q u e n c y o n t h e p o l y m e r g r o w t h 

r a t e w e r e s t u d i e d a t a p r e s s u r e o f 0 . 5 t o r r , a f l o w r a t e o f 2 0 

c m 3 S T P / m i n a n d a p o w e r l e v e l o f 1 0 w a t t s . A l l o t h e r p a r a m e t e r s 

r e m a i n e d c o n s t a n t . T h e g r o w t h r a t e s w e r e p l o t t e d i n t h e f r e q u e n c y 

r a n g e f r o m 5 0 H z t o 1 3 . 5 6 M H z a s s h o w n i n F i g . 3 ( a ) . T h e f r e q u e n c y 

d e p e n d e n c e o n g r o w t h r a t e m a y b e d i v i d e d i n t o t h r e e r e g i o n s o f d i s -
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Figure 3. Effect of discharge frequency on the growth rate of pfosma-polymer-
ized ethane and the discharge voltage and current of ethane at 0.5 torr, 20 cm3 

STP/min, and 10 W at room temperature: (a) growth rate; (h) discharge voltage 
and current 
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c h a r g e f r e q u e n c y . I n t h e f r e q u e n c y r a n g e f r o m 5 0 H z t o 5 0 K H z 

( R e g i o n I ) f t h e d e p o s i t i o n r a t e i n c r e a s e d w i t h i n c r e a s i n g f r e q u e n c y 

u p t o a p p r o x i m a t e l y 5 K H z a n d d e c r e a s e d f r o m 5 K H z t o 5 0 K H z . T h e 

d e p o s i t i o n r a t e s w e r e 3 . 5 y g / c m 2 / m i n a n d 5 . 0 y g / c m 2 / m i n a t 5 0 H z 

a n d 5 K H z r e s p e c t i v e l y . I n t h e f r e q u e n c y r a n g e f r o m 5 0 K H z t o 6 M H z 

( R e g i o n I I ) , t h e d e p o s i t i o n r a t e i n c r e a s e d w i t h i n c r e a s i n g f r e q u e n 

c y u p t o a p p r o x i m a t e l y 6 0 0 K H z a n d d e c r e a s e d f r o m t h i s f r e q u e n c y 

t o 6 M H z . T h e d e p o s i t i o n r a t e s w e r e 3 . 0 y g / c m 2 / m i n a n d 4 . 2 y g / c m 2 / 

m i n a t 5 0 K H z a n d 6 0 0 K H z r e s p e c t i v e l y . I n t h e h i g h f r e q u e n c y 

r e g i o n a b o v e 6 M H z ( R e g i o n I I I ) , t h e d e p o s i t i o n r a t e w a s a l m o s t 

c o n s t a n t . T h e d e p o s i t i o n r a t e w a s 0 . 4 - 0 . 5 y g / c m 2 / m i n a n d t h i s v a l u e 

i s a l m o s t o n e o r d e r s m a l l e r c o m p a r e d t o t h o s e i n r e g i o n I a n d I I . 

T h e e f f e c t s o f d i s c h a r g e f r e q u e n c y o n t h e d i s c h a r g e v o l t a g e 

a n d c u r r e n t w e r e m e a s u r e d s i m u l t a n e o u s l y w h e n t h e g r o w t h r a t e w a s 

o b t a i n e d , a n d t h e r e s u l t s a r e s h o w n i n F i g . 3 ( b ) . T h e d i s c h a r g e 

v o l t a g e w a s a l m o s t c o n s t a n t i n t h e f r e q u e n c y r a n g e f r o m 5 0 H z t o 

2 0 0 K H z , b u t d e c r e a s e d w i t

t h e o t h e r h a n d , t h e d i s c h a r g

a t a c o n s t a n t d i s c h a r g e p o w e r l e v e l o f 1 0 w a t t s . 

T h e f o r m o f d e p o s i t e d p o l y m e r u s u a l l y d e p e n d s o n t h e d i s c h a r g e 

c o n d i t i o n ( 1 6 , 2 1 - 2 3 ) . I n r e g i o n I a n d I I , m o s t d e p o s i t e d p o l y m e r s 

w e r e c r a c k e d o r p o w d e r l i k e f i l m s w h o s e c o l o u r w a s y e l l o w o r d a r k 

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

c h a r g e c u r r e n t a n d l o w p r e s s u r e r e g i o n . I n r e g i o n I I I , a t r a n s 

p a r e n t o r a y e l l o w f i l m w a s o b t a i n e d i n t h e r e l a t i v e l y w i d e d i s 

c h a r g e p a r a m e t e r r a n g e . 

T h e i n f r a r e d a b s o r p t i o n s p e c t r a a r e s h o w n i n F i g . 4 f o r t h e 

f i l m w h i c h w a s p o l y m e r i z e d a t a f r e q u e n c y o f 1 3 . 5 6 M H z a n d w h o s e 

t h i c k n e s s w a s 2 . 0 2 y m . T h e r e l a t i v e l y l a r g e a b s o r p t i o n s o f p e a k s 

w e r e o b s e r v e d a t 3 . 4 y m , 6 . 9 y m a n d 7 . 3 y m a n d t h e w e a k a b s o r p t i o n 

b a n d w a s a l s o a d m i t t e d i n t h e w a v e l e n g t h r e g i o n o v e r 8 y m i n c o m -

p a r i s i o n w i t h t h a t o f K C 1 c r y s t a l . T h e i n f r a r e d a b s o r p t i o n s a t 

p h o t o n o f 1 0 . 6 y m w e r e p l o t t e d a g a i n s t t h e d i s c h a r g e f r e q u e n c y a s 

s h o w n i n F i g . 5 . T h e r e l a t i v e a b s o r p t i o n p e r t h i c k n e s s w a s l a r g e r 

f o r t h e s a m p l e f o r m e d i n t h e d i s c h a r g e f r e q u e n c y i n t h e r e g i o n I 

a n d I I t h a n t h a t f o r m e d i n t h e r e g i o n I I I . 

T h e e x p e r i m e n t a l r e s u l t s o f t a n o a r e s h o w n i n F i g . 6 a n d 7 , 

f o r t h e s a m p l e s f o r m e d a t 5 K H z a n d 1 3 . 5 6 M H z , r e s p e c t i v e l y . F o r 

b o t h s a m p l e s , a r e l a t i v e l y l a r g e l o s s p e a k w a s o b s e r v e d a t a b o u t 

- 3 0 ° C f o r 1 K H z . T h e d i f f e r e n c e i n d i e l e c t r i c l o s s b e t w e e n t h e 

t w o s a m p l e s w a s a d m i t t e d a t t h e h i g h e r t e m p e r a t u r e r e g i o n t h a n 6 0 

° C . F o r t h e s a m p l e f o r m e d a t 5 K H z , t h e d i e l e c t r i c l o s s w a s a l m o s t 

c o n s t a n t i n t h e h i g h t e m p e r a t u r e r e g i o n . H o w e v e r , f o r t h e s a m p l e 

f o r m e d a t 1 3 . 5 6 M H z i t i n c r e a s e d w i t h i n c r e a s i n g t e m p e r a t u r e i n t h e 

s a m e t e m p e r a t u r e r e g i o n . 

D i s c u s s i o n s 

D i s c h a r g e P h e n o m e n a i n t h e O r g a n i c G a s . I n d i s c u s s i n g t h e 

d i s c h a r g e p h e n o m e n a , t h e d i f f e r e n c e o f t h e d e f i n i t i o n b e t w e e n t h e 
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Figure 4. IR spectrum for plasma-polymerized ethane at 13.56 MHz, 2.0 torr, 
20 cm3STP/min, and 50 W: ( ) plasma-polymerized ethane on KCl (2.02 ̂ m); 

( ) KCl crystal 
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Figure 5. IR absorption at photon of 10.6 ^m vs. the discharge frequency used 
for film formation: (%) polymerized at 0.5 torr, 20 cm3STP/min, and 10 W; (A) 

polymerized at 2.0 torr, 20 cm3STP/min, and 10 W 
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Figure 6. Plot of tan δ vs. temperature for plasma-polymerized ethane formed at 
0.5 torr, 20 cm3STP/min, 5 W, and KHz. Film thickness was 820 Α. (Φ) Mea

sured at 1 KHz and (χ) measured at 10 KHz. 
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Figure 7. Plot of tan δ vs. temperature for plasma-polymerized ethane formed at 
0.5 torr, 40 cm3STP/min, 25 W, and 13.56 MHz. Film thickness was 9460 Α. (Φ) 

Measured at 1 KHz; (O) measured at 3 KHz; and (X) measured at 10 KHz. 

In Modification of Polymers; Carraher, C., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



21. MORiTA ET AL. Pfosma Polymerization of Ethane 329 
f l a s h o v e r v o l t a g e (A) a n d t h e d i s c h a r g e v o l t a g e m u s t b e d e l i n e a t e d . 

T h e f l a s h o v e r v o l t a g e i s d e f i n e d a s t h e m a x i m u m v o l t a g e a t w h i c h 

t h e d i s c h a r g e i n i t i a t e d a n d t h e d i s c h a r g e v o l t a g e i s a s t h a t w h e n 

t h e s t e a d y s t a t e d i s c h a r g e i s o b t a i n e d . U n t i l n o w , m o s t d i s c u s s i o n s 

w e r e c o n c e n t r a t e d o n t h e p h e n o m e n a o f f l a s h o v e r v o l t a g e . N u m e r o u s 

e x p e r i m e n t a l r e s u l t s w e r e p r e s e n t e d i n t h e s e d i s c u s s i o n s . T a k e d a 

( 2 4 ) a n d M u e h e (25) s u m m a r i z e d t h e e f f e c t s o f d i s c h a r g e f r e q u e n c y 

o n t h e f l a s h o v e r v o l t a g e f o r a i r a n d i n o r g a n i c g a s e s . H o w e v e r , 

t h e r e i s o n l y l i m i t e d l i t e r a t u r e d a t a o n t h e d i s c h a r g e v o l t a g e i n 

t h e w i d e d i s c h a r g e f r e q u e n c y r a n g e , e s p e c i a l l y f o r t h e d i s c h a r g e 

p h e n o m e n a i n o r g a n i c g a s e s . 

F r o m o u r e x p e r i m e n t a l r e s u l t s , i t w a s s h o w n t h a t t h e d i s c h a r g e 

v o l t a g e w a s a l m o s t c o n s t a n t i n t h e f r e q u e n c y r a n g e f r o m 5 0 H z t o 

2 0 0 K H z . T h i s m e a n s t h a t t h e d i s c h a r g e i s m a i n t a i n e d b y t h e s a m e 

i o n i z a t i o n m e c h a n i s m i n t h i s f r e q u e n c y r a n g e . A b o v e 2 0 0 K H z , t h e 

d i s c h a r g e v o l t a g e d e c r e a s e d w i t h i n c r e a s i n g d i s c h a r g e f r e q u e n c y . 

T h e i m p l i c a t i o n i s t h a t h e r

o p e r a t i v e . 

I n t h e l o w d i s c h a r g e f r e q u e n c y r e g i o n , t h e d i s c h a r g e p h e n o m e 

n a i n a i r a n d i n o r g a n i c g a s e s a r e b a s i c a l l y t h e s a m e a s i n d c d i s 

c h a r g e a s l o n g a s t h e i o n a n d / o r e l e c t r o n i n e r t i a a r e n o t e f f e c t i v e 

i n t h e c h a r g e t r a n s p o r t a t i o n . T h e e l e c t r o n w i l l b e i n j e c t e d f r o m 

t h e c a t h o d e b y t h e p o s i t i v e i o n b o m b a r d m e n t a n d / o r t h e p h o t o n 

a b s o r p t i o n . T h i s e f f e c t i s k n o w n a s γ e f f e c t ( . 2 4 ) . T h e r e i s a 

s i g n i f i c a n t d i f f e r e n c e i n t h e d i s c h a r g e p h e n o m e n a b e t w e e n e t h a n e 

a n d a i r . I n t h e c a s e o f e t h a n e , t h e d i s c h a r g e e l e c t r o d e w i l l b e 

c o a t e d b y t h e i n s u l a t i n g p o l y m e r a s s o o n a s t h e d i s c h a r g e i s i n i t i 

a t e d . A s l o n g a s t h e f i l m i s t h i n e r t h a n 1 0 0 A , t h e e l e c t r o n m a y 

b e i n j e c t e d b y t h e t u n n e l e f f e c t f r o m t h e c a t h o d e a n d t h e c o n t i n u 

o u s d i s c h a r g e w i l l b e o b t a i n e d . B u t , i f t h e f i l m b e c o m e s t h i c k e r 

t h a n 1 0 0 A , t h e d i s c h a r g e w i l l b e s t o p p e d b e c a u s e t h e e l e c t r o n 

i n j e c t i o n w i l l b e f o r b i d d e n . I f t h e h i g h e r v o l t a g e i s a p p l i e d a t 

t h a t t i m e , t h e e l e c t r i c a l b r e a k d o w n o f t h e f i l m w i l l o c c u r i n 

o r d e r t o c o n t i n u e t h e d i s c h a r g e . T h e a b o v e h y p o t h e s i s w a s c o n f i r m e d 

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

d i s c h a r g e w a s o b s e r v e d f o r a c e r t a i n d u r a t i o n a f t e r t h e d i s c h a r g e 

i n i t i a t e d , b u t t h e e l e c t r i c a l b r e a k d o w n o f t h e f i l m o c c u r s a f t e r 

a c e r t a i n p e r i o d o f t h e d i s c h a r g e . H o w e v e r , i n a l i m i t e d d i s c h a r g e 

c o n d i t i o n , t h e c o n t i n u o u s d i s c h a r g e w i t h o u t a b r e a k d o w n o f t h e 

f i l m w a s o b t a i n e d a l s o . T h e l i m i t e d m a x i m u m d i s c h a r g e c u r r e n t i s a 

f u n c t i o n o f d i s c h a r g e f r e q u e n c y a n d t h e b r e a k d o w n s t r e n g t h o f t h e 

f i l m . T h e l i m i t e d c u r r e n t i n c r e a s e s w i t h i n c r e a s i n g d i s c h a r g e 

f r e q u e n c y a n d t h e b r e a k d o w n s t r e n g t h o f t h e f i l m (26). 

T h e r e f o r e , i t m u s t b e s u p p o s e d t h a t t h e c o n t i n u o u s e l e c t r o n 

e m i s s i o n f r o m t h e s u r f a c e o f i n s u l a t i n g f i l m o n t h e c a t h o d e w i l l 

b e e x i s t e d b y t h e i o n b o m b a r d m e n t . T h e w o r k f u n c t i o n f o r t h e 

e l e c t r o n e m i s s i o n f r o m t h e s u r f a c e o f i n s u l a t i n g f i l m m a y b e 

l a r g e r t h a n t h a t f r o m t h e m e t a l s u r f a c e . T h u s t h e c a t h o d e f a l l i n 

f r o n t o f t h e i n s u l a t i n g f i l m m u s t b e l a r g e r t h a n t h a t o f m e t a l 

s u r f a c e . A t a h i g h d i s c h a r g e f r e q u e n c y w h e r e t h e i n e r t i a o f a n 
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e l e c t r o n i s e f f e c t i v e f o r t h e c h a r g e t r a n s p o r t a t i o n b e t w e e n t h e 

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

i n o r d e r t o s u s t a i n t h e d i s c h a r g e c u r r e n t . T h u s , t h e e l e c t r o n 

m u l t i p l i c a t i o n i n g a s p h a s e b e c o m e s s i g n i f i c a n t . F o r t h i s d i s 

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

w i l l c o n t i n u e w i t h o u t e l e c t r o n e m i s s i o n f r o m t h e c a t h o d e . T h e r e 

f o r e , t h e d i s c h a r g e v o l t a g e b e c o m e s s m a l l c o m p a r e d t o t h a t i n t h e 

l o w d i s c h a r g e f r e q u e n c y r a n g e . T h e e f f e c t o f i n s u l a t i n g f i l m o n 

t h e e l e c t r o d e n e e d s n o t b e c o n s i d e r e d a f t e r t h e d i s c h a r g e i n i t i -

P o l y m e r i z a t i o n M e c h a n i s m i n R e g i o n I . T h e e f f e c t o f d i s c h a r g e 

f r e q u e n c y o n t h e p o l y m e r g r o w t h r a t e s h o w e s d i f f e r e n t f e a t u r e s 

c o m p a r e d t h a t o f d i s c h a r g e v o l t a g e . T h e p o l y m e r g r o w t h r a t e m a i n l y 

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

a n f f r e e r a d i c a l s , w h i l e t h e d i s c h a r g e v o l t a g e p r i n c i p a l l y i s a 

f u n c t i o n o f t h e e n e r g y o

c h a r g e f r e q u e n c y o n t h e

r e g i o n s o f I , I I a n d I I I . F r o m t h e c o n s i d e r a t i o n o f t h e d i s c h a r g e 

p h e n o m e n a , i t m a y b e i n f e r r e d t h a t t h r e e r e g i o n s r e s u l t f r o m t h e 

b e h a v i o r o f c h a r g e d p a r t i c l e s . I n t h e c a s e o f d c d i s c h a r g e i n 

o r g a n i c g a s , t h e p o l y m e r w a s d e p o s i t e d m o s t l y o n t h e c a t h o d e . 

T h e f i l m g r o w t h o n t h e a n o d e w a s n e g l i g i b l y s m a l l . T h i s f a c t 

s u g g e s t s t h a t t h e p o l y m e r i z a t i o n i s c a u s e d o n t h e p o s i t i v e i o n 

b o m b a r d m e n t t o t h e c a t h o d e ( 4 , 2 6 ) 

I n r e g i o n I , p o l y m e r i z a t i o n m a y b e i n i t i a t e d b y i o n b o m b a r d 

m e n t a n d t h e d e p o s i t i o n r a t e m a y b e p r o p o t i o n a l t o t h e n u m b e r o f 

i o n s ( 2 7 ) . I n t h i s s t u d y , t h e d i s c h a r g e c u r r e n t w a s a l m o s t c o n s t a n t 

i n t h e d i s c h a r g e f r e q u e n c y r e g i o n f r o m 5 0 H z t o 2 0 0 K H z . I f t h e 

e f f e c t i v e d i s c h a r g e c u r r e n t i s I a n d t h e s h a p e o f d i s c h a r g e c u r r e n t 

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

e l e c t r o d e m a y b e c a l c u l a t e d b y t h e f o l l o w i n g e q u a t i o n : 

T h i s e q u a t i o n i s n o t a f u n c t i o n o f t h e d i s c h a r g e f r e q u e n c y . H o w e v e r , 

t h e a c t u a l g r o w t h r a t e w a s a f u n c t i o n o f t h e f r e q u e n c y . I n o r d e r 

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

i n t r o d u c e d . I n t h e d c d i s c h a r g e , t h e c a t h o d e f a l l i s f o r m e d i n 

f r o n t o f t h e c a t h o d e . I n t h e c a t h o d e f a l l r e g i o n , e l e c t r o n s a r e 

m u l t i p l i e d i n t h e h i g h e l e c t r i c f i e l d a n d p o s i t i v e i o n s a r e f o r m e d 

s i m u l t a n e o u s l y . A s l o n g a s a c o n t i n u o u s d c d i s c h a r g e i s s u s t a i n e d , 

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

H o w e v e r , i n a n a c d i s c h a r g e , t h e p o s i t i v e i o n s i n t h e c a t h o d e f a l l 

w i l l d i s a p p e a r d i n e a c h h a l f c y c l e o f t h e d i s c h a r g e f r e q u e n c y . 

T h e d i s a p p e a r e d p o s i t i v e i o n s m i g h t b e r e c o m b i n e d w i t h e l e c t r o n s 

i n g a s p h a s e o r d i f f u s e d t o t h e e l e c t r o d e s a n d t h e w a l l o f r e a c t o r 

v e s s e l , w h e r e i o n s w a s r e c o m b i n e d w i t h e l e c t r o n s . T h e s e p o s i t i v e 

a t i o n . 

Τ 

0 

( D 
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i o n s f w h i c h f o r m e d p o s i t i v e s p a c e c h a r g e i n f r o n t o f t h e c a t h o d e , 

m a y a l s o c o n t r i b u t e t o t h e p o l y m e r i z a t i o n o n t h e d i s c h a r g e 

e l e c t r o d e ( 2 7 ) . 

T h i s c o n t r i b u t i o n w i l l b e c a l c u l a t e d . A s s u m i n g t h a t t h e 

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

t h e d i s t a n c e f r o m t h e c a t h o d e , f o l l o w i n g e q u a t i o n c a n b e o b t a i n e d . 

Ε = | û - ( d - x ) ( 2 ) 

w h e r e Ε = t h e e l e c t r i c f i e l d i n c a t h o d e f a l l r e g i o n 

E 0 = t h e m a x i m u m e l e c t r i c f i e l d n e a r t h e c a t h o d e 

d = t h e w i d t h o f t h e c a t h o d e f a l l r e g i o n 

χ = t h e d i s t a n c e f r o m t h e c a t h o d e . 

F r o m P o i s s o n 1 s e q u a t i o n i n o n e d i m e n t i o n , t h e c h a r g e d i s t r i b u t i o n 

i s d e f i n e d b y 

3E E n _ e n + o . . / o x 

7Γ- = - - r * - = - — ^ = c o n s t a n t ( 3 ) 
ox d εο 

w h e r e e = t h e e l e c t r i c c h a r g e s o f i o n 

n + o = t h e n e t i o n d e n s i t y . 

T h e n , 

d E d x = ^ E V c ( 4 ) 

j 0 

w h e r e V c = t h e c a t h o d e f a l l w h i c h i s a l m o s t s a m e a s t h e a p p l i e d 

v o l t a g e b e t w e e n t h e e l e c t r o d e s . 

T h e n u m b e r o f i o n s i n t h e c a t h o d e f a l l r e g i o n m a y b e c a l c u l a t e d b y 

f o l l o w i n g e q u a t i o n : 

N + o - n + 0 d - d - e £ w ( 5 ) . 

P a r t o f t h e s p a c e c h a r g e w i l l a r r i v e o n t h e d i s c h a r g e e l e c t r o d e 

a n d c o n t r i b u t e t o t h e p o l y m e r i z a t i o n . T h e c o n t r i b u t i o n o f t h e s p a c e 

c h a r g e t o t h e p o l y m e r i z a t i o n w i l l b e c o m e 

A f N + o = 2 A - ^ 7 C f ( 6 ) 
e d 

w h e r e Δ i s a c o n t r i b u t i o n r a t i o o f s p a c e c h a r g e o n t h e c a t h o d e . I t 

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

t h e r e a c t o r a n d s o o n . T h e c a l c u l a t e d v a l u e i s a l i n e a r f u n c t i o n 

o f t h e d i s c h a r g e f r e q u e n c y . A c t u a l g r o w t h r a t e i s p r o p o r t i o n a l t o 

t h e s u m m a t i o n o f t h e / 2 I / i ï e a n d A f N + o -

A t h i g h e r f r e q u e n c i e s , a l l o f t h e i o n s f o r m e d i n g a s p h a s e 

c a n n o t a r r i v e a t t h e c a t h o d e w i t h i n a h a l f c y c l e b e c a u s e o f t h e 

i n e r t i a l e f f e c t o f i o n s . T h e g r o w t h r a t e b e g i n s t o d e c r e a s e a t t h e 
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f r e q u e n c y w h e r e t h e i n e r t i a l e f f e c t o f i o n s i s e f f e c t i v e . T h e 

n u m b e r o f i o n s w h i c h w i l l a r r i v e a t t h e c a t h o d e i n a h a l f c y c l e i s 

c a l c u l a t e d b y 

N c = n + v + 2 ^ ( 7 ) 

w h e r e n + = t h e m e a n c h a r g e d e n s i t y o f i o n 

v + = t h e m e a n d r i f t v e l o c i t y o f i o n 

N c = t h e n u m b e r o f i o n s w h i c h w i l l a r r i v e t o t h e c a t h o d e i n 

a h a l f c y c l e . 

N c i s a f u n c t i o n o f r e v e r s e o f f r e q u e n c y . I n t h e l o w f r e q u e n c y 

r e g i o n , m o s t i o n s w i l l a r r i v e t o t h e c a t h o d e i n a h a l f c y c l e o f 

t h e d i s c h a r g e f r e q u e n c y . T h e l o w f r e q u e n c y w a s d e f i n e d a s f o l l o w s , 

v + 2 i > A or

w h e r e Λ = 7TL a n d L i s a g a p l e n g t h b e t w e e n t h e e l e c t r o d e s . A t t h e 

h i g h e r f r e q u e n c y t h a n f = ν + / 2 Λ , s o m e p a r t s o f i o n s f o r m e d i n a 

h a l f c y c l e c a n n o t a r r i v e a t t h e c a t h o d e a n d m o s t i o n s l e a v e a s 

s p a c e c h a r g e i n g a s p h a s e . 

F r o m t h e a b o v e c a l c u l a t i o n s , t h e d i s c h a r g e f r e q u e n c y e f f e c t 

o n t h e g r o w t h r a t e o f t h e f i l m c a n b e e x p l a i n e d q u a l i t a t i v e l y . 

F r o m t h e f r e q u e n c y a t t h e m a x i m u m g r o w t h r a t e t h a t w a s o b t a i n e d i n 

r e g i o n I , m e a n d r i f t v e l o c i t y o f i o n i s c a l c u l a t e d a s v + = 2fA = 
0 ) L = l . l x l O 5 c m / s e c . T h i s v a l u e o f m e a n d r i f t v e l o c i t y i s n o t 

u n r e a s o n a b l e c o m p a r e d t o t h o s e w h i c h w e r e o b s e r v e d f o r a i r a n d 

i n o r g a n i c g a s e s (28). 

P o l y m e r i z a t i o n M e c h a n i s m i n R e g i o n I I . I n r e g i o n I I , t h e 

c h a r g e d i s t r i b u t i o n i n t h e d i s c h a r g e a n d i t s f l u c t u a t i o n i n a n 

a l t e r n a t i v e e l e c t r i c f i e l d a r e n o t k n o w n e x a c t l y . A c c o r d i n g t o 

A s a m i (28), t h e t w o t y p e s o f d i s c h a r g e w e r e o b s e r v e d i n t h e 

f r e q u e n c y r a n g e f r o m 30 K H z t o 5.08 M H z . T h e t y p e o f d i s c h a r g e 

d e p e n d s o n t h e d i s c h a r g e c u r r e n t . O n e o f t h e m w a s t h e l o w f r e q u e n 

c y t y p e w h i c h w a s s a m e a s t h e g l o w d i s c h a r g e o b s e r v e d i n t h e l o w 

f r e q u e n c y r e g i o n . A n o t h e r o n e w a s t h e h i g h f r e q u e n c y t y p e w h i c h 

h a d p o s i t i v e c o l u m n s o n l y . T h e h i g h f r e q u e n c y t y p e g l o w d i s c h a r g e 

w a s o b s e r v e d a t l o w d i s c h a r g e c u r r e n t . T h e l o w f r e q u e n c y t y p e g l o w 

d i s c h a r g e w a s o b s e r v e d a t l a r g e d i s c h a r g e c u r r e n t . T h e d i s c h a r g e 

v o l t a g e o f t h e l o w f r e q u e n c y t y p e g l o w d i s c h a r g e w a s a l m o s t 

c o n s t a n t i n t h e f r e q u e n c y r a n g e o f t h e e x p e r i m e n t . B u t , t h e d i s 

c h a r g e v o l t a g e o f t h e h i g h f r e q u e n c y t y p e g l o w d i s c h a r g e d e c r e a s e d 

w i t h i n c r e a s i n g f r e q u e n c y i n t h e s a m e f r e q u e n c y r a n g e . O n t h e b a s i s 

o f A s a m i ' s e x p e r i m e n t a l r e s u l t s , t h e t y p e o f d i s c h a r g e i n r e g i o n I I 

i s p r e s u m a b l y t h e l o w f r e q u e n c y t y p e . 

I f t h e g r o w t h r a t e o f t h e f i l m i s d e p e n d i n g o n t h e n u m b e r o f 

i o n o n l y , t h e g r o w t h r a t e w i l l d e c r e a s e c o n t i n u o u s l y w i t h i n 

c r e a s i n g f r e q u e n c y i n r e g i o n I I . B u t , t h e a c t u a l g r o w t h r a t e 
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i n c r e a s e d w i t h i n c r e a s i n g f r e q u e n c y f r o m 5 K H z t o 6 0 0 K H z a n d 

d e c r e a s e d f r o m 6 0 0 K H z t o 6 M H z . T h i s f a c t n e e d s t o b e e x p l a i n e d 

b y a n o t h e r m e c h a n i s m o f p o l y m e r i z a t i o n . I n o r d e r t o s u s t a i n t h e 

l o w f r e q u e n c y t y p e d i s c h a r g e , e l e c t r o n s m u s t b e i n j e c t e d f r o m t h e 

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

m o s t o f t h e i o n s w i l l b e i n t h e g a s p h a s e i n t h e r e g i o n I I . 

H o w e v e r t h e c a t h o d e w i l l b e b o m b a r d e d b y v e r y s m a l l p a r t o f i o n s 

t h a t a r e l e a v e d n e a r t h e c a t h o d e , i n o r d e r t o s u s t a i n t h e d i s c h a r g e 

b y γ e f f e c t . T h e s e s p e c u l a t i o n s m a y b e s u p p o r t e d b y t h e e x p e r i m e n t 

o f t h e d i s c h a r g e v o l t a g e . I n t h i s f r e q u e n c y r a n g e , t h e d i s c h a r g e 

v o l t a g e w a s a l m o s t t h e s a m e a s t h a t i n r e g i o n I . O n t h e o t h e r h a n d , 

e l e c t r o n s c a n b e t r a n s f e r r e d t o t h e a n o d e w i t h i n a h a l f c y c l e o f 

d i s c h a r g e f r e q u e n c y a n d f o r m t h e s p a c e c h a r g e o f e l e c t r o n n e a r t h e 

a n o d e . I n t h e c a s e o f t h e d i s c h a r g e i n a i r , e l e c t r o n s w i l l b e 

i n j e c t e d i n t h e a n o d e e a s i l y b e c a u s e t h e r e a r e n o t i n s u l a t i n g f i l m 

o n t h e a n o d e . B u t i n t h e c a s e o f o r g a n i c v a p o u r , t h e e l e c t r o d e s 

a r e c o a t e d b y i n s u l a t i n

b i n e d o n t h e a n o d e s o t h a

f o r m e d n e a r t h e a n o d e . T h e s e e l e c t r o n s w i l l a l s o c o n t r i b u t e t o t h e 

p o l y m e r i z a t i o n . A t f i r s t , t h e g r o w t h r a t e w i l l i n c r e a s e w i t h 

i n c r e a s i n g f r e q u e n c y a s d i s c u s s e d f o r t h e i o n i n r e g i o n I a n d i t 

w i l l d e c r e a s e w h e n t h e i n e r t i a l e f f e c t o f e l e c t r o n i s e f f e c t i v e . 

F r o m t h e f r e q u e n c y a t t h e m a x i m u m g r o w t h r a t e i n r e g i o n I I , t h e 

m e a n d r i f t v e l o c i t y o f t h e e l e c t r o n c a n b e c a l c u l a t e d a s v e = 2fA = 
6 . 3 x l 0 6 c m / s e c . T h i s v a l u e i s c o m p a r a b l e t o t h o s e o b s e r v e d i n a i r 

a n d i n o r g a n i c g a s e s (28) . 

P o l y m e r i z a t i o n M e c h a n i s m i n R e g i o n I I I . I n r e g i o n I I I , a l l 

t h e e l e c t r o n s c a n n o t b e t r a n s p o r t e d t o t h e a n o d e i n a h a l f c y c l e 

o f t h e d i s c h a r g e f r e q u e n c y . A p o s s i b l e c h a r g e t r a n s p o r t a t i o n 

m e c h a n i s m i s a n a m b i p o l a r d i f f u s i o n o f i o n a n d e l e c t r o n p a i r s w h i c h 

w i l l c a u s e p o l y m e r i z a t i o n . T h e d i f f u s i o n o f f r e e r a d i c a l s m a y a l s o 

c o n t r i b u t e t o t h e p o l y m e r i z a t i o n . I n o u r e x p e r i m e n t , t h e c o n t r i 

b u t i o n o f t h e s e t w o m e c h a n i s m s c a n n o t b e d i s t i n g u i s h e d b e c a u s e t h e 

i o n a n d e l e c t r o n p a i r s b e h a v e a s n e u t r a l g a s e s . 

C h a r g e E x c h a n g e o n t h e S u r f a c e o f D i s c h a r g e E l e c t r o d e . I n 

g e n e r a l , t h e p o l y m e r i z a t i o n p r o c e s s i n p l a s m a m a y b e d i v i d e d i n t o 

t h r e e p r o c e s s e s , i . e . t h e i o n i z a t i o n o f m o n o m e r , t h e t r a n s p o r 

t a t i o n o f a c t i v e p a r t i c l e s a n d p o l y m e r i z a t i o n . I n a c e r t a i n d i s 

c h a r g e c o n d i t i o n , t h e p o l y m e r i z a t i o n w a s s u p p o s e d t o o c c u r i n g a s 

p h a s e a n d p o w d e r l i k e p o l y m e r s w e r e o b t a i n e d . I n o u r e x p e r i m e n t a l 

c o n d i t i o n , n o p o w d e r w a s o b t a i n e d . T h e r e f o r e , t h e p o l y m e r i z a t i o n 

m u s t b e i n i t i a t e d o n t h e s u b s t r a t e . 

I n t h e p o l y m e r i z a t i o n p r o c e s s , t h e c h a r g e e x c h a n g e m a y b e s u p 

p o s e d t o o c c u r o n t h e s u b s t r a t e . T h e e l e c t r o n e m i s s i o n f r o m a 

c a t h o d e b y i o n b o m b e r d m e n t w a s s u p p o s e d t o e x i s t f r o m t h e d i s 

c u s s i o n o f t h e d i s c h a r g e p h e n o m e n a i n r e g i o n I a n d I I . F o r t h e e x 

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

t i v e l y l a r g e e n e r g y m a y b e n e c e s s a r y c o m p a r e d t o t h a t f r o m t h e 
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t r a p p e d e l e c t r o n s o n t h e s u r f a c e s i t e o n i n s u l a t i n g f i l m . 

T h e r e f o r e , t h e e l e c t r o n e m i s s i o n p r o c e s s m a y b e e x p r e s s e d i n t w o 

w a y s . O n e i s c a u s e d b y t h e e n e r g y d e l i v e r e d f r o m t h e r e c o m b i n a t i o n 

b e t w e e n t h e b o m b e r d e d i o n a n d t h e t r a p p e d e l e c t r o n . A n o t h e r o n e 

c o m e s f r o m t h e r e c o m b i n a t i o n b e t w e e n t h e b o m b e r d e d p o s i t i v e i o n 

a n d t h e t r a p p e d n e g a t i v e i o n . A t t h e c a t h o d e , t h e r e i s a t h i r d 

p r o c e s s . T h e e n e r g e t i c i o n w i l l t r a n s f e r t h e e n e r g y t o t h e s u b 

s t r a t e a n d f o r m f r e e r a d i c a l s o r a n a c t i v a t e d s i t e , a n d t h e i o n 

w h i c h l o s t t h e e n e r g y w i l l b e t r a p p e d o n t h e s u r f a c e . T h e s e 

p r o c e s s e s a r e d e s c r i b e d b y 

[ M + ] + 2 [ e ] - •> [ M * ] . + [ e ] ( 9 ) 
g a s s u r f a c e s u r f a c e g a s 

[ M + ] + T e l + Γ Ρ ~ 1 [ Ρ * 1 
g a s s u r f a c e n s u r f a c e n + 1 s u r f a c e 

F M + 1 + [ Ρ 1 Γ Μ 1 
g a s η s u r f a c e s u r f a c e + [ Ρ * ] - / Ί Ί Χ 

* η s u r f a c e ( 1 1 ) 

w h e r e [ M + ] i s a p o s i t i v e i o n , [ e ] i s a n e l e c t r o n , [ P n ] i s a 

p o l y m e r a n d [ P ~ ] i s a n e g a t i v e i o n a n d * m e a n s t h e r a d i c a l o r 

a c t i v e p a r t i c l e . A c t u a l l y , a t r a p p e d e l e c t r o n a n d n e g a t i v e i o n c a n 

n o t b e d i s t i n g u i s h e d . 

A t t h e a n o d e , t h e c h a r g e e x c h a n g e w i l l a l s o o c c u r . S o m e 

e l e c t r o n s w i l l r e c o m b i n e w i t h t h e t r a p p e d p o s i t i v e i o n , b u t m o s t 

e l e c t r o n s m a y b e t r a p p e d o n t h e s u r f a c e . T h e e n e r g e t i c e l e c t r o n 

m a y f o r m t h e a c t i v a t e d s i t e o n t h e s u r f a c e : 

[ e ] + [ M + ] _ + [ M * ] . ( 1 2 ) 
g a s s u r f a c e s u r f a c e 

[ e ] + [ Ρ ] - * [ P * ] _ + [ e ] - ( 1 3 ) 
g a s s u r f a c e s u r f a c e s u r f a c e 

T h e n e g a t i v e i o n s w i l l a l s o e x i s t i n t h e g a s p h a s e . H o w e v e r , t h e 

c o n t r i b u t i o n o f t h e n e g a t i v e i o n s m a y b e n e g l i g i b l y s m a l l , b e c a u s e 

t h e m o b i l i t y o f e l e c t r o n i s m u c h l a r g e r t h a n t h a t o f t h e n e g a t i v e 

i o n s . 

I n r e g i o n I I I , t h e d i s c h a r g e i s m a i n t a i n e d o n l y b y i o n i z a t i o n 

i n t h e g a s p h a s e w i t h o u t e l e c t r o n i n j e c t i o n f r o m t h e c a t h o d e . 

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

p a r t o f c h a r g e d p a r t i c l e s i n t h e g a s p h a s e c a n a r r i v e o n t h e 

e l e c t r o d e . T h e r e f o r e , p o l y m e r i z a t i o n m a y b e i n d u c e d p r i n c i p a l l y b y 

d i f f u s e d f r e e r a d i c a l s a n d / o r i o n - e l e c t r o n p a i r s : 

[ M * ] •> [ Μ * ] Λ ( 1 4 ) 
g a s s u r f a c e 

[ M + ] + [ e ] -> [ M * ] - ( 1 5 ) . 
g a s g a s s u r f a c e 

U s u a l l y , t h e r a d i a t i o n o f l i g h t i s o b s e r v e d i n t h e d i s c h a r g e 

In Modification of Polymers; Carraher, C., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



21. MORiTA ET AL. Plasma Polymerization of Ethane 335 

r e g i o n . B y a b s o r b i n g p h o t o n s o n t h e e l e c t r o d e , e l e c t r o n s a r e 

e m i t t e d f r o m t h e c a t h o d e o r r a d i c a l s f o r m e d o n t h e s u b d t r a t e ( 3 0 ) . 

I n t h e s e c a s e s , t h e f o l l o w i n g e q u a t i o n s m u s t b e a d d e d t o t h e a b o v e 

e q u a t i o n s . 

h v + [ P ] + [ P * ] _ ( 1 6 ) 
s u r f a c e s u r f a c e 

h v + [ P ] . -> [ P + ] * + [ e ] ( 1 7 ) 
s u r f a c e s u r f a c e g a s 

I n s p i t e o f s a m e p o w e r c o n s u m p t i o n , t h e d e p o s i t i o n r a t e i n 

r e g i o n I I I i s s m a l l e r c o m p a r e d t o t h o s e i n r e g i o n s I a n d I I , b u t 

t h e d i s c h a r g e c u r r e n t i s l a r g e r i n r e g i o n I I I t h a n t h a t i n r e g i o n s 

I a n d I I . T h i s m a y b e c a u s e d b y t h e l a r g e d i s p l a c e m e n t c u r r e n t i n 

r e g i o n I I I , w h i c h d o e s n o t a c c o m p a n y t h e a c t u a l c h a r g e t r a n p o r -

t a t i o n . 

I n f r a r e d S p e c t r u m .

f e a t u r e s d i s t i n c t i v e f r o m t h e c o n v e n t i o n a l p o l y m e r . A c c o r d i n g t o 

E S R m e a s u r e m e n t s ( . 3 1 ) , t h e f i l m c o n t a i n s a h i g h c o n c e n t r a t i o n o f 

r e s i d u a l f r e e r a d i c a l s , w h i c h s h o w e d a r e l a t i v e l y l o n g l i f e t i m e . 

T h e f r e e r a d i c a l s w e r e o x i d i z e d i n a i r a n d t h e o x i d i z a t i o n i s 

p r o m o t e d s i g n i f i c a n t l y a t e l e v a t e d t e m p e r a t u r e s . T h e f i l m i s n o t 

s o l u b l e i n u s u a l s o l v e n t s a n d i t i s m o r e t h e r m a l l y s t a b l e t h a n t h e 

c o n v e n t i o n a l p o l y m e r s . T h e s e p r o p e r t i e s a r e t h o u g h t t o b e c a u s e d 

b y t h e h i g h l y c r o s s l i n k e d s t r u c t u r e o f t h e f i l m (32). 

T h e m o l e c u l a r s t r a c t u r e a n d m o r p h o l o g y o f t h e f i l m m a y b e 

a f f e c t e d b y t h e p o l y m e r i z a t i o n m e c h a n i s m . T h e i n f r a r e d s p e c t r a a n d 

d i e l e c t r i c p r o p e r t i e s w e r e m e a s u r e d i n o r d e r t o c o r r e l a t e w i t h t h e 

p o l y m e r i z a t i o n m e c h a n i s m s . 

F i g u r e 4 i l l u s t r a t e s t h e i n f r a r e d s p e c t r u m f o r a s a m p l e o f 

P P E . T h e a b s o r p t i o n s o f t h e p e a k s a t 3 . 4 , 6 . 9 a n d 7 . 3 y m w e r e 

a s s i g n e d t o C - H s t r e t c h a n d C - H b e n d i n g f r e q u e n c i e s i n C H 2 a n d C H 3 

( 3 3 ) . T h e s e a b s o r p t i o n s a r e p r o p o r t i o n a l t o t h e s u r f a c e d e n s i t y o f 

d e p o s i t e d e t h a n e ( 1 6 ) . H o w e v e r , t h e a b s o r p t i o n s a t p h o t o n s n e a r 

1 0 y m a r e a t t r i b u t a b l e t o O H d e f o r m a t i o n s a n d C O s t r e t c h i n g s o f 

a l c o h o l i c g r o u p s a n d v i b r a t i o n s o f a l k y l k e t o n e s (22). T h e y a l s o 

i n d i c a t e t h e e x i s t e n c e o f b r a n c h e s i n u n s a t u r a t e d c h a i n (33). 

T h e s e a b s o r p t i o n s m a y r e f l e c t t h e d e g r e e o f c r o s s l i n k i n g a n d / o r 

t h e d e g r e e o f d e g r a d a t i o n w h i c h i s p r o p o r t i o n a l t o t h e a m o u n t o f 

r e s i d u a l f r e e r a d i c a l s . T h e r e l a t i v e a b s o r p t i o n s p e r t h i c k n e s s a t 

1 0 . 6 y m a r e p l o t t e d a g a i n s t t h e d i s c h a r g e f r e q u e n c y a s s h o w n i n 

F i g . 5 . T h e a b s o r p t i o n s n e a r 1 0 y m o f t h e f i l m f o r m e d i n r e g i o n m. 

D i e l e c t r i c L o s s . U s u a l l y , t h e d i e l e c t r i c l o s s o f p l a s m a 

p o l y m e r i z e d h y d r o c a r b o n i s l a r g e r t h a n t h a t o f t h e c o n v e n t i o n a l 

p o l y m e r b y m o r e t h a n o n e o r d e r o f m a g n i t u d e . T h i s d i f f e r e n c e i s 

s u p p o s e d t o b e c a u s e d b y t h e o x i d a t i o n o f t h e f i l m ( _ 3 4 ) . F o r b o t h 

s a m p l e s o f P P E , a l o s s p e a k a p p e a r e d a t - 3 0 ° C a t t h e m e a s u r e m e n t 

f r e q u e n c y o f 1 K H z . T h e a c t i v a t i o n e n e r g y o f t h i s p e a k w a s 0 . 6 8 e V 

a s s h o w n i n F i g . 8 f o r b o t h s a m p l e s . T h i s v a l u e w a s a l m o s t s a m e a s 
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Figure 8. Activation energy
plasma-polymerized ethane formed at 
discharge frequencies of 5KHz (X) and 

13.56 MHz (Φ) 

10Kt-

5K 

2K 

Ν 
X 

3-6 37 38 39 AO 41 42 
1 Λ Χ 1 0 3 ( 1 / Κ ) 

t h e a c t i v a t i o n e n e r g y o f γ ρ m e a s u r e d b y T i b b i t t e t . a l . ( 3 4 ) w i t h i n 

1 0 % e r r o r . T h u s , t h i s p e a k m a y b e a s s i g n e d t o m o t i o n s o f t h e 

c a r b o n y l g r o u p . T h e d i e l e c t r i c l o s s o f t h e s a m p l e f o r m e d a t 1 3 . 5 6 

M H z i n c r e a s e d w i t h t h e i n c r e a s i n g o f t h e t e m p e r a t u r e a t t h e h i g h 

t e m p e r a t u r e r e g i o n f r o m 6 0 ° C t o 1 6 0 ° C . H o w e v e r , t h i s i n c r e a s e 

w a s n o t o b s e r v e d i n t h e s a m p l e f o r m e d a t 5 K H z . T h e d e g r e e o f 

c r o s s l i n k i n g m a y b e h i g h e r i n t h e s a m p l e f o r m e d i n r e g i o n s I a n d I I 

a s s u g g e s t e d b y t h e i n f r a r e d s p e c t r a . T h e s e g m e n t a l m o v e m e n t o f 

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

i n t h e s a m p l e f o r m e d i n r e g i o n I I I . T h e i n c r e a s e i n d i e l e c t r i c 

l o s s m a y s u g g e s t t h e e x i s t e n c e o f t h e p e a k a t a h i g h e r t e m p e r a t u r e , 

o r i t m a y b e c a u s e d b y c h a r g e d p a r t i c l e s i n t h e f i l m . 

S u m m a r i z a t i o n 

T h e e f f e c t o f d i s c h a r g e f r e q u e n c y o n p l a s m a p o l y m e r i z a t i o n 

w a s s t u d i e d i n t h e w i d e f r e q u e n c y r a n g e o f 5 0 H z t o 1 3 . 5 6 M H z . I t 

i s h y p o t h e c i z e d t h a t t h e p o l y m e r i z a t i o n i s c h a r a c t e r i z e d b y n a t u r e 

o f a c t i v e p a r t i c l e s a t t h e d i s c h a r g e c o n d i t i o n s t h a t t h e c o n t i n u o u s 

f i l m i s o b t a i n e d . T h e a c t i v e p a r t i c l e s a r e p o s i t i v e i o n s , e l e c t r o n s 

a n d f r e e r a d i c a l s . T h e g r o w t h r a t e o f t h e f i l m w a s a l m o s t p r o 

p o r t i o n a l t o t h e n u m b e r o f a c t i v e p a r t i c l e s a r r i v i n g o n t h e s u b 

s t r a t e . T h e e n e r g e t i c c h a r g e d p a r t i c l e s w i l l p r o m o t e c r o s s l i n k i n g 
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in the filmf as well as the formation of active sites on the 
substrate. 

Abstract 

The effect of discharge frequency on the kinetics of plasma 
polymerization of ethane was studied over the frequency range 
from 50 Hz to 13.56 MHz, in a tubular reactor at a pressure of 0.5 
torr, a flow rate of 20 cm3STP/min and a discharge power level of 
10 watts. The discharge voltage and current were also measured at 
the same time. On the basis of these data, the following poly
merization mechanisms are proposed, i . e., ion bombardment in the 
frequency range from 50 Hz to 50 KHz, electron bombardment from 
50 KHz to 6 MHz and free radical and/or ion-electron pair diffusion 
from 6 MHz to 13.56 MHz. In the region that ion or electron bom
bardment is the predominant mechanism, most films were cracked, 
but in the region that th
diffusion are predominant
obtained in the relatively wide discharge parameter range. The 
infrared spectra and dielectric properties of the films formed in 
the three frequency regions were also measured. The infrared 
spectrum showed a broad absorption in the wave length region over 
8 μm. This absorption depends on the polymerization condition, 
suggesting the existence of OH and CO as well as unsaturated 
groups. The dielectric properties are also affected by the con
dition of polymerization, treatment after film formation, film 
thickness and so on. In our experimental condition, an appearent 
loss peak can be observed at a temperature of -30 °C for a measur
ing frequency of 1 KHz. The activation energy of this loss peak 
was about 0.68 eV for each sample formed at the different discharge 
conditions. It is proposed that this loss peak is attributable to 
Υp assigned to the carbonyl group. 
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Chiral Organofunctional Polysiloxanes: Synthesis, 

Properties, and Applications 

ERNST BAYER and HARTMUT FRANK 

Institute for Organic Chemistry, University of Tubingen Auf der Morgenstelle 18, 
D-74 Tübingen, Fed. Rep. Germany 

The binding sites of most enzymes and receptors 
are highly stereoselective in recognition and reaction 
with optical isomers (1,2), which applies to natural 
substrates and synthetic drugs as well. The principle 
of enantiomer selectivity of enzymes and binding sites 
in general exists by virtue of the difference of free 
enthalpy in the interaction of two optical antipodes 
with the active site of an enzyme. As a consequence the 
active site by itself must be chiral because only for
mation of a diasteromeric association complex between 
substrate and active site can result in such an enthal
py difference. The building blocks of enzymes and re
ceptors, the L-amino acid residues, therefore ultimate
ly represent the basis of nature's enantiomer selec
tivity. 

The goal of the current investigation was to 
achieve further insight into the nature of these inter
actions and to understand the stereoselectivity of 
biological systems, partially a result of orientation 
factors. It has been observed for a number of enzymes 
that the environment of the active site is relatively 
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n o n - p o l a r . T h i s has t h e e f f e c t t h a t any n o n - d i r e c t i o n a l 
i n t e r a c t i o n s o f t h e e n a n t i o m e r i c s u b s t r a t e w i t h a c h i r a l 
p o l a r m o i e t i e s a r e e x c l u d e d and a d e f i n i t e r e l a t i v e 
o r i e n t a t i o n o f r e c e p t o r and s u b s t r a t e r e s u l t s i n r e s 
p e c t t o t h e i r a s s y m e t r i c c e n t e r s . We a t tempted t o im
p a r t t o s y n t h e t i c polymers such e n a n t i o - s e l e c t i v i t y , 
w hich s h o u l d be p a r t i c u l a r i l y i n t e r e s t i n g f o r t h e deve
lopment o f s t e r e o s e l e c t i v e c a t a l y s t s . As t h e p o l y m e r i c 
b a s i s f o r s uch a system we chose t h e p o l y s i l o x a n e s due 
t o t h e i r u n u s u a l l y weak i n t r a m o l e c u l a r f o r c e s . In 
a d d i t i o n t h e s y n t h e s i s o f a p p r o p r i a t e l y f u n c t i o n a l i z e d 
monomers i s r e l a t i v e l y u n c o m p l i c a t e d and t h e p r o p o r 
t i o n s o f p o l a r c h i r a l b i n d i n g s i t e s and a p o l a r e n v i r o n 
ment can f r e e l y be c h o s e n by e q u i l i b r a t i o n o f t h e p r o 
p e r amounts o f the c o r r e s p o n d i n g h o m o p o l y s i l o x a n e s . 
T h i s i n t u r n d e t e r m i n e  t h  r e l a t i v  d i s t a n c  betwee
th e i n c i v i d u a l c h i r a

P o l y s i l o x a n e s a r e known t o be c h e m i c a l l y and 
t h e r m a l l y s t a b l e . Due t o t h i s f e a t u r e t h e y can be used 
as s t a t i o n a r y l i q u i d s i n gas chromatography (3,£,_5) . 
The same i s t r u e f o r t h e c h i r a l p o l y s i l o x a n e s d e s c r i b e d 
h e r e . T h e i r use as s t a t i o n a r y phases i n gas chromato
graphy a l l o w s t h e c a l c u l a t i o n o f t h e d i f f e r e n c e s i n 
e n t h a l p y and e n t r o p y f o r t h e f o r m a t i o n o f t h e d i a s t e -
r e o m e r i c a s s o c i a t i o n complexes between c h i r a l r e c e p t o r 
and two e n a n t i o m e r s from r e l a t i v e r e t e n t i o n time o v e r 
a wide t e m p e r a t u r e range. Only t h e minute amounts o f 
t h e p o l y s i l o x a n e s r e q u i r e d f o r c o a t i n g o f a g l a s c a p i l 
l a r y a r e n e c e s s a r y f o r such d e t e r m i n a t i o n s . From t h e s e 
numbers f u r t h e r c o n c l u s i o n s a r e drawn on t h e s t e r e o 
c h e m i c a l and e n v i r o n m e n t a l p r o p e r t i e s r e q u i r e d f o r 
d e s i g n i n g systems o f h i g h e n a n t i o - s e l e c t i v i t y i n conden
sed l i q u i d systems. 

The n o v e l c l a s s o f p o l y m e r i c organo s i l i c o n e s 
o f f e r some new a s p e c t s t o phase s e l e c t i v i t y i n g a s -
l i q u i d chromatography. C o n v e n t i o n a l s i l i c o n e s used f o r 
t h i s p u rpose a r e homopolymers o f the p o l y d i m e t h y l s i l o -
xane t y p e o r c o p o l m y e r s from d i m e t h y l s i l o x a n e and simp
l e o r g a n o f u n c t i o n a l s i l o x a n e s u n i t s , e.g. c y a n o a l k y l -
m e t h y l s i l o x a n e u n i t s . E n a n t i o s e l e c t i v e s i l i c o n e s c a n be 
p r e p a r e d by f i r s t s y n t h e s i z i n g a p p r o p r i a t e l y f u n c t i o -
n a l i z e d p o l y s i l o x a n e s , t o which a p o l a r c h i r a l m o i e t y 
can be bound c o v a l e n t l y . C h i r a l groups o f h i g h s e l e c 
t i v i t y f o r amino a c i d s and many o t h e r c h i r a l compounds 
a r e amino a c i d d e r i v a t i v e s t h e m s e l v e s (§_,J) · T h e r e f o r e 
c o u p l i n g o f an amino a c i d r e s i d u e t o a p o l y s i l o x a n e 
w i t h o r g a n o f u n c t i o n a l c a r b o x y l groups p r o v i d e s an ade
qu a t e way o f s y n t h e s i z i n g e n a n t i o - s e l e c t i v e s i l i c o n e s . 
An i m p o r t a n t parameter f o r a c h i e v i n g optimum p r o p e r t i e s 
o f t h e s i l i c o n e s i s t h e p r o p e r a d j u s t m e n t o f t h e r a t i o 
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o f c h i r a l p o l a r groups and s i l i c o n e monomer u n i t s . I f 
t h i s number i s t o o s m a l l , s e l e c t i v i t y remains low, b u t 
i f i t i s h i g h e r t h a n 0.2 t h e p h y s i c o c h e m i c a l p r o p e r t i e s 
o f t h e s i l i c o n e become u n f a v o r a b l e . 

The e n a n t i o - s e l e c t i v i t i e s a r e l a r g e l y dependant 
upon t h e s t r u c t u r e o f the o p t i c a l l y a c t i v e moiety* 
H i g h e s t s e l e c t i v i t i e s f o r amino a c i d s a r e e x h i b i t e d by 
s i l i c o n e s w i t h amino a c i d amide g r o u p s . The c l a s s e s o f 
compounds f o r which h i g h s e l e c t i v i t i e s a r e o b s e r v e d as 
w e l l a r e o(-hydroxy c a r b o x y l i c a c i d s , amino a l c o h o l s , 
amines and g l y c o l s (8̂ ) . O ther p o l y s i l o x a n e s c o n t a i n i n g 
c h i r a l 1 - a r y l - 1-amino ethane groups (9) e x h i b i t h i g h 
e n a n t i o s e l e c t i v i t i e s f o r c h i r a l amines and amino a l c o 
h o l s c o n t a i n i n g a r o m a t i c r i n g s . 

F o r a number o f a d r e n e r g i c compounds an i n t e r e s 
t i n g p a r a l l e l o f e n a n t i o - s e l e c t i v i t y o f t h e s e s i l i c o n e s 
and t h e r e l a t i v e a d r e n e r g i
has been o b s e r v e d , s u g g e s t i n
a c t i o n o f t h e s e drugs w i t h t h e i r r e c e p t o r s i t e s and 
w i t h t h e c h i r a l groups o f t h e s t e r e o s e l e c i t i v e p o l y 
s i l o x a n e s . W i t h f u r t h e r i n s i g h t i n t o t h e s t e r e o c h e m i s t r y 
o f t h e d i a s t e r e o m e r i c complexes on s y n t h e t i c p o l y m e r s , 
g e n e r a l i z a t i o n s on t h e n a t u r e and s t r u c t u r e o f b i o l o g i 
c a l a c t i v e s i t e s can be drawn. 

E x p e r i m e n t a l Methods 
S y n t h e s i s o f e n a n t i o s e l e c t i v e p o l y s i l o x a n e s com

p r i s e s t h r e e main s t e p s : (a) s y n t h e s i s o f a p p r o p r i a t e l y 
f u n c t i o n a l i z e d d i c h l o r o s i l a n e monomers, (b) p r e p a r a t i o n 
o f a f l u i d copolymer w i t h a s p e c i f i e d number o f 
f u n c t i o n a l groups p e r we i g h t u n i t and (c) c o v a l e n t 
a t tachment o f a s u i t a b l e c h i r a l e n a n t i o - s e l e c t i v e 
m o i e t y . 

The f u n c t i o n a l i z e d d i c h l o r o s i l a n e monomers a r e 
s y n t h e s i z e d g e n e r a l l y by r a d i c a l a d d i t i o n o f d i c h l o r o -
m e t h y l s i l a n e t o an u n s a t u r a t e d c a r b o x y l i c a c i d e s t e r 
o r an u n s a t u r a t e d n i t r i l e . C a t a l y s t s used f o r t h i s p u r 
pose a r e p l a t i n u m / c h a r c o a l (JJ), , o r o r g a n i c p e r o x i 
des (Y2), but f o r l a b o r a t o r y s y n t h e s e s h e x a c h l o r o p l a t i -
n i c a c i d (J_3,J_4) p r o v e d t o be most c o n v e n i e n t (scheme 
1 a) . 

scheme 1 a: H 2 P t C l 6 

CH 3SiHCl 2 + CH2=CCH3COOR CH 3SiCl 2CH 2 (CH3)COOR I 
H~PtCl f i 

CH 3SiHCl 2 + CH2=CH-CH2CSN — — CH 3SiCl 2CH 2CH 2CH 2CN II 
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The compounds I and I I r e p r e s e n t i n t e r m e d i a t e s f o r t h e 
s y n t h e s i s o f e i t h e r c a r b o x y f u n c t i o n a l o r amino f u n c t i o 
n a l p o l y s i l o x a n e s . To t h i s end I o r I I i s e i t h e r s a p o n i 
f i e d w i t h s o d i u m h y d r o x i d e and c o n c o m i t a n t l y p o l y c o n -
d e n s a t e d t o a p o l y ( c a r b o x y l a l k y l m e t h y l s i l o x a n e ) ( I I I ) 
o r r e d u c e d t o an amino a l k y l m e t h y l d i a l k o x y s i l a n e 
w i t h s o d i u m b o r o h y d r i d e (Jl_5) . 

scheme 1 b : 
H 0(Oif ) _ n 

η CH 3 SiCl 2 CH 2 CH(CH 3 )COOR — > [CH 3Si0 2^ 2CH 2CH(CH 3)COOHJ r I l i a 

Η 0(0H~) 
η C H 3 S i C l 2 C H 2 C H 2 C H 2 C N — > [ Œ 3 S i 0 2 ^ 2 Œ 2 C H 2 C H 2 C O O H ) n I l l b 

scheme 1 c : 
NaBH. Λ

C H 3 S i C l 2 C H 2 C H 2 C H 2 C N * C H 3 S i (OCH3 ) 2 C H 2 C H 2 C H 2 C H 2 - N H 2 

C o m p l e t e n e s s o f t h e s a p o n i f i c a t i o n i s c o n t r o l l e d 
by I R - s p e c t r o s c o p y m o n i t o r i n g t h e d i s a p p e a r a n c e o f t h e 
e s t e r c a r b o n y l b a n d a t 1 740 cm"'' and t h e s i m u l t a n e o u s 
i n c r e a s e o f e i t h e r t h e c a r b o x y l a t e a b s o r p t i o n a t 
1580 cm~1 o r t h e p r o t o n a t e d c a r b o x y 1 g r o u p a t 1700 cm"'' 
( f i g u r e 1 ) . A n o t h e r c r i t e r i o n i s t h e d i s a p p e a r a n c e o f 
t h e e s t e r s i g n a l i n t h e p r o t o n - o r 1 3 c - N M R - s p e c t r a . 

The a n a l y t i c a l c o n t r o l o f t h i s s t e p i s o f s p e c i a l 
i m p o r t a n c e : t h e a l c a l i n e s a p o n i f i c a t i o n i s p e r f o r m e d 
a t a r e l a t i v e l y low pH i n o r d e r t o p r e v e n t c l e a v a g e o f 
t h e s i l i c o n - c a r b o n b o n d . The c l o s e r t h e e l e c t r o n - w i t h 
d r a w i n g c a r b o x y l g r o u p i s l o c a t e d t o t h e S i - C - b o n d , t h e 
l a r g e r i s t h e d a n g e r o f s c i s s i o n . T h e r e f o r e , f o r t h e 
β - s i l y l c a r b o x y l i c a c i d d e r i v a t i v e s t h e pH d u r i n g s a p o 
n i f i c a t i o n s h o u l d n o t s u r p a s s 1 0 . 5 ; h o w e v e r , a t t h i s pH 
s a p o n i f i c a t i o n o f t h e m e t h y l e s t e r r e q u i r e s a b o u t 1 d a y , 
e v e n a t 6 0 ° C . F o r t h e J ' - s i l y l d e r i v a t i v e s , t h e pH o f 
t h e r e a c t i o n m i x t u r e i s n o t c r i t i c a l . We t h e r e f o r e now 
e x c l u s i v e l y u t i l i z e t h e l a t t e r . 

The h o m o p o l y m e r i c carboxyalkyl s i l i c o n e i s p r e c i 
p i t a t e d f r o m t h e s a p o n i f i c a t i o n m i x t u r e by a d j u s t m e n t 
o f t h e pH t o a b o u t 1 . A f t e r s t a n d i n g o v e r n i g h t a 
c l e a r , v i s c o u s s i l i c o n e i s d e p o s i t e d on t h e b o t t o m o f 
t h e v e s s e l , The s i l i c o n e i s r i n s e d a c i d - f r e e , and h e a 
t e d t o 1 0 0 ° C i n v a c u o t o remove l a s t t r a c e s o f w a t e r 
a n d l o w m o l e c u l a r w e i g h t s u b s t a n c e s . T h e n t h e r e s i n o u s 
s i l i c o n e i s h e a t e d t o 1 8 0 ° C u n d e r n i t r o g e n f o r a p p r o x i 
m a t e l y 1 h o u r i n o r d e r t o c o n d e n s e most o f t h e r e s i d u a l 
s i l a n o l g r o u p s . The p r e s e n c e o f f r e e s i l a n o l g r o u p s i n 
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the silicone i s indicated by the presence of downfield 
shifted s a t e l l i t e s of the signals of the two s i l i c o n -
attached carbons in the 13c-NMR-spectrum (figure 2). 

The removal of free silanol groups is important 
for correct calculation of the ratio of the two mono
mers in the subsequent coequilibration-step. This step 
is required in order to generate a copolymer of appro
priate viscosity and to separate the functional groups 
in .the polysiloxane by at least five dialkylsiloxy 
units. The reason for this necessity is discussed 
below. 
Poly(carboxyalkyl methyl siloxane) and octamethyl cyclo-
tetrasiloxane are mixed in a monomer ratio of 1:6, hexa-
methyl disiloxane is added to bring the polymerization 
degree of the ensuing silicone to about 60, and 6 volu
me percent of concentrated sulfuric acid are used as 
equilibration catalyst
scheme 2 : 

The components are placed in a round bottom flask and 
shaken vigourosly u n i t l a homogeneous mixture is ob
tained. As an increasing size of the organo-residues of 
the silicone reduces the rate of equilibration conside
rably (Jj6,J_7) , two weeks are required for a batch of a 
few gramms depending on the efficiency of the mixing. 
A solvent at this step i s omitted since this may result 
in a misleading homogeneity at an early stage of equi
libration. If a s t a t i s t i c a l distribution of the functio-
nalized siloxy-units i s not achieved the properties of 
the resulting polysiloxane are unfavorable. After the 
reaction the mixture i s diluted with 20 volume percent 
of water and shaken for another hour. The two phases 
are separated by centrifugation, the polysiloxane i s 
diluted with 1 volume of ether and extracted with water 
u n t i l the test for sulfate is negative. The solvent is 
removed in vacuo. 

The f i n a l step in this sequence i s the coupling of 
a suitable chiral group to the silicone. In reaction 
scheme 3 the attachment of an amino acid amide residue 
is given as an example. The carboxy functional copoly
mer i s dissolved in dichlormethane/dimethylformamide 
and an amino aid -amide is coupled with dicyclohexyl 

a HOOC(CH2)n (CH 3)Si0 2 / 2 + b ( C H 3 ) 2
S i 0

2 / 2 + 2 ( C H 3 ) 

S i O ^ > (CH 3) 3Si-0-^(CH 3)Si(CH 2) nCOOH-qJ a — 
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Figure 1. IR spectrum of incompletely saponified poly-2-methoxycarbonylpropyl-
methylsiloxane 

ÇH1 
CH-CH, 

I I 

Figure 2. C-13 NMR spectrum of poly-2-carboxypropylmethylsiloxane. Free 
silanol groups give rise to a downfield satellite of the signals of the two silicon-

attached carbons. 
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carbodiimide in the usual manner (J_8) with N-methyl 
morpholine as base. 

scheme 3 : 

CH.. 
-Si-0 

I 
(CH9) I ζ η 
COOH 

m 

DCCI 
m HoN-CH-C0NHR1 

2 I 

CH-
I 3 

-Si-O-
I 
(CH9> 

NH-CH-CONHR1 

I 
R m 

After one hour the organic solution is extracted with 
0.5 Ν hydrochloric acid, then with water and f i l t e r e d . 
The solvent i s evaporated, the residue redissolved in 
hexane and the solution i s stirred for one hour with 
10% acetic acid in water. The solution i s f i l t e r e d 
again, the aqueous layer is discarded and the organic 
layer is washed three times with 5% sodium bicarbonate 
solution. 

Finally the solvent is evaporated, the residue re-
dissolved in butanol and applied to a column of LH-20 
in the same solvent. The f i r s t third of the fractions 
between dead volume and total bed volume is pooled, the 
solvent i s evaporated, and the silicone i s heated to 
180°C for one hour in vacuo. A clear silicone of a v i s 
cosity of about 50 000 centi-stokes at room temperature 
is obtained. 

Results and Discussion 
In scheme 4 the general formula of the silicones 

described here i s shown: 

American Chemical 
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scheme 4 : 

CH 3 CH 3 
(CH 3)3S1-O- -Si-O- -Si-O- -Si(CH 3) 3 

CH 3 -•η 
CO 

NH 

R R 

m 
The ratio of η to m is between 6 and 7 i f the chi

r a l group is an amino acid, but roughly 4 i f the chir a l 
moiety i s an amine. In figure 3 the IR-spectrum for 
such a polysiloxane carrying a valine-t-butylamide re
sidue is shown. Of particular diagnostic value is the 
shape of the absorption band between 9 and 10 μ, a su
perposition of two bands. A polysiloxane of normal f l u i 
dity shows both bands in a roughly equal intensity. The 
band at 9.8 μ obviously reflects the f l e x i b i l i t y of a 
silicone chain over a longer segment, as i t i s absent 
in highly crosslinked polysiloxanes or in linear short-
chain silicones. As indicated above coupling of chiral 
groups to a carboxyfunctional homopolymer does not lead 
to a suitable silicone. In such a case a material of 
high r i g i d i t y and semi-cristalline consistence i s ob
tained. It does not exhibit any enantio-selectivity and 
is thermally unstable. Interestingly the IR-spectrum of 
such a material, as shown in figure 4, reveals a very 
weak absorption at 9.8 μ, another proof for the low f l e 
x i b i l i t y of the polysiloxane backbone due to formation 
of a large number of intra- and inter-chain hydrogen-

We have synthesized several structural analogs of 
these silicones and examined their enantio-selectivity 
by gas chromatography. The structure of the connecting 
group is of l i t t l e influence on phase selectivity 
(table 1), but much more important is the structure of 
the optically active group i t s e l f . 

bonds. 
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Figure 3. IR spectrum of Chirasil-Val 
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Figure 4. IR spectrum of a chiral polysiloxane prepared without spacing di-
methylsiloxy units 
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Table 1 : Gas chromatographic resolution factors of N-
pentafluoropropionyl amino acid isopropyl 
esters on polysiloxanes carrying chiral L-
valine t-butylamide groups (Val-NtBu) 

Structure (λ L/D 
Ala Asp Phe 
(90°C) (120°C) (140°C) 

-

CH 3-Si-(CH 0) o-C0-Val-NtB'2'2 

CH Q-Si-(CH 2) 3-Co-Val-NtBu 1.159 1.025 1.074 

CH^-Si-CH9-CH-C0-Val-NtBu 1.158 1.023 1.072 
I 
CH0 

In nearly a l l cases amino acid residues as enantio-
selective groups show highest resolution factors. A 
large difference in the s t a b i l i t y of the diastereomeric 
association complex seems to arise i f the amino acid 
side chain branches at the β-carbon adjacent to the 
assymetric o(-carbon as in valine (table 2) . Another 
decisive structural element is the amide residue of the 
chir a l moiety. For most amino acids the valine-t-butyl-
amide exhibits highest enantio-selectivities except 
for the aromatic amino acids. The cyclohexyl-ring ob
viously brings about a higher selectivity for most 
phenyl-ring containing compounds except for the 1-
phenyl-2-amino ethanol. The leucine silicones generally 
exhibit lower resolution factors, but the highest for 
most compounds are found for the n-butylamide derivati
ve. 
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T a b l e 2: R e s o l u t i o n f a c t o r s o f Ν ( 0 ) - p e n t a f l u o r o p r o p i o -
n y l d e r i v a t i v e s o f c h i r a l compounds on p o l y 
s i l o x a n e s c a r r y i n g d i f f e r e n t c h i r a l amino a c i d 
r e s i d u e s . 

Structure of CH 3
 C H

2

N H 2 C H

2 " 0 H 

c h i r a l group I 1 ' 
y Ρ CH-NH0 CH-OH CH-OH 

/ 2 I I 
C,.H_ C,H_ (C,_H-(3-0CH , 

6 5 6 5 6 3 4-OH) 3 

Ala Asp Phe 

90° 120° 140° 100° 120° 120° 

Val-n-butylamide 1.126 1.020 1.057 1.035 1.017 1.018 

Val-cyclohexyl-

amide 1.152 1.021 1.079 1.038 1.019 1.040 

Val-tert. 

butylamide 1.159 1.027 1.075 1.022 1.045 1.024 

Leu-n-butylamide K 0 9 7 1 ..019 K 0 4 4 K 0 3 1 

Leu-cyclohexy1-
amide 1 .079 1.039 1.026 Ιι2?3 
Leut-tert.butyl-
amide 1.053 1.022 1.016 

The l a r g e e n t h a l p y d i f f e r e n c e s o f up t o 0.5 k c a l 
f o r amino a c i d s l e a d s i n t o t h e assumption t h a t a s t e 
r e o s e l e c t i v e a u t o a s s o c i a t i o n ( _ 2 0 , 2 J U o f " r e c e p t o r " and 
" s u b s t r a t e " i s t h e d e c i s i v e a s p e c t f o r t h e o b s e r v e d 
e n a n t i o s e l e c t i v i t y o f t h e s e p o l y m e r s . The s t r u c t u r e o f 
the r e s u l t i n g d i a s t e r e o m e r i c a s s o c i a t i o n - c o m p l e x i s 
d e p i c t e d i n f i g u r e 5 and re s e m b l e s an a n t i p a r a l l e l 
p l e a t e d s h e e t s t r u c t u r e known as β-structure i n k e r a 
t i n s . T h i s c o n f o r m a t i o n p e r m i t s f o r m a t i o n o f t h e maxi
mum number o f hydrogen bonds. The space f i l l i n g i s o -
p r o p y l r e s i d u e s o f t h e " r e c e p t o r " and t h e s i d e c h a i n R 
of t h e L-amino a c i d " s u b s t r a t e " as w e l l as t h e a l k y l 
r e s i d u e s o f t h e c o r r e s p o n d i n g a c y l - and amide-groups 
f i t t o g e t h e r i n s t a c k e d l a y e r s and s t a b i l i z e t h e s t r u c 
t u r e by van d e r Waals f o r c e s . I f t h e b u l k y s i d e c h a i n 
and t h e hydrogen a t t h e a s s y m e t r i c c a r b o n o f t h e "sub
s t r a t e " exchange t h e i r p o s i t i o n s , t h e e n s u i n g complex 
i s d e s t a b i l i z e d by mutual h i n d r a n c e o f t h e space f i l 
l i n g s i d e c h a i n s o f "substrate " and " r e c e p t o r " . The s i g 
n i f i c a n c e o f t h e d i m e t h y l s i l o x a n e u n i t s between two 
c h i r a l groups becomes a p p a r e n t from t h e model i n 
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Figure 5. Assumed structure of the diastereomeric association complex 
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f i g u r e 5: t h e y keep t h e p o l a r v a l i n e amide u n i t s s e p a 
r a t e d , t h u s f a c i l i t a t i n g i n s e r t i o n o f a " s u b s t r a t e " and 
p r e v e n t i n g t h e f o r m a t i o n o f s t r o n g i n t r a - c h a i n h y d r o 
gen-bonds. I n t e r e s t i n g l y , t h e IR-spectrum o f C h i r a s i l -
V a l (±9) e x h i b i t s an amide-I band a t a wave-number o f 
1640 cm-1 r lower t h a n e x p e c t e d f o r an u n o r d e r e d amide-
I a b s o r p t i o n . T h i s phenomenon i s r e p o r t e d as a c o n s e 
quence o f t h e f o r m a t i o n o f a β-structure (22,) . I n t h e 
IR-spectrum o f t h e h i g h l y l o a d e d s i l i c o n e e x h i b i t i n g 
no e n a n t i o - s e l e c t i v i t y t h e amide-I band o c c u p i e s a 
p o s i t i o n a t 1670 cm""1. 

The new p o l y s i l o x a n e s a r e e x c e l l e n t l y s u i t e d as 
s t a t i o n a r y phases f o r t h e gas c h r o m a t o g r a p h i c s e p a r a 
t i o n o f the o p t i c a l a n t i p o d e s o f d i f f e r e n t compounds 
c l a s s e s o v e r a t e m p e r a t u r e range from 7 0° t o 24 0° C. 

The t h e r m a l s t a b i l i t f t h e s  s i l i c o n e  i
h i g h and even a t 200
t h e c h i r a l groups ca
phenomenon t o t h e f o r m a t i o n o f a s p e c i f i c p l e a t e d - s h e e t 
s t r u c t u r e i n an a p o l a r environment, which s t a b i l i z e s 
t h e L - c o n f i g u r a t i o n and p r e v e n t s i n v e r s i o n a t t h e a s -
symmetric c a r b o n . 

Due t o t h e h i g h t h e r m a l s t a b i l i t y t h e s e s i l i c o n e s 
f o r t h e f i r s t t i m e e n a b l e t h e complete s e p a r a t i o n o f 
a l l p r o t e i n amino a c i d e n a n t i o m e r s as shown i n f i g u r e 
6. Only g l y c i n e , the n o n c h i r a l amino a c i d , i n some i n 
s t a n c e s o v e r l a p s w i t h one o f i s o l e u c i n e s t e r e o m e r s , 
but t h i s may be overcome by s l i g h t l y c h a n g i n g t h e p o l a 
r i t y o f t h e s t a t i o n a r y phase. By use o f t h e s e phases a 
n o v e l a p p r o a c h t o amino a c i d a n a l y s i s , c a l l e d e n a n t i o -
m e r - l a b e l l i n g (_5) , recommends t h e gas c h r o m a t o g r a p h i c 
p r o c e d u r e s as a r e a l a l t e r n a t i v e t o t h e s l o w e r and l e s s 
s e n s i t i v e i o n exchange p r o c e d u r e (23) . The method p r o 
ves t o be e s p e c i a l l y v a l u a b l e i f l a r g e r numbers o f s e 
rum samples must be p r o c e s s e d f o r c l i n i c a l s t u d i e s 
(24). O t h e r o p t i c a l l y a c t i v e compounds which may be 
s e p a r a t e d i n t o t h e i r e n a n t i o m e r s a r e -hydroxy c a r b o 
x y l i c a c i d s , g l y c o l s , amino a l c o h o l s , amines and a t r o p -
i s o m e r s o f t h e ο,ο 1 - s u b s t i t u t e d b i p h e n y l s . 

The c h i r a l p o l y s i l o x a n e s open t h e o p p o r t u n i t y o f 
i n v e s t i g a t i n g t h e d i f f e r e n c e s o f t h e s t a b i l i t y o f 
" r e c e p t o r - s u b s t r a t e " complexes f o r two e n a n t i o m e r s 
o v e r a wide t e m p e r a t u r e range t h r o u g h d e t e r m i n a t i o n o f 
t h e r e l a t i v e gas c h r o m a t o g r a p h i c r e t e n t i o n t i m e s . An 
i n t e r e s t i n g example a r e t h e a d r e n e r g i c d r u g s o f t h e 
1-phenyl-2-amino e t h a n o l and p r o p a n o l c l a s s e s . We n o t e d 
t h a t t h e d i f f e r e n c e s i n e n t h a l p y and e n t r o p y f o r t h e 
d i a s t e r e o m e r i c a s s o c i a t i o n w i t h t h e s i l i c o n e a r e w e l l 
p a r a l l e l e d by t h e r a t i o s o f t h e maximal a d r e n e r g i c 
a c t i v i t i e s o f t h e s e compounds i n b i o l o g i c a l systems 
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(numbers of adrenergic a c t i v i t i e s taken from reference 
25) (table 3). 
Table 3; Differences in enthalpy (Η , cal/mole) entropy 

( S , cal/mole.deg) and ratios of adrenergic 
ac t i v i t i e s R .) of the enantiomers of adre-

-, CI 
nergic drugs. 

H S R A ο ο c i 
Primary Amines 
Norephedrine - 203 - 0. 36 2.3 
Metaramino1 - 198 - 0. 33 2.0 
Octopamine - 86 - 0. 15 1 .2 
Noradrenaline - 55 - 0. 09 1 .1 
Secondary Amines 
Pseudoephedrine - 170 - 0. 34 10 
Ephedrine - 92 - 0. 18 2.0 
Synephrine - 51 - 0. 11 1 .8 
Adrenaline - 12 - 0. 07 1.2 

Higher differences for the interaction of both the 
biological and the synthetic receptors with the two 
enantiomers are found for the propanol-derivatives than 
for the ethanol-derivatives (Norephedrine, Metaraminol 
vs. Octopamime, Noradenaline; Pseudoephedrine, Ephe
drine vs. Synephrine, Adrenaline). 

H-
H-

CH. 

-NH. 
•OH 

C6 H5 

CH. 
H-
H-

-NH„ 
-OH 

C.H.OH 6 4 

H-

-NH. 

-OH 
C.H.OH 6 4 

D-Norephedrine D-Metaraminol 
H CHn 

H' 
H-

•NH. CH^NH· 
•OH 

>H 

•OH 
C 6H 3(OH) 2 C6 H5 

D-Octopamine 
CH, 

H-
H · 

-NHCĤ  
•OH 

C6 H5 
D-Noradrenaline D-Pseudo-ephedrine D-Ephedrine 
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a) 

D-Ephedrine 

ο 
II 

Figure 7. Possible structures of adrenergic receptor-substrate complexes (see 
text) 
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H H 

H ΝΗΧΗ 3 Η •ΝΗΧΗ 3 
Η ΟΗ Η - ΟΗ 

C6H3(OH)2 

D-Synephrine D-Adrenaline 

From calculations of the preferred conformation of the 
ephedrine and pseudo ephedrine molecules the topography 
of the adrenergic receptor as a flat surface has been 
deduced (_26) . This view, however, does not explain the 
decisive effect of the additional methyl group; its 
relative position should not influence the interaction 
with the proposed recepto
However, as the differences in activities are especi
ally high for the ephedrine and pseudo ephedrine iso
mers, we believe that the receptor must have an inter
calated structure similar as projected for the "bin
ding sites" of the silicones (Fig. 7b). 

Only in this case the relative position of the 
additional methyl groups can exert such profound 
differences in the interaction with the receptor, as 
i t is observed for these drugs in the biological sys
tem and similarly with the synthetic model. The energy-
niveau of the rotamer of D-ephedrine in b) is energeti
cally only slightly higher than of the rotamer in a) 

In general, the differences in interaction with 
a biological receptor are the more pronounced the clo
ser the assymmetric center is located to the area of 
the molecule interacting with the active site. The 
same applies to the interactions of enantiomers with 
chiral groups in the silicones. However, in compara
tive studies of the resolution factors of a large num
ber of 1-phenyl 2-amino alcohols i t became apparant 
that not only hydrogen-bonding is involved in the 
stereo-selective association, but van der Waals forces 
and hydrophobic interactions play also an important 
role. 
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Synthesis of Poly-L-Lysine Containing Nucleic Acid Bases 

Y. INAKI, T. ISHIKAWA, and Κ. TAYEMOTO 

Faculty of Engineering, Osaka University, Yamadakami, Suita, Osaka 565, Japan 

Among the naturally g polymer  multipl
tionality, nucleic acids seem to be the most interesting species. 
The nucleic acids, that is, DNA and RNA, contain two bases of the 
purine family, adenine and guanine, and also those of the pyrimi
dine family, thymine ( in the latter case, uracil ) and cytosine. 
The most essential function of the nucleic acid bases is consi
dered to be the formation of base-base pairing through hydrogen 
bonding between purines and pyrimidines, such as thymine ( or 
uracil ) with adenine, and cytosine with guanine, which plays an 
important role in realizing the replication and transcription of 
genetic codes for protein synthesis. 

The chemistry of nucleic acid analogs has received much 
attention in recent years, and a series of nucleic acid models 
has been designed and widely prepared, in order to estimate and 
utilize their functionalities in relation to the specific base
-pairing properties ( 1, 2, 3 ). These monomers and polymers, 
particularly those containing purines, pyrimidines, nucleosides, 
and nucleotides, are not only of interest to the field of hetero
cyclic organic chemistry, but also to that of biomimetic macro
molecular chemistry as synthetic analogs of the nucleic acids. 

In the investigations hitherto developed, however, it was 

adenine 

0-8412-0540-X/80/47-121-359$05.00/0 
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d i f f i c u l t t o know the con f o r m a t i o n of these polymers i n s o l u t i o n , 
because most of them c o n s i s t of a v i n y l - t y p e backbone and pendant 
n u c l e i c a c i d bases. I n t h i s r e s p e c t , a study on n u c l e i c a c i d 
analogs h a v i n g poly-a-amino a c i d backbone seems a l s o t o be a t t r a 
c t i v e . The p r e s e n t a r t i c l e concerns the s y n t h e s i s of p o l y - a -
amino a c i d s , p a r t i c u l a r l y of ε, N - s u b s t i t u t e d p o l y - L - l y s i n e w i t h 
the n u c l e i c a c i d b a s e s , as w e l l as the s y n t h e s i s of amino a c i d s 
i n c l u d i n g L - l y s i n e h a v i n g pendant n u c l e i c a c i d bases and t h e i r 
p o l y m e r i z a t i o n by u s i n g the N-carboxyamino a c i d a nhydride method, 
i n o r d e r t o get d e t a i l e d i n f o r m a t i o n s about the c o n f o r m a t i o n a l 
e f f e c t of the n a t u r e of t h e i r backbone s t r u c t u r e on the complex 
f o r m a t i o n of the n u c l e i c a c i d a n a l o g s . 

I n c o r p o r a t i o n of n u c l e i c a c i d bases by polymer m o d i f i c a t i o n r e 
a c t i o n s 

The d e r i v a t i v e s o
bas e s , t h a t i s , adenine
shown i n the f o l l o w i n g scheme: 

R - C H 2 C H 2 C O O ^ \ N 0 2 + -NH-CH-CO-

R: Adenine (1) NH^CF^OOH 
Thymine (2) 
U r a c i l (3) 

(4) 

-NH-CH-CO-
I 

( C H 2 ) 4 R: Adenine ( 5 ) 

i„-CO-CH 2C„ 2-K EST <« 

Adenine (Ade) Thymine (Thy) U r a c i l (Ura) 

C a r b o x y e t h y l d e r i v a t i v e s of the n u c l e i c a c i d bases were g r a f t e d 
onto p o l y - L - l y s i n e by u s i n g the a c t i v a t e d e s t e r method ( 4· ). 
P o l y ( L - l y s i n e t r i f l u o r o a c e t a t e ) ( 4 ) was prepared a c c o r d i n g t o 
the method of S e l a ( 5_ ). The p - n i t r o p h e n y l e s t e r s ( 1, 2, 3 ) 
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were prepared by the r e a c t i o n of the c o r r e s p o n d i n g c a r b o x y e t h y l 
d e r i v a t i v e s of the n u c l e i c a c i d bases w i t h p - n i t r o p h e n y l t r i -
f l u o r o a c e t a t e a c c o r d i n g t o the method of Overberger and I n a k i 
( 6̂  ) , and p u r i f i e d by r e c r y s t a l l i z a t i o n . 

The r e a c t i o n of the p - n i t r o p h e n y l e s t e r s w i t h the polymer 
(4) was s t u d i e d i n d i m e t h y l s u l f o x i d e ( DMSO ) s o l u t i o n i n the 
presence of t r i e t h y l a m i n e at 25°C. The p o l y - L - l y s i n e d e r i v a t i 
ves o b t a i n e d have d i f f e r e n t IR a b s o r p t i o n s p e c t r a from those of 
the s t a r t i n g compounds, and have a b s o r p t i o n s a s s i g n e d to the 
n u c l e i c a c i d bases. P o l y ( ε,Ν-Ade-L-lysine )(5) was s o l u b l e 
i n DMSO and e t h y l e n e g l y c o l , and a l s o i n water below pH 3, where 
i t was pr e s e n t as a p r o t o n a t e d form. I n dimethyIformamide ( 
DMF ) s o l u t i o n , the p o l y - L - l y s i n e c o n t a i n i n g 53 mol % adenine 
u n i t s was s o l u b l e , w h i l e the polymer c o n t a i n i n g 74 mol % adenine 
u n i t s was i n s o l u b l e . P o l y ( ε,N-Thy-L-lysine ) (6) and p o l y ( ε, 
N - U r a - L - l y s i n e )(7) was s o l u b l e i n DMSO, DMF and 6 N - h y d r o c h l o r i c 
a c i d . 

The c o n t e n t s of th
d e r i v a t i v e s were determined by UV s p e c t r a of the polymers a f t e r 
h y d r o l y s i s : The polymers were h y d r o l y z e d i n 6 N - h y d r o c h l o r i c 
a c i d at 105°C f o r 24 h r , i n t o l y s i n e d i h y d r o c h l o r i d e and the c a r 
b o x y e t h y l d e r i v a t i v e s of the n u c l e i c a c i d bases. The q u a n t i t a 
t i v e c a l c u l a t i o n was made r e l a t i v e t o the s t a n d a r d sample o f the 
c a r b o x y e t h y l d e r i v a t i v e of the n u c l e i c a c i d bases. The a n a l y 
t i c a l d a t a a r e l i s t e d i n Table 1. I t was found t h a t the thymine 
and u r a c i l d e r i v a t i v e s was c o m p l e t e l y s u b s t i t u t e d t o p o l y l y s i n e . 
Low v a l u e i n case of adenine base i n the polymer may be a t t r i b u 
t e d t o the u n s t a b i l i t y of the a c t i v a t e d e s t e r , Ade-PNP (1), and 
may a l s o be e x p l a i n e d i n terms of the s t e r i c i n t e r a c t i o n among 
b u l k y pendant groups of the polymer. When the p o l y - L - l y s i n e 
c o n t a i n i n g about 50 mol % adenine u n i t s was a g a i n t r e a t e d w i t h 
Ade-PNP, the adenine u n i t content i n the polymer i n c r e a s e d up 
to 74 mol % ( I ). 

The s p e c t r a l d a t a of these polymers are t a b u l a t e d i n Table 
1 and 2. From these d a t a , i t was concluded t h a t the a c t i v a t e d 
e s t e r of Ade-PNP (1) r e a c t e d o n l y w i t h ε-amino group of p o l y - L -
l y s i n e , and d i d n o t r e a c t w i t h amino group of the adenine base. 
F i g u r e 1, 2 and 3 show t h e i r NMR s p e c t r a . 

I n r e l a t i o n t o these works, the r e a c t i o n of p - n i t r o p h e n y l 
e s t e r s w i t h o p t i c a l l y a c t i v e p o l y ( p r o p y l e n e i m i n e )(#) was 
s t u d i e d a t 25°C i n DMSO s o l u t i o n a c c o r d i n g t o the same procedure 
d e s c r i b e d f o r the case of p o l y - L - l y s i n e d e r i v a t i v e s . The p o l y ( 
p r o p y l e n e i m i n e ) d e r i v a t i v e s thus o b t a i n e d have d i f f e r e n t IR and 
UV a b s o r p t i o n s p e c t r a from those of the s t a r t i n g compounds, and 
show a b s o r p t i o n s a s s i g n e d t o the n u c l e i c a c i d bases. However, 
t h e i r c o n t e n t s determined by UV s p e c t r o s c o p y were s u b s t a n t i a l l y 
low as compared w i t h the case of p o l y - L - l y s i n e d e r i v a t i v e s ; f o r 
(9) and (10) , the base c o n t e n t s were below 30 and 50 %, r e s p e c 
t i v e l y . The r e s u l t was e x p l a i n e d by a s t e r i c h i n d r a n c e caused 
by m e t h y l groups on the main c h a i n of p o l y ( p r o p y l e n e i m i n e ) : 
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Table 1. A n a l y t i c a l d a t a of n u c l e i c a c i d base s u b s t i t u t e d 
p o l y - L - l y s i n e s 

Base mol % λ ) u v 2 ) 

λ ε max,nm max 
[ n l 4 ) 

(5) Ade 53 266 12,200 + 4.8° 0.76 5> 
(5) Ade 74 268 12,400 + 4.7° 0.34 6> 
<*> Thy 97 273 9,000 + 1.0° 0.40 5> 
(?) Ura 97 269 8,800 + 2.7° 0.26 6 ) 

1) From UV s p e c t r a of the h y d r o l y z e d samples 2) i n DMSO a t 25°C
ε v a l u e i s c o r r e c t e d base
( c = 1 ) a t 22°C 4)
25°C f o r the o r i g i n a l polymer; p o l y ( ε,Ν-trifluoroacetyl-L-lysine 
) 6) [η] = 0.3 i n DMSO a t 25°C f o r the o r i g i n a l polymer; p o l y ( 
ε,Ν-trifluoroacetyl-L-lysine ) 

Ta b l e 2. NMR s p e c t r a of n u c l e i c a c i d base s u b s t i t u t e d p o l y -
L - l y s i n e s 

Base mol "λ ,2)
 C H 2 CH 2 CH NH C H 2 

c, d, e f b a, g h 

(5) Ade 53 1.40, 1.76 3.04 4.15 7.34, 7.52 2.72 
(5) Ade 74 1.39, 1.74 3.04 4.08 7.36, 7.58 2.71 
(6) Thy 97 1.43, 1.8 3.07 4.15 7.34, 7.5 2.50 
(7) Ura 97 1.44, 1.77 3.09 4.21 7.36, 7.5 2.52 

CH 2 » i 8-H 2-H 6-NH2 5-CH 3 5-H 6-H 3-NH 

4. 40 8.03 8.23 5.28 
4. 39 8.01 8.22 5.54 
3. 89 1.77 7.35 10.43 
3. 92 5.52 7.52 10.47 

1) From UV s p e c t r a of the h y d r o l y z e d samples 2) i n d,-DMS0 a t 
150°C, ppm from TMS: ^ R a 

iHb-CH^-CH^-CH^-CH^-NHg-CO-CHÎ}-CHi-Base 
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Figure 1. Ν MR spectrum of poly-L-lysine having pendant adenine moieties 

HN^VCH3 

CH2CH2COyH 
(CH9). -NHCHCÔ -

3-NH -NHC 

Ot'-CH2 A-CH2 

Ar.S-CH2 

11 10 8 7 5 1 i(ppm) 0 

Figure 2. Ν MR spectrum of poly-L-lysine having pendant thymin moieties 
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Figure 3. NMR spectrum of poly-L-lysine having pendant uracil moieties 

-NH-CH-CH„-» 2 U ) , (2) 
? H 3 

-N-CH-CH -I * 2 
C=0 
I 
CH CH -R 

R: Adenine (9) 
Thymine (10) 

S y n t h e s i s of amino a c i d s h a v i n g pendant n u c l e i c a c i d bases and 
p o l y m e r i z a t i o n of t h e i r N-carboxyamino a c i d anhydride ( NCA ) 
d e r i v a t i v e s 

The s y n t h e s i s of α-amino a c i d s c o n t a i n i n g p u r i n e and p y r i m i -
d i n e s i d e c h a i n s was f i r s t r e p o r t e d i n 1964 ( ) , w i t h the aim 
of p r e p a r i n g n u c l e i c a c i d analogs i n which p h o s p h o d i e s t e r l i n k a 
ges a r e r e p l a c e d by p e p t i d e l i n k a g e s . Only one known, n a t u r a l l y 
o c c u r r i n g compound of t h i s f a m i l y i s L - w i l l a r d i i n e , which i s an 
amino a c i d h a v i n g u r a c i l m oiety as the s i d e group. 

D , L - W i l l a r d i i n e was o b t a i n e d from α,Ν-tosylasparagine v i a 2-
amino-3-ureidopropanoic a c i d ( ) , as the f i r s t s y n t h e t i c exam
p l e ( 119 R = Η ). I n a d d i t i o n , β - ( 2 , 4 - d i h y d r o x y p y r i m i d i n - 5 -
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y l ) a l a n i n e (12) was prepared by a c i d h y d r o l y s i s of the r e a c t i o n 
p r o d u c t from 5 - c h l o r o u r a c i l , sodium methoxide, and d i e t h y l a c e t y l -
aminomalonate i n methanol s o l u t i o n ( 9̂  ). Other amino a c i d s con
t a i n i n g d i f f e r e n t l y s u b s t i t u t e d p y r i m i d i n e r e s i d u e s were a l s o syn
t h e s i z e d ( 1(3, 1JL, 12 ). The thymine and c y t o s i n e analogs of 
w i l l a r d i i n e ( 11, R = CH^, and 13 > r e s p e c t i v e l y ) and D,L-g-( 6-
a m i n o p u r i n - 9 - y l ) a l a n i n e (14) were prepared by t r e a t i n g the c o r 
r e sponding p y r i m i d i n e s and adenine w i t h bromoacetaldehyde d i e t h y l 
a c e t a l , f o l l o w e d by h y d r o l y s i s to a f f o r d the al d e h y d e s , and con
v e r s i o n of these by the S t r e c k e r s y n t h e s i s i n t o D , L - a l a n i n e d e r i 
v a t i v e s ( JL3 ) : 

(12) (13) (14) 

The p r e p a r a t i o n of two a d d i t i o n a l d e r i v a t i v e s of amino a c i d s 
h a v i n g pendant n u c l e i c a c i d bases was r e p o r t e d s u c c e s s i v e l y ( 14, 
15 ). 

I n 1973, the s y n t h e s i s of amino a c i d s c o n t a i n i n g pendant 
t h e o p h y l l i n e and o t h e r n u c l e i c a c i d b a s e s , and the p o l y m e r i z a t i o n 
of NCA compounds d e r i v e d t h e r e f r o m have s t u d i e d by our group ( 16), 

The polymers o b t a i n e d , however, were o l i g o m e r i c ones. 
As an e x t e n s i o n of our s y s t e m a t i c works on th e s e s u b j e c t s , we 

found s u c c e s s i v e l y a convenient r o u t e t o a s e r i e s of new amino 
a c i d d e r i v a t i v e s h a v i n g pendant n u c l e i c a c i d bases: L - l y s i n e d e r i -
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(15) (16) 

v a t i v e s c o n t a i n i n g t he base d  show  i  th  f o l l o w
i n g scheme ( 17_ ): 

Cbz-NHCH-COOH Cbz-NHCH-COOH 
I I 

( C H 2 ) 4 + ( 1, 2, 3 ) » ( C H 2 ) 4 

NH 2 NHCO(CH 2) 2-R 

(17) (18) 

R e a c t i o n s of α,Ν-carbobenzoxy( Cbz ) - L - l y s i n e ( a,N-Cbz-L-
l y s i n e )(17) w i t h a s e r i e s of p - n i t r o p h e n y l e s t e r s ( 19 29 3 ) 
were c a r r i e d out i n DMSO o r DMF s o l u t i o n a t 25°C f o r 2 days. 
Y i e l d of (18): Ade 70 %, Thy 87 %, Ura 87 % and t h e o p h y l l i n e ( 
The ) 69 %. These p r o d u c t s were a s s i g n e d by e l e m e n t a l a n a l y s i s , 

T a ble 3. S y n t h e s i s and p r o p e r t i e s of n u c l e i c a c i d base 
s u b s t i t u t e d L - l y s i n e s 

Ϊ) 2) Base S o l v e n t ' m.p. UV r , 3) 
( C) max,nm max 

(18a) Ade DMSO 125-127 263 13,300 - 2.4° 
(18b) Thy DMF 159-161 271 9,500 - 3.2° 
(18c) Ura DMF 169-171 266 10,000 - 2.2° 

(18d) The DMSO 141-143 276 8,400 - 1.0° 

1) S o l v e n t s used f o r the r e a c t i o n 2) I n e t h a n o l , a t 25°C 3) I n 
DMSO ( c = 2 ) , at 21°C 
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IR, UV and NMR s p e c t r a . The r e s u l t was l i s t e d i n T a b l e 3. I t 
was a l s o found t h a t the amino group of adenine a t 6 - p o s i t i o n r e 
mained u n r e a c t e d by the a t t a c k of the a c t i v a t e d e s t e r under the 
c o n d i t i o n used. 

I n c o n n e c t i o n w i t h the s y n t h e s i s of L - l y s i n e d e r i v a t i v e s h a v i n g 
pendant n u c l e i c a c i d b a s e s , two types of L - g l u t a m i c a c i d d e r i v a 
t i v e s , t h a t i s , those of amide and e s t e r t y p e , were a l s o s u c c e s s 
f u l l y prepared. The former compound was prepared by the r e a c t i o n 
o f N - p h t h a l y l - L - g l u t a m i c a c i d a n h y d r i d e w i t h a m i n o e t h y l d e r i v a t i 
ves of n u c l e i c a c i d b a s e s , and the p h t h a l y l b l o c k i n g group of t h i s 
compound (19) was removed by t r e a t i n g w i t h h y d r a z i n e to g i v e the 
aimed L - g l u t a m i c a c i d d e r i v a t i v e s (20): 

0 0 , . . J L f l - C H - C O + R - C H 2 C H N H

Ç H 2 > 

C H 2 - C 0 

H 2 N - C H - C 0 0 H 

C H - C 0 0 H H 2 N N H 2 ( C H 2 ) 2 

( Ç H 2 ) 2 > Ç 0 

9° N H 

, N H ( C H 2 ) 2 

( C H 2 ) 2 · 2 ; 2 

(.19) (20) 

The l a t t e r , e s t e r - t y p e d e r i v a t i v e s (21) were pr e p a r e d by the 
r e a c t i o n o f L - g l u t a m i c a c i d w i t h h y d r o x y e t h y l d e r i v a t i v e s of nuc
l e i c a c i d bases. The r e a c t i o n was s t u d i e d i n the presence of p-
t o l u e n e s u l f o n i c a c i d a t 100-110°C i n d i o x a n e , and water formed 
was removed by a z e o t r o p i c d i s t i l l a t i o n w i t h dioxane ( JL8 ) . 

H2N-CH-C00H H2N-CH-C00H 
( C H 2 ) 2 + R-CH 2CH 2OH > ( Ç H ^ 
COOH COO(CH 2) 2-R 

(21) 
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NH2 

CH2CH2C=0 
NH 

f>CH2OCONHCHC02H 

8 7 6 5 U 3 2 1 0 
(ppm) 

Figure 4. NMR spectrum of a,N-carbobenzoxy-L-lysine having adenine moiety 
(18) 

8 7 6 5 A 3 2 1 0 
(ppm) 

Figure 5. NMR spectrum of the polymer derived from α,Ν-carbobenzoxy-L-lysine 
having adenine moieties 
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These amino a c i d d e r i v a t i v e s c o n t a i n i n g pendant n u c l e i c a c i d 
bases were p o l y m e r i z e d by the NCA method. The NCAs of L - l y s i n e 
d e r i v a t i v e s (22) were prepared from the c o r r e s p o n d i n g amino a c i d s , 
f o r example, (18) and t h i o n y l c h l o r i d e u s i n g the Leuchs method, 
and those of L - g l u t a m i c a c i d d e r i v a t i v e s (23) were prepared w i t h 
phosgen i n dioxane u s i n g t h e Fuchs method, because of s o l u b i l i t y 
problems. The p o l y m e r i z a t i o n of them was c a r r i e d out u s i n g t r i -
e t h y l a m i n e as an i n i t i a t o r at room temperature f o r 2 days. Re-
p r e c i p i t a t i o n from DMSO-ethanol gave p o l y ( ε,N-Ade-L-lysine ) , 
f o r example, i n 73 % y i e l d . The degree of p o l y m e r i z a t i o n was 
about 15. F i g u r e 4 and 5 show NMR s p e c t r a of (18) and i t s p o l y 
mer, as an example. 

NH-R 
I 

S 0 C l o ( C H )  N ( C H )  NH-R 
2 T

I 
(-NH-CH-CO-)-

(18) > CH-Cι ;° 
NH-CO 

(22) R: Base-(CH 2) 2-CO-

? ° - R COCl ? ° - R N ( C 2 H 5 ) 3 

(CH,), L> ( Ç H 2 ) 2 

I * * W I Z
 L ' CO-R 

H N-CH-COOH CH-CO I 

NH-CO I 
-(-NH-CH-CO-)-

(23) R: Base-(CH 2) 2"NH-
B a s e - ( C H 2 ) 2 - 0 -

C o n c l u s i o n 
A s e r i e s of new amino a c i d d e r i v a t i v e s h a v i n g pendant n u c l e i c 

a c i d bases was prepared by the r e a c t i o n of L - l y s i n e and L - g l u t a m i c 
a c i d w i t h the n u c l e i c a c i d bases. These amino a c i d s were f u r t h e r 
p o l y m e r i z e d by u s i n g the N-carboxyamino a c i d a n h y d r i d e ( NCA ) 
method. A l t e r n a t i v e l y , the n u c l e i c a c i d base s u b s t i t u t e d p o l y -
L - l y s i n e s were a l s o prepared by u s i n g polymer r e a c t i o n s which i n 
c l u d e the r e a c t i o n of c a r b o x y e t h y l d e r i v a t i v e s of the bases onto 
p o l y - L - l y s i n e . P h y s i c o - c h e m i c a l p r o p e r t i e s of the polymers ob
t a i n e d were g i v e n . 
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Homogeneous Solution Reactions of Cellulose, Chitin, 

and Other Polysaccharides 

C. L. MCCORMICK, D. K. LICHATOWICH, J. A. PELEZO, and K. W. ANDERSON 

Department of Polymer Science, University of Southern Mississippi, 
Hattiesburg, MS 39401 

In the past, a lack of suitable organic solvents has 
prevented facile preparation of a wide range of derivatives from 
unmodified polysaccharides such as chitin and cellulose. 
Normally synthetic reactions for modification of these natural 
polymers have been conducted heterogeneously. In the absence of 
acceptable solvents, characterization of starting materials is 
difficult and reaction yields are often low due to unfavorable 
kinetics. Only in those cases in which the substituted products 
were soluble, have polymer structures been readily identifiable 
by instrumental analysis. 

In one successful procedure,(1)however, cellulose was dis
solved in dimethylsulfoxide in the presence of formaldehyde to 
yield clear viscous solutions. These methyloylcellulose 
derivatives were then reacted with anhydrides in the presence of 
pyridine to form esters.(2) The major advantage of the reported 
method was that the intermediate methyloylcellulose derivative 
could be reacted directly without isolation or purification. 

Recently,-non-aqueous solvent systems for cellulose have 
been reviewed.(3) Binary systems consisting of a nitrosyl-cation
-forming compound like N 2O 4, NOC1, or NOSO4H with a polar organic 
liquid successfully dissolve cellulose. Similarily, three 
component systems of an amine and a polar organic compound with 
SO2, SOC12, or SO2C12 dissolve cellulose. Unfortunately, the 

0-8412-0540-X/80/47-121-371$05.00/0 
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r e a c t i v i t y o f the s o l v e n t p r e c l u d e s p r e p a r a t i o n of a number of 
si m p l e o r g a n i c d e r i v a t i v e s . f . 

In c o n t i n u i n g investigationsrLl§y of h y d r o l y z a b l e p o l y m e r i c 
p e s t i c i d e d e r i v a t i v e s , a number of carbamate and e s t e r 
d e r i v a t i v e s of b i o d e g r a d a b l e p o l y s a c c h a r i d e s have been pre p a r e d 
i n our l a b o r a t o r i e s i n o r g a n i c s o l v e n t s under homogeneous 
r e a c t i o n c o n d i t i o n s . The s o l v e n t systems u t i l i z e d i n these 
reactions—Ν,Ν-dimethylacetamide w i t h t h r e e t o e i g h t p e r c e n t 
o f an i n o r g a n i c l i t h i u m s a l t — a l l o w f a c i l e c h a r a c t e r i z a t i o n o f 
bot h the r e a c t a n t and d e r i v a t i z e d p o l y s a c c h a r i d e . T h i s product 
d i s s o l u t i o n i s e s p e c i a l l y i m p o r t a n t f o r r e a c t i o n s i n which a 
low degree of s u b s t i t u t i o n i s d e s i r a b l e . 

L i t h i u m s a l t s i n o r g a n i c s o l v e n t s w i t h h i g h s o l u b i l i t y 
parameters have been p r e v i o u s l y used t o d i s s o l v e s t r o n g l y 
hydrogen-bonded p o l y a m i d e s S i J J ^ and p o l y s a c c h a r i d e s * ^ f o r 
v i s c o s i t y s t u d i e s and f o r p r e p a r a t i o n o f f i l m s o r f i b e r s  We 
a r e not aware of any p r e v i o u
systems t o pre p a r e e s t e

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

A. Is o c y a n a t e s 

P h e n y l i s o c y a n a t e , p - t o l y l i s o c y a n a t e , p - t o l u e n e s u l f o n y l 
i s o c y a n a t e , and p - c h l o r o p h e n y l i s o c y a n a t e were purchased from 
A l d r i c h Chemical Company and were d i s t i l l e d under vacuum p r i o r 
t o use. 

4 - I s o c y a n a t o - 6 - ( 1 , 1 - d i m e t h y l e t h y l ) - 3 - ( m e t h y l t h i o ) - (1,2,4 ) -
tr i a z i n - 5 ( 4 H ) o n e ! 2 / w a s prepared by dropwise a d d i t i o n of 0.46 
moles of 4 - a m i n o - 6 - ( 1 , 1 - d i m e t h y l e t h y l ) - 3 - ( m e t h y l t h i o ) - ( 1 , 2 , 4 ) -
t r i a z i n e - 5 - ( 4 H ) o n e i n 200 ml of t e t r a h y d r o f u r a n (THF) i n t o a 
2 l i t e r , 3-necked f l a s k equipped w i t h s t i r r e r , condenser, and 
thermometer and c o n t a i n i n g 2.0 moles of phosgene i n 250 ml of THF 
at -10°C. The r e a c t i o n was a l l o w e d t o proceed f o r one hour w i t h 
s t i r r i n g a t -5°C t o +5°C. The temperature was a l l o w e d t o r i s e 
s l o w l y t o 25°C over a one hour p e r i o d . The excess phosgene and 
HC1 gases were trapped by a sodium h y d r o x i d e s c r u b b e r s o l u t i o n 
as the r e a c t i o n m i x t u r e was warmed g e n t l y t o 40°C. During t h i s 
p r o c e s s the r e a c t i o n media became c l e a r . A s t r o n g i n f r a r e d 
absorbance a t 2320 cm~^ confir m e d the presence of the i s o c y a n a t e 
f u n c t i o n a l group. T h i s i s o c y a n a t e (101.3 g, 92%) was used w i t h 
out f u r t h e r p u r i f i c a t i o n . 

B. A c i d C h l o r i d e s 

2 , 4 - D i c h l o r o p h e n o x y a c e t y l c h l o r i d e ^ ) w a s prepared by a d d i t i o n 
o f 110.0 g (0.498 moles) of 2 , 4 - d i c h l o r o p h e n o x y a c e t i c a c i d i n 
250 ml of benzene and 7 ml o f Ν,Ν-dimethylformamide (DMF) i n t o a 
one l i t e r , 3-necked roundbottomed f l a s k equipped w i t h m e c h a n i c a l 
s t i r r e r , a d d i t i o n f u n n e l , thermometer and condenser connected 
to a c a u s t i c s c r u b b e r . A f t e r h e a t i n g t o r e f l u x , a s o l u t i o n of 
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80.0 g (0.676 moles) of t h i o n y l c h l o r i d e i n 100 ml of benzene was 
added over a f i v e hour p e r i o d . A f t e r removing excess s o l v e n t and 
t h i o n y l c h l o r i d e , the crude product was d i s t i l l e d y i e l d i n g 110 g 
(92%) o f the a c i d c h l o r i d e (b.p. 124°C @ 120 mm). 

2 , 2 - D i c h l o r o p r o p i o n y l chlorideiL3'was prepared by c h a r g i n g a 
two l i t e r , 3-necked, roundbottom f l a s k equipped w i t h m e chanical 
s t i r r e r , t h e r m o m e t e r , a d d i t i o n f u n n e l , and condenser connected t o 
a c a u s t i c s c r u b b e r w i t h 250 g of 2 , 2 - d i c h l o r o p h e n o x y a c e t i c a c i d 
i n 500 ml of c h l o r o f o r m and 10 ml of DMF. The m i x t u r e was 
r e f l u x e d f o r one hour, f o l l o w e d by the a d d i t i o n of 328 g of 
t h i o n y l c h l o r i d e over a p e r i o d of one hour. The m i x t u r e was 
r e f l u x e d f o r two a d d i t i o n a l hours. A f t e r removal o f excess 
t h i o n y l c h l o r i d e and s o l v e n t , the crude product was vacuum 
d i s t i l l e d y i e l d i n g 210 g o f the a c i d c h l o r i d e (b.p. 75°C @ 20 mm). 

C. Carbamate D e r i v a t i v e s o f P o l y s a c c h a r i d e s 

Carbamate d e r i v a t i v e
amylose, a m y l o p e c t i n , and d e x t r a n were prepared u s i n g the 
i s o c y a n a t e s d e s c r i b e d i n P a r t A of the E x p e r i m e n t a l S e c t i o n . 
Amylose, a m y l o p e c t i n , d e x t r a n , and c e l l u l o s e were o b t a i n e d from 
P o l y s c i e n c e s , I n c . and used w i t h o u t f u r t h e r p u r i f i c a t i o n . C h i t i n , 
o b t a i n e d from Eastman Kodak, was d e c a l c i f i e d and d e p r o t e i n a t e d by 
the method r e p o r t e d by H a y e s ^ ' p r i o r t o use. 

The l i t h i u m s a l t s o l u t i o n s were prepared by adding the 
chosen s a l t ( L i C l , L i B r , o r L1NO3) to t h e N,N-dimethylacetamide 
f o l l o w e d by a d d i t i o n o f the p o l y s a c c h a r i d e . Complete d i s s o l u t i o n 
o f the p o l y s a c c h a r i d e r e q u i r e d s e v e r a l h o u r s — o f t e n w i t h h e a t i n g 
and c o o l i n g c y c l e s . 

In a t y p i c a l experiment the i s o c y a n a t e (0.006 moles) was 
r e a c t e d w i t h 1.5 g of the p o l y s a c c h a r i d e i n 150 ml of a 5% L i C l / 
Ν,Ν-dimethylacetamide s o l u t i o n a t 90°C under n i t r o g e n f o r two 
hours. The appearance o f a s t r o n g i n f r a r e d absorbance a t 1705 
cm"! was an i n d i c a t i o n o f carbamate f o r m a t i o n . The d e r i v a t i z e d 
polymer was i s o l a t e d as a w h i t e powder by p r e c i p i t a t i o n of the 
r e a c t i o n s o l u t i o n i n t o a no n s o l v e n t such as methanol. A l t e r 
n a t i v e l y t h i n f i l m s were c a s t d i r e c t l y from s o l u t i o n ; the 
l i t h i u m s a l t c o u l d be removed by r i n s i n g w i t h acetone. F i g u r e 1 
i l l u s t r a t e s the r e a c t i o n o f c e l l u l o s e w i t h p h e n y l i s o c y a n a t e . 

D. E s t e r D e r i v a t i v e s of P o l y s a c c h a r i d e s 

E s t e r d e r i v a t i v e s of c e l l u l o s e , c h i t i n , d e x t r a n , amylose, 
and a m y l o p e c t i n were prepared u t i l i z i n g t he a c i d c h l o r i d e 
d e r i v a t i v e s d e s c r i b e d i n P a r t Β of the E x p e r i m e n t a l S e c t i o n . 

I n a t y p i c a l example ( F i g u r e 2 ) , the 2 , 2 - d i c h l o r o p r o p i o n a t e 
e s t e r o f c h i t i n was prepared by r e a c t i n g 1.0 g of c h i t i n d i s s o l v e d 
i n 100 ml o f a 5% LiC l / N , N - d i m e t h y l a c e t a m i d e s o l u t i o n w i t h 0.006 
moles of 2 , 2 - d i c h l o r o p r o p i o n y l c h l o r i d e a t 140°C f o r t h r e e h o urs. 
The product was i s o l a t e d by p r e c i p i t a t i o n i n t o methanol. 
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TABLE I . P h y s i c a l Data of D e r i v a t i z e d P o l y s a c c h a r i d e s 

S t r u c t u r e Sample 
Wt. (mg) 

D.S.a I R Absorbance 
(cm" 1) 

nsp/( 
(30.25 d! 

CHI-OR-L 2.1 0 . 6 5 1 7 0 0 0 . 5 2 
C H I - O R 2 2.5 0 . 6 8 1 7 0 7 -
C H I - O R 3 2.6 0 . 7 0 1 7 0 0 -
C H I - O R 4 1.8 0 . 6 9 1 7 0 7 -
C H I - O R 5 1.4 0 . 1 9 1 7 0 5 -
C H I - O R 6 1.5 0 . 7 3 1 7 2 5 0 . 5 9 
CHI-OR 7 1.7 0 . 4 1 1 7 4 0 0 . 2 9 
CEL-ORx 1.9 0 . 9 8 1 7 0 0 0 . 5 5 
CEL-OR 2 1.4 0.87 1 7 0 5 -
CEL-OR 3 1.3 0 . 8 1 1 7 0 5 -
CEL-OR 4 2.2 0 . 7 0 1 7 1 0 -
C E L - O R 5 1.0 
CEL-OR 7 2.1 
AM-OR6 1.5 0.44 1 7 2 5 0 . 3 7 
AM-OR7 1.7 0 . 2 2 1 7 4 2 0 . 2 0 
AMP-OR1 1.2 0 . 6 5 1 7 0 0 0 . 5 8 

1.5 0 . 8 2 1 7 0 0 0 . 4 6 
D-OR2 1.3 0 . 9 0 1 7 0 7 -
D-OR3 1.5 0 . 8 8 1 7 0 7 -
D-OR4 1.4 0 . 5 0 1 7 0 7 -

CHI - C h i t i n 
CEL - C e l l u l o s e 
AM - Amylose 
AMP - A m y l o p e c t i n 
D - Dextran 

Ri = 

Ro = 

(CH.) 3'3 

9 

Ν £• 
9 

-ΝΉ-C-
-SCHo 

H 

Η 

^ 9 
C H 3 - © - S - N -

aDegree of s u b s t i t u t i o n 
^Reduced V i s c o s i t y 

Rc = 

RA = 

C l - ^ ) - N _ C -

Cl-
0 
I! 

CH2-C-

C H 3 C C 1 2 C -
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Figure 1. Reaction of cellulose with isocyanates 
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E. D e t e r m i n a t i o n of Degree of S u b s t i t u t i o n 

The d e r i v a t i z e d p o l y s a c c h a r i d e s were e x t r a c t e d u s i n g a 
S o x h l e t apparatus w i t h t e t r a h y d r o f u r a n as the e x t r a c t i n g s o l v e n t . 
The r e s u l t i n g polymer was weighed and then p l a c e d i n an aqueous 
sodium h y d r o x i d e s o l u t i o n (0.1 N) f o r 24 hours a t 60°C. From 
the weight of the polymer, the c o n c e n t r a t i o n of the amine o r 
a c i d s a l t as observed by u l t r a v i o l e t s p e c t r o s c o p y and the 
r e p e a t i n g u n i t w e i g h t , the degree o f s u b s t i t u t i o n (Table 1) was 
c a l c u l a t e d . I t s h o u l d be noted t h a t these v a l u e s a r e p r o b a b l y 
lower than the a c t u a l v a l u e s s i n c e complete h y d r o l y s i s f o r l a r g e 
p a r t i c l e s i z e s may not be p o s s i b l e i n t h ese u n s w o l l e n polymers. 

F. H y d r o l y s i s of Carbamate D e r i v a t i v e s 

Preweighed 1.0 mg samples o f each p o l y s a c c h a r i d e carbamate 
d e r i v a t i v e were submerge
v a l u e s : 3.1; 7.0; and 11.3
withdrawn a t p e r i o d i c i n t e r v a l s and a n a l y z e d by u l t r a v i o l e t 
s p e c t r o s c o p y . T y p i c a l r e s u l t s a r e shown i n F i g u r e s 3 and 4 f o r 
pendant h y d r o l y s i s r a t e s of carbamate d e r i v a t i v e s of c e l l u l o s e 
and c h i t i n r e s p e c t i v e l y as a f u n c t i o n o f pH. 

G. I n s t r u m e n t a l A n a l y s e s 

I n f r a r e d s p e c t r a were r e c o r d e d on a P e r k i n Elmer Model 567 
Spectrophotometer. U l t r a v i o l e t s p e c t r a were o b t a i n e d on a Cary 
1756 Spectrophotometer. Gas chromatograms were r e c o r d e d on a 
T r a c o r Model 220 w i t h e l e c t r o n c a p t u r e d e t e c t o r . High p r e s s u r e 
l i q u i d chromatography s t u d i e s v e r e conducted w i t h a Waters Model 
ALC-200 w i t h u l t r a v i o l e t and r e f r a c t i v e i n d e x d e t e c t o r s . 

R e s u l t s and D i s c u s s i o n 

T a ble I l i s t s p h y s i c a l d a t a f o r a number of the carbamate 
and e s t e r d e r i v a t i v e s of c e l l u l o s e , c h i t i n , amylose, a m y l o p e c t i n , 
and d e x t r a n s y n t h e s i z e d as d e s c r i b e d i n the E x p e r i m e n t a l S e c t i o n . 
The s o l u b i l i t y of the p o l y s a c c h a r i d e s t a r t i n g m a t e r i a l s as w e l l 
as t h a t o f the produced d e r i v a t i v e s a l l o w s f o r macromolecular 
c h a r a c t e r i z a t i o n through t e c h n i q u e s i n c l u d i n g UV, NMR, IR, h i g h 
p r e s s u r e l i q u i d chromatography, e t c . 

The s o l u b i l i z a t i o n o f p o l y s a c c h a r i d e s such as c h i t i n and 
c e l l u l o s e a p p a r e n t l y r e s u l t s from the d i s r u p t i o n of s t r o n g 
i n t e r m o l e c u l a r hydrogen bonding by the l i t h i u m i o n s i n the N,N-

c a t i o n s such as Na +, K +, C s + , C a + , Ba"1"4" showed no tendency to 
s o l v a t e the above polymers. A d d i t i o n a l l y , some s p e c i f i c i t y was 
shown f o r the a n i o n t y p e , i . e . , B r " , C l ~ , and N O 3 " . These t r e n d s 
a r e under f u r t h e r i n v e s t i g a t i o n . 

I t was a n t i c i p a t e d t h a t homogeneous r e a c t i o n c o n d i t i o n s 

d i m e t h y l a c e t a m i d e . c o n d i t i o n s , 
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TIME (Days) 

Figure 3. Hydrolysis of pendant methane groups as a function of medium. 
Pendant: ©—Ν Η COO—; substrate: cellulose; (A) basic medium (pH = 11.3); 

(U) acidic medium (pH = 3.1 );(*) deionized H20 (pH = 7.0) 

in 

TIME (Days) 

Figure 4. Hydrolysis of pendant urethane groups as a function of medium. 
Pendant: CHS ©-NHCOO-; substrate: chitin; (A) basic medium (pH = 11.3); 

(H) acidic medium (pH = 3.1 );(*) deionized H20 (pH = 7.0) 
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s h o u l d c e r t a i n l y l e a d t o more f a v o r a b l e k i n e t i c s than h e t e r o 
geneous c o n d i t i o n s . The r e a c t i o n s r e p o r t e d were conducted w i t h 
out c a t a l y s t s ; no attempt was made to o p t i m i z e y i e l d s . The p r e s 
ence of the carbamate o r e s t e r bonds i n the d e r i v a t i z e d samples 
was d e t e c t e d i n the i n f r a r e d i n the r e g i o n from 1695 t o 1750 cm 
(Table 1 ) . The degrees o f s u b s t i t u t i o n (Table I ) were determined 
by 24 hour s a p o n i f i c a t i o n o f the p o l y s a c c h a r i d e d e r i v a t i v e s 
f o l l o w e d by u l t r a v i o l e t s p e c t r o s c o p i c a n a l y s i s o f the h y d r o l y z e d 
p r o d u c t s . P r i o r t o h y d r o l y s i s , the p o l y s a c c h a r i d e d e r i v a t i v e s 
were e x t r a c t e d w i t h benzene and then methanol t o remove any 
unattached r e a c t i o n p r o d u c t s . P a r t i c l e s i z e and the s o l u b i l i t y 
parameter of the p o l y s a c c h a r i d e carbamate o r e s t e r d e r i v a t i v e s 
undoubtedly have a g r e a t i n f l u e n c e on the e f f i c i e n c y of an 
e x t r a c t i o n procedure and upon the degree of h y d r o l y s i s d u r i n g 
s a p o n i f i c a t i o n . T h e r e f o r e , a h i g h p r e s s u r e l i q u i d chromato
graphy method i s b e i n g developed to more a c c u r a t e l y determine 
the degree of s u b s t i t u t i o n
s a l t s o l u t i o n s , low m o l e c u l a
be s e p a r a t e d from the d e r i v a t i z e d polymers; however, s t r o n g 
s o l v e n t absorbance and h i g h s o l u t i o n v i s c o s i t i e s p r e s e n t l y 
p r e v e n t q u a n t i t a t i v e a n a l y s i s . At h i g h degrees o f carbamate 
s u b s t i t u t i o n , o t h e r s o l v e n t s may be used f o r d i s s o l u t i o n and 
the method i s more r e l i a b l e . 

D e r i v a t i v e s (Table I ) formed by the r e a c t i o n o f the chosen 
p o l y s a c c h a r i d e w i t h an i s o c y a n a t e o r a c i d c h l o r i d e a r e carbamates 
and e s t e r s r e s p e c t i v e l y . However, c h i t i n o r p o l y [ ( l - * 4 ) ( N - a c e t y l -
2-amino-2-deoxy - 3-glucopyranose)] a c t u a l l y used i n t h i s experiment 
c o n t a i n s a p p r o x i m a t e l y 16% f r e e amine groups which can form u r e a 
and amide d e r i v a t i v e s w i t h t he above r e a g e n t s . 

V i s c o s i t y d a t a are r e p o r t e d i n Table I f o r a number of the 
p o l y s a c c h a r i d e d e r i v a t i v e s i n 5% Li C l / N , N - d i m e t h y l a c e t a m i d e 
s o l u t i o n s . At low c o n c e n t r a t i o n s o f polymers, an upward c u r v a t u r e 
i n t h e n S p / c (reduced v i s c o s i t y ) vs c ( c o n c e n t r a t i o n ) p l o t was 
observed. A d d i t i o n a l l y , n o n l i n e a r i n c r e a s e s i n s o l v e n t v i s c o s i t y 
were observed f o r i n c r e a s e d l i t h i u m i o n c o n c e n t r a t i o n s i n the 
absence o f polymer. T h e r e f o r e , reduced v i s c o s i t i e s a t 0.25 d l / g 
a r e r e p o r t e d . 

H y d r o l y s i s s t u d i e s have been conducted under a c i d i c , b a s i c , 
and n e u t r a l c o n d i t i o n s f o r the p o l y s a c c h a r i d e d e r i v a t i v e s . 
F i g u r e s 3 and 4 i l l u s t r a t e t y p i c a l r a t e s o f h y d r o l y s i s f o r 
carbamate d e r i v a t i v e s o f c e l l u l o s e and c h i t i n . The r a t e s of 
r e l e a s e a t a pH v a l u e 11.3 were c o n s i d e r a b l y h i g h e r i n b o t h 
systems than a t pH v a l u e s o f 3.1 and 7.0. A f t e r seven days i n 
the b a s i c medium the c e l l u l o s e d e r i v a t i v e had d e l i v e r e d 27.3 
pe r c e n t of the a v a i l a b l e a n i l i n e . I n the a c i d i c medium and 
n e u t r a l medium 15.6 and 10.6 p e r c e n t were d e l i v e r e d . A f t e r 
seven days the c h i t i n d e r i v a t i v e d e l i v e r e d 27.7, 10.0, and 9.5 
pe r c e n t o f the a v a i l a b l e p - m e t h y l a n i l i n e i n the b a s i c , a c i d i c , 
and n e u t r a l media, r e s p e c t i v e l y . 

In Modification of Polymers; Carraher, C., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



380 MODIFICATION OF POLYMERS 

Acknowledgements 

Support for portions of this research have come from the 
NOAA Sea Grant Program and from Hopkins Chemical Company of 
Madison, Wisconsin. 

Literature Cited 

1. Seymour, R.B. and E.L. Johnson, Coatings and Plastics 
Preprints, 36(2), 668 (1976). 

2. Seymour, R.B. and E.L. Johnson, Polymer Preprints, 17(2), 
382 (1976). 

3. Phillipp, B., H.S. Schleicher, and W. Wagennecht, "Non
-Aqueous Solvents of Cellulose," Chem Tech, 702-709, 
November (1977). 

4. McCormick, C.L. and M.M. Fooladi, "Synthesis, Character
ization, and Releas
Pendant Herbicides,
Symposium Series 53, 112-125, H.B. Scher, ed., Washington, 
D.C., 1977. 

5. McCormick, C.L. and K.E. Savage, "Development of Controlled 
Release Systems Containing Pendant Metribuzin," Proceedings 
of the 1977 Controlled Release Symposium, pp. 28-40, 
Corvallis, Oregon (1977). 

6. McCormick, C.L., D.K. Lichatowich, and M.M. Fooladi, 
"Controlled Activity Pendant Herbicide Systems Utilizing 
Chitin and Other Biodegradable Polymers," Proceedings of 
the 5th International Symposium on Controlled Release of 
Bioactive Materials, pp. 3.6-3.17, Gaithersburg, MD (1978). 

7. Savage, K.E., C.L. McCormick, and B.H. Hutchinson, 
"Biological Evaluation of Polymeric Controlled Activity 
Herbicide Systems Containing Pendant Metribuzin," 
Proceedings of the 5th International Symposium on Controlled 
Release of Bioactive Materials, pp. 3.18-3.28, Gaithersburg, 
MD (1978). 

8. McCormick, C.L. and D.K. Lichatowich, "Homogeneous Solution 
Reactions of Cellulose, Chitin, and Other Polysaccharides to 
Produce Controlled Activity Pesticide Systems," submitted 
to the Journal of Polymer Science (1978). 

9. deCindo, B. and C. Migliaresi, Polymer, 19, 526 (1978). 
10. Morgan, P.W. and S.L. Kowler, Macromolecules, 8, 104 (1975). 
11. Panar, M. and L.F. Beste, Polymer Preprints, American 

Chemical Society, p. (1965). 
12. Austin, P.R., German Offen 2,707,164 (1978); U.S. Patents 

4,059,457 and 4,062,921 (1979). 
13. Fooladi, M.M., University of Southern Mississippi, Ph.D. 

Dissertation in preparation (1979). 
14. Hayes, G.M., "Chitin as a Chemical Raw Material," 

Encyclopedia of Chemical Technology, A. Standen, ed., 
Interscience, p. 222 (1960). 

RECEIVED July 12, 1979. 

In Modification of Polymers; Carraher, C., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



25 
Modification of Cotton with Tin Reactants 
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Cellulose is a naturally occurring polymeric carbohydrate, 
hydrolyzable to glucose
linked through a beta-glucosidic bonding. Natural cellulose 
exhibits usual chain lengths of 1000 to 3000 units long. It is 
a very common material making up about one-third of al l vege
table matter. In actuality cellulose is quite complex and 
varying in exact composition. Cotton is a relatively pure natu
ral cellulose, containing only 3-15% of noncellulosic material. 

The modification of cotton has occurred for years being one 
of the earliest executed chemical processes in man's history. 
Even so, much s t i l l remains with many of the more recent studies 
catalyzed by the increasing need to utilize regenerable materials 
as feedstock in a widening variety of uses. Most of these modi
fications are topochemical in nature, occurring with cellulosic 
reactive groups which are available in the amorphorus regions and 
on the surfaces of crystalline areas. We chose to attempt more 
intimate, complete modification of cotton. There are few, i f 
any techniques for completely solubilizing cellulose. Generally 
"solution" is effected through chain degradation where the cellu
losic material actually forms a gell-like solution. 

The use of bisethylenediamine copper (II) hydroxide solu
tions to effect solution of cotton has been practiced for many 
years and is s t i l l industrially practiced on a small scale as a 
method of regeneration of cotton. Copper-amine solutions were 
utilized for this study for a number of reasons including a. as 
noted above, an abundance of prior knowledge exists concerning 
the technique; b. i t allows fairly good solution of the cotton; 
c. i t was found, early in our work, to allow the execution of the 
types of modification desired; and d. i t is easily handled and 
can be utilized on the gram as well as ton scale. Further purity 
of modified material, i .e . effectiveness of removal of unreacted, 
etc. material is easily followed through analysis of the copper 
present in the modified material. 

0-8412-0540-X/80/47-121-381$05.00/0 
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Here we w i l l concentrate on the m o d i f i c a t i o n o f cotton 
through r e a c t i o n with t i n - c o n t a i n i n g r e a c t a n t s and thermal charac
t e r i z a t i o n o f the products. 
EXPERIMENTAL 

Reaction apparatus was d e s c r i b e d elsewhere (1_). B r i e f l y i t 
i s a one p i n t Kimex e m u l s i f y i n g j a r placed on a Waring Blendor 
(Model 1120). D i p r o p y l t i n d i c h l o r i d e , d i b u t y l t i n d i c h l o r i d e , 
d i p h e n y l t i n d i c h l o r i d e , t r i p h e n y l t i n c h l o r i d e , d i m e t h y l t i n 
d i c h l o r i d e and d i o c t y l t i n d i c h l o r i d e ( A l f a Inorganics, Inc., 
Beverly, Mass.) were used as r e c e i v e d . A predetermined volume o f 
bisethylenediaminecopper ( I I ) h y d r o x i d e - c e l l u l o s e s o l u t i o n 
formed by d i s s o l v i n g cotton (Padco N o n - s t e r i l e Cotton manufac
tured by The Absorbant Cotton Co., V a l l e y Park, Mo.) i n b i s e t h y 
lenediaminecopper ( I I ) hydroxide (Ecusta Paper Corp.  Pisgah 
F o r e s t , North C a r o l i n a
s t i r r i n g (2,3.4) was adde  (ç  20,50  rpm, ) 
s o l u t i o n s o f organic s o l v e n t c o n t a i n i n g the organotin h a l i d e . 
The products were c o l l e c t e d , a f t e r s u c t i o n f i l t r a t i o n , i n a s i n 
t e r e d g l a s s f u n n e l . Repeated washings with water were c a r r i e d 
out u n t i l a f t e r the blue c o l o r a t i o n ceased. 

D i l u t e s u l f u r i c a c i d was added to some r e a c t i o n s o l u t i o n s to 
e f f e c t n e u t r a l i z a t i o n and consequently p r e c i p i t a t i o n o f unreacted 
(usual) and a d d i t i o n a l modified product. The p r e c i p i t a t e d 
m a t e r i a l was t e s t e d f o r t i n and where t i n i n c l u s i o n occurred, the 
samples were kept separate from the o r i g i n a l l y p r e c i p i t a t e d 
m a t e r i a l . 

I n f r a r e d s p e c t r a were obtained using a Perkin-Elmer 457 
Grating I n f r a r e d Spectrometer u t i l i z i n g KBr p e l l e t s . Thermal 
a n a l y s i s was e f f e c t e d u t i l i z i n g a duPont 951 Thermogravimetric 
Analyzer, duPont 990 Thermoanalyzer, duPont D i f f e r e n t i a l 
Scanning Calorimeter and Fisher-Johns M e l t i n g Point Apparatus. 
Elemental a n a l y s i s was e f f e c t e d f o r copper and t i n u t i l i z i n g a 
Varian Techtron AA6 Atomic Absorption Spectrophotometer u t i l i z i n g 
P r i c e f s technique f o r sample pr e p a r a t i o n (4). 
RESULTS 
Synthesis 

Reaction appears to be general with wide v a r i a t i o n o f 
product y i e l d and tin-moiety i n c l u s i o n ranging from low to high 
depending on the s p e c i f i c r e a c t i o n c o n d i t i o n s ( f o r instance 
Table 1 ) . Thus both amount (proportion) and frequency (extent) 
o f cotton m o d i f i c a t i o n can be e a s i l y c o n t r o l l e d lending i t s e l f to 
useful i n d u s t r i a l u t i l i z a t i o n . 
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Previous work by us has l e d to the s y n t h e s i s o f s i l i c o n , 
germanium and t i n polyethers u t i l i z i n g i n t e r f a c i a l systems ( f o r 
instance 5-9). The t i n - c o t t o n products should possess an analo
gous s t r u c t u r e from p r e v i o u s l y reported s i m i l a r i t i e s i n r e a c t i 
v i t y o f s o l u b l e c e l l u l o s i c hydroxyls with organic a c i d c h l o r i d e s . 

R 
R 2 MX2 + HO-R-OH >{H-0-R-0) 

R 
I. 

The s t r u c t u r e o f the modified products i s probably a mixture of 
mono-, d i - and t r i s u b s t i t u t e d m a t e r i a l s with the amounts o f d i -
and t r i s u b s t i t u t i o n i n c r e a s i n g as the p r o p o r t i o n o f tin-moiety 
increases even though f o
t i n moiety i n c l u s i o n remaine  hig  throughou
range o f 0.30:1 to 5:1 being about the value expected f o r t r i 
s u b s t i t u t i o n . 

Representative i n f r a r e d s p e c t r a o f modified c o t t o n products 
appear i n Figures 1A and I B . A n a l y s i s o f the i n f r a r e d spectrum o f 
the products were c o n s i s t e n t with the t i n - m o d i f i e d product being 
formed. For instance f o r the d i - n - p r o p y l t i n d i c h l o r i d e - c e l l u l o s e 
product a l a r g e , broad band appeared from 3200-3500 cm-1 charac
t e r i s t i c o f Sn-OH and R-0H groupings. The a l i p h a t i c CH 
s t r e t c h i n g v i b r a t i o n s f o r both the d i p r o p y l t i n and c e l l u l o s e are 
present between 2850 and 2860 cm-1. Bands c h a r a c t e r i s t i c o f a l i 
p h a t i c C-H out o f place deformations c h a r a c t e r i s t i c o f d i p r o p y l 
t i n appear at 1425, 1415, 1380 and 1130 cm-1. The Sn-0 asymme
t r i c s t r e t c h from Sn-0-R occurs at 670 cm"! a n d the Sn-0-R sym
metric s t r e t c h f o r t i n ethers occurs a t 610 cm"! _ both bands are 
present i n the modified products ( T J U J ) . The Sn-Cl s t r e t c h i n g 
band occurs between 320 t o 350 cm"1 depending on t i n s u b s t i t u t i o n 
(12). Some products e x h i b i t small bands i n t h i s region charac
t e r i s t i c o f unreacted Sn-Cl groups but s p e c t r a o f most o f the 
products are c l e a r i n t h i s r e g i o n . Further, negative AgN03-
sodium f u s s i o n r e s u l t s were found f o r the products which were 
c l e a r i n the 320 to 350 cm"1 r e g i o n . A broad band c e n t e r i n g 
about 3300 to 3400 cm"1 i s c h a r a c t e r i s t i c o f c e l l u l o s i c -OH 
groups. Bands c h a r a c t e r i s t i c o f the Sn-OH moiety vary between 
3400 to 3500 cm" 1, making i d e n t i f i c a t i o n o f Sn-OH e x h i b i t i n g 
bands i n the lower (ca 3400 cm-1) region d i f f i c u l t . Bands 
c h a r a c t e r i s t i c o f the presence of Sn-OH are present and i d e n t i 
f i a b l e where the Sn-OH band occurs w i t h i n the upper region (ça 
3470 to 3500 cm" 1). Thus products from d i b u t y l t i n d i c h l o r i d e 
(even when employing a f i v e f o l d excess o f the t i n monomer) 
e x h i b i t a band c e n t e r i n g about 3490 cm"1 c h a r a c t e r i s t i c o f the 
Sn-OH grouping and no band i n the 320 to 350 cm-1 r e g i o n . 
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Figure 1. IR spectra of condensation product of cotton with (A) diphenyltin 
dichloride and (B) dibutyltin dichloride 
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Because of the shown presence o f Sn-OH groups f o r products 
employing d i h a l o reactants and r e l a t i v e l y high i n c l u s i o n o f t i n -
moiety c a l c u l a t i o n s contained i n Table 1 were based on Forms II 
and I I I . 

Product p u r i f i c a t i o n i s e a s i l y f o l l o w e d by monitoring the 
decrease i n blue-green c o l o r a t i o n p o s s i b l e because o f the high 
c o l o r a t i o n o f copper II complexes. The presence o f copper i n the 
modified product was followed using AA. Copper l e v e l s were 
t y p i c a l l y l e s s than 10- 2% f o r compounds reported i n t h i s paper. 
Thus simple, repeated water washings are s u f f i c i e n t to remove 
copper and presumably unreacted t i n monomer. The l a t t e r may not 
always be t r u e i f q u i t e excessive amounts o f the t i n r e a c t a n t are 
employed such as i n Table 1 where a 5:1 t i n : c o t t o n r a t i o was 
employed g i v i n g a yieîd i n s l i g h t excess o f 100%, presumably due 
to the i n c l u s i o n o f some unreacted t i n monomer. While i t may be 
de s i r e d t h a t complete removal o f the t i n monomer be e f f e c t e d , i t 
i s probably not c r i t i c a l f o r a number o f p o t e n t i a l a p p l i c a t i o n s 
where the b i o l o g i c a l p r o p e r t i e s are experienced through c o n t r o l 
r e l e a s e s i n c e small amounts o f unreacted t i n monomer w i l l 
probably only a f f e c t the i n i t i a l r a t e o f " c o n t r o l l e d r e l e a s e " o f 
the t i n . 
P h y s i c a l P r o p e r t i e s 

A l l o f the products are i n s o l u b l e i n a l l attempted solvents 
i n c l u d i n g DMSO, HMPA and DMF t y p i c a l o f c r o s s l i n k e d products. 
They are hydrophobic and r e s i s t a n t to h y d r o l y s i s because of t h e i r 
hydrophobic nature. This change to a hydrophobic nature i s p o s i 
t i v e f o r a p p l i c a t i o n s r e q u i r i n g water s t a b i l i t y , r e s i s t a n c e and 
re p e l l e n c y and i s t y p i c a l o f most water s o l u b l e polymers (such as 
p o l y ( a c r y l i c a c i d ) , polyethyleneimine and p o l y v i n y l a l c o h o l ) 

H 2 C " 0 V S n R 2 0 

M 
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Table I 
Results as a f u n c t i o n o f t i n monomer 

Amount Molar Y i e l d Y i e l d T i n T i n 
Ti n Re- Ratio (grams) Assum- Found Calcu-

Organ-
o t i n 
H a l i d e actant T i n : 

(mmole) Cotton 
Reactive 
Groups 

ing (%) 
Complete 
I n c l u s i o n 

l a t e d 
Assum
ing 
Com

sio n 

I n i t i a l 
Degra
dat i o n 
Temp. 
A i r „ 
(° C ) a 

D i p r o p y l - 0.93 1:1 
t i n D i 

c h l o r i d e 
0.19 38 

Dibutyl -
t i n D i 
c h l o r i d e 
D i b u t y l -
t i n D i 

c h l o r i d e 
D i b u t y l -
t i n D i 

c h l o r i d e 
D i b u t y l -
t i n D i 

c h l o r i d e 
D i b u t y l -
t i n D i 

c h l o r i d e 
D i b u t y l -
t i n D i 

c h l o r i d e 

0.28 0:30:1 0.0085 

0.47 0:50:1 0.047 

0.69 0.75:1 0.087 

0.93 1:1 

1.86 2:1 

0.077 

0.29 

2.33 2.5:1 0.43 

15 

21 

14 

52 

77 

21 27 

41 40 

44 40 

41 40 

280 

270 
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D i b u t y l - 4.65 5:1 0.58 103 37 40 
t i n D i 

c h l o r i d e 
T r i p h e n y l - 0.93 0.5:1 0.39 100 240 
t i n Chlor
ide 

T r i p h e n y l - 1.86 1:1 0.50 65 19 29 
t i n C h l o r 
ide 

Dimethyl- 0.93 1:1 0.11 32 
t i n D i 
c h l o r i d e 

Dimethyl- 2.79 3:1 0.14 41 
t i n D i 
c h l o r i d e 

D i o c t y l - 0.93 1:1 0.31 40 
t i n D i 
c h l o r i d e 

D i o c t y l - 2.79 3:1 0.66 86 210 
t i n D i 
c h l o r i d e 

Diphenyl- 0.93 1:1 0.024 4 280 
t i n D i 
c h l o r i d e 

Reaction c o n d i t i o n s : Aqueous s o l u t i o n s o f c o t t o n (0.100 g; 0.62 
moles) with bisethylenediamine copper ( I I ) hydroxide to give 25 
ml s o l u t i o n are added to r a p i d l y s t i r r e d (about 20,500 rpm no 
load) carbon t e t r a c h l o r i d e (25 ml) s o l u t i o n s c o n t a i n i n g the 
organotin h a l i d e a t about 25°C, 30 sees s t i r r i n g time. 
a. For cotton = 310°C 
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modified through condensation with organometallic halides. 
resulting from a replacement of the "hydrogen bonding proton" by 
a dipolar aprotic moiety (such as lĵ -CSee Figures 2 and 3.) 

The products are solid, generally exhibiting f lexibi l i ty . 
They appear to degrade without softening with init ia l degradation 
near that of cotton itself (for instance Table I). The tin 
moiety typically remains as part of the residue to greater than 
900°C in air and nitrogen. This is important for applications 
such as use in commercial and residential insulation where "safe" 
burning is necessary to meet building codes since many volatile 
organotin moieties appear to have some toxicity and are known to 
cause headaches. 
Biological Activity 

Insoluble cellulose and modified cellulose products were 
added to paper disks contained on plates seeded with approxi
mately 1000 spores of tested organisms. Amount added was several 
granules (about 0,1 mg and less) per spot. The plates were then 
incubated at 25°C for 24 hours and the inhibition of confluent 
growth recorded. All but the products form dioctyltin dichloride 
showed good fungi inhibition. The fungi tested are typical and 
widespread and represent a good cross sectional test for the 
applicability of such modified cellulosic products as retarders 
of fungi related to rot and mildew. 
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Surface Modifications of Cellulose and Polyvinyl 

Alcohol, and Determination of the Surface Density of 

the Hydroxyl Group 

T. MATSUNAGA and Y. IKADA 

Institute for Chemical Research, Kyoto University, Uji, Kyoto 611, Japan 

The s u r f a c e c h e m i s t r
l y becoming i m p o r t a n t no
as a d h e s i o n , w e t t a b i l i t y , f r i c t i o n , and a d s o r p t i o n , but a l s o i n 
d e v e l o p i n g new m a t e r i a l s such as composites, chromatographic g e l 
beads, and b i o c o m p a t i b l e a r t i f i c i a l organs. I n s t u d y i n g the 
macroscopic i n t e r f a c i a l p r o p e r t i e s of s o l i d polymers, i t i s h i g h 
l y d e s i r e d to have a d e t a i l e d knowledge of the m o l e c u l a r s u r f a c e 
p r o p e r t i e s such as the c h e m i c a l c o n s t i t u t i o n . 

I n s p i t e o f r e c e n t remarkable p r o g r e s s i n s u r f a c e a n a l y s i s , 
t h e r e s t i l l remain many u n r e s o l v e d problems r e l a t i n g the s u r f a c e 
c h a r a c t e r i s t i c s . For i n s t a n c e , a l t h o u g h X-ray p h o t o e l e c t r o n 
s p e c t r o s c o p i e s such as ESCA, Auger s p e c t r o s c o p y and F o u r i e r 
t r a n s f o r m a t t e n u a t e d t o t a l r e f l e c t a n c e ( A T R ) IR s p e c t r o s c o p y 
are a b l e to p r o v i d e i n f o r m a t i o n r e g a r d i n g the c h e m i c a l s t r u c t u r e 
near the s u r f a c e r e g i o n , these a r e not p a r t i c u l a r l y p o w e r f u l i n 
a s s a y i n g f u n c t i o n a l groups p r e s e n t o n l y a t the s u r f a c e i n a quan
t i t a t i v e l e v e l . T h i s may be because the a b s o l u t e amount of the 
groups d i r e c t i n g t o o u t s i d e a t the s u r f a c e i s too low to be quan
t i t a t i v e l y determined by the c o n v e n t i o n a l a n a l y t i c a l methods. 
However, i n r e c e n t y e a r s i t has been demonstrated t h a t v e r y s m a l l 
amounts of the f u n c t i o n a l groups newly c r e a t e d a t o r c l o s e t o the 
s u r f a c e of p o l y e t h y l e n e f i l m s by o x i d a t i o n ( 1 ) and p o l y ( v i n y l a l c o 
h o l ) (PVA) f i l m s by r e a c t i o n w i t h hexamethylene d i i s o c y a n a t e ( 2 ) can 
be determined w i t h the use of f l u o r e s c e n c e s p e c t r o s c o p y . L e c l e r c q 
and h i s coworkers have a l s o measured the s u r f a c e d e n s i t y of f u n c 
t i o n a l groups generated on corona t r e a t e d p o l y ( e t h y l e n e t e r e -
p h t h a l a t e ) by a d s o r p t i o n of r a d i o a c t i v e c a l c i u m i o n s ( 3 ) . 

The o b j e c t i v e of t h i s work i s t o determine the s u r f a c e con
c e n t r a t i o n of the h y d r o x y l groups o f c e l l u l o s e and PVA f i l m s 
u t i l i z i n g t h e i r c h e m i c a l m o d i f i c a t i o n . We chose these polymers 
m a i n l y because the h y d r o x y l group i s t h e i r s o l e f u n c t i o n a l group. 
R e c e n t l y we have r e p o r t e d t h a t a c e l l u l o s e f i l m i s more e x c e l l e n t 
i n w e t t a b i l i t y towards water than PVA, though c e l l u l o s e i s i n 
s o l u b l e i n water, i n c o n t r a s t t o PVA(4). Si n c e o n l y the c h e m i c a l 
c o m p o s i t i o n of the s u r f a c e must be r e s p o n s i b l e f o r water 
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w e t t a b i l i t y p r o v i d e d t h a t b o t h f i l m s have a m i c r o s c o p i c a l l y smooth 
s u r f a c e , the d e n s i t y o f the s u r f a c e h y d r o p h i l i c groups w i l l be 
d i f f e r e n t between the two f i l m s . I n t h i s work we w i l l attempt t o 
r e a c t w i t h i s o c y a n a t e s o n l y the h y d r o x y l groups p r e s e n t a t the 
f i l m s u r f a c e . T h i s w i l l be f o l l o w e d by h y d r o l y s i s t o r e l e a s e the 
co r r e s p o n d i n g amines, i d e n t i f i e d by means of the f l u o r e s c e n c e 
assay which has proved to be h i g h l y s e n s i t i v e i n d e t e r m i n i n g ex
tre m e l y s m a l l amounts of amines (.5, 6 ) . I n a d d i t i o n , we w i l l 
d e s c r i b e s u r f a c e r e a c t i o n o f the f i l m s w i t h a d i p o y l c h l o r i d e and 
subsequent r e a c t i o n w i t h 7-hydroxycoumarin. 

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

M a t e r i a l s . The c e l l u l o s e f i l m s employed a r e a c e l l o p h a n e of 
0.14 mm t h i c k n e s s , donated by Tokyo Cellophane Co., I n c . , Tokyo, 
J a p a n ( h e r e a f t e r d e s i g n a t e d as c e l l o p h a n e ) and a c e l l u l o s e t u b i n g 
f o r d i a l y s i s o f 0.19 m
h e r e a f t e r d e s i g n a t e d a
of 0.32 mm was s u p p l i e d by U n i t i k a Co., I n c . , Osaka, Japan. The 
f i l m s were c u t to 2 χ 5 cm s i z e and p u r i f i e d by the c o n v e n t i o n a l 
e x t r a c t i o n w i t h water a t room temperature, f o l l o w e d by e x t r a c t i o n 
w i t h a b e n z e n e - e t h a n o l ( l : 2 ) m i x t u r e a t 80°C. The c e l l u l o s e f i l m s 
were f u r t h e r e x t r a c t e d w i t h d i m e t h y l sulfoxide(DMSO) a t 45°C f o r 
24 h r s , r i n s e d w i t h water and then s u b j e c t e d t o S o x h l e t e x t r a c t i o n 
w i t h methanol f o r 24 h r s . I n s t e a d o f b o i l i n g water and EMSO, 1 Ν 
NaOH was used f o r e x t r a c t i o n o f the PVA f i l m a t 45°C. A f t e r r i n s 
i n g the p u r i f i e d f i l m s w i t h p l e n t y o f water, they were d r i e d under 
vacuum a t 70°C f o r 48 h r s and s t o r e d i n a d e s i c c a t o r c o n t a i n i n g 
C a C l ^ . J u s t p r i o r t o use, the f i l m s were a g a i n d r i e d under vacuum 
a t 70°C f o r 12 h r s . 

R e a c t i o n s . η-Butyl-, p h e n y l - , α-naphthy1isocyanate, a d i p o y l 
c h l o r i d e , and t i n o c t o a t e were e x t r a pure grade and used w i t h o u t 
f u r t h e r p u r i f i c a t i o n . 7-Hydroxycoumarin was r e c r y s t a l l i z e d from 
water. Toluene and dioxane were d i s t i l l e d a f t e r d r y i n g w i t h an
hydrous magnesium s u l f a t e and a m o l e c u l a r s i e v e . U r e t h a n a t i o n s 
of f i l m s were c a r r i e d out i n t o l u e n e a t 45°C w i t h o u t c a t a l y s t and/ 
or a t 30°C w i t h 0.67 g . l " 1 of t i n o c t o a t e , the i n i t i a l i s o c y a n a t e 
c o n c e n t r a t i o n b e i n g 70 g . l ~ l . A f t e r b e i n g a l l o w e d t o proceed f o r 
a g i v e n p e r i o d , the r e a c t i o n was stopped by removing the u r e t h a -
nated f i l m and then immersing i n a m e t h a n o l - t o l u e n e ( l : 3 ) m i x t u r e 
f o l l o w e d by S o x h l e t e x t r a c t i o n w i t h methanol. Then the f i l m was 
r i n s e d w i t h water and d r i e d under vacuum a t 70°C f o r 24 h r s . 
A d i p o y l a t i o n of f i l m s was accomplished i n t o l u e n e a t 45°C and an 
a d i p o y l c h l o r i d e c o n c e n t r a t i o n of 110 g . l ~ l w i t h o u t c a t a l y s t . 
The a d i p o y l a t e d f i l m was washed s e v e r a l times w i t h anhydrous 
t o l u e n e and dioxa n e , f o l l o w e d by r e a c t i o n w i t h 7-hydroxycoumarin 
i n dioxane c o n t a i n i n g sodium h y d r i d e f o r 2 h r s a t room temperature. 
A f t e r c o u p l i n g the coumarin, the f i l m was e x t r a c t e d w i t h methanol 
i n a S o x h l e t a p p a r a t u s , r i n s e d w i t h w a t e r , and d r i e d under vacuum 

In Modification of Polymers; Carraher, C., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



26. MATSUNAGA AND IKADA Surface Modification of Cellulose and PVA 393 

a t 70°C. 

H y d r o l y s i s and F l u o r e s c e n c e Assay. A f t e r measuring the e x a c t 
s u r f a c e a r e a , the u r e t h a n a t e d f i l m was p l a c e d i n 2 ml of 1 Ν NaOH 
i n a g l a s s tube, purged w i t h n i t r o g e n , and then s e a l e d under a 
reduced p r e s s u r e . A f t e r h y d r o l y s i s o f urethanes a t 50°C f o r a 
g i v e n p e r i o d , we added 2 ml of 1 N HC1 t o n e u t r a l i z e the r e a c t i o n 
p r o d u c t . Three ml of the n e u t r a l i z e d s o l u t i o n was t r a n s f e r r e d t o 
another g l a s s tube. To t h i s was added 7 ml of a b o r a t e pH 10 
b u f f e r e d s o l u t i o n c o n t a i n i n g 7 mg of o-ph t h a l a l d e h y d e and 7 y l o f 
mercap t o e t h a n o l , except f o r the n a p h t h y l u r e t h a n a t e d f i l m . The 
f l u o r e s c e n c e i n t e n s i t y f o r n-butylamine was read 5 mins l a t e r 
a f t e r a d d i t i o n of the o-phthalaldehyde s o l u t i o n a t an e x c i t a t i o n 
wavelength of 338 nm and an e m i s s i o n wavelength of 427 nm, w h i l e 
the f l u o r e s c e n c e from a n i l i n e was read 60 mins l a t e r a f t e r a d d i 
t i o n of o-phthalaldehyde a t an e x c i t a t i o n wavelength of 350 nm 
and an e m i s s i o n wavelengt
u r e t h a n a t e d f i l m , the

on the n e u t r a l i z e d s o l u t i o n w i t h o u t adding o - p h t h a l a l d e h y d e , s i n c e 
α-naphthylamine has s t r o n g f l u o r e s c e n c e a t pH 7. The e x c i t a t i o n 
wavelength employed i s 310 nm and the e m i s s i o n wavelength 440 nm. 

The f i l m r e a c t e d w i t h a d i p o y l c h l o r i d e f o l l o w e d by c o u p l i n g 
w i t h 7-hydroxycoumarin was s u b j e c t e d to m e t h a n o l y s i s a t 1 N HC1 
and 60°C. The re g e n e r a t e d coumarin was assayed a t pH 10 by f l u 
orescence s p e c t r o s c o p y a t an e x c i t a t i o n wavelength of 329 nm and 
an e m i s s i o n wavelength of 455 nm. A H i t a c h i MPF-4 F l u o r e s c e n c e 
Spectrophotometer was used f o r a l l f l u o r e s c e n c e measurements. 

Contact Angle Measurement. The c o n t a c t angle towards water 
on f i l m s was measured a t room temperature w i t h the i n v e r t e d 
bubble method to a v o i d d r y i n g of the f i l m d u r i n g the measurement. 
More than 5 r e a d i n g s on d i f f e r e n t s t r i p s from the same f i l m were 
averaged. The d e v i a t i o n o f each r e a d i n g from the average was 
w i t h i n + 1°. The c o n t a c t a n g l e of the a d i p o y l a t e d f i l m was 
measured p r i o r t o c o u p l i n g of 7-hydroxycoumarin, but a f t e r h y d r o 
xy z i n g the a c i d c h l o r i d e o f h a l f - e s t e r t o the c a r b o x y l group by 
immersing i n a water-acetone(1:3) m i x t u r e . 

R e s u l t s 

The r e a c t i o n scheme employed i n the s u r f a c e m o d i f i c a t i o n 
of f i l m s i s d e p i c t e d i n F i g u r e 1. U r e t h a n a t i o n as w e l l as a d i p o y -
l a t i o n was i n a l l cases performed i n t o l u e n e to prevent the 
r e a c t i o n s from i n v a d i n g the i n t e r i o r o f f i l m s . S i n c e d e t e r 
m i n a t i o n of the h y d r o x y l groups a t the f i l m s u r f a c e r e q u i r e s com
p l e t e removal of i s o c y a n a t e s and a d i p o y l c h l o r i d e r e m a i n i n g un-
r e a c t e d a t the s u r f a c e and i n the b u l k polymer, the r e a c t e d f i l m s 
were s u b j e c t e d t o r i g o r o u s e x t r a c t i o n p r i o r to f u r t h e r r e a c t i o n s . 
An example of the r e s u l t of e x t r a c t i o n c a r r i e d out f o r the f i l m 
which was n a p h t h y l u r e t h a n a t e d a t 30°C f o r 82 h r s i s g i v e n i n 
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Figure 1. Outline of surface reactions and fluorescence assay 
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Figure 2. Effect of Soxhlet extraction with methanol on determination of a-naph-
thylamine liberated from cellophane reacted with a-naphthylisocyanate 
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F i g 2, where the observed amount of the naphthylamine generated 
from the r e a c t e d f i l m i s p l o t t e d a g a i n s t d u r a t i o n of e x t r a c t i o n . 
I f i s o c y a n a t e remains u n e x t r a c t e d , the e x t e n t of r e a c t i o n would 
a p p a r e n t l y decrease w i t h the e x t r a c t i o n t i m e . However, the amount 
of naphthylamine i s o b v i o u s l y c o n s t a n t i n the range of e x t r a c t i o n 
d u r a t i o n s t u d i e d , s u p p o r t i n g complete removal of the u n r e a c t e d 
i s o c y a n a t e from the f i l m . 

A f t e r e x t r a c t i o n , the u r e t h a n a t e d f i l m s were s u b j e c t e d t o 
a l k a l i n e h y d r o l y s i s of urethanes t o l i b e r a t e the c o r r e s p o n d i n g 
amines, w h i l e the a d i p o y l a t e d f i l m s were h y d r o l y z e d a f t e r h a v i n g 
r e a c t e d w i t h 7-hydroxycoumarin. Amounts of the r e l e a s e d amines 
and coumarin were determined by f l u o r e s c e n c e s p e c t r o s c o p y as 
d e s c r i b e d i n the E x p e r i m e n t a l s e c t i o n . S i n c e a n i l i n e as w e l l as 
b u t y l a m i n e has no a p p r e c i a b l e f l u o r e s c e n c e by themselves, t h e i r 
f l u o r e s c e n c e assay was made a f t e r r e a c t i n g w i t h o - phthalaldehyde 
i n the presence of m e r c a p t o e t h a n o l  I n F i g u r e 3  where r e l a t i v e 
f l u o r e s c e n c e i n t e n s i t i e
t i o n s of amines and hydroxycoumarin
scence i n t e n s i t i e s v a r y l i n e a r l y w i t h t h e i r c o n c e n t r a t i o n to p e r 
m i t us the q u a n t i t a t i v e d e t e r m i n a t i o n of e x t r e m e l y s m a l l amounts 
of amines and hydroxycoumarin. 

I n the f o l l o w i n g we w i l l p r e s e n t some t y p i c a l r e s u l t s of 
u r e t h a n a t i o n and a d i p o y l a t i o n and, i n a d d i t i o n , of c o n t a c t a n g l e s 
of s u r f a c e - m o d i f i e d f i l m s a g a i n s t water. 

P h e n y l u r e t h a n a t i o n . As e x p e c t e d , the f i l m s of c e l l u l o s e as 
w e l l as PVA became l e s s w e t t a b l e towards water as the s u r f a c e 
m o d i f i c a t i o n w i t h p h e n y l i s o c y a n a t e proceeded. Change of advanc
i n g c o n t a c t a n g l e s w i t h d u r a t i o n of p h e n y l u r e t h a n a t i o n i s r e p r o 
duced i n F i g u r e 4. C l e a r l y , b o t h of c o n t a c t a n g l e s i n c r e a s e w i t h 
the r e a c t i o n time, except f o r the p e c u l i a r v a r i a t i o n seen i n the 
i n i t i a l course of p h e n y l u r e t h a n a t i o n of PVA. T h i s i s p r o b a b l y 
r e l a t e d to u n u s u a l s o l u b i l i z a t i o n b e h a v i o r of PVA, which i s 
commonly observed when some of the h y d r o x y l groups have been 
m o d i f i e d . As i s shown i n F i g u r e 5, the i n c r e a s e d c o n t a c t a n g l e s 
f a l l a g a i n , upon h y d r o l y s i s , t o those of f i l m s w i t h o u t p h e n y l 
ure t h a n a t i o n , i n d i c a t i n g t h a t the phenylurethanes can be h y d r o 
l y z e d t o c o m p l e t i o n w i t h i n about 10 h r s under t h i s r e a c t i o n c o n d i 
t i o n . 

I t i s r e q u i r e d to determine d i r e c t l y the y i e l d of p r o d u c t s i n 
o r d e r to examine whether o r not the s u r f a c e - u r e t h a n a t e d f i l m s 
r e a l l y undergo complete h y d r o l y s i s . F i g u r e 6 g i v e s a p l o t of the 
c o n c e n t r a t i o n of a n i l i n e l i b e r a t e d on h y d r o l y s i s . Although some 
s c a t t e r i s seen, v a r i a t i o n of c o n t a c t angle w i t h time i n F i g u r e 5 
seems to correspond to t h a t shown i n F i g u r e 6. Based on the 
r e s u l t s i n F i g u r e s 5 and 6, the p h e n y l u r e t h a n a t e d f i l m s were 
p l a c e d i n 1 Ν NaOH f o r 24 h r s t o h y d r o l y z e a l l the u r e t h a n e s . 
F i g u r e 7 shows the r e s u l t o b t a i n e d f o r the c e l l u l o s e f i l m s . I t 
appears t h a t the r e a c t i o n comes to c o m p l e t i o n w i t h a s a t u r a t e d 
s u r f a c e c o n c e n t r a t i o n of about 1 x_10"^ mol per u n i t a r e a of the 
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Figure 3. Relative fluorescence intensities of n-butyhmine and aniline after reac
tion with o-phthahldehyde, a-naphthyhmine, and 7-hydroxycoumarin: (O) ani

line; (Q) n-butyfominej(A) a-naphthyhmine; (Φ) 7-hydroxycoumarin 

DURATION OF REACTION . hr. 

Figure 4. Contact angle θ of cellophane and PVA films as a function of phenyl-
urethanation time: ( ) cellophane; ( ) PVA; (O, • ) receding; (·, ad

vancing 
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Figure 5. Contact angle θ of phenylurethanated Visking film as a function of 
hydrolysis time: (O) receding; (Φ) advancing; ( ) unreacted film 
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Figure 6. Amount of aniline liberated on hydrolysis of phenylurethanated Vis-
king film 
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Figure 7. Surface concentration (Cs) of the hydroxyl groups phenylurethanated 
with and without tin octoate for cellulose films: (O) Visking without catalyst; 

(Φ ) cellophane with tin octoate 

Figure 8. Amount of n-butylamine liberated on hydrolysis of n-butylurethanated 
cellophane film 
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f i l m . L e v e l l i n g - o f f of the r e a c t i o n i s an i n d i c a t i o n t h a t the 
u r e t h a n a t i o n i s e x p e c t e d l y r e s t r i c t e d t o the f i l m s u r f a c e o r , a t 
l e a s t , has an ex t r e m e l y low r e a c t i o n r a t e i n the b u l k of f i l m . 
I t i s a l s o seen t h a t when p h e n y l u r e t h a n a t i o n i s c a r r i e d out a t 
30°C w i t h the use of t i n o c t o a t e as c a t a l y s t , the r e a c t i o n p r o 
ceeds w i t h a h i g h e r r a t e than t h a t w i t h o u t c a t a l y s t i n s p i t e * of 
lower temperature, but the p r o d u c t s show a s i m i l a r s a t u r a t e d l e v e l 
of u r e t h a n a t i o n . 

n - B u t y l u r e t h a n a t i o n . F i g u r e s 8 and 9 r e p r e s e n t the r e s u l t s 
of n - b u t y l u r e t h a n a t i o n of c e l l o p h a n e . Comparison of F i g u r e s 8 and 
9 w i t h F i g u r e s 6 and 7 r e v e a l s t h a t t h e r e i s no s i g n i f i c a n t d i f 
f e r e n c e between p h e n y l - and b u t y l u r e t h a n a t i o n , except t h a t the 
b u t y l u r e t h a n a t i o n has a lower r e a c t i o n r a t e than the p h e n y l u r e -
t h a n a t i o n . 

q - N a p h t h y l u r e t h a n a t i o n
i s i n t e n s e l y f l u o r e s c e n
r e a c t i o n w i t h o-phthalaldehyde f o r assay of the amine. Presum
a b l y because of o m i s s i o n of t h i s f i n a l s t e p of the assay sequence, 
a c c u r a c y i n d e t e r m i n i n g the n a p h t h y l u r e t h a n e i s much b e t t e r than 
t h a t of p h e n y l - and b u t y l u r e t h a n e . The amount of naphthylamine 
generated from a n a p h t h y l u r e t h a n a t e d c e l l o p h a n e on h y d r o l y s i s i s 
p l o t t e d as a f u n c t i o n of the h y d r o l y s i s time i n F i g u r e 10. I t i s 
e v i d e n t t h a t the n a p h t h y l u r e t h a n e bound to the f i l m s u r f a c e can 
be h y d r o l y z e d i n 1 Ν NaOH i n about 30 h r s . F i g u r e 11 r e p r e s e n t s 
s u r f a c e c o n c e n t r a t i o n s o f the h y d r o x y l groups r e a c t e d w i t h a-
n a p h t h y l i s o c y a n a t e f o r t h r e e d i f f e r e n t f i l m s . Comparison of u r e 
t h a n a t i o n of the V i s k i n g c e l l u l o s e i n the presence of t i n o c t o a t e 
w i t h t h a t i n the absence o f the c a t a l y s t c l e a r l y i n d i c a t e s an 
enhancement e f f e c t of the c a t a l y s t on the n a p h t h y l u r e t h a n a t i o n . 
I t s h o u l d be a l s o p o i n t e d out t h a t b o t h of the c e l l u l o s e f i l m s 
have the same urethane s u r f a c e c o n c e n t r a t i o n o f 2.0 χ 1 0 " ^ mol» 
cm~2 a t s a t u r a t i o n , i r r e s p e c t i v e of the presence of c a t a l y s t , 
whereas the PVA f i l m has h a l f the s u r f a c e c o n c e n t r a t i o n of c e l l u 
l o s e . 

A d i p o y l a t i o n . S i n c e a d i p o y l c h l o r i d e has two groups t h a t 
are r e a c t i v e w i t h the h y d r o x y l group, a d i p o y l a t i o n i s expected 
to have some f e a t u r e s d i f f e r e n t from u r e t h a n a t i o n w i t h monoiso-
cy a n a t e s . The r e s u l t s o f a d i p o y l a t i o n a r e g i v e n i n F i g u r e 12. 
I n c o n t r a s t to u r e t h a n a t i o n s , the o r d i n a t e o f F i g u r e 12 does not 
r e p r e s e n t the s u r f a c e c o n c e n t r a t i o n of a l l the h y d r o x y l groups 
r e a c t e d w i t h a d i p o y l c h l o r i d e , but merely the amount of the 
h y d r o x y l groups t h a t were h a l f - e s t e r i f i e d by a d i p o y l c h l o r i d e , 
s i n c e we determined the coumarin t h a t was coupled w i t h the a c i d 
c h l o r i d e group r e m a i n i n g a t the o t h e r end of h a l f e s t e r i f i e d a d i p o y l 
c h l o r i d e . T h e r e f o r e , a d i p o y l a t i o n does not p r o v i d e any means to 
e v a l u a t e the t o t a l s u r f a c e c o n c e n t r a t i o n of the h y d r o x y l groups of 
f i l m s . As i s seen i n F i g u r e 12, the amount of hydroxycoumarin 
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10 2

Figure 9. Surface concentration (Cs) of the hydroxyl groups n-butylurethanated 
with tin octoate for cellophane film 

ι 1 1 Γ 

DURATION OF HYDROLYSIS . hr. 

Figure 10. Amount of a-naphthylamine liberated on hydrolysis of a-naphthylure-
thanated cellophane film 
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Figure 11. Surface concentration (Cs) of the hydroxyl groups a-naphthyluretha-
nated with or without tin octoate for cellulose and PVA films: (O) Visking with
out catalyst; (Φ) Visking with tin octoate; (Q) cellophane without catalyst; (A) 

PVA with tin octoate 

DURATION OF REACTION , hr. 

Figure 12. Surface concentration (Cs) of the hydroxyl groups half-esterified by 
adipoyl chloride for cellulose and PVA films: (O) Visking; (A) cellophane; (Φ) 

PVA 
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coupled i s v e r y low, but seems to i n c r e a s e r a t h e r r a p i d l y w i t h 
i n c r e a s i n g r e a c t i o n time. T h i s o b s e r v a t i o n i s a p p a r e n t l y d i f f e r 
ent from t h a t of u r e t h a n a t i o n . Another p e c u l i a r r e s u l t was a l s o 
o b t a i n e d i n the c o n t a c t angle measurement. As an example, the 
dat a f o r PVA f i l m s a r e reproduced i n F i g u r e 13. O b v i o u s l y , b o t h 
the advancing and r e c e d i n g c o n t a c t a n g l e s i n c r e a s e w i t h the r e a c 
t i o n time when determined a f t e r d r y i n g the a d i p o y l a t e d f i l m i n 
a i r . On the c o n t r a r y , the c o n t a c t a n g l e s of the r e a c t e d f i l m s 
are i d e n t i c a l t o those of the unr e a c t e d f i l m , when the measurement 
was made w i t h o u t h a v i n g exposed the f i l m s t o a i r . A s i m i l a r t r e n d 
was a l s o observed f o r the a d i p o y l a t e d c e l l u l o s e f i l m s . The 
c o n t a c t angle decreased i f the d r i e d f i l m s were immersed i n w a t e r , 
but d i d not f a l l down to the v a l u e b e f o r e immersing i n water. 
R e c e n t l y the e f f e c t of d r y i n g on the s u r f a c e c o m p o s i t i o n was a l s o 
d i s c u s s e d by Ratner and h i s c o w o r k e r s ( 7 ) . 

D i s c u s s i o n . 

S u r f a c e M o d i f i c a t i o n o f C e l l u l o s e and PVA F i l m s . C e l l u l o s e , 
as w e l l as P V A j i s known to be a t y p i c a l n o n - i o n i c , h y d r o p h i l i c 
polymer p o s s e s s i n g h y d r o x y l groups. As t h i s group has a h i g h 
r e a c t i v i t y , c h e m i c a l m o d i f i c a t i o n of these polymers i s r e l a t i v e l y 
easy and, i n f a c t , has been the s u b j e c t of e x t e n s i v e r e s e a r c h . 
However, so f a r as we know, no work has been r e p o r t e d concerned 
w i t h r e a c t i o n s o c c u r r i n g o n l y a t the s u r f a c e of f i l m s o r f i b e r s 
from these polymers. 

I f the r e a c t i o n i s performed w i t h reagents o f l a r g e s i z e i n 
the medium which has no or ex t r e m e l y low a f f i n i t y t o these p o l y 
mers, i t i s expected t h a t the r e a c t i o n proceeds o n l y i n the s u r 
f a c e r e g i o n . For t h i s purpose we employed t o l u e n e as the non-
s w e l l i n g s o l v e n t and m a i n t a i n e d the temperature below 45°C d u r i n g 
r e a c t i o n . V a r i a t i o n of c o n t a c t a n g l e s w i t h time shown i n F i g u r e s 
4 and 13 c l e a r l y i n d i c a t e s t h a t the r e a c t i o n s w i t h i s o c y a n a t e s 
and a c y l c h l o r i d e take p l a c e a t l e a s t i n the s u r f a c e r e g i o n , 
s i n c e the c o n t a c t a n g l e i s a good measure r e f l e c t i n g the s u b t l e 
change of s u r f a c e p r o p e r t i e s . Occurrence of the r e a c t i o n a t the 
f i l m s u r f a c e can be a l s o e v i d e n c e d by the c o n t a c t angle change 
accompanying h y d r o l y s i s as r e p r e s e n t e d i n F i g u r e 5. The s i g n i f i 
cant d i f f e r e n c e between advancing and r e c e d i n g c o n t a c t a n g l e s 
seen i n F i g u r e s 4, 5 and 13 may be accounted f o r i n terms of 
m o b i l i t y of s i d e groups i n water w i t h which the f i l m s are i n 
c o n t a c t ( 4 , 8 ) . I n c o n t r a s t t o t o l u e n e , water i s a b l e t o s w e l l 
c e l l u l o s e and PVA, a l l o w i n g the s i d e groups to t u r n to a thermo-
d y n a m i c a l l y more f a v o r a b l e d i r e c t i o n . 

A l t h o u g h the c o n t a c t a n g l e p r o v i d e s v a l u a b l e i n f o r m a t i o n 
about the s u r f a c e c h a r a c t e r i s t i c s , i t has no r e l a t i o n w i t h the 
change of c h e m i c a l s t r u c t u r e i n the b u l k of f i l m s . To examine 
whether or not the r e a c t i o n i s p r o c e e d i n g i n t o the b u l k f i l m s , 
the e x t e n t of r e a c t i o n s h o u l d be determined w i t h good a c c u r a c y . 
I n t h i s r e s p e c t , f l u o r e s c e n c e s p e c t r o s c o p y g i v e s us a good t o o l , 
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Figure 13. Contact angle θ of PVA film as a function of adipoyhtion time: ( ) 
measured after drying; ( ) measured without drying; (Ο,Ο) receding; ( · , | J 

advancing 

In Modification of Polymers; Carraher, C., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



404 MODIFICATION OF POLYMERS 

because i t s s e n s i t i v i t y i s e x c e e d i n g l y h i g h e r than u s u a l s p e c t r o 
s c o p i c methods such as UV and IR. I t i s i n t e r e s t i n g to p o i n t out 
t h a t no d i f f e r e n c e was d e t e c t e d i n ATR IR s p e c t r a between the un-
r e a c t e d and r e a c t e d f i l m s f o r a l l the samples o b t a i n e d i n t h i s 
s t u d y . However, the r e l e a s e d amines and hydroxycoumarin c o u l d be 
determined by f l u o r e s c e n c e s p e c t r o s c o p y w i t h f a i r l y good a c c u r a c y , 
as F i g u r e 3 demonstrates. I n s p i t e o f some s c a t t e r i n amine d e t e r 
m i n a t i o n (see F i g u r e s 6-9), one can see a d i s t i n c t t r e n d i n 
u r e t h a n a t i o n , t h a t i s , a s a t u r a t i o n of r e a c t i o n . T h i s may be a 
s t r o n g evidence f o r r e s t r i c t i o n of the r e a c t i o n s o n l y t o the 
s u r f a c e of f i l m s . O t h e r w i s e , the r e a c t i o n y i e l d would g r a d u a l l y 
i n c r e a s e w i t h o u t e x h i b i t i n g a c l e a r p l a t e a u . 

As i s apparent from F i g u r e 12, a d i p o y l a t i o n g i v e s a somewhat 
p e c u l i a r y i e l d - t i m e curve which seems not t o obey s i m p l e f i r s t -
o r d e r k i n e t i c s . T h i s may be r e l a t e d t o the f a c t t h a t two d i f f e 
r e n t types of r e a c t i o n s p o s s i b l y occur i n the a d i p o y l a t i o n onto 
the f i l m s h a v i n g many h y d r o x y
c a t i o n and the o t h e r h a l f - e s t e r i f i c a t i o n
m ation of the d i - e s t e r predominates over t h a t o f the h a l f - e s t e r 
i n t h i s s u r f a c e r e a c t i o n , p a r t i c u l a r l y i n the e a r l y stage of r e 
a c t i o n , s i n c e o n l y the h a l f - e s t e r i s capable o f b e i n g coupled 
w i t h hydroxycoumarin ( r e c a l l t h a t the o r d i n a t e o f F i g u r e 12 r e 
p r e s e n t s the amount of coumarin co u p l e d and hence the s u r f a c e 
c o n c e n t r a t i o n of the h y d r o x y l groups h a l f - e s t e r i f i e d ) . 

S u r f a c e C o n c e n t r a t i o n o f H y d r o x y l Groups. S i n c e i t has been 
concluded t h a t the u r e t h a n a t i o n w i t h monoisocyanates i n t o l u e n e 
i s l i m i t e d t o the h y d r o x y l groups p r e s e n t a t the f i l m s u r f a c e , 
we can e v a l u a t e the c o n c e n t r a t i o n of the h y d r o x y l groups t h a t are 
p r e s e n t a t the s u r f a c e , more s t r i c t l y , a c c e s s i b l e t o the r e a c t i o n 
w i t h i s o c y a n a t e s . The amounts of h y d r o x y l groups u r e t h a n a t e d t o 
s a t u r a t i o n , o b t a i n e d from F i g u r e s 7, 9 and 11 are summarized 
i n Table I , which a l s o c o n t a i n s the v a l u e s o b t a i n e d from e x p e r i 
ments not shown h e r e . These a r e expressed as s u r f a c e c o n c e n t r a 
t i o n per cm^ o f f i l m s , which a r e assumed to have a p e r f e c t l y f l a t 

Table I 
Surface Concentration, Cs, of the Hydroxyl Groups Urethanated for 
Cellulose and PVA Films and Surface Area, As, per Hydroxyl Group 

1 0 - 2 °é Cs χ 10 , mol*cm As, A 
Cellulose Cellulose 

Cellophane Visking - PVA Cellophane Visking PVA 

n-Butylisocyanate 8.0 10.6 8.7 . 20 16 19 

Phenylisocyanate 8.2 10.3 4.6 21 16 37 

a-Naphthylisocyanate 2.1 2.1 1.3 80 80 129 
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s u r f a c e . I t appears that t h i s assumption does not l e a d to a s e r i 
ous e r r o r s , because the observed c o n c e n t r a t i o n d i f f e r e n c e between 
the c e l l o p h a n e and the V i s k i n g f i l m i s not s i g n i f i c a n t , though 
t h e i r p r o d u c t i o n methods a re d i f f e r e n t . Even i f t h e r e was an 
a p p r e c i a b l e d i f f e r e n c e i n the o r i g i n a l f i l m s , i t might have been 
g r e a t l y reduced d u r i n g the e x h a u s t i v e p u r i f i c a t i o n p r o c e s s . 

I n s p e c t i o n o f Table I r e v e a l s t h a t the s u r f a c e c o n c e n t r a 
t i o n s o f the h y d r o x y l groups o f c e l l u l o s e r e a c t e d w i t h a - n a p h t h y l -
i s o c y a n a t e are 4 to 5 times lower than those r e a c t e d w i t h b u t y l -
and p h e n y l i s o c y a n a t e . T h i s may be a t t r i b u t a b l e t o the h i g h 
b u l k i n e s s o f the n a p h t h y l i s o c y a n a t e m o l e c u l e , b r i n g i n g about s t e r -
i c h i n d r a n c e i n the r e a c t i o n . I t i s then concluded t h a t the 
a c t u a l s u r f a c e c o n c e n t r a t i o n o f the h y d r o x y l groups of c e l l u l o s e 
i s i d e n t i c a l o r v e r y c l o s e t o those of the h y d r o x y l groups r e a c t 
ed w i t h b u t y l - o r p h e n y l i s o c y a n a t e . The r e l a t i v e l y s m a l l s i z e of 
the n - b u t y l i s o c y a n a t e molecule w i l l p r e c l u d e the p o s s i b i l i t y of an 
a p p r e c i a b l e s t e r i c e f f e c
the s u r f a c e c o n c e n t r a t i o n
u s e f u l s u g g e s t i o n . I n t h i s c a s e , the c o n c e n t r a t i o n s of the hyd r o 
x y l groups u r e t h a n a t e d are about h a l f those o f c e l l u l o s e , except 
b u t y l u r e t h a n a t i o n . T h i s i s , however, r a t h e r r e a s o n a b l e , i f we 
remember t h a t PVA has a h i g h e r c o n t a c t angle than c e l l u l o s e , 
s u g g e s t i n g the h y d r o x y l d e n s i t y a t the s u r f a c e of PVA t o be lower 
than t h a t of c e l l u l o s e . The h i g h c o n c e n t r a t i o n observed f o r 
b u t y l u r e t h a n a t i o n of PVA may i m p l y t h a t b u t y l i s o c y a n a t e has been 
r e a c t e d a l s o w i t h the h y d r o x y l groups e x i s t i n g near the f i l m 
s u r f a c e . 

F i n a l l y we w i l l d i s c u s s the s u r f a c e areas o c c u p i e d by one 
h y d r o x y l group. Those c a l c u l a t e d from the s u r f a c e c o n c e n t r a t i o n s , 
a r e o g i v e n i n Table I . I t i s seen t h a t the c a l c u l a t e d area i s 
18 A2 on the average f o r c e l l u l o s e and 37 Â 2 f o r PVA. I f the 
h y d r o x y l groups are assumed t o be d i s t r i b u t e d i s o t r o p i c a l l y 
throughout i n and on the c e l l u l o s e f i l m , we can e s t i m a t e the 
s u r f a c e açea o c c u p i e d by one h y d r o x y l group s i m p l y f rom(dNL/M 0) » 
1 0 ~ ! 6 ( i n A ) 2 , where d i s the d e n s i t y of c e l l u l o s e ( 1 . 5 2 g-cm"^), 
M 0 i s the molar mass per one h y d r o x y l group(54 g«mol"l), and N L i s 
Avogadro's number. I n s e r t i n g the v a l u e s c h a r a c t e r i s t i c t o c e l l u 
l o s e , we o b t a i n 15 Â 2 as the s u r f a c e a r e a per h y d r o x y l group. 
C o n s i d e r i n g t h a t t h i s e s t i m a t i o n i s based on rough a p p r o x i m a t i o n s , 
we may s t a t e t h a t the observed a r e a agrees w e l l w i t h t h i s e s t i m a t 
ed one. S i m i l a r t o c e l l u l o s e , PVA i s a l s o found t o have 15 A 2 as 
the s p e c i f i c a r e a w h e n o e s t i m a t e d from the d e n s i t y . T h i s s m a l l 
a r e a compared w i t h 37 A 2 ( the observed one) i s not s u r p r i s i n g , 
because the main c h a i n of PVA molecule must be much more f l e x i b l e 
than t h a t of c e l l u l o s e c o n s i s t i n g of r i g i d pyranose r i n g s and 
cons e q u e n t l y some of h y d r o x y l groups i n the s u r f a c e r e g i o n o f 
PVA may r e a d i l y t u r n from the s u r f a c e of the f i l m t o the b u l k , 
where the f r e e energy o f h y d r o x y l groups s h o u l d be much lower 
than i n a hydrophobic r e g i o n as i n t o l u e n e ( 9 ) . A g a i n , the good 
agreement of the observed w i t h the e s t i m a t e d a r e a g i v e s another 
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strong evidence for the conclusion that the reactions with aroma
tic isocyanates in toluene are confined to the surface of cellulose 
and PVA films. It is noteworthy that quite similar restriction to 
the film surface was also observed for the reaction of cellophane 
with α-naphthylxsocyjanate in cyclohexane. 

Abstract 

The surface of cellulose and PVA films has been modified by 
urethanation with n-butyl-, phenyl-, and α-naphthylisocyanate and 
by esterification with adipoyl chloride. To restrict the reac
tions only to the film surface, toluene is employed as the reac
tion medium. The reactions accompany increase in contact angle 
against water, but no detectable change in ATR IR spectra as com
pared with the starting films. Hydrolysis of the urethanated 
films results in liberation of the corresponding amines. Uretha
nation can be followed b
fluorescence spectroscopy. In the case of adipoylation, 7-hydro
xycoumarin is further coupled to acid chloride present on the 
half-esterified films, regenerated by hydrolysis and then deter
mined by fluorescence assay. Urethanation with aromatic iso
cyanates exhibits saturation to give strong evidence that the 
reaction is really limited to the film surface. The observed sur
face density of the hydroxyl groups reacted to saturation varies 
with the nature of reagents as well as films. Based on the 
results i t is concluded that the cellulose and PVA films have 
the hydroxyl groups of approximately 1 x 10-9 and 5 x 10-10 mol• 
cm-2 at the surface, respectively. 
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Among the renewable resources available in the world, plant 
products rank very high. Examples include cotton, which yields 
clothing; wood, for construction; and natural rubber, for auto
motive tires, etc. Many plants yield valuable oils, such as corn 
oil, linseed oil, and cotton seed oil (1). Besides food uses, 
these oils provide the basis for paints, adhesives and other in
dustrial uses. The presence of multiple unsaturated sites allows 
for ready polymerization (2). Castor oil, which comes from the 
castor bean plant, is nearly unique among vegetable oils in con
taining hydroxyl groups in addition to points of unsaturation. 
Thus, there are two ways of polymerizing castor oil': through the 
use of sulfur or oxygen, which attacks the double bonds, or 
through the hydroxyl groups, to form polyurethanes, or polyesters, 
etc. (3,4,5). 

This paper reviews a four-year international program between 
Colombia and the United States. Its objectives were two fold: 
(1) From a scientific point of view, this program provided basic 
information about the interrelationships among synthesis, morpho
logy, and physical and mechanical behavior of interpenetrating 
polymer networks made from a step growth reaction and a chain 
growth mechanism. (2) Since there is thought in Colombia about 
developing a castor oil industry, the engineering information 
developed within the program will provide a basis for the develop
ment of a host of toughened plastics and reinforced elastomers. As 
a further point of interest, castor oil provides, in a modest way, 
an alternative source of useful chemicals in a petroleum starved 
world. 
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I n t e r p e n e t r a t i n g Polymer Networks 

M a t e r i a l s known as i n t e r p e n e t r a t i n g polymer networks, IPN's, 
c o n t a i n two o r more polymers, each i n network form (6^9)· A 
p r a c t i c a l r e s t r i c t i o n r e q u i r e s t h a t a t l e a s t one o f the polymer 
networks has been formed ( i . e . p o l y m e r i z e d o r c r o s s l i n k e d ) i n the 
immediate presence of the o t h e r . Two major types o f s y n t h e s i s 
have been e x p l o r e d , b o t h y i e l d i n g d i s t i n g u i s h a b l e m a t e r i a l s w i t h 
d i f f e r e n t morphologies and p h y s i c a l p r o p e r t i e s . 

The f i r s t t y p e , termed s e q u e n t i a l IPN's, i n v o l v e s the p r e p a r 
a t i o n o f a c r o s s l i n k e d polymer I , a subsequent s w e l l i n g of 
monomer I I components and p o l y m e r i z a t i o n o f the monomer I I i n 
s i t u . The second type o f s y n t h e s i s y i e l d s m a t e r i a l s known as 
simultaneous i n t e r p e n e t r a t i n g networks ( S I N ' s ) , i n v o l v e s the mix
i n g o f a l l components i n an e a r l y s t a g e , f o l l o w e d by the f o r m a t i o n 
of both networks v i a independen
c o n t a i n e r (10,11). On
mechanism and the ot h e r by a step growth mechanism. 

The main p a t h o f the r e s e a r c h employed both methods of s y n 
t h e s i s i n t u r n . At f i r s t , the graduate s t u d e n t s Yenwo and P u l i d o 
e x p l o r e d the use of s e q u e n t i a l IPN's based on c a s t o r o i l urethanes 
and p o l y s t y r e n e (12-16). At the same time, the graduate stud e n t 
D e v i a , w o r k i n g i n Colombia, e x p l o r e d an a l t e r n a t e s y n t h e t i c r o u t e 
u s i n g l a t e x t e c h n o l o g y (17) . S i n c e n o t h i n g was known about the 
be h a v i o r o f such m a t e r i a l s , t h e i r c o l l e c t i v e o b j e c t i v e was to p r o 
v i d e a map upon which f u r t h e r e f f o r t s c o u l d be i n t e l l i g e n t l y 
based. T h i s e f f o r t has now been reviewed ( 1 8 ) . 

Subsequently, Devia came to the U.S. to c o n t i n u e the 
r e s e a r c h . A SIN type s y n t h e s i s was s e l e c t e d because i t o f f e r e d 
two advantages: ease i n p r o c e s s i n g and a lower g l a s s t r a n s i t i o n 
temperature, Tg, o f the rubber p r o d u c t . As s h a l l be seen from the 
f o l l o w i n g , the IPN and SIN s y n t h e s i s y i e l d q u i t e d i f f e r e n t 
m a t e r i a l s , even i f the c h e m i s t r y i s n o m i n a l l y the same. However, 
s i n c e t h e e a r l i e r work has a l r e a d y been d e s c r i b e d , the f o l l o w i n g 
w i l l emphasize the SIN s y n t h e s i s (19-22). 

C a s t o r O i l 

Among a l l the v e g e t a b l e o i l s , c a s t o r o i l has v e r y s p e c i a l 
c h a r a c t e r i s t i c s t h a t have made i t one o f the most important com
m e r c i a l o i l s . E x t r a c t e d from the beans o f the p l a n t R i c i n u s 
communis t h a t grows throughout much o f the t r o p i c a l w o r l d , i t i s 
one o f the few n a t u r a l l y o c c u r r i n g t r i g l y c e r i d e s t h a t approaches 
b e i n g a pure compound and i s the o n l y major o i l composed e s s e n 
t i a l l y o f the t r i g l y c e r i d e s o f a hydroxy a c i d , r i c i n o l e i c a c i d . 

As shown i n s t r u c t u r e ( 1 ) , the number o f double bonds and 
h y d r o x y l groups a r e i d e n t i c a l a t t h r e e each per o i l m o l e c u l e (90% 
p u r e ) . 

In Modification of Polymers; Carraher, C., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



27. SPERLING ET AL. Castor Oil Elastomers and Polystyrene 409 

HC-O-C 

OH 
(CH 2) 7-CH=CH-CH 2-CH-(CH 2) 5-CH 3 

OH 
(CH 2) 7-CH=CH-CH 2-CH-(CH 2) 5-CH. (D 

S y n t h e s i s 

I n o r d e r to p r o v i d e a b e t t e r b a s i s f o r comparison, the IPN 
s y n t h e s i s w i l l be d e s c r i b e d f i r s t . 

C a s t o r o i l - u r e t h a n e e l a s t o m e r s were prepared by r e a c t i n g 2,4 
t o l y l e n e d i i s o c y a n a n t e , TDI, 80/20:2,4/2,6 TDI, or hexamethylene 
d i i s o c y a n a t e (HDI) w i t h c a s t o  o i l  Th  l a s t r e a c t i o  r a t h e
slow and thus d i b u t y l t i
used as a c a t a l y s t . S i n c  h y d r o l y s e  s i g n i f i c a n t l y
presence o f t r a c e amounts o f water, DB grade c a s t o r o i l from the 
Baker C a s t o r O i l Company (NL I n d u s t r i e s ) was employed. 

The r e a c t i o n between TDI and c a s t o r o i l i s exothermic and 
bubbles a r e produced i n the r e a c t i o n m i x t u r e ( c a s t o r o i l c o n t a i n s 
a few t e n t h s o f a pe r c e n t v o l a t i l e m a t e r i a l t h a t w i l l evaporate as 
the temperature o f the r e a c t i o n m i x t u r e goes up. Some o f the 
bubbles produced a r e trapped i n the m i x t u r e as the v i s c o s i t y i n 
c r e a s e s . S t i r r i n g w i t h a t e f l o n coated magnetic s p i n bar a l s o 
produces some b u b b l e s ) . I n o r d e r to produce e l a s t o m e r s t h a t a r e 
bubble f r e e , t he r e a c t i o n i s c a r r i e d out i n two s t a g e s . 

Stage 1. A known weight o f DB o i l i s mixed w i t h excess TDI 
(the excess here r e f e r s to the r a t i o o f NCO groups to OH groups 
b e i n g l a r g e r than 1.0) a t room temperature to produce an i s o 
cyanate t e r m i n a t e d prepolymer. The m i x t u r e i s s t i r r e d v i g o r o u s l y 
f o r a t l e a s t one hour. The bubbles p r e s e n t a r e removed by a p p l y 
i n g a vacuum t o the -prepolymer f o r about 15 minutes. T h i s r e s u l t s 
i n a c l e a r b u b b l e - f r e e h i g h l y v i s c o u s l i q u i d . 

Stage I I . I n t h i s s t a g e the prepolymer i s c r o s s l i n k e d w i t h 
excess c a s t o r o i l . The degassed prepolymer i s mixed w i t h enough 
DB c a s t o r o i l to g i v e a f i n a l predetermined NCO/OH r a t i o . The 
m i x t u r e i s s t i r r e d v i g o r o u s l y f o r 20 min u t e s . I t i s then degassed 
a g a i n as i n Stage I and poured i n t o a mold and heated f o r two 
hours a t 130°C to complete the r e a c t i o n . The mold i s a l l o w e d to 
c o o l and the product s e p a r a t e d . The r e s u l t i n g elastomer i s c l e a r 
and tough, the modulus depending on the NCO/OH r a t i o . 

I n o r d e r to s y n t h e s i z e the IPN, the urethane elastomer was 
s w e l l e d w i t h s t y r e n e c o n t a i n i n g 0.4% b e n z o i n as i n i t i a t o r and 1% 
d i v i n y l benzene (DVB) as c r o s s l i n k e r . P o l y m e r i z a t i o n o f the 
s t y r e n e was c a r r i e d out by u l t r a v i o l e t r a d i a t i o n a t room tempera
t u r e f o r 24 hou r s . 

By comparison, the s y n t h e s i s o f SIN's i n v o l v e d a c a s t o r o i l 
d e r i v e d c r o s s l i n k e d e l a s t o m e r and c r o s s l i n k e d p o l y s t y r e n e as 
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c o n s t i t u t i v e networks s y n t h e s i z e d s i m u l t a n e o u s l y . Three d i f f e r e n t 
systems emerged from the use o f the t h r e e d i f f e r e n t c r o s s l i n k i n g 
agents f o r the c a s t o r o i l : a) s e b a c i c a c i d o r d e r i v a t i v e s to form 
a c a s t o r o i l p o l y e s t e r network (COPEN), b) 2,4 t o l y l e n e d i i s o c y a -
nate (TDI) to form a c a s t o r o i l p o l y u r e t h a n e network (COPUN), and 
c) s e b a c i c a c i d p l u s 2,4 TDI t o form c a s t o r o i l p o l y ( e s t e r -
urethane) network (COPEUN). The s y n t h e s i s procedure s t a r t s w i t h 
the p r e p a r a t i o n o f the c o r r e s p o n d i n g prepolymers: a) c a s t o r o i l 
p o l y e s t e r prepolymer, C0PEP1, the r e s u l t a n t p r o d u c t o f the r e a c 
t i o n of one c a s t o r o i l e q u i v a l e n t w i t h one s e b a c i c a c i d e q u i v a l e n t 
u n t i l the a c i d v a l u e f e l l to 33; b) C0PEP4, an extended c h a i n 
p o l y o l o b t a i n e d by c o m p l e t e l y r e a c t i n g 0.6 a c i d e q u i v a l e n t s w i t h 
one c a s t o r o i l e q u i v a l e n t ; c) c a s t o r o i l p o l y u r e t h a n e prepolymer, 
C0PUP1, an i s o c y a n a t e t e r m i n a t e d prepolymer formed from the r e a c 
t i o n of 2.2 e q u i v a l e n t s of 2,4 TDI w i t h one e q u i v a l e n t o f c a s t o r 
o i l . 

The s t y r e n e m i x t u r
0.4 gms o f b e n z o y l p e r o x i d  d i v i n y l b e n z e n
s o l u t i o n (55%) i n 99 mis o f f r e s h l y d i s t i l l e d s t y r e n e monomer. 
Th i s was p o l y m e r i z e d to form a p o l y s t y r e n e network, PSN. S I N 1 s 
c o n t a i n i n g 10 and 40% e l a s t o m e r , as w e l l as two c o r r e s p o n d i n g 
homopolymer networks were s t u d i e d , see F i g u r e 1. 

The g e n e r a l s y n t h e s i s procedure i n v o l v e d t h e s o l u t i o n o f the 
s e l e c t e d c a s t o r o i l prepolymer i n the s t y r e n e monomer m i x t u r e a t 
25°C, f o l l o w e d by the a d d i t i o n o f the a p p r o p r i a t e c u r i n g agent f o r 
the elastomer phase. S t i r r i n g f o r 5 to 10 mins under n i t r o g e n 
atmosphere a t 25°C y i e l d e d c l e a r s o l u t i o n s . The p o l y m e r i z a t i o n o f 
samples c o n t a i n i n g 40% elastomer was c a r r i e d out w i t h o u t f u r t h e r 
s t i r r i n g by p o u r i n g the c l e a r s o l u t i o n s between t e f l o n - l i n e d g l a s s 
p l a t e s and p l a c i n g them i n t o a c o n s t a n t temperature oven a t 80°C 
f o r 24 hours, f o l l o w e d by r e a c t i n g the e l a s t o m e r a t 180-200°C. 

SIN's c o n t a i n i n g 10% elastomer were charged i n t o a 500 ml. 
r e s i n k e t t l e p r o v i d e d w i t h a n i t r o g e n i n l e t , thermometer r e f l u x 
condenser, and a h i g h torque s t i r r e r . P o l y m e r i z a t i o n o f the 
s t y r e n e took p l a c e w i t h v i g o r o u s s t i r r i n g a t 80°C i n a c o n s t a n t 
temperature oven f o r 24 h o u r s . Subsequent h e a t i n g to 180-200°C 
a l l o w e d the elastomer p o r t i o n to f u l l y r e a c t . 

Morphology changes d u r i n g the s y n t h e s i s o f SIN's. D u r i n g the 
c h e m i c a l process by which a s o l u t i o n o f comonomers i s transformed 
i n t o a SIN, s e v e r a l m o r p h o l o g i c a l changes o c c u r . The p a t h o f mor
p h o l o g i c a l changes depends on o v e r a l l c o m p o s i t i o n , s o l u b i l i t y 
r e l a t i o n s h i p s , r e a c t i o n r a t e s , and the r a t e o f s t i r r i n g , i f any. 
As an example, the m o r p h o l g i c a l paths o f the COPEN/PSN m a t e r i a l s 
w i l l be d e s c r i b e d below employing the s y n t h e t i c scheme shown i n 
F i g . 1. 

C a s t o r o i l and s e b a c i c a c i d a r e r e a c t e d a t 180-200°C u n t i l 
the m i x t u r e approaches g e l a t i o n , so a branched prepolymer h a v i n g 
an e q u a l number of b o t h f u n c t i o n a l groups (C0PEP1) i s o b t a i n e d 
( F i g . 1, upper l e f t ) . Due to the h i g h temperatures r e q u i r e d f o r 
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p o l y e s t e r f o r m a t i o n , the r e a c t i o n i s r e a d i l y stopped by c o o l i n g 
the prepolymer to 80°C. The s t y r e n e comonomer m i x t u r e i s p r e 
pared a t room temperature and charged to the r e a c t o r c o n t a i n i n g 
the p o l y e s t e r prepolymer, where m i x i n g t a k e s p l a c e ( F i g . 1, lower 
l e f t ) . T h i s y i e l d s a mutual s o l u t i o n o f a l l components r e q u i r e d 
f o r the f o r m a t i o n o f bot h networks. The temperature i s then 
r a i s e d to 80°C i n o r d e r to i n i t i a t e the s t y r e n e p o l y m e r i z a t i o n . 
(The p o l y e s t e r r e a c t i o n r a t e i s n i l a t t h i s temperature.) I n 
p o l y m e r i z i n g the s t y r e n e component w i t h i n the p o l y e s t e r p r e p o l y 
mer m i x t u r e , the f i r s t amounts of p o l y s t y r e n e produced e a r l y i n 
the r e a c t i o n remains d i s s o l v e d u n t i l some c r i t i c a l c o n c e n t r a t i o n 
i s r e a ched, f o l l o w e d by phase s e p a r a t i o n , see F i g s . 2 and 3. 

The s o l u t i o n i s transformed to an o i l - i n - o i l e mulsion i n 
which a p o l y s t y r e n e s o l u t i o n forms the d i s p e r s e phase and the 
elastomer p o l y e s t e r component s o l u t i o n the continu o u s phase. The 
p o i n t o f phase s e p a r a t i o
of t u r b i d i t y , due to th
phase s e p a r a t i o n to occur depends b a s i c a l l y on the s o l u b i l i t y o f 
the p o l y s t y r e n e c h a i n s i n the elastomer s o l u t i o n , which i n t u r n 
i s governed by the elastomer c o n c e n t r a t i o n and c o m p a t i b i l i t y o f 
the two polymers. 

As p o l y m e r i z a t i o n proceeds, the t o t a l volume o f p o l y s t y r e n e 
polymer p a r t i c l e s i n c r e a s e s r a p i d l y a t the expense of the s t y r e n e 
monomer from the s o l u t i o n . What happens next depends on s e v e r a l 
f a c t o r s , m a i n l y c o m p o s i t i o n and s t i r r i n g . I t was found t h a t f o r 
SIN f o r m u l a t i o n s h a v i n g an elastomer c o n t e n t g r e a t e r than about 
15%, no f u r t h e r changes o c c u r and elast o m e r m a t e r i a l w i l l remain 
the c o n t i n u o u s phase, r e g a r d l e s s o f the e x t e n t o f a g i t a t i o n . 

However, f o r SIN's h a v i n g up to 10-15% elastomer c o n t e n t , i t 
was found t h a t s t i r r i n g i n duces s i g n i f i c a n t changes i n the morpho
l o g y of the m i x t u r e . I f s t i r r i n g i s not p r o v i d e d , the p o l y s t y r e n e 
polymer p a r t i c l e s w i l l s i n k and c o a l e s c e g i v i n g r i s e to a two-
l a y e r e d system. 

The upper l a y e r possesses more elastomer which forms the 
co n t i n u o u s phase and the bottom l a y e r has the PS as the con
t i n u o u s phase. 

Samples pr e p a r e d w i t h s t i r r i n g and poured i n t o t e s t tubes 
a t d i f f e r e n t times ( s t o p p i n g the s t i r r i n g ) showed the sequence 
i l l u s t r a t e d s c h e m a t i c a l l y i n F i g . 2. The two l a y e r s were d i s t i n 
g u i s h a b l e because o f d u l l n e s s and hardness d i f f e r e n c e s . A t a 
r e a c t i o n temperature o f 80°C, the volume of the upper l a y e r 
( e l a s t o m e r c o n t i n u o u s ) decreases s l o w l y and f i n a l l y d i s a p p e a r s a t 
about 90 min. Samples o f b o t h top and bottom l a y e r s were s t u d i e d 
by t r a n s m i s s i o n e l e c t r o n m icroscopy t e c h n i q u e s , and micrographs 
f o r a 10/90 COPE/PSN a r e shown i n F i g . 3. Up to 90 min, samples 
e x h i b i t e l a s t o m e r c o n t i n u o u s top and p l a s t i c c o n t i n u o u s bottoms. 
At 90 min, c o i n c i d i n g w i t h the d i s a p p e a r a n c e of the upper l a y e r 
(see F i g . 2 ) , a phase i n v e r s i o n t a k e s p l a c e . M i c r o g r a p h s T2A, 
T2B, and T2C i n F i g . 3 were a l l taken from the top l a y e r and 
i l l u s t r a t e the p r o c e s s o f phase i n v e r s i o n . At T2A the c a s t o r o i l 

In Modification of Polymers; Carraher, C., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



412 M O D I F I C A T I O N O F P O L Y M E R S 

S Y N T H E S I S S C H E M E F O R C A S T O R O I L P O L Y E S T E R B A S E D 

S I N ' S 

"X. poiyfsrf* I 
PRtPOlYMR 

STYKtNt 
CROSsClNKtR 
INITIATOR l J 

_ . _ » * O l V E S T E « IS THf CONTINUOUS PHASE 
. poiirsmfNf is THE CONTINUOUS PHASE 
. S TIMING 

I M
Ο CONTENT ? 

poiysrwENf 
R E A C T I O N 
C O M P L E T E 

Macromolecules 

Figure 1. Process scheme for the synthesis of castor oil polyester SIN's (20) 
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Figure 2. Layering effect during the synthesis of a 10/90 COPEN/PSN SIN (20) 
(*) refers to reaction time with stirring prior to pouring. Shadowing proportional 

to softness 
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Figure 3. Morphology changes induced by stirring during the synthesis of a 
10/90 COPE/PSN SIN. Sample poured into the mold at the phase inversion point 

(20). 
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elastomer ( s t a i n e d dark by the OsO^) forms the continuous, phase. 
M i c r o g r a p h T2B shows the p o l y s t y r e n e domain c o a l e s c e n c e p r o c e s s 
by which elastomer domains a r e generated and a p o l y s t y r e n e c o n t i n 
uous phase be g i n s to form, thus i l l u s t r a t i n g the a c t u a l phase i n 
v e r s i o n p o i n t . M i c r o g r a p h s T2C and B2 show t h a t a t the end o f the 
phase i n v e r s i o n , the top and bottom r e g i o n s have i d e n t i c a l morpho
l o g i e s and the sample a t t a i n s macroscopic homogeneity. 

I n the time i n t e r v a l between phase i n v e r s i o n and g e l a t i o n 
of the p o l y s t y r e n e c o n t i n u o u s phase, the f i n a l m o r p h o l o g i c a l f e a 
t u r e s such as s i z e average and s i z e d i s t r i b u t i o n o f elastomer 
domains become f i x e d . S i n c e these m o r p h o l o g i c a l changes a f f e c t 
p r o p e r t i e s such as modulus and impact r e s i s t a n c e , the c h a r a c t e r 
i s t i c s o f the system a t and j u s t a f t e r phase i n v e r s i o n and b e f o r e 
g e l a t i o n demand the c l o s e s t s c r u t i n y . The open time i n t e r v a l was 
found to decrease as the p o l y e s t e r prepolymer c o n t e n t i n c r e a s e s , 
p r o b a b l y because h i g h e
the system to r e a c h s u i t a b l

By way o f comparison, the morphology o f the s e q u e n t i a l 
s y n t h e s i s shows a much f i n e r s t r u c t u r e , the average domains b e i n g 
o f t he or d e r o f 300-600ÎL A l s o , because o f s w e l l i n g r e s t r i c t i o n s , 
i t was i m p o s s i b l e to a c h i e v e m a t e r i a l s h a v i n g more than about 80% 
p o l y s t y r e n e ( 1 5 ) . 

M o l e c u l a r m i x i n g v i a dynamic mechanical s p e c t r o s c o p y . While 
e l e c t r o n m icroscopy y i e l d s the phase s i z e , shape, e t c . , as 
d e l i n e a t e d above, dynamic m e c h a n i c a l s p e c t r o s c o p y (DMS) y i e l d s the 
c o m p o s i t i o n w i t h i n each phase. The DMS measurements employed a 
Rheovibron d i r e c t r e a d i n g v i s c o e l a s t o m e t e r model DDV-II (manufac
t u r e d by Toyo Measuring Instruments Co., L t d . , Tokyo, J a p a n ) . The 
measurements were taken over a temperature range from -120°C to 
140°C u s i n g a frequency of 110 Hz and a h e a t i n g r a t e o f about 1°C/ 
min. Sample dimensions were about 0.03 χ 0.15 χ 2 cms. 

Each o f the S I N 1 s examined showed two g l a s s t r a n s i t i o n s , one 
f o r each phase. I n g e n e r a l , the t r a n s i t i o n s were s h i f t e d i n w a r d , 
s u g g e s t i n g s m a l l but s i g n i f i c a n t e x t e n t s o f m o l e c u l a r m i x i n g . 

The s y s t e m a t i c changes i n the g l a s s temperatures i l l u s t r a t e d 
i n Table 1 i n d i c a t e q u a n t i t a t i v e l y the changes i n the c o m p o s i t i o n 
w i t h i n each phase. The random copolymer e q u a t i o n can be used to 
e s t i m a t e the c o m p o s i t i o n w i t h i n each phase: 

1 
Τ (2) 
g '2 

where 
W. 1 w, 2 1 (3) 

The q u a n t i t y Τ r e p r e s e n t s the g l a s s t r a n s i t i o n temperature of 
the phase i n q i f e s t i o n , and Wi and W2 r e p r e s e n t the weight f r a c t i o n s 
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ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



27. SPERLING ET AL. Castor Oil Elastomers and Polystyrene 415 

of e l a s t o m e r i c and p l a s t i c polymers, r e s p e c t i v e l y . The q u a n t i t i e s 
T g l and T g 2 stand f o r the homopolymer T g

f s i n eqn. ( 2 ) . 

Table 1. G l a s s T r a n s i t i o n Temperature o f S I N 1 s 
Based i n C a s t o r O i l Elastomers and C r o s s l i n k e d P o l y s t y r e n e (21) 

Composition Lower Τ (°C) Upper Τ (°C) 

PSN 117 
10/90 COPEN/PSN -60 117 
40/60 COPEN/PSN -58 114 
COPEN -66 
10/90 C0PEUN/PSN -30 114 
40/60 COPEUN/PSN -30 not observed 
COPEUN 
10/90 COPUN/PSN 
40/60 COPUN/PSN 6 115 
COPUN -4 

Polymer Engineering and Science 

The volume f r a c t i o n o f each phase was taken from the 
f r a c t i o n a l a r e a i n the t r a n s m i s s i o n e l e c t r o n m i c r o g r a p h s . Com
bine d w i t h the v a l u e s shown i n Table 1, the c o m p o s i t i o n s w i t h i n 
each phase were c a l c u l a t e d and are shown i n Ta b l e 2. O v e r a l l , the 
r e s u l t s suggest v a r i a b l y 0-20% a c t u a l m o l e c u l a r m i x i n g . N o t i n g 
the p r o b a b l e e r r o r s i n e s t i m a t i n g the e x p e r i m e n t a l T g T s , the 
and W2 v a l u e s a r e p r o b a b l y c o r r e c t to w i t h i n +0.05. Thus m i x i n g 
p l a y s an i m p o r t a n t r o l e i n interpénétration and i n f l u e n c e s the 
r e i n f o r c e m e n t w i t h i n each phase. 

Table 2. An Es t i m a t e o f the M o l e c u l a r 
Compositions W i t h i n Each Phase 

(21) 
Composition Elastomer Phase P l a s t i c Phase Composition 

W l w 2 W l w 2 

10/90 COPEN/PSN 0.94 0.06 0.00 1.00 
40/60 COPEN/PSN 0.92 0.08 0.01 0.99 
10/90 COPEUN/PSN 0.81 0.19 0.01 0.99 
40/60 COPEUN/PSN 0.81 0.19 
10/90 COPUN/PSN 0.88 0.12 0.07 0.93 
40/60 COPUN/PSN 0.88 0.12 0.01 0.99 

Polymer Engineering and Science 

F i g u r e s 4 and 5 show the s t r e s s - s t r a i n b e h a v i o r o f r e i n f o r c e d 
e l a s t o m e r s and toughened p l a s t i c s , r e s p e c t i v e l y . I n each c a s e , 
the c o r r e s p o n d i n g homopolymers a r e i n c l u d e d f o r comparison. I n 

In Modification of Polymers; Carraher, C., et al.; 
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S T R A I N % 

Polymer Engineering and Science 

Figure 4. Stress-strain curves for SIN's containing 40% castor oil elastomer (21). 
Discontinuous curve adapted from sequential IPN synthesis: (1) COPEN; (2) 
COPEUN; (3) COPUN; (4) 40/60 COPEN/PSN; (5) 40/60 COPEUN/PSN; (6) 

40/60 COPUN/PSN; (7) 40/60 COPUN/PSN 
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Polymer Engineering and Science 

Figure 5. Stress-strain curves for SIN's exhibiting phstic behavior (ASTM D 
1708): (8) 10/90 COPEN/PSN; (9) 10/90 COPEUN/PSN; (10) 10/90 COPUN/ 

PSN; (11) PSN (21) 
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F i g u r e 4, the SIN m a t e r i a l s , c u r v e s 4, 5 and 6, show g r e a t e r 
e l o n g a t i o n and h i g h e r modulus than the homopolymer cu r v e s 1, 2 
and 3. The s e q u e n t i a l IPN c u r v e , No. 7, shows a f a r s t i f f e r 
i n i t i a l b e h a v i o r than i t s c o u n t e r p a r t SIN. The c o r r e s p o n d i n g 
morphologies show t h a t , s u r p r i s i n g l y , the s e q u e n t i a l IPN o f 40/ 
60 c o m p o s i t i o n p r o b a b l y has a g r e a t e r degree o f PS c o n t i n u i t y . 

F i g u r e 5 shows a much g r e a t e r s t r a i n to break f o r the SIN's, 
c u r v e s 8, 9 and 10, than homopolymer PS, c u r v e 11. Tab l e s 3 and 
4 summarize the mech a n i c a l d a t a . A l s o i n c l u d e d i n Table 4 a r e 
the impact s t r e n g t h s o f the p l a s t i c m a t e r i a l s . I n each c a s e , the 
f r a c t u r e energy o f the SIN i s s i g n i f i c a n t l y h i g h e r than e i t h e r 
homopolymer. I n t e r e s t i n g l y , w h i l e the COPEN/PSN made the b e s t 
p l a s t i c m a t e r i a l , the COPUN/PSN made the b e s t e l a s t o m e r . 

Table 3. T e n s i l e P r o p e r t i e s of SIN's a t Ambient C o n d i t i o n s 
E l a s t o m e r i

T e n s i l
C omposition S t r e n g t h 1 A t Modulus Energy^ 

(MPa) Break (MPa) (J/m3) 

40/60 COPEN/PSN 9.2 57 13.1 2.17 
40/60 COPEUN/PSN 9.8 95 24.8 4.47 
40/60 COPUN/PSN 24.1 108 65.5 16.85 
COPEN 0.35 39 1.5 0.07 
COPEUN 0.70 43 2.3 0.15 
COPUN 0.97 58 2.8 0.29 

( R e p r i n t e d from Polym. Eng. S c i . ) 

Camples t e s t e d a t 2.11 χ 1 0 ° m/s (ASTM D 1708). 
C a l c u l a t e d based on the ar e a under the s t r e s s - s t r a i n c u r v e s . 

Polymer Engineering and Science 

Table 4. T e n s i l e P r o p e r t i e s of SIN's C o n t a i n i n g 10% C a s t o r O i l 
Elastomer a t Ambient C o n d i t i o n s ( 2 1 ) 

T e n s i l e S t r e s s 1 % S t r a i n E l a s t i c F r a c t u r e Izod 
C o m p o s i t i o n A t Y i e l d A t Break At Modulus E n e r g y z Impact 

MPa MPa Break MPa (J/nW) S t r e n g t h 
J/m 

PSN 46, .1 2.2 2360 0.58 13.3 
COPEN/PSN 31. ,1 37, .02 16.0 1520 5.37 67.8 
COPEUN/PSN 22. .1 25, .5 18.5 1090 3.46 44.4 
COPUN/PSN 37. ,3 36, .7 6.4 1680 2.01 24.6 

( R e p r i n t e d from P o l y . Eng. S c i . ) 
Camples t e s t e d a t 2.11 χ 10"°m/s (ASTM D 1708). 
C a l c u l a t e d based on the ar e a under the s t r e s s - s t r a i n c u r v e s . 

Polymer Engineering and Science 
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D i s c u s s i o n 

S i n c e the purpose of t h i s paper i s to r e v i e w the s y n t h e s i s 
and b e h a v i o r o f S I N 1 s based on c a s t o r o i l e l a s t o m e r s and c r o s s -
l i n k e d p o l y s t y r e n e , a summary of the main r e s u l t s and c o n c l u s i o n s 
of t h i s study i s g i v e n below: ( R e f e r to Ref. 22.) 

1. A 100% n a t u r a l polymer based e n t i r e l y on a g r i c u l t u r a l 
p r o d u c t s , the p o l y e s t e r e l a s t o m e r o b t a i n e d by r e a c t i n g c a s t o r o i l 
w i t h a c a s t o r o i l d e r i v a t i v e , s e b a c i c a c i d , was the b a s i s f o r the 
s y n t h e s i s o f SIN's. 

2. Based on c a s t o r o i l d e r i v e d e l a s t o m e r s and c r o s s l i n k e d 
p o l y s t y r e n e , a s i m u l t a n e o u s mode o f p o l y m e r i z a t i o n can be 
s u c c e s s f u l l y employed to s y n t h e s i z e p r o t o t y p e e n g i n e e r i n g 
m a t e r i a l s such as tough, impact r e s i s t a n t p l a s t i c s and r e i n f o r c e d 
e l a s t o m e r s . 

3. A l l o f the S I N 1  s t u d i e  w i t
t e n s i l e p r o p e r t i e s t h a
component but e x h i b i t i n g  improvemen  toughnes
a r i s i n g from the c h a r a c t e r i s t i c s of the d i s p e r s e phase. The 
S I N T s r e q u i r e d h i g h e r e n e r g i e s to f r a c t u r e than e i t h e r polymer 
component, i n d i c a t i n g a s y n e r g i s t i c mechanism. 

4. A t lower e l a s t o m e r c o n t e n t s , the presence o f s t i r r i n g 
d u r i n g the e a r l y s t a g e s o f the p o l y m e r i z a t i o n induced m o r p h o l o g i 
c a l changes s i m i l a r to t h a t observed i n the b u l k s y n t h e s i s o f the 
commercial h i g h impact p o l y s t y r e n e s , f i n a l l y e v o k i n g a m a t e r i a l 
b e a r i n g a c l o s e resemblance t o the morphology o f commercial HIPS. 
The p o l y s t y r e n e forms the c o n t i n u o u s phase, w h i l e the elastomer 
forms domains r a n g i n g from 100 to 5000 nm i n s i z e and c o n t a i n 
p o l y s t y r e n e s u b i n c l u s i o n s . The t o t a l energy imput and the shear 
c o n d i t i o n s i n t r o d u c e d by s t i r r i n g d u r i n g p o l y m e r i z a t i o n and the 
r a t e o f e l a s t o m e r network f o r m a t i o n i n the time i n t e r v a l between 
phase i n v e r s i o n and g e l a t i o n seems to determine the e l a s t o m e r 
domain s i z e d i s t r i b u t i o n o f such m a t e r i a l s . 

The c e l l u l a r s t r u c t u r e w i t h i n the elastomer domains seems to 
be c o n t r o l l e d m a i n l y by the r a t e o f e l a s t o m e r network f o r m a t i o n 
and the s o l u b i l i t y of the p o l y s t y r e n e i n the e l a s t o m e r . P o u r i n g 
i n t o the molds must be done i n the time (or c o n v e r s i o n ) i n t e r v a l 
between phase i n v e r s i o n and g e l a t i o n . Such time i n t e r v a l s 
d e c r e a s e d as the elastomer c o n c e n t r a t i o n i n c r e a s e d , because the 
h i g h e r p o l y s t y r e n e c o n v e r s i o n s were r e q u i r e d f o r phase i n v e r s i o n . 
Thus, a c r i t i c a l "window" e x i s t s f o r s t o p p i n g the s t i r r i n g and 
p o u r i n g i n t o the molds. P o u r i n g too e a r l y l e a d s to poor p r o d u c t s 
because of i n c o m p l e t e phase i n v e r s i o n . P o u r i n g too l a t e a l s o 
y i e l d s i n f e r i o r p r o d u c t s because o f the onset o f g e l a t i o n . 

5. There i s a l i m i t i n c o m p o s i t i o n , a t about 15% e l a s t o m e r 
c o n t e n t , a t which s t i r r i n g a l o n e can no l o n g e r induce the p o l y 
s t y r e n e phase t o be c o n t i n u o u s , and the q u a l i t y o f the m e c h a n i c a l 
p r o p e r t i e s of the m a t e r i a l s change d r a s t i c a l l y . 
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6. The impact r e s i s t a n c e o f the SIN p l a s t i c s i n c r e a s e d 
w i t h elastomer c o n t e n t and p o l y e s t e r content o f the elastomer 
phase. 

7. Dynamical m e c h a n i c a l s p e c t r o s c o p y and Izod impact 
r e s u l t s suggest t h a t the g l a s s t r a n s i t i o n temperature of the 
elast o m e r phase c o n s t i t u t e s the most c r i t i c a l parameter i n 
a c h i e v i n g impact r e s i s t a n c e i n these m a t e r i a l s . 

8. The modulus, e l o n g a t i o n to break, u l t i m a t e s t r e n g t h , and 
toughness o f the s t r a i g h t c a s t o r o i l e l a s t o m e r s i n c r e a s e w i t h 
i n c r e a s i n g amounts o f TDI employed as c r o s s l i n k e r . A s i m i l a r 
t r e n d was observed i n the e l a s t o m e r i c S I N 1 s (40% elastomer con
t e n t ) i n which the elastomer phase was c o n t i n u o u s . 

9. Whil e phase s e p a r a t i o n per se o c c u r s when the f r e e 
energy o f m i x i n g becomes p o s i t i v e , two d i f f e r e n t mechanisms o f 
phase s e p a r a t i o n a r e p o s t u l a t e d i n the s y n t h e s i s o f SIN's. The 
f i r s t one o r i g i n a t e s throug
from the p o l y m e r i z i n g s o l u t i o
e v o l v i n g a m u l t i - m o d a l domain s i z e d i s t r i b u t i o n . The second one 
o r i g i n a t e s i n the r e d u c t i o n o f the a b i l i t y of the s t i l l r e a c t i n g 
e l astomer to h o l d the s t y r e n e monomer m i x t u r e . The p r o c e s s i s 
r e f e r r e d to as m i c r o s y n e r e s i s and o c c u r s m a i n l y when the s t y r e n e 
monomer c o n c e n t r a t i o n exceeds t h a t o f e q u i l i b r i u m s w e l l i n g c o n d i 
t i o n s w i t h i n the e l a s t o m e r . M i c r o s y n e r e s i s appears to be 
encouraged by the presence o f network i n h o m o g e n e i t i e s such as 
l o c a l r e g i o n s o f d i f f e r e n t c r o s s l i n k d e n s i t y . 

10. The morphology and m e c h a n i c a l p r o p e r t i e s o f S I N 1 s 
e v o l v e from a sequence o f e v e n t s , namely: s e p a r a t i o n o f phase 1 
from phase 2, s e p a r a t i o n o f phase 2 from phase 1, g e l a t i o n o f 
polymer 1, g e l a t i o n o f polymer 2, and phase i n v e r s i o n . The 
c r u c i a l c r i t e r i a c e n t e r on which happens f i r s t and what morpholo
g i c a l changes o c c u r . V a r i a b l e s such as c o m p o s i t i o n , c o m p a t i 
b i l i t y , r e a c t i o n r a t e s and r e a c t i o n c o n d i t i o n s determine the 
m o r p h o l o g i c a l p a t h f o l l o w e d by the r e a c t i n g system. 

11. A l t h o u g h the m a t e r i a l s s t u d i e d i n t h i s r e s e a r c h program 
l a c k o p t i m i z a t i o n , they a l r e a d y compare s a t i s f a c t o r i l y to com
m e r c i a l m a t e r i a l s i n many r e s p e c t s . W i t h r e a s o n a b l e f u r t h e r 
r e s e a r c h and development s t u d i e s , h i g h q u a l i t y tough p l a s t i c s and 
r e i n f o r c e d e l a s t o m e r s may be a n t i c i p a t e d . 

C o n c l u s i o n s 

By way o f c o n c l u s i o n , t h e SIN m a t e r i a l s were q u i t e d i f f e r e n t 
from the o r i g i n a l s e q u e n t i a l IPN c o m p o s i t i o n s . W h i l e the p o l y 
e s t e r l i n k a g e c o u l d be used w i t h the s e q u e n t i a l mode of s y n t h e s i s 
a l s o , i t s presence i n the SIN made f o r much b e t t e r impact 
s t r e n g t h s , p r o b a b l y because of the lower e l a s t o m e r T g p e r m i t t e d . 
The SIN s y n t h e s i s a l l o w e d a g r e a t e r range of c o m p o s i t i o n s to be 
made. 
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Processing, as shown in Figure 1, is far easier. The 
material can be extruded into a mold after phase inversion, Figure 
3, but before gelation, allowing for a practical system of hand
ling. 

While value judgements on potential usefulness are fraught 
with uncertainties, probably the reinforced elastomers are more 
interesting than the toughened plastics. In significant measure, 
this conclusion is based on the premise of the original undertak
ing: to develop the potentials of a castor oil-based product. The 
elastomers use more of the natural material, percentage wise, than 
the plastic. Items ranging from shoe heels to gaskets might 
easily be made, based on the prototype compositions examined 
herein. However, the plastic compositions are exceedingly tough. 

Acknowledgement s 

The authors wish t
the United States for support under Grant No, INT74-06791 AOI, and 
Colciencias in Colombia. 

Literature Cited 

1. Agricultural Marketing Service, U.S.D.A. 
2. Chemical and Engineering News, 1974, 52(37), 8. 
3. Naughton, F. C., J. Am. Oil Chemists Soc., 1974, 51, 65. 
4. Conde-Cotes, A. and Wenzel, L. Α., Revista Latinoamericana de 

Ingeniera Quimica y Quimica Aplicada, 1974, 4, 125. 
5. Swern, D., Ed. "Bailey's Industrial Oil and Fat Products," 

3rd Ed. Interscience, 1964. 
6. Huelck, V.; Thomas, D. A. and Sperling, L. H. Macromolecules, 

1972, 5, 340. 
7. Frisch, H. L.; Klempner, D. and Frisch, K. C. J. Polym. Sci., 

1969, B-7, 775. 
8. Lipatov, Y. S. and Sergeeva, L. M. Russian Chem. Rev., 1976, 

45(1), 63. 
9. Meyer, G. C. and Mehrenberger, P. Y. European Polym. J., 

1977, 13, 383. 
10. Touhsaent, R. E.; Thomas, D. A. and Sperling, L. H. "Tough

ness and Brittleness of Plastics," R. D. Deanin and A. M. 
Crugnola, Eds., Advances in Chemistry Series 154, 1976, 205. 

11. Kim, S. C.; Klempner, D.; Frisch, K. C.; Radigan, N. and 
Frisch, H. L. Macromolecules, 1976, 9, 258. 

12. Yenwo, G. M.; Manson, J. Α.; Pulido, J.; Sperling, L. H.; 
Conde, A. and Devia, N. J. Appl. Polym. Sci., 1977, 12, 1531. 

13. Yenwo, G. M.; Sperling, L. H.; Pulido, J. and Manson, J. A. 
Polym. Eng. Sci., 1977, 17(4), 251. 

14. Pulido, J. E.; Yenwo, G. M.; Sperling, L. H. and Manson, 
J. A. Rev. UIS, Colombia, 1977, 7(7), 35. 

In Modification of Polymers; Carraher, C., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



27. SPERLING ET AL. Cdstor Oil Eldstomers dnd Polystyrene 421 

15. Sperling, L. H.; Manson, J. Α.; Yenwo, G. M.; Devia, N.; 
Pulido, J. E. and Conde, A. "Polymer Alloys," D. Klempner 
and K. C. Frisch, Ed., Plenum, 1977, New York. 

16. Devia, N.; Conde, Α.; Sperling, L. H. and Manson, J. A. 
Rev. UIS, Colombia, 1977, 7(7), 19. 

17. Devia-Manjarres, N.; Conde, Α.; Yenwo, G.; Pulido, J.; 
Manson, J. A. and Sperling, L. H. Polym. Eng. Sci., 1977, 
17(5), 294. 

18. Yenwo, G. M.; Sperling, L. H.; Manson, J. A. and Conde, A. 
"Chemistry and Properties of Crosslinked Polymers," S. S. 
Labana, Ed., Academic Press, 1977, 257. 

19. Devia, N.; Manson, J. Α.; Sperling, L. H. and Conde, A. 
Polym. Eng. Sci., 1978, 18(3), 200. 

20. Devia, N.; Sperling, L. H.; Manson, J. A. and Conde, A. 
Macromolecules, 1979, 12 (3), 360. 

21. Devia, N.; Sperling, L. H.; Manson, J. A. and Conde, A. 
Polym. Eng. Sci.. 1979

22. Devia, N.; Sperling, L. H.; Manson, J. A. and Conde, A. 
J. Appl. Polym. Sci., 1979, 24, 569. 

RECEIVED July 12, 1979. 

In Modification of Polymers; Carraher, C., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



28 
Flammability of Phosphorus-Containing Aromatic 

Polyesters: A Comparison of Additives and Comonomer 
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The use of phosphorus compounds as flame retardants has been 
reviewed by Lyons and other
the action of this element is generally accepted to involve 
decomposition to produce acids which function as char promoters. 
Phosphorus compounds are particularly effective flame retardants 
for polyesters where they function to increase the char yields. 

While there are a large number of both phosphorus additive 
and comonomer compounds available, no direct comparisons have 
been reported between the effectiveness of the two methods of 
incorporation, aside from some references to the lack of 
permanency of many additive compositions. The use of additives, 
on the other hand, may provide a greater flexibility, allowing 
the production of polymeric compositions of varying degrees of 
flame retardance, from the same base resin. The purpose of this 
study was to determine whether any real differences in effective
ness are detectable due to the method of incorporation of 
phosphorus into a polymer system. 

Aromatic polyphosphonates have been found to be especially 
effective flame retardant additives for polyester composi
tions (6, _7, £0, especially for polyethylene terephthalate. 
These additives are phosphorus esters of a di- phenol with the 
following structure: 

0 
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CH 3 

x = —·<?:— , o, so2 

A r o m a t i c p o l y e s t e r s , c o m m e r c i a l l y i m p o r t a n t molding r e s i n 
m a t e r i a l s , show a low degree of f l a m m a b i l i t y and produce h i g h 
percentages o f char on exposure to a flame or on h e a t i n g t o 
p y r o l y s i s c o n d i t i o n s ( 9 ) . 

I n v iew of the u t i l i t y of the a r o m a t i c p o l y e s t e r s and the 
demonstrated e f f e c t i v e n e s s o f the a r o m a t i c polyphosphonates as 
flame r e t a r d a n t s , t he com b i n a t i o n of these two polymers was 
chosen f o r t h i s study. I n a d d i t i o n , t h i s system p r o v i d e d a 
c o m p o s i t i o n i n which both copolymers and polymer b l e n d s c o u l d be 
prepared w i t h i d e n t i c a l c h e m i c a l c o m p o s i t i o n s . The p o l y e s t e r s 
were prepared from r e s o r c i n o
p h t h a l o y l and t e r e p h a l o y
were r e s o r c i n o l phenylphosphonate polymers. Copolymerized 
phosphorus was i n c o r p o r a t e d by replacement of a p o r t i o n o f the 
a c i d c h l o r i d e m i x t u r e w i t h phenylphosphonic d i c h l o r i d e . 

The s t r u c t u r e s of the c o m p o s i t i o n s a r e as shown below: 

Copolymers. 

Polymer B l e n d s . 

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

P r e p a r a t i o n of p o l y ( m - p h e n y l e n e ) i s o / t e r e p h t h a l a t e (80/20). 
The polymers were prepared by s o l u t i o n c o n d e n s a t i o n of the a c i d 
c h l o r i d e s w i t h r e s o r c i n o l i n methylene c h l o r i d e s o l u t i o n u s i n g 
t r i e t h y l amine as the a c i d a c c e p t o r as d e s c r i b e d by Korshak (10) 

P r e p a r a t i o n of Phosphorus C o n t a i n i n g Terpolymers. Prepared 
by s u b s t i t u t i o n of a p o r t i o n of t h e a c i d c h l o r i d e m i x t u r e by a 
c a l c u l a t e d amount o f p h e n y l phosphonic d i c h l o r i d e . The composi
t i o n s o f these polymers a r e summarized i n Table 1. 
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P r e p a r a t i o n of poly(m-phenylene)phenyl phosphonate. These 
polymers were prepared by the method of Toy u s i n g r e s o r c i n o l and 
ph e n y l p h o s p h o r i c d i c h l o r i d e ( 1 1 ) . 

P r e p a r a t i o n o f Polymer B l e n d s . A s e r i e s o f polymer b l e n d s 
was prepared by c o - s o l u t i o n i n g predetermined amounts of the 
p o l y ( m - p h e n y l e n e ) i s o p h t h a l a t e / t e r e p h t h a l a t e (80/20) w i t h p o l y 
(m-phenylene)phenyl phosphonate, i n methylene c h l o r i d e . The 
polymer b l e n d s were r e c o v e r e d by e v a p o r a t i n g the s o l u t i o n t o 
dryness and ground t o 40 mesh w i t h a W i l e y M i l l . The c o m p o s i t i o n 
of t hese blends and t h e i r a n a l y s e s a r e summarized i n Table I . 

Tabl e I 
Composition and Se l f - Q u e n c h i n g Times f o r 

Phosphorus C o n t a i n i n g CO Polymers 

Sample 
Inh e r e n t 
V i s c o s i t y 

d l / g * 
Sample 

Inh e r e n t 
V i s c o s i t y 

d l / g * 1 sec. 3 sec. 5 s e c . 9 sec. 

A 0.39 0 18.7 20.1 20.9 21.2 
Β 0.35 1.7 20.2 22.5 23.1 23.8 
C 0.35 3.4 22.5 24.5 25.3 26.5 
D 0.38 4.2 21.6 24.5 26.0 27.0 
Ε 0.32 6.7 23.0 26.2 27.2 -
F 0.31 7.8 23.5 25.5 26.3 27.5 

* I n h e r e n t v i s c o s i t y measured a t 0.1% c o n c e n t r a t i o n i n 90% 
phenol/10% t e t r a c h l o r o ethane s o l v e n t . 

P r e p a r a t i o n of Samples f o r F l a m m a b i l i t y T e s t i n g . Samples 
of the phosphorus c o n t a i n i n g t e r e p o l y m e r s and of t h e polymer 
b l e n d s were con v e r t e d to f i l m by compression molding on a Carver 
L a b o r a t o r y P r e s s w i t h e l e c t r i c a l l y heated p l a t e n s . The f i l m s 
were prepared a t 250°C and 20,000 l b . p r e s s u r e , u s i n g a 10 m i l 
t h i c k frame mold. Samples ( 2 " χ 1/4") were c u t from t h i s f i l m 
f o r f l a m m a b i l i t y t e s t i n g . 

F l a m m a b i l i t y T e s t i n g of Polymer F i l m s . The f l a m m a b i l i t y 
c h a r a c t e r i s t i c s of the polymers and b l e n d s were determined u s i n g 
a s p e c i a l l y designed oxygen i n d e x apparatus ( F i g u r e 1 ) . S e l f -
quenching time (SQT) a n a l y s e s were performed as d e s c r i b e d by 
S t u e t z ( 1 2 ) . The time f o r f i l m samples t o s e l f - e x t i n g u i s h , a t 
v a r y i n g oxygen c o n c e n t r a t i o n s , were determined. The r e s u l t s o f 
these timed b u r n i n g s a r e summarized i n Table I I and i n F i g u r e s 
2 and 3. 
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Figure 1. Oxygen index apparatus 
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PERCENT OXYGEN 

Figure 2. Self-quenching time vs. atmospheric oxygen content for terpolymer 
and blend compositions 

Figure 3. Oxygen content required to maintain 1 and 5 sec burn time as a func
tion of phosphorus content 
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Table I I 
Composition and S e l f Quenching Times 

f o r Phosphorus C o n t a i n i n g 
A r o m a t i c P o l y e s t e r Blends 

Sample %P Oxygen L e v e l f o r Burn Time Of: 
1 sec. 3 sec. 5 sec. 9 sec. 

A - l 0.56 19.7 21.1 21.7 22.2 
A-2 1.06 21.0 22.8 23.5 24.4 
A-3 1.36 20.7 22.6 23.2 24.0 
A-4 2.20 21.2 23.2 24.0 24.8 
A-5 2.86 22.5 25.0 25.5 25.9 
A-6 3.69 
A-7 4.52 
A-8 5.96 22.5 24.6 25.5 26.2 
A-9 6.22 21.8 24.6 25.3 25.7 
A-10 8.04 22.4 24.4 25.3 26.3 

D i s c u s s i o n 

Sample U n i f o r m i t y . I t i s apparent t h a t the phosphorus atoms 
i n b o t h the copolymer and b l e n d systems a r e a l l i n the same 
environment, i . e . bonded t o r e s o r c i n o l m o i e t i e s . I n a d d i t i o n , 
s i n c e a l l of the phosphorus i s i n the form of p o l y m e r i c s p e c i e s , 
d i f f e r e n c e s i n f l a m m a b i l i t y due t o v o l a t i l i t y can be e l i m i n a t e d 
from c o n s i d e r a t i o n . 

The o n l y r e a l s o u r c e s o f d i f f e r e n c e between the a d d i t i v e and 
comonomer systems would be the p o t e n t i a l l a c k of homogeneity o f 
the polymer b l e n d s , which may r e s u l t e i t h e r through i n c o m p l e t e 
b l e n d i n g o r s e g r e g a t i o n by phase s e p a r a t i o n . S i n c e such nonhomo-
g e n e i t y c o u l d l e a d t o i r r e p r o d u c i b i l i t y i n the b u r n i n g t r i a l s , 
t h i s would be d e t e c t e d by the f l a m m a b i l i t y t e s t i n g . 

E s t e r i n t e r c h a n g e between the a d d i t i v e and polymer would be 
expected i f the m i x t u r e were h e l d f o r an e x c e s s i v e time i n the 
m e l t . I n o r d e r t o a v o i d t h e p o t e n t i a l f o r i n t e r c h a n g e , t he 
b l e n d i n g s were conducted i n s o l u t i o n and heated o n l y f o r a time 
n e c e s s a r y t o melt p r e s s f i l m s f o r f l a m m a b i l i t y t e s t i n g . An 
a l t e r n a t i v e method o f f i l m p r e p a r a t i o n by s o l v e n t c a s t i n g o f 
f i l m s was d i s c a r d e d due t o d i f f i c u l t i e s i n p r e p a r i n g u n i f o r m , 
s u f f i c i e n t l y t h i c k , s o l v e n t f r e e f i l m s f o r e v a l u a t i o n . 

F l a m m a b i l i t y A n a l y s i s . The ease of s e l f - e x t i n g u i s h m e n t has 
been proposed as a c r i t e r i o n f o r f l a m m a b i l i t y by S t u e t z (12) and 
M i l l e r ( 1 3). The SQT a n a l y s e s of S t u e t z i s p a r t i c u l a r l y 
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a p p r o p r i a t e t o t h i s system s i n c e a r o m a t i c p o l y e s t e r s such as 
p o l y ( m - p h e n y l e n e ) i s o p h t h a l a t e / t e r e p h t h a l a t e (80/20) a r e non 
d r i p p i n g c o m p o s i t i o n s . They a r e a l s o o n l y m a r g i n a l l y flammable 
as can be seen i n the r e s u l t s of Table 1. T h i s u n m o d i f i e d 
p o l y e s t e r s e l f - e x t i n g u i s h e s i n about 5 seconds i n an oxygen 
c o n c e n t r a t i o n e q u a l t o t h a t of a i r (20.9), even though i t i g n i t e s 
and burns a t a much lower oxygen l e v e l . The a d d i t i o n of 
phosphorus to t h i s c o m p o s i t i o n , even a t low l e v e l s , g i v e s a 
s i g n i f i c a n t i n c r e a s e i n the flame r e t a r d a n c y as measured by the 
SQT bottom i g n i t i o n oxygen index t e c h n i q u e s . 

F i g u r e 2 i l l u s t r a t e s the e f f e c t of phosphorus upon the SQT 
f o r copolymers and blends a t v a r i o u s phosphorus l e v e l s . I t i s 
obvious from t h i s c urve t h a t the e f f e c t of the phosphorus i s to 
make the p o l y e s t e r more s e l f - e x t i n g u i s h i n g and has l i t t l e e f f e c t 
upon i g n i t i o n . 

The d i f f e r e n c e s i n the e f f e c t of phosphorus as an a d d i t i v e 
or as a comonomer can b
c u r v e s , the p e r c e n t phosphoru
the oxygen l e v e l r e q u i r e d f o r a g i v e n time of b u r n i n g . I n 
F i g u r e 3 the d a t a show t h a t the oxygen l e v e l r e q u i r e d t o m a i n t a i n 
b u r n i n g f o r one second (SQT = 1 sec.) i s p r a c t i c a l l y l i n e a r w i t h 
i n c r e a s i n g phosphorus c o n t e n t f o r the phosphorus c o n t a i n i n g 
t e r p o l y m e r s . 

Lower l e v e l s of phosphorus a r e r e q u i r e d f o r the a d d i t i v e 
c o m p o s i t i o n s t o m a i n t a i n the one-second burn. A t some h i g h e r 
l e v e l (^4% phosphorus) the two curves c r o s s and a t s t i l l h i g h e r 
phosphorus c o n t e n t s , the copolymers appear to be more flame 
r e t a r d a n t than a r e the c o m p o s i t i o n s c o n t a i n i n g t he phosphonate 
a d d i t i v e . 

The same t r e n d h o l d s even when l o n g e r burn times (SQT = 5 
sec.) a r e s e l e c t e d . W h i l e the p o i n t of e q u i v a l e n c e of oxygen 
l e v e l s h i f t s t o lower phosphorus c o n t e n t s , the c o m p o s i t i o n s 
c o n t a i n i n g a d d i t i v e phosphonate a r e always s u p e r i o r t o t h e 
t e r p o l y m e r s , a t low phosphorus c o m p o s i t i o n . 

The mechanism of the a c t i o n of t h e phosphonate as a flame 
r e t a r d a n t i s g e n e r a l l y b e l i e v e d t o be d e c o m p o s i t i o n i n t o a c i d 
fragments which c o n t r i b u t e t o char f o r m a t i o n . These a c i d i c 
s p e c i e s c a t a l y z e d e c o m p o s i t i o n of the p o l y e s t e r , and g i v e r i s e 
t o s p e c i e s which on r e a c t i o n w i t h the phosphorus m o i e t y cause 
char f o r m a t i o n . TGA c u r v e s of the copolymers c o n f i r m t h a t the 
i n c o r p o r a t i o n of phosphorus i n t o the polymer i n c r e a s e s the char 
r e s i d u e ( F i g u r e 4 ) . These c u r v e s , however, show l i t t l e e v i d e n c e 
t h a t the presence of phosphorus has any e f f e c t upon the 
temperature or r a t e of d e c o m p o s i t i o n of the p o l y e s t e r . The 
curves a r e a l l f a i r l y s i m i l a r up to about 450°C. A f t e r t h a t 
p o i n t , the amount of r e s i d u e i s p r o p o r t i o n a l t o the amount of 
phosphorus i n the te r p o l y m e r . 

T h i s would be expected s i n c e any change i n the onset of 
deco m p o s i t i o n or i n i t i a l r a t e of d e c o m p o s i t i o n would a f f e c t t he 
oxygen c o n c e n t r a t i o n f o r i g n i t i o n of the sample. As mentioned 
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Figure 5. Percent oxygen in atmosphere for 1- and 5-sec self-quenching time 
as a function of TGA residue at 500°C 
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above, no change was noted f o r the oxygen c o n c e n t r a t i o n r e q u i r e d 
f o r i g n i t i o n of any of the samples t e s t e d . 

The i n c r e a s e s i n char r e s i d u e f o r the samples i s r e a d i l y 
c o r r e l a t a b l e w i t h the oxygen l e v e l r e q u i r e d f o r SQT 1s of 1 and 5 
seconds f o r the samples ( F i g u r e 5 ) . T h i s l e n d s support t o a 
mechanism i n which the s u r f a c e of the b u r n i n g polymer i s screened 
from oxygen by a phosphorus r i c h char b a r r i e r which s n u f f s out 
the flame ( 1 4 ) . S i n c e the i g n i t i o n of the s u b s t r a t e i s a 
ne c e s s a r y c o n d i t i o n f o r the g e n e r a t i o n of t h i s b a r r i e r , no e f f e c t 
i s found on the i g n i t i o n by the presence of the phosphorus 
compound. Higher phosphorus c o n t e n t s r e s u l t i n f a s t e r char 
b u i l d - u p ; t h e r e f o r e , a f a s t e r , more complete s c r e e n i n g of t h e 
s u r f a c e and a more r a p i d e x t i n g u i s h m e n t of the flame ( F i g u r e 2 ) . 

Whi l e i t i s f e l t t h a t the mechanism of the ext i n g u i s h m e n t i n 
both the copolymer and b l e n d systems i s the same, the d i f f e r e n c e s 
i n e f f i c i e n c y seen i n the d a t a a r e p r o b a b l y due t o t r a n s i t o r y 
d i f f e r e n c e s i n the n a t u r
the a d d i t i v e c o m p o s i t i o n s
flame quenching agents, i t i s p o s s i b l e t h a t t he b a r r i e r i s r i c h e r 
i n phosphate (-POPO-) l i n k a g e s which c o n t a i n l e s s flammable 
components than would a b a r r i e r from t h e copolymer. The 
phosphate r i c h b a r r i e r may a l t e r n a t i v e l y merely be a more 
e f f i c i e n t oxygen s c r e e n e i t h e r due t o t r a p p i n g of oxygen o r b e i n g 
a more f l u i d , c o h e s i v e f i l m as opposed t o a foamy porous b a r r i e r 
from a h i g h e r m e l t i n g char former such as the copolymer. The 
SQT 1s might be expected t o converge and e q u a l i z e a t h i g h 
phosphorus l e v e l s ( F i g u r e 3). S i n c e the g r e a t e s t d e v i a t i o n 
o c c u r s a t h i g h phosphorus l e v e l s , i t i s p o s s i b l e t h a t the 
a d d i t i v e s e g r e g a t e s out and f l o w s away from the flame f i r s t 
b e f o r e i t can decompose and form a b a r r i e r a t h i g h l e v e l s . The 
low m e l t i n g p o i n t and low mel t v i s c o s i t y would f a v o r t h i s 
b e h a v i o r . The n e t e f f e c t would then appear t o be a lower 
e f f e c t i v e a d d i t i v e c o n c e n t r a t i o n . The l e v e l i n g o f f of the SQT-
oxygen l e v e l c u r v e f o r t h e a d d i t i v e would i n d i c a t e t h i s type of 
b e h a v i o r . 

The c o n c l u s i o n of t h e study would, t h e r e f o r e , be t h a t : 
(a) phosphorus based a d d i t i v e s and comonomer a r e e f f e c t i v e flame 
quenching agents f o r a r o m a t i c p o l y e s t e r s ; (b) the a d d i t i v e 
c o m p o s i t i o n s a r e more e f f e c t i v e a t low phosphorus c o n t e n t s and 
(c) t h e mechanism of quenching i n v o l v e s an i n c r e a s e i n char 
r e s i d u e which i s r e l a t e d t o the phosphorus c o n t e n t of the 
c o m p o s i t i o n . 
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Abstract 
Two series of aromatic polyester compositions, containing 

varying levels of phosphorus, were prepared by different methods; 
(a) blending with an aromatic polyphosphonate and (b) copolymer
ization by incorporation of a phosphonate unit into the polyester 
backbone. 

Flammability of the blends and terpolymers was determined 
by bottom ignition oxygen index measurements performed on 
compression molded films. The results indicate that the use of 
phosphorus based additives is the more effective method for 
improving the flammability of this polyester up to a level of 
about 20% additive. At higher levels, the copolymers appear to 
be less flammable. Ignition takes place with a l l the samples 
at fairly low oxygen levels; however, in the presence of either 
the phosphorus additives or comonomers the samples self 
extinguish rapidly. The higher the phosphorus content, the more 
rapid is the self extinguishment

Thermal gravimetric analysis shows that the increase in 
phosphorus content results in char yield increases which are 
correlatable with the self-extinguishment time decreases. This 
led to the conclusion of phosphorus "rich" barrier shielding the 
surfaces as a mechanism of the flammability decrease. 
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Electronic Cooperativity in New π-Donor Polymers 

Prepared by Modification Reactions of 

Poly(vinylbenzyl chloride) 
FRANK B. KAUFMAN, EDWARD M. ENGLER, and DENNIS C. GREEN 

IBM T. J. Watson Research Center, Yorktown Heights, NY 10598 

I. Introduction 
This paper discusses
binding low ionization -donors, such as TTF monocarboxylic acid (I) and 
1,3-di-(p-methoxyphenyl)-5-(p-hydroxyphenyl)-∆2-pyrazoline (II) to a 
poly(vinylbenzylchloride) backbone. OH 

These particular molecules were chosen since they exemplify the interesting 
and unique properties(1) of an entire class of π-donor species. These proper
ties include the formation of stable, colored radical cations and the known 
ability to interact strongly in the crystalline solid state.(2) 
Poly(vinylbenzylchloride) was used as the substrate polymer because both the 
linear and the lightly cross-linked material were readily obtainable and because 
they had both been previously shown to be capable of undergoing a variety of 
chemical transformations(3,4). A second advantage to the use of this polymer 
was the possibility of determining how the presence or absence of crosslinking, 
without changing the nature of the backbone, affected the properties of the 
resulting polymer. Finally, earlier studies(4) of reactive groups bound to these 
cross-linked polymers had established the ability of these groups to interact 
chemically with each other thus suggesting the presence of site-site intermolec
uler interactions. It seemed reasonable to us that the presence of these chemi
cal interactions was a necessary but not a sufficient condition for observing 
nontrivial electronic interactions between the polymer bound donors. 
Previous work on the synthesis of TTF (tetrathiafulvalene) containing 
polymers(5-11) has been reported by at least seven groups of researchers. Most 
of this work concerns condensation(5,6,7,8,9) polymers or polymers made from 
vinyl substituted TTF molecules(11-12). Without exception, the polymers 
produced by these methods have been largely unacceptable for subsequent 
physical study because of their brittle,intractable, highly insoluble nature. 
Only by reaction of a suitably monofunctionalized TTF derivative with the 
preformed polymer poly(vinylbenzylchloride) has it been found possible(10) to 
prepare soluble TTF homopolymers with more manageable physical properties. 

I 
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II. Experimental 

A. Donor-Bound Polymer Preparation 
The polymers and copolymers discussed here were all prepared by reaction of 
the homogeneous (linear) or heterogeneous (cross-linked) 
poly(vinylbenzylchloride) substrate polymer with the potassium or cesium salts 
of the suitably monofunctionalized donors (Reaction 1). 

(CH2 - CH)n + Donor - YM+ -*(CH? - CH)n + MCI 

ι ι 
CH2Cl CH2YDonor 

For the homogeneous reactions, pyrazoline and tetrathiafulvalene donors were 
attached to the polymer when Y = 0 and Μ = Κ by refluxing for several days 
in dry tetrahydrofuran. In the case of the heterogeneous polymers, the solvent 
employed was found to
polymer as shown in Tabl
via a carboxylate linkage (i.e. Y= C0 2 M=Cs) and this reaction was conven
iently carried out by heating, either the linear or cross-linked polymers, at 
50-55°C in purified dimethyl formamide. Higher temperatures led to donor 
decomposition. 

Monomer Polymer3 Experimental Conditions % % 
XCross- % Equation 1 Solvent Reflux Reaction e Coverage 
linking 1 3 CH 2C1 C Y M Tine (days) 

Pyrazoline I 1 84 0 κ 1:1 D-F 4 72 60 
Pyrazoline I 1 84 0 κ 4:1 D-E 4 88 74 
Pyrazoline I 0.5 76 0 κ 4:1 D-E 4 90 68 
Pyrazoline I 2 70 0 κ 4:1 D-E 4 71 50 
Pyrazoline I 4 76 0 κ 4:1 D-E 4 64 49 
Pyrazoline I 8 74 0 κ 4:1 D-E 4 48 35 
Pyrazoline I 100 0 κ TKF 4 74 74 
TTF 1 84 co 2 κ 4:1 D-E 4 25 21 
TTF 1 84 co 2 Cs DMF 4 h 90 76 
TTFCH2 1 84 0 κ 4:1 D-E 4 17 14 
TTFCH2 1 84 0 κ THF 4 87 73 
TTFCgHu 1 84 0 κ 4:1 D-E 4 20 17 
TTFCgHjj 1 84 0 κ THF 4 90 76 
TTFC 6H U o9 100 0 κ THF 4 95 95 

ipoly (vinylbenzylchloride). ^Cross-linked using divinylbenzene. Chloromethylated, cross-linked 
polystyrene resins were obtained commercially from Bio-Rad Laboratories. Percent chloromethylation 
j s based on the available phenyl groups in the polymer; that i s minus the percent cross-linking. 
-D=dioxane; Ε » ethanol. —Percent of available chloromethyl groups reacted with donor. —Percent 
reaction χ percent chloromethylation. 2-Polymer prepared by free-radical polymerization of 60.40 
para-meta chloromethylated sytrene (Dow Chemical). Reaction heated at 50-55 C. 

The degree of donor coverage could be easily controlled by varying the initial 
donor-polymer repeat-unit mole ratio. No difficulty was encountered in 
achieving rather high coverages of donors. For example, reaction of ~90% of 
the chloromethyl groups with TTF was possible (see Table I). For cross-linked 
chloromethylated polystyrene resins, the degree of coverage was dependent on 
solvent and the percent cross-linking as seen in Table I. Increasing the 
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"swelling" ability of the solvent (i.e. 1:1 Dioxane-EtOH to 4:1 Dioxane-
EtOH) or decreasing the percent cross-linking (from 8% through 0.5%) both 
lead to increased coverage of the donor on the polymer. 
Characterization of the donor bound polymers follows from their spectroscopic 
(ir and uv-vis: KBr) properties in comparison with the starting donor monom
ers, and from elemental analyses. That the donors are covalently bound to the 
polymer and not present as unreacted monomers can be seen by the absence of 
the characteristic monomer functional group absorption (i.e. -OH, C 0 2 H ) in 
the donor bound polymer. For example in Figure 1, the comparative ir spectra 
of p-hydroxyphenyl-TTF monomer and this donor covalently bound to linear 
and to cross-linked polysytrene are given. Except for the presence of the 
hydroxyl absorption in the monomer, all three spectra are essentially identical, 
indicating a rather clean polymer attachment reaction. 
The percent reaction was typically determined by elemental analysis; however, 
in the case of cross-linked polymers, the percent reaction was also evaluated 
by titrating the amount of chloride liberated and by measuring the weight gain 
of the polymer resin
2-3%). 

B. Monofunctionalized Donor Preparation 

The key to the attachment of the donor to the polymer lies in the preparation 
of suitably monof unctionalized donors. A variety of synthetic procedures have 
been employed and are outlined in Table II. Conversion of the functionalized 
alkali salt derivatives were accomplished by reaction with the alkali hydroxide 
(CsOH or KOH in alcohol) or by reaction with an alkali hydride (i.e. K H in 
tetrahydrofuran). The latter reaction was found to proceed more cleanly and 
conveniently. 

TABLE II 

Monofunctionalized Donors 

Monomer Donor Salt Preparation 
Condition 

(Equation 1) 
Preparation 
Monomer 

1, 3-di-(p-methoxypheny1)-
5-(p-hydroryphenyl)-

2-pyrazoline 
KOH in dioxane-EtOK 
KH in THF 

a 

tetrathiafulvalene carboxylic acid CsOH i n DMF b 

hydroxymethyl tetrathiafulvalene KOH i n dioxane-EtOH c 

p-hydroxymethy1 tetrathiafulvalene KH in THF d 

-Reference Z<> ^O. C. Green, J.C.S. Chem. Comm., 1978. ^O. c. Green, 
J. Org. Chem., in press.4 e . M. Engler, V. V. Patel and F. B. Kaufman, 
to be published. 
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INFRARED SPECTRA (KBr) 

4000 2000 1000 600 

WAVELENGTH (cm-1) 

Figure 1. Comparative IR spectra in KBr of monomer phenoxyphenyl TTF, 
linear polymer-bound phenoxy TTF, and 2% cross-linked polymer-bound phenoxy 

TTF 

I I I ι I I I I 
0.70 0.60 0.50 0.40 0.30 0.20 0.10 0 

VOLTS vs SCE 

Figure 2. Cycle voltammogram of high ( ) vs. low coverage ( ) carboxy 
TTF linear polymer in DMF (O.IN TEAP vs. SCE, Pt electrode) 
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C. Polymer Film Preparation 
The cross-linked heterogeneous polymer films for electrochemical and optical 
measurements were prepared by first suspending the polymer resin in benzene 
solvent (l:30;w:w) and stirring via a magnetic stirrer for ~15 minutes. Then, 
a drop of the suspension was applied to the substrate (~80 A evaporated Pt, 
ultrasonically cleaned with DMF, acetone, CH 2C1 2) from a pipette. The film 
was allowed to air dry, followed by 30 minutes of evacuation in vacuum. 
Linear polymer films could be prepared using spin-coating techniques. Typi
cally a concentrated solution of the polymer in tetrahydrofuran was prepared; 
and a drop placed onto a rapidly spinning substrate. After drying by air while 
spinning, the substrate was ready for use. 

D. Electrochemical and Optical Measurements 

Electrochemical measurements were performed in an electrochemical cell 
equipped with quartz windows which fit into the sample compartment of a 
Cary 14 spectrometer
three electrode (Pt auxiliary electrode) potentiostatic control. A Tacussell 
PRT Potentiostat and PAR model 175 signal generator were used for the 
measurements. 

Results and Discussion 

A. Linear TTF Polymers: Oxidation-Reduction Properties 
Cyclic voltammograms of high coverage (90%) and low coverage (30%) 
poly(vinylbenzylcarboxytetrathiafulvalene) linear polymers dissolved in DMF 
solution are shown in Figure 2. Two points of interest will be mentioned here. 
First, the magnitude of the first oxidation potentials observed for both polym
ers (0.50-0.70V) are in the range of typical chemical oxidants such as Br 3~ , 
Br 2, etc. Thus it should be possible to use these reagents to selectively oxidize 
the polymers (see below). Secondly, the solution electrochemistry indicates 
that in going to the high coverage material there are slight shifts in the voltam-
metry peaks and an additional reduction peak appears at low voltages. These 
differences appear to be related to the high TTF site densities, and shorter 
coverage iriterdonor distances along the high coverage chain (see below). 
Partial oxidation of the high coverage and low coverage polyers using the 
chemical oxidant B ^ - in DMF was found to give solutions with the spectra 
shown in Figure 3. For comparison, the monomeric model compound*—* 
cation radical spectrum is shown in Figure 4. In obtaining these spectra, it was 
observed that the results were independent of the oxidation (chemical vs. 
electrochemical) procedure. 
The data shows that the high coverage partially oxidized polymer exhibits new 
absorptions at 2μ and at 0.8μ, while the low coverage polymer only has a new 
absorption at 0.8μ, with no electronic transitions observed at lower energy. In 
contrast to this the monomeric species, oxidized under the same conditions, 
shows no electronic absorptions in this region throughout the complete range 
(0-100%) of donor oxidation. 
From work on crystalline TTF salts in the solid state*!^^ these two new 
absorptions can be assigned as the dication dimer, D 2

2 + , absorbing at 0.8μ, 

In Modification of Polymers; Carraher, C., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



440 MODIFICATION OF POLYMERS 

Figure 4. Monomeric visible-near IR spectra in DMF (neutral and oxidized 
species) 
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and a mixed valence aggregate [ D 2
+ ] n absorbing at 2μ. No spectral evidence 

for aggregation is seen in the monomer spectra (Figure 4). Instead, the 
monomer solution at all stages of oxidation merely displays spectra typical of 
neutral and monomer TTF cation radical species. Thus, a prime prerequisite 
for the observation of these aggregate spectra in solution is the binding of TTF 
molecules along the polymer chain at some critical intrasite density. 
This is the first time, to our knowledge, that ionized TTF clusters or aggregates 
have been observed in a fluid medium. From previous work, it can be inferred 
that an ordered crystalline matrix was necessary to stabilize a mixed-valence 
monomer array*—*, while a low temperature solvent matrix*—*gave dimeric 
spectra. We interpret these results in the following way. Ion-radicals of the 
TTF class undoubtedly have large negative enthalpies for dimerization 
typical*—* of planar ion-radicals of this type. Due to the prohibitive positive 
entropy contribution to the free energy, dimeric ( D 2

2 + ) aggregation is only 
observed under conditions where this term is reduced, i.e. at low temperatures 
or at some "enforced" critical site density. 
Mixed valence aggregation
low temperature matrice
Apparently, some minimum number of TTF molecules (greater than 2) appro
priately oriented with respect to each other, are required for the stabilization 
of the mixed valence state. Both a crystalline matrix or a suitably constructed 
polymer could and seemingly does provide this environment. 
With regard to the latter point, the absence of a mixed valence transition in the 
oxidized low coverage polymer case is an important point. No mixed valence 
transtiion was observed over the whole range of oxidation (0-100%) studied. 
This indicates that whereas the D 2

2 + aggregate is stable under these condi
tions, the mixed valent dimer analog, D 2

+ , is not. At least in these polymeric 
matrices, therefore, the stoichiometric requirement for observation of the 
mixed valence state appears to involve ( D 2

+ ) n where η > 2. 
These spectroscopically observed aggregates could be important to the mechan
ical, structural and electronic properties of the partially oxidized solid polym
ers. In order to begin to explore this possibility, we compared the use of two 
different oxidation procedures in preparing solid high coverage TTF polymer 
films. In the first method, quantitative chemical titration using Br3" in DMF 
solution was followed by the addition of the nonsolvent, ether, to precipitate 
out the partially oxidized polymer. The electronic spectrum of the polymer 
film produced (Figure 5) is similar to that found in solution with aggregate 
absorptions of 0.8μ and 2μ. In the second method, a solid film of the high 
coverage TTF polymer was deposited onto a transparent substrate from THF 
solution, and then oxidized using small amounts of Br 2 vapor. In all cases, the 
electronic spectrum obtained (Figure 6) showed only a dimer transition at 
0.8/x. 
We suggest that these results can be explained if the aggregation process in 
these solid TTF polymers proceeds by means of a two-step mechanism (Figure 
7) in which the fast oxidative electron transfer step is followed by a slow 
process of ion clustering/reorganization which is favored by a low viscosity 
environment. This mechanism is consistent with the fact that the starting 
neutral homopolymer shows no spectroscopic evidence for site-site interaction 
between the pendant donors. The absorption spectrum of the polymer is 
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Figure 6. Changes in absorption spectrum of neural polymer film on exposure to 
Br2 vapor: (I) no Br2; (II, III) after increasing exposure times 
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virtually superimposable with that of the neutral monomer (Figure 4, dashed 
line). Thus, upon oxidation it would be expected that if this pictue were valid, 
spectroscopically observable polymer aggregates would form readily in low 
viscosity environments (such as solution), where structural rearrangements 
could easily take place to give specific donor-donor overlaps. In higher viscos
ity situations such as for solid films, on the other hand, only those aggregates 
with the smallest structural reorganization requirements would form. In fact, 
this is what has been experimentally observed since, in the high viscosity solid 
film case, only dimeric aggregates are formed. The mixed valence clusters 
which involve n> 2 molecules present too large a barrier to structural reorg
anization under these conditions and thus cannot form in the film environment. 

PARTIAL . 

OXIDATION 

ION 

CLUSTERING 

Figure 7. Proposed mechanism for polymer oxidation 

B. Pyrazoline and TTF Cross-Linked Polymers 
Although the cross-linked pyrazoline polymer is insoluble in common organic 
solvents by virtue of the crosslinks present, it was discovered that films of this 
material could be cast onto a variety of substrates from a suspension in a 
swelling solvent such as benzene. The ability to cast films is presumably 
related to the substantial change in polymer resin morphology after the cou
pling reaction has proceeded. The initial resin is hard, spherical and white in 
color, while the reacted bead is powdery, irregular in appearance and yellow, 
the color of the pyrazoline monomer. 
Films of this polymer were coated onto metallic electrodes and examined for 
electrochemical response using the standard equipment and procedures typical
ly applied to solution electrochemical investigations. The films were observed 
to be strongly electroactive: cyclic voltammograms were recorded ( C H 3 C N 0.1 
Ν TEAP vs S. C. E.) which looked similar to the unbound monomeric pyrazo
line in solution. In addition, it was observed during the course of the voltam-
metric experiment that the films changed color uniformly from yellow to green 
as the film was being oxidized. Exhaustive electrolysis at potentials from 0 to 
IV., or open circuiting the cell in this potential range gave a film whose 
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absorption spectrum (Figure 8), is typical of isolated pyrazoline cation, and 
which was constant with time. Reversal of the potential caused the film to go 
back to its original yellow state. 
This phenomenon is interesting because it provides a new way of synthetically 
modifying the properties of an electrode surface. In this regard, it is important 
to understand how the electrochemical coloration process proceeds. From the 
optical changes observed, the number of electrochemical equivalents passed in 
these experiments, and from the measured weights of the films deposited on 
the electrode surfaces, we have determined that ~50% of the bound donors in 
these polymer films are oxidized under the conditions of the experiment. Since 
these are relatively thick films, this means that the electrochemical coloration is 
occurring in the film bulk and not in a few monolayers at the electrode surface. 
In order to determine the generality of π-donor polymer films to undergo 
electrochemical oxidation, the film forming ability and the presence of electro
chemical activity for TTF bound cross-linked polymers was studied. The data 
(Table III) shows that only a single case provided reasonably adherent, electro-
chemically active films
related to donor identity and chemical reaction conditions (i.e. to give a 
particular polymer morphology) are operating to give these desirable film 
forming properties. S.E.M. (scanning electron microscopy, 1μ resolution) 
studies of these cross-linked polymers showed important differences in mor
phology between the electroactive and inactive polymer materials. For the 
pyrazoline materials, the microscopy indicated a smooth, regular, high surface 
area polymeric material with little if any indication of structure or discontinui
ties. For all the inactive polymer systems, however, the films were grossly 
discontinuous and characterized by an appearance of inherent granularity. 
Even the electroactive TTF bead films appeared somewhat discontinuous in the 
SEM photographs. 

TABLE III 

Electrochemical Properties of Functionalized 
Polymer Bead Films* 

Donor Polymer Film Formation Electrochenical 
Activity 

-OCTTF (KOH-D/E) 

-OCTTF (CsOH-DMF) 

-OCH2TTF (KOH-D/E) + 

-OCH2TTF (KH-THF) + 

-ΟΦΤΤΡ (KOH/D/E) 

-ΟφΤΤΡ (KH (THF) ++ 
a. Relative activity (+) or inactivity (-) observed 

b. Functionalized Bead polymer (SX-1, 5.4 meg/l gm starting 
chloromethyl coverage) with preparation conditions; solvents, 
D • Dioxane, Ε » Ethanol. 
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λ (nm) 
Figure 8. Absorption spectra of oxidized cross-linked polymer film ( ) and 

pyrazoline monomer cation in CHSCN ( ) 
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These differences in film morphology were also reflected as differences in film 
formation conditions, film adhesion, and in electrochemical properties. The 
pyrazoline beads readily formed films from solvents such as benzene. For the 
phenoxy TTF system, however, only CH 2 C1 2 was effective in forming films. 
In general, the TTF cross-linked polymers were found to be less adherent to 
the metallized substrates than the pyrazoline cross-linked polymers. Electro-
chemically, it was found that the pyrazoline films showed complete activity 
after one potential sweep. The TTF polymer films, on the other hand, re
quired from 5 to 20 cycles to reach full electrochemical activity as evidenced 
by a constant voltammogram with cycling. Furthermore, it was observed that 
the TTF polymer films were much less electroactive than the pyrazoline 
materials as shown by optical densities and total coulombs passed which were 
several times less for the TTF systems. 

C. Mechanism of Charge Transport in Cross-Linked Donor Polymer Films 
The electrochemistry of the solid donor polymer films involves ejection of an 
electron to form pyrazolin
transport mechanism  must exist to move electrons in the film bulk between 
the film extremities and the electrode surface (see schematic, Figure 9). We 
suggest that the important requirement for charge transport in these materials 
is the mobility of electroactive groups attached to the polymer chain. This 
suggestion is consistent with previous work using chemical*-* and physical*—* 
probes which established that in lightly cross-linked polystyrene beads, in 
contact with appropriate solvents, these polymers have bound molecular groups 
which possess considerable flexibility. 

CHARGE TRANSFER 
IN DOUBLE LAYER 

ELECTRODE 

YELLOW POLYMER 
FILM 

REPLENISHMENT VIA 
HOPPING (FIELD ASSISTED) 

CONT'D. (DOUBLE LAYER) 
CHARGE TRANSFER 

"ΪΓΪΓΪ)" ELECTRODE (TrTÎt 
(ION MOVEMENT NOT SHOWN) 

OXIDATION 

GREEN 

REDUCTION 

Figure 9. Schematic of electron transport at metal-pyrazoline cross-linked poly
mer interfaces 

An important point is that the electrochemically driven charge transport in 
these polymeric materials is not dependent on the presence of mixed valence 
interactions which are well known to give rise to electronic conductivity*—* in 
a number of cation radical crystalline salts. This is clearly seen from the 
absorption spectrum of the electrochemically oxidized pyrazoline films (Figure 
8) which show no evidence for the mixed valence states that are the structural 
electronic prerequisites for electrical conductivity in the crystalline salts. A 
more definitive confirmation of this point is provided by the absorption spec
trum (Figure 10) of electrochemically oxidized TTF polymer films which shows 
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\{μΠ\) 

Figure 10. Spectrum of electrochemically oxidized cross-linked TTF polymer 
films 

only absorptions due to TTF+ and ( T T F + ) 2 . In the TTF system where mixed 
valence absorption have been identified in the solution studies on the polymer
ic systems (Part ΠΙΑ) and are known to lead to high electrical conductivities in 
the crystalline salts*—*, the absence of these absorptions in the solid film 
polymer electrochemistry experiments suggests that stable mixed valence 
clusters are not essential to the charge transport process. 
The electrochemical and spectroscopic data indicates that sites on these polym
ers can communicate with each other, in the electron transfer sense, on a 
relatively short time scale and without the formation of stable mixed valence 
clusters. Electronic tranport via hopping or tunnelling and modulated by 
means of neighboring molecular group collisions would be consistent with these 
requirements. The relative molecular nonspecificity of this mechanism suggests 
that other polymeric materials would show similar effects and this has been 
seen for thin films of poly*—*(vinylferrocene) and poly*—*(nitrostyrene). 

Conclusions 

Electroactive donors, such as TTF or triarylpyrazoline, can be bound in high 
yield to polymeric matrices. The TTF linear polymers show interesting cooper
ative properties (i.e., ion-radical cluster formation) that is not observed for the 
isolated monomers in solution or the low coverage polymers. Furthermore, 
thin solid films of these donors bound to cross-linked polymer backbones 
display remarkably facile charge transport through the film bulk which is 
accompanied by dramatic and reversible optical changes. 
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Union Carbide Corporation, One River Road, Bound Brook, NJ 08805 

Carborane-siloxanes are a family of polymers which have the 
linear structure, I, 

where R and R' can be methyl or fluoroalkyl, and in addition 
R' can be phenyl. The interest in carborane-siloxanes centers 
around the need for new polymers having enhanced flame resist
ance, and greater thermal and oxidative stability (1). Indeed 
the incorporation of the m-carborane moiety into the siloxane 
backbone has resulted in significant enhancement of properties. 

Several approaches are available for modifying polymer 
properties in order to maximize the performance of a polymeric 
system for a particular end use. These methods include polymer 
backbone modification, polymer blends, grafting, and the use of 
additives such as reinforcements, cross-linking agents, stabi
lizers, plasticizers, etc. The properties of carborane-siloxane 
polymers can be modified and optimized through a combination of 
structural changes and the use of supplementary agents. The work 
from several laboratories including Olin Corporation, Princeton 
University, and Union Carbide Corporation will be reviewed in 
this chapter. 

Backbone Modification 

Different structures of carbone-siloxane polymers are ob
tainable via several synthetic routes which have been developed. 

I 

0-8412-0540-X/80/47-121-449$05.00/0 
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Polymers ( I ) where η i s 3 and 5 can be prepared by h y d r o l y 
s i s - c o n d e n s a t i o n o f a c a r b o r a n e - b a s e d s i l o x a n e as shown i n 
e q u a t i o n 1 (2)· 

R' R R R' 

Y1 YJ ι Υ Ί 
CH 3 " T"CH 3 CH 3 CH 3 ~T~ 

H?.° - I (1) 

Polymers (_I) where η i s 4, 5, and 6 are prepared by the 
c o h y d r o l y s i s - c o n d e n s a t i o n of a b i s ( c h l o r o d i s i l o x y l ) c a r b o r a n e and 
a d i c h l o r o s i l i c o n compound w h i c h a p p e a r i n e q u a t i o n 2 (_2) · 

R' R R R' R' R' 
1 1 1

C l - S i - O - S i C B 1 0 H 1 0 C S i - O - S i - C
I I I I I \ I /n-4 
CH 3 CH 3 CH 3 CH 3 CH 3 CH 3 

The polymer where η i s 2 can be prepared a c c o r d i n g to e q u a t i o n 3 
i n which a b i s ( h y d r o x y s i l y l ) c a r b o r a n e i s r e a c t e d w i t h a b i s u r e i d o 
s i l a n e where X i s an N-phe n y l - N ' - t e t r a m e t h y l e n e u r e i d o group (3^) · 

R R R' 
I I I 

HO-SiCB 1 0H 1 0CSi-OH + X-Si-X 1 (3) 
I I I 
CH 3 CH 3 CH 3 

E q u a t i o n 4 shows t h e f e r r i c c h l o r i d e c a t a l y z e d s y n t h e s i s o f 
polymer where η i s 1 ( 4 ) . 

R R R R 
I I I I 

C l - S i C B 1 0 H 1 0 C S i - C l + CH 3 O - S i C B 1 0 H 1 0 C S i - O C H 3 — X ^ - M »» 1 (4) 
I I I I 
CH 3 CH 3 CH 3 CH 3 

FeCla_ 

T r a n s i t i o n Temperatures 

The two main t r a n s i t i o n s i n polymers a r e the g l a s s - r u b b e r 
t r a n s i t i o n (Tg) and the c r y s t a l l i n e m e l t i n g p o i n t (Tm). The Tg 
i s the most i m p o r t a n t b a s i c parameter of an amorphous polymer 
because i t determines whether the m a t e r i a l w i l l be a hard s o l i d 
or an elast o m e r a t s p e c i f i c use temperature ranges and a t what 
temperature i t s b e h a v i o r p a t t e r n changes. 
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P h y s i c a l t r a n s i t i o n s f o r a s e r i e s o f l i n e a r c a r b o r a n e -
s i l o x a n e polymers, I_, have been examined and the d a t a appear i n 
Table I . 

TABLE I 

T r a n s i t i o n s and S t a b i l i t y of C a r b o r a n e - S i l o x a n e s 
Wt. Loss 

R R' Tg, °C Tm, °C by 700°C 

1 CH 3 — 25 260 20% 
2 CH 3 CH 3 -42 90 32% 
2 CH 3 C 6 H 5 -12 A -5% 
2 CHo / C H 3 (33) -22 A -5% j I C -22 -5% 

2 CH 3 
f CH
I C 6 5 (33) 

3 CH 3 CH 3 -68 A 45% 
4 CH 3 CH 3 -75 A 48% 
5 CH 3 CH 3 -88 A 60% 
1 CH 2CH 2CF 3 — 28 A — 
2 CH 3 CH 2CH 2CF 3 -29 A 25% 
2 CH 2CH 2CF 3 CH 3 -12 A 59% 
2 CH 2CH 2CF 3 CH 2CH 2CF 3 -3 A 69% 
3 CH 2CH 2CF 3 CH 2CH 2CF 3 -15 A 78% 

A = Absent 

For the homologous s e r i e s of c a r b o r a n e - d i m e t h y l s i l o x a n e s 
( I , R = R'= CH 3, η = 1 through 5 ) , the g l a s s t r a n s i t i o n tempera
t u r e decreases w i t h i n c r e a s i n g s i l o x a n e c o n t e n t ( i . e . , g r e a t e r n) 
(5) · When η i s 1 or 2 the polymers have a c r y s t a l l i n e m e l t i n g 
p o i n t . T h i s c r y s t a l l i n e phase a d v e r s e l y a f f e c t s e l a s t o m e r i c 
p r o p e r t i e s . In the case where η = 2, t h i s c r y s t a l l i n i t y can be 
e l i m i n a t e d by the i n c o r p o r a t i o n of phenyl groups on the polymer 
backbone (R' = C5H5). Thus, phenyl m o d i f i c a t i o n r e s u l t s i n a 
c o m p l e t e l y amorphous system; however, the Tg has r i s e n from -42° 
to -12°C. P a r t i a l p henyl m o d i f i c a t i o n (R' - CH 3/C 6H 5 [67/33]) 
produces an amorphous polymer w i t h a low Tg (-37°C) ( 6 ) . Polymers 
where η = 3,4, and 5 are amorphous w i t h d e c r e a s i n g Tg's of -68°, 
-75°, and -88°C, r e s p e c t i v e l y . The t r i f l u o r o p r o p y l m o d i f i e d 
polymers a r e amorphous and e x i b i t d e c r e a s i n g Tg w i t h i n c r e a s i n g η 
and i n c r e a s i n g Tg w i t h i n c r e a s i n g C H 2 C H 2 C F 3 c o n t e n t (J7> 8.)· 

A l i n e a r r e l a t i o n s h i p was o b t a i n e d f o r the homologous s e r i e s 
of c a r b o r a n e - d i m e t h y l s i l o x a n e s and c a r b o r a n e - m e t h y l t r i f l u o r o -
p r o p y l s i l o x a n e s by c o n s i d e r i n g t h e i r s t r u c t u r e s to be an a l t e r 
n a t i n g copolymer of -(0-SiR 2-^ n and -£CBiQHi0CSiR 2 }- l i n k a g e s and 
by p l o t t i n g weight f r a c t i o n of -£CBiQHi0CSiR2-)- v e r s u s 1/Tg as 
shown i n F i g u r e 1 ( 1 , _5). 
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I I I I I I I 1 1 1 1 
0 0.1 0.2 0.3 0.4 0.5 0.6 0./ 0.8 0.9 1.0 

WEIGHT FRACTION -SiR2CB10H10C-

Figure 1. Correlation of glass transition temperatures 

Thermal S t a b i l i t y 

One of the unique properties of carborane-siloxane polymers 
i s t h e i r outstanding thermal s t a b i l i t y . Thermogravimetric 
analyses i n an inert atmosphere reveal that rapid weight loss 
does not occur u n t i l above 400°C. For the homologous series 
of carborane-dimethylsiloxanes the s t a b i l i t y of the polymers 
increases with decreasing siloxane content per repeat unit (5, 
9). The t o t a l weight l o s t by 700°C appear in Table I. A cor
rel a t i o n of weight loss as a function of siloxane linkages per 
repeat unit i s shown in Figure 2. 

The phenyl modified polymers show a s i g n i f i c a n t decrease in 
weight loss compared to their a l l methyl analog (6)· In a study 
of the thermal breakdown of phenyl substituted carborane-siloxane 
polymers, i t has been reported that the presence of phenyl groups 
in carborane-siloxanes leads to cross-linking and less loss of 
weight 09)· 

The presence of t r i f l u o r o p r o p y l groups on the polymer 
backbone leads to an increase i n weight loss (7̂ , 8). 

Thus, by modifying the polymer backbone the s t a b i l i t y and 
lower use temperature can be varied. 
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ioh 

1 2

NUMBER OF Si ( O + j ^ - O - LINK AGES /REPEAT UNIT 

Figure 2. Correlation of weight loss at 700°C 

Formulation Parameters 

The phenyl modified polymers possess the optimum combination 
of high temperature and elastomeric properties and were used in 
the study of formulation parameters. These variables can have an 
important effect on the thermal s t a b i l i t y and property p r o f i l e of 
vulcanized systems. For example, the use of reinforcing s i l i c a s , 
peroxide content, and oxidative s t a b i l i z e r s have been shown to be 
important Q , JJ), 11)· However, polymer-silica interactions had 
the most pronounced effect on retaining properties during high 
temperature aging studies. 

As shown i n Figure 3, heat aging at 315°C i n a i r of a 
sample reinforced with hydrophilic s i l i c a (amorphous) leads to a 
rapid loss of elongation after 150 hours. However, modifying the 
s i l i c a by trimethylsiloxation (hydrophobic s i l i c a ) results i n 
s u b s t a n t i a l improvements—even a f t e r 1000 hours at 315°C i n 
a i r , elastomeric properties were retained. 

The adverse effect of the hydrophilic s i l i c a was attributed 
to the condensation reaction of surface s i l a n o l groups on the 
s i l i c a and phenylsilane moieties on the polymer backbone. This 
results i n increased cross-linking v i a formation of siloxane 
bonds between the polymer and s i l i c a . 
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S o l v e n t R e s i s t a n c e 

R e s i s t a n c e t o s o l v e n t s i s i m p o r t a n t i n s e v e r a l end use 
s i t u a t i o n s . The degree of s w e l l i n g i n v a r i o u s s o l v e n t s can be 
m o d i f i e d by c h a n g e s i n t h e p o l y m e r b a c k b o n e and t h e t y p e o f 
r e i n f o r c e m e n t . The e f f e c t of hydrophobic and h y d r o p h i l i c r e i n 
f o r c i n g s i l i c a s on the s w e l l i n g of v u l c a n i z e d t r i f l u o r o p r o p y l -
m o d i f i e d c a r b o r a n e - s i l o x a n e polymer (I., η = 2 , R = C H 3 , R' = 
C H 2 C H 2 C F 3 ) a p p e a r s i n T a b l e I I . I n a c e t o n e t h e s w e l l i n g i s 
s i g n i f i c a n t l y l e s s when h y d r o p h i l i c s i l i c a i s used i n r e i n f o r c e 
ment. A s i m i l a r t r e n d was noted i n t o l u e n e . 

TABLE I I 

E f f e c t of Type of R e i n f o r c i n g Agent on S w e l l i n g 

S w e l l i n g , %* 
S o l v e n t Hydrophobic S i l i c a H y d r o p h i l i c S i l i c a 

Acetone 71 2 
Toluene 130 89 

*ASTM D-471; V u l c a n i z a t e s w i t h 30 phr s i l i c a . 
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Modification of the polymer backbone by the incorporation 
of trifluoropropyl groups leads to substantial decreases in 
swelling. In vulcanized systems reinforced with hydrophilic 
silica (30 phr) the swelling decreased with increasing CH2CH2CF3 
content as shown in Table III. 

TABLE III 

Swelling as a Function of Polymer Modification 

Swelling, % 
R' Toluene Reference Fuel Β 

fcH 3 (67
2 CH3 l c 6 H  (33)
2 CH3 CH2CH2CF3 98 80 
2 CH2CH2CF3 CH3 63 43 
2 CH2CH2CF3 CH2CH2CF3 23 20 

Conclusions 

Properties of carborane-siloxanes can be readily modified 
through changes in the polymer backbone and by the use of supple
mentary agents in order to optimize the property-performance 
profile for different use situations. 

Thus a strong technology base now exists for carborane-
siloxane polymers which adds measureably to the arsenal of design 
engineers for advanced systems. The visionary support of the 
Office of Naval Research has been largely responsible for the 
important advancements in this area. 
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Polycarbonates and, in particular, the polycarbonate derived 
from bisphenol A, are useful as transparent and impact-resistant 
structural plastics (1). However, further modification of the 
arylene carbonate backbone by incorporation of siloxane segments 
has been of interest and has been investigated by a number of 
workers during the last decade. The main objective of such modi
fication has been to decrease the glass-transition temperature 
of the polycarbonate and thereby obtain transparent elastomeric 
polymers. Such macromolecules are hybrids between arylene carbo
nate and siloxane polymers. Two main types of hybrid arylene 
carbonate-siloxane polymers were obtained in these investigations: 
(a) block copolymers with backbones comprised of arylene carbon
ate and siloxane blocks, and (b) alternating homopolymers, I, the 
backbones of which consisted of regularly alternating siloxanyl
ene and arylene carbonate segments. While the length of the 

blocks in the block copolymers investigated varied within the 
given copolymer and usually contained several tens or hundreds 

1 Current address: Research Laboratory, Kodak Park Divi
sion, Eastman Kodak Company, Rochester, NY 14650. 
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o f S i and 0 atoms ( i . e . , as p o l y s i l o x a n e m o i e t i e s ) , t he l e n g t h o f 
the s i l o x a n y l e n e segments i n the a l t e r n a t i n g homopolymers o f 
i n t e r e s t , I , i s much s h o r t e r (χ = 0 - 3 ) . Due t o the d i f f e r e n t 
s t r u c t u r e o f the backbone i n the a r y l e n e c a r b o n a t e - s i l o x a n e 
b l o c k copolymers and a l t e r n a t i n g homopolymers, I , b o t h t y p e s o f 
polymers would be expected t o e x h i b i t somewhat d i f f e r e n t p h y s i c a l 
and c h e m i c a l p r o p e r t i e s . 

The m a j o r i t y o f those i n v o l v e d i n r e s e a r c h on s i l o x a n e -
m o d i f i e d p o l y ( a r y l e n e c a r b o n a t e s ) have chosen t o s y n t h e s i z e co
polymers o f a r y l e n e c arbonates and p o l y s i l o x a n e s (2-17). 
V a r i o u s p r o p e r t i e s (3,4,5,15,16,18-32) as w e l l as the morphology 
(3_,18_919_,23^,35) o f such copolymers were i n v e s t i g a t e d i n g r e a t 
d e t a i l . S y n t h e s i s o f these b l o c k copolymers , w h i l e complex, i s 
p o t e n t i a l l y not c o s t l y s i n c e m a t e r i a l s and methods used i n t h e 
man u f a c t u r i n g o f p o l y s i l o x a n e s and p o l y c a r b o n a t e s can be used. 
The p r o p e r t i e s o f the a r y l e n e c a r b o n a t e - s i l o x a n e b l o c k copolymers 
s y n t h e s i z e d v a r y from thos
depending on the l e n g t
i n such copolymers. The improved mechanical s t r e n g t h o f the s e 
copolymers was a t t r i b u t e d * t o f o r m a t i o n o f microdomains c o n t a i n i n g 
a r y l e n e carbonate b l o c k s which a c t as v i r t u a l c r o s s l i n k s and 
f i l l e r p a r t i c l e s (19). A r y l e n e c a r b o n a t e - s i l o x a n e b l o c k c o p o l y 
mers ar e thus c o n s i d e r e d p o t e n t i a l l y u s e f u l as tough e l a s t o m e r i c 
sheets and membranes (15,34,35). However, most copolymers o f 
t h i s t ype c o n t a i n h y d r o l y t i c a l l y - u n s t a b l e Si-O-C l i n k a g e s . 
Moreover, thermal s t a b i l i t y o f these copolymers does not exceed 
the thermal s t a b i l i t y o f p o l y s i l o x a n e s s i n c e thermal d e g r a d a t i o n 
o f the polymer backbone can occ u r by c h a i n s c i s s i o n o f the 
s i l o x a n e b l o c k s l e a d i n g t o f o r m a t i o n o f low - m o l e c u l a r weight 
c y c l i c d e c o m p o s i t i o n p r o d u c t s . 

To-date, o n l y scant r e p o r t s have been p u b l i s h e d on attempted 
s y n t h e s i s o f a l t e r n a t i n g homopolymers o f the type I (36,37,38,39, 
4 0 ) , and no w e l l - c h a r a c t e r i z e d h i g h m o l e c u l a r weight polymers o f 
the t y p e I ar e r e p o r t e d i n the l i t e r a t u r e . P r e p a r a t i o n o f such 
polymers r e q u i r e s i n i t i a l l y the s y n t h e s i s o f new .and more complex 
monomers. I t appeared t h a t a number o f o b s t a c l e s had t o be 
overcome t o p e r m i t s y n t h e s i s o f the monomers and t h e i r p o l y m e r i 
z a t i o n . Our e f f o r t s t o overcome such o b s t a c l e s and modify 
a r o m a t i c p o l y c a r b o n a t e s by i n c o r p o r a t i o n o f s i l o x a n y l e n e segments 
are d e s c r i b e d h e r e i n . I t was the o b j e c t i v e o f t h i s i n v e s t i g a t i o n 
t o modify the backbone o f ar o m a t i c p o l y c a r b o n a t e s i n t h i s manner 
so as t o lower the g l a s s - t r a n s i t i o n temperature ( T g ) and o b t a i n 
polymers w i t h e l a s t o m e r i c p r o p e r t i e s w h i l e r e t a i n i n g d e s i r e d 
thermal s t a b i l i t y and t r a n s p a r e n c y . To a c h i e v e t h i s g o a l , i t 
was c o n s i d e r e d e s s e n t i a l t o s y n t h e s i z e a number o f polymers o f 
the t y p e I i n o r d e r t o d e r i v e s t r u c t u r e - p r o p e r t i e s c o r r e l a t i o n s 
f o r the t a i l o r i n g o f such polymer s t r u c t u r e s . 

In t h i s r e s e a r c h t h r e e s y n t h e t i c approaches l e a d i n g t o 
s i l o x a n e - m o d i f i e d p o l y ( a r y l e n e c a r b o n a t e s ) were i n v e s t i g a t e d : 
(1) the p o l y c o n d e n s a t i o n o f s i l o x a n y l e n e - l i n k e d b i s p h e n o l s , I I , 
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w i t h phosgene (37,38,39,40) ; (2) the homopolyoonden&ation o f b i s -
s i l a n o l s c o n t a i n i n g phenylene carbonate groups, I I I , (36); and 
(3) the h e t e r o p o l y c o n d e n s a t i o n o f b i s - s i l a n o l s , I I I , w i t h 
d i a c e t o x y s i l a n e s , d i a c e t o x y d i s i l o x a n e s , o r d i a c e t o x y t r i s i l o x a n e s . 

R e s u l t s and D i s c u s s i o n 

1. P o l y c o n d e n s a t i o n o f B i s p h e n o l s , I I , w i t h Phosgene. 
P o l y c o n d e n s a t i o n o f s i l o x a n e - l i n k e d b i s p h e n o l s , I I , w i t h phosgene 
i s the most ob v i o u s s y n t h e t i c approach l e a d i n g t o s i l o x a n e -
m o d i f i e d p o l y ( a r y l e n e c a r b o n a t e s ) s i n c e the phosgene-bisphenol 
p o l y c o n d e n s a t i o n i s used i n the s y n t h e s i s o f a r o m a t i c p o l y 
carbonates ( 1 ) . T h i s method was used i n i t i a l l y t o p r e p a r e 
polymer 1_ (as i n d i c a t e d i n r e a c t i o n 1) as w e l l as f o r the 
attempted s y n t h e s i s o f polymers 2_ and 5_: 

CH 3 CH 3 CH 3 CH 3 

1_ 

However, the g l a s s - t r a n s i t i o n temperature o f 80°C o b t a i n e d f o r 
polymer 1̂  was determined t o be too h i g h f o r the b i s ( p h e n y l e n e ) -
i s o p r o p y l i d e n e system, even i f m o d i f i e d w i t h l o n g e r s i l o x a n y l e n e 
segments, t o be u s e f u l as an ela s t o m e r . Moreover, the s y n t h e t i c 
r o u t e based on the bisphenol-phosgene p o l y c o n d e n s a t i o n ( r e a c t i o n 
1) gave polymers o f r e l a t i v e l y low m o l e c u l a r weight. For 
these reasons i t was d e c i d e d t o c o n c e n t r a t e on the s y n t h e s i s o f 
a s e r i e s o f polymers 2-12 (Table I) c o n t a i n i n g p_- and m-phenyl-
ene groups and s i l o x a n y l e n e segments o f v a r y i n g l e n g t h w h i l e 
i n v e s t i g a t i n g a l t e r n a t e s y n t h e t i c approaches ( r e a c t i o n s 2 and 3 ) . 

2. Homopolycondensation o f B i s - s i l a n o l s , I I I . Homopoly-
co n d e n s a t i o n o f b i s - s i l a n o l s , I I I , was a second c h o i c e as a syn
t h e t i c approach l e a d i n g t o s i l o x a n e - m o d i f i e d p o l y ( a r y l e n e -
car b o n a t e s ) ( r e a c t i o n 2 ) . Phosgene i n p y r i d i n e was found t o be 
the most e f f e c t i v e medium o f a number o f r e l a t e d r e a g e n t s 
( o x a l y l c h l o r i d e , a c e t y l c h l o r i d e , HC1) ha v i n g p o t e n t i a l f o r 
promoting the homopolycondensation o f b i s - s i l a n o l s , I I I . P o l y 
mers o b t a i n e d through i t s use e x h i b i t e d h i g h e r m o l e c u l a r weights 
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(Table I) than those o b t a i n e d by use o f o t h e r r e a g e n t s . The main 
l i m i t a t i o n o f t h i s approach i s t h a t o n l y polymers c o n t a i n i n g an 
even number o f s i l i c o n
s y n t h e s i z e d ; polymers 2_, A_, _
t h i s method ( r e a c t i o n 2, y = 0 o r 1 ) . Another d i s a d v a n t a g e o f 
t h i s approach i s t h a t t he s y n t h e s i s o f polymers c o n t a i n i n g a 
t e t r a s i l o x a n y l e n e segment (polymers £ and 7), which a r e o f 
p a r t i c u l a r i n t e r e s t due t o t h e i r low v a l u e o f g l a s s - t r a n s i t i o n 
temperature, r e q u i r e s a complex s y n t h e s i s o f b i s - s i l a n o l s , I I I 
( y = l ) . At p r e s e n t , t h i s method l e a d s t o s i l o x a n e - m o d i f i e d 
p o l y ( a r y l e n e c a r b o n a t e s ) w i t h h i g h e r m o l e c u l a r w eights than a r e 
o b t a i n e d by a l l o t h e r methods i n v e s t i g a t e d i n t h i s l a b o r a t o r y . 

3. H e t e r o p o l y c o n d e n s a t i o n o f B i s - s i l a n o l s , I I I , w i t h 
D i a c e t o x y s i l a n e s . H e t e r o p o l y c o n d e n s a t i o n o f b i s - s i l a n o l s , I I I , 
was i n v e s t i g a t e d s i n c e t h i s approach appeared t o o f f e r a r e l a 
t i v e l y r a p i d p r e p a r a t i v e r o u t e t o a number o f v a r i o u s s i l o x a n e -
modif i e d p o l y ( a r y l e n e c a r b o n a t e s ) which were r e q u i r e d i n o r d e r 
t o o b t a i n s t r u c t u r e - p r o p e r t i e s c o r r e l a t i o n s f o r such polymers. 
In a d d i t i o n , polymers c o n t a i n i n g an odd number o f s i l i c o n atoms 
i n t he s i l o x a n y l e n e segment can be prepared by t h i s approach. 
However, r e a c t i o n c o n d i t i o n s employed i n c o n d e n s a t i o n o f b i s -
s i l a n o l s , I I I , w i t h d i a m i n o s i l a n e s (41) o r s i l o x a z a n e s (42) l e d 
t o the cl e a v a g e o f the carbonate group. Consequently, the 
r e c e n t l y r e p o r t e d s i l a n o l - a c e t o x y s i l a n e p o l y c o n d e n s a t i o n r e a c t i o n 
(43) was i n v e s t i g a t e d f o r the p o l y c o n d e n s a t i o n o f b i s - s i l a n o l s , 
I I I , w i t h d i a c e t o x y s i l a n e s o r d i a c e t o x y d i s i l o x a n e s ( r e a c t i o n 3 ) . 

I t was found t h a t the r e a c t i o n c o n d i t i o n s which were 
o p t i m i z e d f o r the s y n t h e s i s o f p o l y ( a r y l e n e s i l o x a n y l e n e s ) (43) 
c o u l d be employed f o r the s y n t h e s i s o f s i l o x a n e - m o d i f i e d p o l y -
( a r y l e n e c a r b o n a t e s ) . 2 , 4 , 6 - T r i m e t h y l p y r i d i n e ( c o l l i d i n e ) was 
s e l e c t e d as the most s u i t a b l e o f a l l c a t a l y s t s i n v e s t i g a t e d (43) 
f o r the s y n t h e s i s o f the s i l o x a n e m o d i f i e d p o l y f a r y l e n e carbon
a t e s ) . P r o p e r t i e s o f polymers prepared by t h i s method a re g i v e n 
i n Table I . In c o m p a r i s i o n t o the ph o s g e n e - c a t a l y z e d homo
p o l y c o n d e n s a t i o n o f b i s - s i l a n o l s , I I I , the i n h e r e n t v i s c o s i t i e s 

In Modification of Polymers; Carraher, C., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



31. ROSENBERG ET AL. Siloxane-Modified Polyarylene Carbonates 463 

o f polymers o b t a i n e d by t h e s i l a n o l - a c e t o x y s i l a n e c o n d e n s a t i o n 
were found t o be s i g n i f i c a n t l y lower. 

4. P r o p e r t i e s o
p o l y ( a r y l e n e c a r b o n a t e s) a r e o f p o t e n t i a l i n t e r e s t as s p e c i a l t y 
e l a s t o m e r s f o r c e r t a i n aerospace a p p l i c a t i o n s , i t i s imp o r t a n t t o 
a c h i e v e as low a v a l u e as p o s s i b l e f o r the g l a s s - t r a n s i t i o n 
temperature i n o r d e r t o a c h i e v e f l e x i b i l i t y a t low temperatures 
i n such systems. From Table I i t i s r e a d i l y apparent t h a t , o f 
the v a r i o u s d i m e t h y l - s u b s t i t u t e d polymers i n v e s t i g a t e d , polymer 7_ 
be s t meets t h i s r equirement. As would be expected, the v a l u e o f 
the g l a s s - t r a n s i t i o n temperature f o r the polymers l i s t e d i n the 
t a b l e decreases w i t h t he i n c r e a s i n g l e n g t h o f the s i l o x a n y l e n e 
segments and w i t h the d e c r e a s i n g l e n g t h o f the a r y l e n e carbonate 
segment. Furthermore, polymers c o n t a i n i n g m-phenylene groups i n 
the backbone have a c o n s i d e r a b l y lower v a l u e f o r the g l a s s - t r a n 
s i t i o n temperature than the analogous polymers c o n t a i n i n g 
p_-phenylene groups. For t h i s r e a s o n , i n f u r t h e r i n v e s t i g a t i o n o f 
the e f f e c t o f v a r y i n g pendant groups ( s y n t h e s i s o f polymers 
8-^2) e f f o r t s were c o n c e n t r a t e d on polymers c o n t a i n i n g m-phenyl
ene groups. I n t r o d u c t i o n o f pendant phenyl groups on the 
polymer backbone i n c r e a s e s the g l a s s - t r a n s i t i o n temperature (T ) 
c o n s i d e r a b l y , p a r t i c u l a r l y when the phenyl groups a r e i n t r o d u c e d 
on s i l i c o n atoms a t t a c h e d t o the phenylene moiety. T h i s i n c r e a s e 
o f t h e Tg i s a p p a r e n t l y caused by l i m i t e d f l e x i b i l i t y o f the 
s i l o x a n y l e n e segments c o n t a i n i n g pendant phenyl groups, as i s 
a l s o evidenced from nmr s p e c t r a . 

At the o t h e r end o f the temperature spectrum, w i t h h i g h 
th e r m a l s t a b i l i t y o f s i l o x a n e - m o d i f i e d p o l y ( a r y l e n e c a r b o n a t e s ) 
a l s o a d e s i r e d p r o p e r t y , the onset o f thermal d e c o m p o s i t i o n (40) 
f o r polymers 1-12 was found t o be i n the range o f 385-456°C 
(as determined from TGA cu r v e s o b t a i n e d by h e a t i n g polymer 
samples i n n i t r o g e n a t a h e a t i n g r a t e o f 20°C/min.). There does 
no t appear t o be any pronounced t r e n d i n r e g a r d t o v a r i a t i o n o f 
the thermal s t a b i l i t y w i t h s t r u c t u r e i n polymers 1-12. The s m a l l 
d i f f e r e n c e s i n the v a l u e s o f T, f o r these polymers can be due 
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t o d i f f e r e n c e s i n m o l e c u l a r weights o r t o the p o s s i b l e presence 
o f t r a c e i m p u r i t i e s . 

Data on the a n a l y t i c a l c h a r a c t e r i z a t i o n o f polymers ( i . e . , 
t he e l e m e n t a l a n a l y s e s and nmr s p e c t r a l c h a r a c t e r i s t i c s ) a r e 
summarized i n Table I I . 

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

1. G e n e r a l . I n t r i n s i c v i s c o s i t i e s , [ 1 ] , were measured on 
a Cannon-Ubbelohde d i l u t i o n v i s c o m e t e r a t 30°C i n THF. The GPC 
a n a l y s e s were c a r r i e d out u s i n g a Waters Model 6000A l i q u i d 
chromatograph, equipped w i t h a UV d e t e c t o r and a s e t o f mi c r o -
s t y r a g e l 30-cm columns (10 , 10 , 10 ,500, 500 and 100 X ) . _ 
Polymers were a n a l y z e d i n THF s o l u t i o n s and the v a l u e s o f M^ were 
determined by the u n i v e r s a l method, u s i n g p o l y s t y r e n e s t a n d a r d s . 
G l a s s - t r a n s i t i o n temperatures o f polymers were determined by 
d i f f e r e n t i a l s c a n n i n g c a l o r i m e t r
n i t r o g e n a t a h e a t i n g r a t
a n a l y s e s were c a r r i e d out i n a duPont Model 950 t h e r m o g r a v i m e t r i c 
a n a l y s e r a t a h e a t i n g r a t e o f 20°C/min. and a t a h e l i u m f l o w -
r a t e o f 60 ml/min. S y n t h e s i s o f monomers w i l l be d e s c r i b e d i n 
f o r t h c o m i n g p u b l i c a t i o n s . 

2. P o l y c o n d e n s a t i o n o f B i s p h e n o l s , I I , w i t h Phosgene. 
A f r e s h l y - p r e p a r e d s o l u t i o n o f phosgene (8 mmole) i n 10 ml o f 
methylene c h l o r i d e was added dropwise t o a s t i r r e d s o l u t i o n o f 
5 mmole o f type I I b i s p h e n o l i n 2 ml o f d r y p y r i d i n e and 30 ml o f 
methylene c h l o r i d e . A f t e r the m i x t u r e was s t i r r e d f o r seven 
hours, the r e s u l t i n g s o l u t i o n was e x t r a c t e d w i t h 50 ml o f 10% 
HC1 and then s e v e r a l times w i t h d i s t i l l e d water u n t i l n e u t r a l . 
The s o l u t i o n was d r i e d over anhydrous c a l c i u m s u l f a t e , concen
t r a t e d under reduced p r e s s u r e , and the polymer p r e c i p i t a t e d by 
methanol. The polymer was r e d i s s o l v e d i n methylene c h l o r i d e , 
r e p r e c i p i t a t e d w i t h methanol, and d r i e d o v e r n i g h t a t 100°C 
(0.01 mm Hg). 

3. Homopolycondensation o f B i s - s i l a n o l s , I I I . I n t o a f l a s k 
equipped w i t h a magnetic s t i r r i n g b a r and à gas i n l e t a dapter 
tube e x t e n d i n g j u s t above the s u r f a c e o f the r e a c t i o n m i x t u r e 
was p l a c e d 10 mmole o f a type I I I b i s - s i l a n o l d i s s o l v e d i n 30 ml 
o f f r e s h l y - d i s t i l l e d p y r i d i n e . The f l a s k was c o o l e d by a c o l d 
water b a t h and phosgene i n t r o d u c e d s l o w l y w h i l e the r e a c t i o n 
m i x t u r e was s t i r r e d v i g o r o u s l y . A p r e c i p i t a t e was formed 
i n i t i a l l y and, a f t e r 15 minutes o f c o n t i n u e d phosgene a d d i t i o n , 
the m i x t u r e became q u i t e v i s c o u s i n d i c a t i n g t h a t the r e a c t i o n was 
e s s e n t i a l l y complete. Excess phosgene was removed by sweeping 
the system w i t h d r y n i t r o g e n . The r e a c t i o n m i x t u r e was d i l u t e d 
w i t h 20 ml o f methylene c h l o r i d e , f i l t e r e d and the r e s u l t i n g 
polymer p r o d u c t was i s o l a t e d by p r e c i p i t a t i o n w i t h methanol as 
d e s c r i b e d above. 
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4. Polycondensation of Bis-silanols, III, with Diacetoxy
silanes, Diacetoxydisiloxanes or Diacetoxytrisiloxanes. A mix
ture of 12.00 mmole of a bis-silanol, III, 12.00 mmole of a 
diacetoxysilane, diacetoxydisiloxane or diacetoxytrisiloxane, 
4.4 ml of collidine, and 10 ml of toluene was magnetically 
stirred at room temperature in a sealed flask in an atmosphere 
of dry nitrogen for two days. The solution was then either 
allowed to stand for an additional four days or was refluxed for 
four hours under a positive pressure of dry nitrogen. The 
resulting polymer product was isolated by precipitation with 
methanol as described above. 
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32 
Polymer-Filler Composites thru In Situ Graft 

Copolymerization: Polyethylene-Clay Composites 

NORMAN G. GAYLORD, HANS ENDER, LINWOOD DAVIS, JR., 
and AKIO TAKAHASHI 

Gaylord Research Institute, New Providence, NJ 07974 

The use of inorganic additives as extenders in thermoplastic 
polymers is a long establishe
role of such additives has changed from that of cost-reducing 
fillers to property enhancing reinforcing agents. This conver
sion has come about as a result of the compatibilization of the 
additive with the thermoplastic polymer, by interaction at the 
polymer-filler interface. 

The interaction of the polymer with the fi l ler is promoted 
by the presence of reactive functionality in the polymer, capable 
of chemical reaction or hydrogen bonding with the functionality, 
generally hydroxyl, on the surface of the fi l ler. Thus, carboxyl
-containing polymers, e.g. ethylene-acrylic acid copolymers and 
maleic anhydride- and acrylic acid-grafted polyethylene and poly
propylene interact readily with fillers. 

Another route to such interaction is graft copolymerization 
of an unsaturated trialkoxysilane, e.g. methacrylatopropyl- or 
vinyltrialkoxysilane, or alkoxytitanate with the polyolefin, 
prior to or concurrent with compounding with the f i l ler . An alt
ernative route is pretreatment of the fi l ler with the silane or 
titanate so that the pendant unsaturation reacts with the radical 
sites generated on the polymer during compounding. 

In the present paper, we report on the compatibilization of 
clay with polyolefins, specifically low and high density poly
-ethylenes (LDPE, HDPE), through the radical-induced polymeriza
tion of maleic anhydride (ΜΑΗ) in the presence of the polymer and 
clay, so that the ΜΑΗ is grafted on the PE and the anhydride 
groups concurrently react with the fil ler surface (l, 2). 

Experimental 

Two procedures were used to prepare compatibilized polymer
-fi l ler composites: 

One-step process, wherein the fil ler was compounded into the 
polymer with the desired degree of loading, in the presence of 
ΜΑΗ and a peroxide; 

0-8412-0540-X/80/47-121-469$05.00/0 
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Two-step process, wherein the f i l l e r was compounded into the 
polymer at high levels of loading, e.g. 50/5O-90/IO clay/PE, i n 
the presence of ΜΑΗ and a peroxide, and the resultant concentrate 
then compounded with additional PE to the desired f i n a l degree of 
loading. 

The peroxide catalyzed polymerization of ΜΑΗ i n the presence 
of PE and clay was carried out i n a Brabender Plasticorder (Model 
PL-V151, Roller No. 6/RH/EH mixer) at 75 rpm at a temperature of 
130-165 C. The t o t a l charge was U0-60 g and one-half of the PE 
was charged i n i t i a l l y and allowed to flux. The ΜΑΗ and peroxide 
were premixed. After one- f i f t h of the clay was added, one-fifth 
of the MAH-peroxide mixture was added, followed by one-fifth of 
the remaining PE. This sequence was repeated four times ( t o t a l 
charging time 3-U min) and, after the torque indicated complete 
fluxing (about 1 min after charging), mixing was continued for 
20 min. 

In the two-step process
70/3O-90/IO clay/PE, prepare
ernately with PE i n f i v e increments to one-half of the PE i n i t 
i a l l y charged to the mixing chamber. 

Tensile properties and f l e x u r a l modulus were determined on 
20 mil pressed films i n accordance with ASTM D882 and D790, res
pectively. Izod (notched) impact strength was determined on com
pression molded plaques i n accordance with ASTM D256. Water 
vapor transmission was determined on 5 mil pressed films i n acc
ordance with ASTM E96. 

Results and Discussion 

The coupling of PE and clay by means of ΜΑΗ i s accomplished 
by simultaneously mixing the reactants i n the presence of a free 
r a d i c a l catalyst. The compatibilization presumably involves the 
reaction of ΜΑΗ with PE to form an ΜΑΗ-grafted PE, followed by 
reaction of the pendant anhydride groups with the hydroxyl groups 
on the clay. The bonding between the ΜΑΗ moieties and clay hyd-
roxyls takes the form of covalent ester linkages and/or hydrogen 
bonds. 

^CH 2CH 2CH 2~ 

HjJeCH 

0 * C \ ) A o 

Η 
4 

HC CH-
I I 

: OH OH 
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In the one-step process, the reactants are mixed i n the pro
portions desired i n the f i n a l composite. In the two-step process, 
the polymer-coated clay prepared i n the f i r s t step i s compounded 
with additional PE. The two-step process yields composites with 
better mechanical properties than the one-step process. 

o The temperature for the FE-MAH-clay reaction i s generally 
150 C. However, i n the case of LDPE^ the second step i n the two-
step process may be conducted at 130 C. 

Solomon ( 3 , k, 5) reported that various clays inhibited or 
retarded free r a d i c a l reactions such as thermal and peroxide-
i n i t i a t e d polymerization of methyl methacrylate and styrene, per
oxide-initiated styrene-unsaturated polyester copolymerization, 
as well as sulfur vulcanization of styrene-butadiene copolymer 
rubber. The proposed mechanism for i n h i b i t i o n involved deactiva
t i o n of free radicals by a one-electron transfer to octahedral 
aluminum sites on the clay
r a d i c a l , i . e . catalyst r a d i c a
which i s inactive i n these r a d i c a l i n i t i a t e d and/or propagated 
reactions. 

An evaluation of numerous clays, including kaolins and ben-
tonites of comparable p a r t i c l e size and d i s t r i b u t i o n , revealed a 
wide variation i n the properties of LDPE-clay composites prepared 
under i d e n t i c a l conditions with similar loadings. This may be 
attributed to the interference with the r a d i c a l reactions i n v o l 
ved i n the coupling sequence. This i s confirmed, i n part, by the 
finding that the most effective clays were those which were re
ported to have been treated with sodium polyphosphate to improve 
t h e i r d i s p e r s i b i l i t y i n water during papermaking processes. 
Solomon reported (k) that treatment of the clays which inhibited 
r a d i c a l reactions with sodium polyphosphate reduced the i n h i b i 
t i o n . 

The "ene" reaction of ΜΑΗ with a polymer containing unsat-
uration occurs at elevated temperatures i n the absence of a cat
al y s t . The presence of a r a d i c a l catalyst i s necessary to pro
mote the reaction between ΜΑΗ and a saturated polymer. However, 
the mere generation of r a d i c a l sites on the polymer, e.g. by 
shear or attack by catalyst radicals, i s i n s u f f i c i e n t to promote 
reaction to a si g n i f i c a n t extent. Thus, the appendage of ΜΑΗ 
onto PE requires the use of either high concentrations of cata
l y s t or the use of a catalyst which has a short h a l f - l i f e at the 
reaction temperature. 

These conditions are i d e n t i c a l to those required for the 
homopolymerization of ΜΑΗ, i . e . the catalyst*has a h a l f - l i f e of 
up to about 30 min at the reaction temperature ( 6 ) . Thus, 
t-butyl perbenzoate (tBPB) i s effective i n the preparation of 
LDPE-clay composites at 130 and 150 C and EDFE-clay composites 
at 150 C while dicumyl peroxide i s less effective i n LDPE-clay 
composites at 130 C than at 150 C. 

The attempted polymerization of ΜΑΗ i n mineral o i l with 
various catalysts demonstrated that those catalysts which were 

In Modification of Polymers; Carraher, C., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



472 MODIFICATION OF POLYMERS 

most e f f e c t i v e i n promoting ΜΑΗ polymerization were most e f f e c t 
ive i n the preparation of PE-clay composites at the same tempera
ture. Further, those clays which gave composites suggesting the 
absence of compàtibilization were found to i n t e r f e r e with the 
homopolymerization of ΜΑΗ when present i n the ΜΑΗ-mineral o i l 
mixture. 

The optimum concentration of ΜΑΗ i n the preparation of a 
clay/FE concentrate was generally 10-20 w e i g h t b a s e d on the PE, 
while the c a t a l y s t concentration was 2-5 weight-^ based on the PE. 
The necessity to use a c a t a l y s t which i n i t i a t e s the homopolymeri
zation of ΜΑΗ at the mixing temperature, suggests that the g r a f t 
ed ΜΑΗ i s present as a polymeric or oligomeric sequence rather 
than as a single u n i t . I t has already been suggested ( 7 , 8 , 9) 
that i n the g r a f t i n g of ΜΑΗ on PE i n the presence of a free r a d i 
c a l c a t a l y s t , poly(maleic anhydride) rather than monomeric ΜΑΗ i s 
the species which i s attacked b  fre  r a d i c a l  t  generat  there
on r a d i c a l s i t e s which
PE by r a d i c a l attack. However,  propagating 
poly(maleic anhydride) couples with r a d i c a l s i t e s on the PE, i . e . 
g r a f t i n g occurs as a r e s u l t of termination of propagating chains 
onto PE. 

Since ΜΑΗ has a low melting point and r e a d i l y sublimes, i t 
i s sometimes advantageous to use maleic acid. The l a t t e r i s a 
high melting s o l i d w i t h Q l i t t l e tendency to sublime and i s con
verted to ΜΑΗ above 1^0 C, i . e . during the processing. Poly(mal
eic anhydride) may also be used i n l i e u of ΜΑΗ, a l b e i t not as 
e f f e c t i v e l y . In t h i s case, the mechanism in v o l v i n g r a d i c a l 
attack on both the former and PE i s probably operative. 

The reaction between ΜΑΗ, PE, c l a y and the c a t a l y s t must 
take place e s s e n t i a l l y simultaneously. I f the clay i s f i r s t re
acted with ΜΑΗ at elevated temperatures, analogous to the t r e a t 
ment of clay with s i l a n e coupling agents, a clay maleate h a l f 
ester or d i e s t e r i s probably formed. The l a t t e r does not r e a d i l y 
react with PE even i n the presence of a free r a d i c a l c a t a l y s t . 
I f the c a t a l y s t i s allowed to react p r i o r to the addition of ΜΑΗ, 
c r o s s l i n k i n g of the PE occurs, y i e l d i n g a b r i t t l e composite with 
poor flow properties. In the preferred procedure, incremental 
and sequential additions of an ΜΑΗ-peroxide mixture and clay are 
made to the molten PE. 

The e f f e c t of the components and conditions of preparation 
on the properties of a 70/30 LDFE/clay composite i s shown i n 
Table I. The 10/90 mixture of LDPE Bakélite Polyethylene Resin 
DYEH-1 (Union Carbide Corp.) and Hydrite 10 clay (Georgia Kaolin 
Co.) was compounded at 150 C i n the Brabender P l a s t i c o r d e r i n the 
presence of ΜΑΗ and/or t - b u t y l perbenzoate (tBPB). The PE-coated 
c l a y was then mixed with a d d i t i o n a l DYNH-1 LDPE at 130 C to y i e l d 
a 70/30 PE/clay composite. A 30^70 PE/clay concentrate was pre
pared i n a s i m i l a r manner at 150 C and converted to a 70/30 PE/ 
c l a y composite at 130 C. The 10/90 PE/clay concentrate i s an 
e a s i l y handled, c l a y - l i k e product while the 30/70 concentrate i s 
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a tougher lumpy material. 

Table I 
Compatibilized 70/30 LDPE/Clay (DYNH-l/Hydrite 10) Composites 

Mechanical Properties 
Concentrate Y i e l d Break Elongation F l e x u r a l 

Clay LDPE ΜΑΗ tBPB Strength Strength Modulus 
pts pts pts pts p s i p s i p s i 

^5 5 1 0 . 2 5 1700 1700 97 1+2,800 

^5 5 5 1 . 0 0 18U0 18U0 36 5 1 , 6 0 0 

5 0 1 . 0 0 1590 1590 1+1+ 1+1,600 
^ 5 5 0 1760 1760 57 1+6,900 

35 15 0 . 9 3 0 . 2 3 I 8 l 0 l 8 0 7 95 1+7,800 

The 30/70 PE/clay
s l i g h t l y better propertie
based on PE, than does the 10/90 PE/clay concentrate. 

The influence of the various components of a HDPE/clay com
posite on the properties i s shown i n Table I I . A 30/70 PE/clay 
concentrate was prepared from 15 parts HDPE F o r t i f l e x A60-70R 
( A l l i e d Chemical Corp.) and 35 parts of Hydrite 10 by mixing at 
150 C i n the presence of 3 parts of maleic acid (MA) and 0 . 7 5 
parts of tBPB. The concentrate was then blended at 150 C with 
a d d i t i o n a l HDPE to y i e l d a 50/50 HDPE/clay composite. 

Table I I 
Compatibilized 50/50 HDPE/Clay ( F o r t i f l e x A60-70R/Hydrite 10) 

Composites 

Mechanical Properties 
Break F l e x u r a l Izod Impact 

Components Strength Elongation Modulus (Notched) 
HDPE Clay MA tBPB p s i 

+ - - - 1+070 
+ + - - i+oi+o 

Ιο p s i f t - l b / i n 

750 
2 
2 
3 
3 

2 0 1 , 0 0 0 
W+7,000 
1+32,000 
l+31+,ΟΟΟ 
^ 9 9 , 0 0 0 

2 . 1 
0 . 3 
0.1+ 
0 . 5 
2 . 8 

+ + - + 1+1+30 
+ + + - 1+780 
+ + + + 5160 

The PE-MAH-clay composite prepared by the i n s i t u polymeri
zation of ΜΑΗ i n the presence of PE and clay a c t u a l l y contains 
three phases: 

(1) clay p a r t i c l e s 
(2) crosslinked and ΜΑΗ-grafted PE bonded to the clay 

p a r t i c l e s 
(3) uncrosslinked PE 

The modulus increases on going from the uncrosslinked matrix PE 
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through the crosslinked bonded PE to the clay core. The effect 
of such a gradient of modulus on impact strength and other prop
erties has previously been noted i n kaolin-reinforced HDPE(lO). 

The l e v e l of clay loading dramatically influences the mech
anical properties of HDPE F o r t i f l e x A60-70R/Hydrite 10 clay com
posites prepared from MAH-tBPB coupled 30/70 PE/clay concentrates. 
The 30/70 HDPE/clay mixture was prepared either i n the absence of 
ΜΑΗ and tBPB or i n the presence of 20$ ΜΑΗ and 5$tBPB, based on 
PE, at 150 C and then compounded with additional HDPE to y i e l d 
the f i n a l PE/clay composites shown i n Table I I I . 

Table III 
Effect of Clay Loading i n HDPE/Clay 

(F o r t i f l e x A60-70R/Hydrite 10) Composites 

Yield Break Flexural 

MAH-tBP ps p s % 
_ U270 28U0 222 1 9 8 , 0 0 0 

- - U l 3 0 5 2 3 9 , 0 0 0 
+ 1*65 >4-380 9 2 5 2 , 0 0 0 
_ - 1+1U0 7 3 1 6 , 0 0 0 
+ k&70 U800 7 2 9 2 , 0 0 0 
_ _ U0U0 2 M * 7 , 0 0 0 
+ 5500 55^0 6 U l 3 , 0 0 0 

+ _ U200 1 6 3 3 , 0 0 0 

Composite 
PE/Clay 

wt. r a t i o 

1 0 0 / 0 a 

8 0 / 2 0 
8 0 / 2 0 
70/30 
70/30 
50/50 
5 0 / 5 0 b 

30/70 
30/70 

^ i x e d i n Plasticorder at 150°C for 20 min i n absence of 
b clay, ΜΑΗ and tBPB 
Poor flow properties and poor f i l m formation; no proper

t i e s determined 

The maximum y i e l d and break strengths were attained i n 50/50 
HDPE/clay compositions, e.g. the break strength increased 105$ 
and the y i e l d strength increased 29$ over the values for u n f i l l e d 
HDPE. In the absence of the coupling components, untreated clay 
gave compositions with no y i e l d strength, and the break strengths 
were independent of loading from 30/70 to 8θ/20 PE/clay and were 
h% greater than the value for u n f i l l e d HDPE. The fl e x u r a l mod
ulus of both treated and untreated clay f i l l e d compositions i n 
creased with extent of loading and was only slightly changed by 
the coupling process. 

The water vapor transmission of compatibilized PE/clay com
posites are lower than those of the u n f i l l e d PE and PE/clay mix
tures and do not increase u n t i l the clay content i s greater than 
Uo$. The values are similar to those of crosslinked PE, i n the 
absence of clay, and suggest that the clay acts as a crosslinking 
agent for the PE. 
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Summary 

The compatibilization of clay with LDPE and HDPE is accomp
lished by the in situ polymerization of ΜΑΗ or its precursor mal-
eic acid, in the presence of a radical catalyst. The latter must 
be capable of initiating the homopolymerization of ΜΑΗ, i.e. it 
must be present in high concentration and/or have a half-life of 
less than 30 min at the reaction temperature, e.g. t-butyl per-
benzoate (tBPB) at 150 C. In a one-step process, the clay and PE 
are mixed with ΜΑΗ-tBPB in the desired PE/clay ratio. In the 
preferred two-step process, a 70/3O-90/1O clay/PE concentrate is 
prepared initially in the presence of MAH-tBPB and then blended 
with additional PE to the desired clay loading. The compatibil
ized or coupled PE-MAH-clay composites have better physical prop
erties, including higher impact strengths, than unfilled PE or 
PE-clay mixtures prepared in the absence of MAH-tBPB. 
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of chitin 373,374* 
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Ester (continued) 
derivatives (continued) 

of dextran 373,374i 
of polysaccharides 373, 374* 

linkages, covalent 470 
p-nitrophenyl 360 
JV-pentafluoropropionyl amino 

acid isopropyl 350* 
polysaccharide derivatives 372 

Esterases 300 
Esterification reactions, PVA 83-84 
Ethane 

activation energy plots for 
plasma-polymerized 336/ 

adiabatic potential curves in the 
main-chain scission of 283/ 

effect of discharge frequency on 
the plasma polymerization 
of 321-336 

plasma-polymerized 
effects of discharge frequenc

the discharge voltage and 
current of 325/, 326 

effect of discharge frequency on 
the growth rate of 325/ 

IR spectrum for 327/ 
Ethyl carbamate 98 
Ethyleneglycol monoethylether 

monoacetate 284 
Excimer sites 213 
Excitons 213 

F 
Fick's first and second laws for 

stationary state flow 172 
Film(s) 

definition of quantum yield of 
resist 289 

definition of sensitivity of resist 289 
hydrolysis of surface-urethanated .. 395 
molecular weight distribution of 

PMMA 291 
α-naphthylurethanated 393 
polymer(s) 

adhesion of pyrazoline 446 
adhesion of TTF 446 
flammability testing of 427 
forming ability of pyrazoline 446 
mechanism of charge transport 

in cross-linked donor 446-447 
properties of plasma-polymer

ized organic 335 
spectral transmittance of resist 288/ 
surface concentration of the 

hydroxyl groups urethanated 
for cellulose 404f, 405 

Film(s) (continued) 
surface concentration of the 

hydroxyl groups urethanated 
for PVA films 404f, 405 

urethanations of 392 
Fisher-Hirschfelder-Taylor models .. 61 
Flammability of phosphorus contain

ing aromatic polyesters 425-433 
Flammability testing of polymer films 427 
Flame-quenching agents 433 
Flame retardant(s) 449 

additives for polyesters 425 
additives for polyethylene 

terephthalate 425 
mechanism of the action of 

phosphonate as 431, 433 
phosphorus compounds as 425 

Flashover voltage in plasma polym
erization 329 

Fluorenone 226 
Fluorescence assay 392-393 
Fluoride tributyltin oxide 165 
Fluorine-containing monomers, radia

tion-induced cross-linking of 
LDPE in the presence of 309,319* 

Formaldehyde 144 
and amines, reaction of PAM 

graft with 145i 
reaction of polyvinyl alcohol with .. 85 

Franck-Condon principle 21 
Fungal growth, abilities of biodegrad

able polymers to support 300-304 
Fungi retarders, modified cellulose 

products as 390 

G 
Galactomannanns 133 
Gamma (γ) effect 329 
Gas chromatography 170 
Gaussian coil 31 
Gel effect 251,253 
Gel formation of butadiene-grafted 

polyethylenes, rates of 312 
Glass transition temperature 71-82 
L-Glutamic acid derivatives 367 
Glycols 343 
Graft 

copolymerization, polymer-filler 
composites thru in situ 469-475 

copolymerization of an unsaturated 
trialkoxysilane 469 

layers, stability of surface 220 
polymers, uses of PVA 84 
polymerization 217 
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Graft (continued) 
polymerization (continued) 

effect of sensitizers on .. .226, 227/, 228 
heterogeneous 233 
oxygen effect on internal 237 

surface layer thickness 220-240 
yield correlation, surface 

property- 228-229 
Grafted 

ΡΕ, ΜΑΗ- 470 
polyethylene (LDPE), surface 220 
polymer surface, durability test of .. 222* 
surfaces, effects of solvent on the 

properties of 236-237 
Grafting 

of AA onto polypropylene, solvent 
effects on 229, 232/, 233 

advantages of acid effect in synthe
sis of copolymers, radiation 259 

of butadiene onto LDPE, 
radiation-induced 307-30

by the charge-transfer mechanism .. 254 
of CTFE onto butadiene-grafted 

polyethylenes, rates of 312 
of CTFE onto isoprene-grafted 

polyethylenes, rates of 312 
degree of 308 
effect 

of AM concentration 
on 223, 224/, 225-226 

of BP concentration on ... 223, 224/, 225 
of radiation dose rate in 245, 250* 

internal (deep) 223 
ionic mechanism for 258 
in the irradiation of polyethylene 

in presence of CTFE, chain 
mechanism for the reactions 
of cross-linking and 314-315 

of isoprene onto LDPE, 
radiation-induced 307-309 

photochemical reactions for surface 218 
onto plasticized polyvinyl chloride 

(PVC), surface 220 
to polyethylene, effect of acid 

structure, styrene 247* 
radiation 

with isomeric alcohols, acid 
effect in 258 

of monomers to polymers, acid 
effects in 243-259 

to polyethylene using styrene in 
alcohols, acid effect in ...246*, 247* 

to polyethylene using styrene in 
isomeric butanols, acid effect 
in 246* 

of styrene to polyethylene 
acid effects in 243-259 

Grafting (continued) 
radiation (continued) 

of styrene to polyethylene 
(continued) 

effect of solvent structure ...251,253 
radiolysis effects 253-255 

techniques 244 
rate, solvent effects on 229 
of styrene onto polyethylene and 

cellulose, radiation-induced .... 233 
Guanine 359 
Gyration of polymer chain, radius of .. 16 

Η 
Halides 

organic acid 60 
organometallic 60, 386 
trialkyltin 166 

Halogenides, quaternization of poly-

HDI ( hexamethylene diisocyanate ) .. 409 
HDPE (see High density poly

ethylene ) 
HEMA (2-hydroxyethyl meth

acrylate) 220 
Hemodialysis membranes 84 
Herbicide, controlled-release 92 
Herbicide, polymeric 91 
Heterogeneity of substituted 

PMMA, compositional 124 
Hexamethylene diisocyanate (HDI) .. 409 
n-Hexane solution 233 
High density polyethylene 

(HDPE) 307,469 
-clay composites 471 

effect of clay loading on 
mechanical properties of 474* 

composition curve for the co-graft 
polymerization of C T F E / 
butadiene onto 317/ 

kaolin-reinforced 474 
Hofmann 

degradation of grafted PAM 140-144 
degradation of polymeric 

amides 139-140 
and Mannich reactions, conversion 

of graft polyacrylamide to 
amines via 139-145 

Homopolymer formation 226-228 
in radiation grafting of styrene to 

polyethylene, effect of acid 
on 248* 

Homopolymerization 228, 244-245 
of ΜΑΗ 471 

Hydrocarbon, dielectric loss of 
plasma-polymerized 335-336 

Hydrogels, radiation-grafted 220 
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Hydrogels, uses of polyvinyl alcohol.. 84 
Hydrolysis 

of PMMA, basic or acid 120 
of surface-urethanated films 395 
of urethanes 393 

Hydrophilic surfaces to hydrophobic 
surfaces, conversion of 220-240 

Hydrophobic 
areas, formation of 107 
areas, hard and soft 110-111 
surfaces, conversion of hydrophilic 

surfaces to 220-240 
Hydrophobicity of vinyl monomers .... I l l 
Hydroxide, TBT 167 
Hydroxide, tributyltin 179 
Hydroxo-bridged catalyst 13 
α-Hydroxy carboxylic acids 343 
(2-Hydroxy-l,3-propylene sebac-

amide), poly 299 
co-2propylene sebacamide 29

7-Hydroxycoumarin 39
2-Hydroxyethyl methacrylate 

(HEMA) 220 
Hydroxyl groups 

of cellulose, surface concentra
tion of 391-405 

of PVA films, surface concentra
tion of 391-405 

urethanated for cellulose films, sur
face concentration of the ...404*, 405 

urethanated for PVA films, surface 
concentration of the 404*, 405 

Hydroxyls with organic acid chlo
rides, reactivity of cellulosic 383 

Hydroxylated polymers 300-304 
photolysis of 301 

I 

Imidazole(s) 
-containing ligands 157 
-copper complexes 157 
-substituted PVA 90 

Imine compounds 188 
Inertial effect of ions 331-332 

and electrons 334 
Initiator, photopolymerization 263 
Interfacial condensation 63 
Interpenetrating networks, simul

taneous ( SIN's) 408 
Interpenetrating polymer networks 

(IPN's) 407-420 
synthesis of 409 

Intrachain contacts, statistics of 29 
Intramolecular cross-linking conforma

tional properties of cross-linked 
polymer chains, kinetics of 25-39 

Intramolecular cross-linking, 
kinetics of 29-30 

Iodine complexes 
of amylose 86 
biological activity of PVA- 86 
of polyvinyl pyrrolidone 86 

Iodine, PVA complexes with 86-87 
Ion(s) 

in the cathode fall 331 
-exchange resins, magnetic 139 
inertial effect of 331-332, 334 
into polyimides, incorporation 

of metal 71-82 
Ionic mechanism for grafting 258 
IPN's ( interpenetrating polymer 

networks ) 408 
IR spectroscopy of organotin car-

boxylate polymers 170 
Iron-porphyrins chelates 147 
Isobutanol 258 
Isocyanate( s ) 140,372,392,395 

PVA reactions with 92 
reactions of cellulose with phenyl .. 375/ 
p-toluenesulfonyl 372 
p-tolyl 372 

Isomers, optical 341 
Isoprene 

-grafted polyethylenes, rates of gel 
formation of 312 

-grafted polyethylenes, rates of 
grafting of CTFE onto 312 

onto LDPE, radiation-induced 
grafting of 307-309 

Isopropanol 258 
5-Isopropyl-l-phenyl-A2-l,2,3-phenyl-

azide, electronic spectra of 190/ 
Isopropyl-l-phenyl-A2-l,2,3-triazoline 189 

electronic spectra of, 5- 190/ 
IR spectrum of, 5- 189,190/ 

Isotactic triads 124 
Isothermal studies of polyimide-

metal films 76* 
Ivalon 85 

Κ 

Kaolin(s) 471 
-reinforced HDPE 474 

Keratins, ^-structure in 351 
Keto 

-enolate formation 121 
-β-heterocycles on macromolecular 

chains, tautomerism of 127-133 
-β-oxazolines 129 
-2-picolines 129 
-2-picolyl functions on PMMA-

copolymers, tautomerism of .... 131* 
-quinaldines 129 
-β-thiazolines 129 
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Ketone 127 
Kinetic(s) 

analysis of periodate oxidation 
of amylose 120 

autoretarded 124 
of intramolecular cross-linking 29-39 

conformational properties of 
cross-linked polymers 
chains 25-39 

for medium substrate concentra
tions 17 

of modified PMMA, reaction 123-127 
of organotin release 172-178 
of plasma polymerization 321-336 
results on oxidative coupling of 

2,6-disubstituted phenols 18* 
ring closure 16 

L 
Laccase 9 
Lap shear tests of polyimides 78
LDPE (see Low-density poly

ethylene^) ) 
Leaching rate of copper from paint 

matrices 174 
Leucine silicones 350 
Lewis 

acid(s) 63 
-catalyst, polymeric 51 

bases 63 
diacides with Lewis dibases, con

densation reactions of 59-69 
Ligand(s) 

imidazole-containing 157 
polymer 9,147 
titration of copper chloride with .... 11 

Light, sensitivity of the mono
chromatic 285 

Lignin 148 
Lineweaver-Burk's equation, 

Michaelis-Menten- 107 
Lineweaver-Burk plot(s) 17,19 
Lithium salt solutions 372, 373 
Lithography, deep UV 281 
Low-density polyethylene ( s ) 

(LDPE) 307,469 
composition curve for the co-graft 

polymerization of C T F E / 
butadiene onto 317/ 

film grafted with acrylamide 
(AM), antifogging 220 

in the presence of fluorine-contain
ing monomers, radiation-
induced cross-linking of 309,310* 

radiation-induced grafting of 
butadiene onto 307-309 

radiation-induced grafting of 
isoprene onto 307-309 

surface grafted polyethylene 220 

L-Lysine 360 
α,Ν-carbobenzoxy (Cbz) 366 
properties of nucleic acid base-

substituted 366* 

M 
Macromolecular 

catalysis 7-24 
chain(s) reactivity 

chemical 119-136 
cooperative effects on 120* 
in solution 135-136 

influence of the reaction 
medium on 135 

polymer concentration 
effects on 135 

theoretical aspects of 119-120 
chains, tautomerism of keto-β-

heterocycles on 127-133 
Macromolecules, polymerizations of 

Magnesium printing plates 274 
Magnetic amine resins 144 
ΜΑΗ (see Maleic anhydride) 
Maleic acid 472 
Maleic anhydride ( ΜΑΗ ) 

-clay composite, preparations 
of P E - 469-475 

"ene" reaction of 471 
-grafted PE 470 
homopolymerization of 471 
peroxide-catalyzed polymerization 

of 470 
onto polybutadiene film, surface 

photoreaction of 218 
polymerization of 469 

Manganese catalyst, PVP-copper 
(PVP-Cu, Mn) 153 

Manganese catalyst, PVP-Cu, 
redox cycles 153 

Mannich reactions, conversion of 
graft polyacrylamide to amines 
via the Hofmann and 139-145 

Mannich reaction, weak base resins 
via the 144-145 

Marine biocidal paints, antifouling 
additives in 165 

Markovian copolymers 128/ 
Mass spectroscopy 170-171 
Master plate, printing 263-278 
M DTC (2V-methyl dithiocarba

mate) 46 
Melanin 148 

formation 
catalyzed by metal complexes .... 160* 
catalyzed by polymer-copper 

complexes 157-162 
pH dependence of rate constant 

of 161/ 
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Melanin (continued) 
polymers, properties of 162* 
from tyrosine, formation of 157 

6-Mercaptopurine 90 
Metal 

chelates 147 
complex (es) 

electron transfer reactions in 
transition 21 

melanin formation catalyzed by .. 160* 
polymer 147 
-substrate 21 

ions into polyimides, incorporation 
of 71-82 

ions, transition 153 
printing plates 273-277 
salts, transition 72 

Metaraminol 355 
Methacrylates, reaction constants of .. 112* 
Methanol, pyridyl- 25
Methoxymethyl isocyanate, reactio

of PVA with 92 
1,3-di- ( p-Methoxyphenyl ) -5- ( p-

hydroxyphenyl ) -A2-pyrazo-
line 435-447 

Methyl 2-benzoylbenzoate 226 
Methyl methacrylate (MMA) 103-118 
N-Methyl dithiocarbamate (MDTC) 46 
3-Methyl-l-butene 186,188 

formation of aziridine, direct reac
tion of phenylnitrene with 193 

gas chromatogram of photoreac-
tion products of phenylazide 
with 194/ 

reaction of phenylnitrene with 187 
3-Methyl-2-butylideneaniline 189,192 

IR spectra of 191/ 
Methylated polymers 300-304 
Methylated poly( 1,2-propylene 

sebacamide), photolysis of 301 
N-Methylglycine (sarcosine) 46 
Methyloylcellulose derivatives 371 
Methylpyridine 256 
6-Methylthiopurine-substituted PVA .. 90 
M ethyltrifluoropropylsiloxanes, 

carborane 451 
Metribuzin attached to PVA 92 
Michaelis-Menten 

-Lineweaver-Burk's equation 107 
scheme 17 

Microenvironment polarity 135 
Microlithography, deep UV 293 
Microphases, cooperative 15 
Microphases, polymeric 18 
Microsyneresis 419 
Methyl methacrylate (MMA) 103-118 

copolymer, radical azeotropic 
styrene- 121 

Methyl methacrylate ( MMA) 
( continued ) 

polymerization(s) of 
with potassium fluoride, inhibi

tion of 114-115 
by PSS-Na 104-107 
with PSS-Na, mechanism of the 

initiation reaction of 115 
by PVPA 104-107 

and styrene 
copolymer composition curves 

of 113/, 114/ 
copolymerization of 113-114 
rates of polymerization 114 

MMA (see Methyl methacrylate) 
Molecular models of copper 

complexes 21 
Monoazides 187 
Monomer(s) 

photopolymerizing vinyl 263 
to polymers, acid effects in the 

radiation grafting of 243-259 
radiation-induced cross-linking of 

LDPE in the presence of 
fluorine containing mono
mers 309,310* 

solubilities of vinyl 111/ 
synthesis of functionalized dichloro-

silane 343 
water-soluble 218 
with water-soluble macromolecules, 

polymerizations of vinyl 112* 
Mononitrenes, cross-linking of 1,2-

polybutadiene by 187 
Monte Carlo experiment 27 

Ν 
NaDTC (sodium dithiocarbamate) .. 51 
Naphthylamine 395 
Naphthylurethanated cellophane 399 
α-Naphthylurethanated film 393 
α-Naphthylurethanation of cellulose .. 399 
α-Naphthylurethanation of PVA 399 
Network(s) 

castor oil 
polyester (COPEN) 410 
poly(esterurethane) (COPEUN) 410 
polyurethane (COPUN) 410 

formation, elastomer 418 
interpenetrating polymer 

(IPN's) 407-420 
simultaneous interpenetrating 

( SIN's ) 408 
Nitrenes, aromatic 185 
p-Nitrophenyl esters 360 
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NMR of tributyltin acetate-acetic 
acid mixture 166-167 

NMR of tributyltin maleate 166 
Noradenaline 355 
Norbornen 188 
Norephedrine 355 
Norrish Type I process 303 
Norrish Type II process 303 
Nucleic acid analogs 359 
Nucleic acid base(s) 

carboxyethyl derivatives of 360 
-substituted L-lysines, properties of 366* 
-substituted poly-L-lysines, NMR 

spectra of 362* 
-substituted poly-L-lysines, 

properties of 362* 
synthesis of amino acids with 

pendant 364-369 
synthesis of poly-L-lysine 

containing .. 359-36
Nucleophiles, reaction of poly(epi

chlorohydrin) (PECH) with 49-56 
Nucleophilic substitution 

of polymethylmethacrylate 
(PMMA) 119-138 

of primary organolithium reagents 
on PMMA 121-127 

of PVC 
with azide 48-49 
with N,2V-dialkyldithiocarbamate 45 
with dithiocarbamate (DTC) ...45-46 
with thiolates 47 

Nucleosides 359 
Nucleotides 359 
Nylon 6 72 

film 225 

Organotin 
carboxylate polymers 165-179 

antifouling performance of 172 
biotoxicity studies of 165 
chloride assay of 170 
column chromatography of 170 
gas chromatography of 170 
IR spectroscopy of 170 
mass spectroscopy of 170-171 

-epoxy coatings 165 
moieties, volatile 386 
release 

antifouling performance 178 
kinetics of 172-178 
models 

boundary layer 174 
conventional systems 172-174 
diffusion in matrix 175,178 
hydrolysis 177 

Oxazolines 134 
keto-0- 129 

Oxidation of amylose, kinetic analysis 
of periodate 120 

Oxidation catalysts, aminated poly
styrene-copper complexes as 7-23 

Oxidative coupling of 2,6-disubsti-
tuted phenols 8 

activation parameters of 19-20 
kinetics results on 18* 

Oxidative coupling, rate of 18 
4,4'-Oxydianiline, polyimides derived 

from 73-82 
Oxygen index apparatus 427 

Ο 
Octopamime 355 
Oil, castor 408 
Oils, vegetable 408 
Ointments with pilocarpine, polyvinyl 

alcohol 84 
Olefines, reaction of phenylnitrene 

with unsaturated 188 
Olefinic group, allylic effect of 42 
Oligomer structure of urea 264 
Oligomer synthesis of urea 263-264 
Optical activity 61 
Organic acid halides 60 
Organolithium reagents on PMMA, 

nucleophilic substitution of 
primary 121-127 

Organometallic halides 60,386 
Organometallic modifications of PVA 87 
Organophosphorus compounds, reac

tion of PVA with 87 

Ρ 
PA A (see Polyacrylic acid) 
Paints, antifouling additives in 

marine biocidal 165 
Paint matrices, leaching rate of 

copper from 174 
PAM (see Polyacrylamide) 
Papain attached to PVA 90 
PE ( see Polyethylene ) 
PECH (see Poly(epichlorohydrin) ) 
PEI ( see Poly ( ethylenimine ) ) 
IV-Pentanuoropropionyl amino acid 

isopropyl esters 350* 
Periodate oxidation of amylose, 

kinetic analysis of 120 
Peroxide-catalyzed polymerization 

of ΜΑΗ 470 
Pesticide, polymeric 91 
Phenol(s) 

activation parameters of oxidative 
coupling of 19-20 
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Phenol(s) (continued) 
derivatives, polymer-copper cata

lysts for oxidative polymeriza
tion of 147-163 

2,6-disubstituted 
electron transfer processes for .... 14/ 
kinetic results on oxidative 
coupling of 18* 
oxidative coupling of 8 

Phenyl isocyanate 372 
with polyvinyl alcohol ( PVA ), 

reaction of 83-99 
reaction of cellulose with 375/ 

Phenyl-modified carborane 
siloxanes 451-455 

l-Phenyl-2 
-amino ethanol, adrenergic drugs .... 353 
-amino propanol, adrenergic drugs .. 353 
-isopropylaziridine, electronic 

spectra of 189,191
-isopropylaziridine, IR spectr
-propylaziridine 192 

7-Phenyl-7-azabicyclo [4,1,0]-
heptane 186,195,198 

Phenylazide 186,188 
electronic spectra of 5-isopropyl-l-

phenyl-A2-l,2,3- 190/ 
photodecomposition products 

of 195,196/, 198* 
photolysis of 198 

N-Phenylcarbamoyl-modified PVA .... 99 
Phenylisocyanate, surface modifica

tion with 395 
Phenylnitrene, reaction of 

with cyclohexene 195 
with 3-methyl-l-butene 187 

formation of aziridine, direct 193 
with unsaturated olefines 188 

Phenylurethanation 395 
of cellulose 395 
of PVA 395 

Phosgene, polycondensation of silox-
anylene-linked bisphenols, II, 
with 458-459,464 

Phosgene in pyridine 459 
Phosphonate as a flame retardant, 

mechanism of the action of 431,433 
Phosphorus 

compounds as flame retardants 425 
containing 

aromatic polyesters, flammability 
of 425-433 

modification of PVA 87 
terpolymers, preparation of 426 

-rich char barrier 433 
on the SQT for copolymers, effect 

of 429/, 431 

Phosphorus (continued) 
on the SQT for polymer blends, 

effect of 429/, 431 
Photochemical cleavage of 2,6-di(4'-

azidobenzal) cyclohexanone 185 
Photochemical reactions for surface 

grafting 218 
Photoconductivity of poly-N-vinyl

carbazole 205 
Photocross-linking 301 

biodégradation of polymers that 
undergo primary 302* 

photolysis of polymers that undergo 
primary 302* 

of 1,2-polybutadiene by aromatic 
azide 185-202 

Photodegradation of polymethyl
methacrylate) (PMMA), 
sensitized 281-298 

biodégradation of polymers that 
undergo primary 301* 

photolysis of polymers that undergo 
primary 301* 

Photografted with acrylamide, dura
bility test of polypropylene film .. 222* 

Photografting 45 
effects of oxygen on 237,239/ 
gas-phase 218 
modification of polymer surface 

by 217-240 
of polypropylene 223 
sensitizers in 223 
solvent effects on 233*, 234/ 
surface 

apparatus 219/ 
onto polypropylene film 233 
onto polypropylene, time-conver

sion profile of 223-226 
practical applications of 237 
solvent effects on 238* 
onto various polymers 220,221*, 223 

in T H F 236 
with various sensitizers 227/, 228 
with water-soluble monomer 46 

Photolysis 300 
of benzylated polymers 301 
of bisazide 185 
of hydroxylated polymers 301 
of methylated poly(l,2-propylene 

sebacamide ) 301 
of poly(l,l-dimethylethylene 

sebacamide ) 301 
of poly (ethylene sebacamide) 301 
of poly(piperazinyl sebacamide) .. 301 
on polymer 
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Photolysis (continued) 
on polymer (continued) 

biodégradation, effect of 299-304 
that undergo primary photocross-

linking 302f 
that undergo primary photo-

fragmentation 301i 
of polyurea 301 

Photooxidation products of poly-N-
vinylcarbazole 214 

Photopolymer printing plate 
comparison of reproduceability of 

halftones between metal 
and 274,275/ 

comparison of reproduceability of 
isolated image lines between 
metal and 274-275,276/ 

manufacture of 265 
by modification of polyvinyl alcohol 

(PVA), synthesis and proper
ties of 263-27

processing time of the 270i 
schematic of automatic processor 

for 268/ 
shoulder angle of 270-271 
spectral sensitivity of the 266/ 
structure of 266/ 
washout 267 
and zinc printing plates, comparison 

of reliefs between the 273/ 
Photopolymerization initiator 263 
Photopolymerizing vinyl monomer .... 263 
Photoreaction of maleic anhydride 

(ΜΑΗ) onto polybutadiene film, 
surface 218 

Photoresist material 185 
o-Phthalaldehyde 393 
Picolines, keto-2- 129 
Picolyl functions on PMMA-copoly-

mers, tautomerism of keto-2- 131t 
Picolyl ketone, t. butyl-2- 129 
Pilocarpine, polyvinyl alcohol oint

ments with 84 
Plasma 

etching 293 
polymerization 217 

apparatus for 322,323/ 
capacitively coupled discharge 

system in 321 
discharge voltage in 329 
electron emission in 329-336 
of ethane, effect of discharge 

on 321-336 
flashover voltage in 329 
kinetics of 321-336 
mechanisms 330-335 
tubular reactor for 322, 323/ 

Plasma (continued) 
-polymerized 

ethane 
activation energy plots for 336/ 
effects of discharge frequency 

on the discharge voltage 
and current of 325/, 326 

effect of discharge frequency 
on the growth rate of 325/ 

IR spectrum for 327/ 
films, applications of 321 
hydrocarbon, dielectric loss of .335-336 
organic film, properties of 335 

Plastics, impact resistance of SIN 419 
PMA (see Polymethylacrylate) 
PMAM(polymethacrylamide) 139 
PMMA (see Polymethylmetha

crylate ) ) 
Poisson distribution 31 

Poly [ ( l->4 ) ( N-acetyl-2-amino-2-
deoxy-jS-glucopyranose ) ] 379 

Polyacrylamide (PAM) 139 
to amines via the Hofmann and 

Mannich reactions, conversion 
of graft 139-145 

graft with formaldehyde and 
amines, reaction of 145f 

grafts, treatment of 142f-143f 
Hofmann degradation of grafted 140-144 

Polyacrylic acid (PAA) 67/ 
TGA thermograms of condensation 

products of 67/ 
Polyacylethylenimines to PEI, 

hydrolysis of 134 
Poly(iV-alkylethyleneimines) 134 
PolyAM 236 

chains 225 
ESCA intensities of 229 
surface density of 228 

Polyamic acid 73 
Polyamides, biodégradation of 300 
Poly-«-amino acids 360-369 
Poly (arylene carbonates), siloxane-

modified, properties of 457-466 
Poly(benzylethylene sebacamide) .... 299 
Polybutadiene film, surface photo-

reaction of maleic anhydride 
(ΜΑΗ) onto 218 

1,2-Polybutadiene 
by aromatic azide, photocross-

linking 185-202 
by dinitrenes, cross-linking of 187 
gel fractions of 188/ 
GPC curves of 201/, 202 
by mononitrenes, cross-linking of .... 187 
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1,2-Polybutadiene ( continued ) 
reaction of 4,4'-dinitrenodiphenyl 

with 199-292 
Polycarbonate ( s ) 457-458 

derived from bisphenol A 457 
modification of, backbone of 

aromatic 458 
Poly-[2-carboxy propyl methyl 

siloxane], 1 3 C - N MR-spectrum of 346/ 
Poly ( carboxylalkyl methyl siloxane ) .. 344 
Poly chelate effect 11 
Polycondensation of siloxanylene-

linked bisphenols, II, with 
phosgene 458-459,464 

Polydentates 15 
synthetic 9 

Polydichlorophosphazene 133 
Polydienes, chemical modification of .. 134 
Poly(l,l-dimethylethylene sebac

amide 29
photolysis of 30

Polydimethylsiloxane 342 
Poly(dodecamethylene D-tartrate) .... 300 
Polyene structure 41-57 
Poly(epichlorohydrin) (PECH) 

-Bunte salt 53-54 
with nucleophiles, reactivities of .55,56* 
and PVC, comparison of reactivity 

of 55,56* 
reaction 

with alcoholate 54 
with dithiocarbanate 51-52 
with nucleophiles of 49-56 
with thiocyanate 51-52 
with thiosulfate formation of 

Bunte salt 53-54 
thioetherification of 50-51 

Polyester(s) 
aromatic 426 

blends, composition and self 
quenching times for phos
phorus containing 430* 

flammability of phosphorus 
containing 425̂ 433 

flame retardant additives for 425 
network, castor oil ( COPEN ) 410 
SIN's, synthesis of castor oil- 412/ 
terpolymers, thermogravimetric 

analysis curves of 431,432/ 
Poly ( esterurethane ) network, castor 

oil (COPEUN) 410 
Polyethylene(s) (PE) 469-475 

and cellulose, radiation-induced 
grafting of styrene onto 233 

chlorination of , 120 
by chlorotrifluoroethylene ( TFE ), 

acceleration of radiation-
induced cross-linking of 307-318 

Polyethylene(s) (PE) (continued) 
-clay composites 469,470 
clay as a cross-linking agent for 474 
concentration of unsaturated 

groups in 308* 
grafted 

(LDPE), surface 220 
ΜΑΗ- 470 
rates 

of gel formation of butadiene- 312 
of gel formation of isoprene- .... 312 
of grafting of CTFE onto 

butadiene- 312 
of grafting of CTFE onto 

isoprene- 312 
high-density (HDPE) 307,469 
low-density (LDPE) 307,469 
-ΜΑΗ-clay composite, preparation 

of 469-475 

induced cross-linking of 316 
chain mechanism for the reac

tions of cross-linking and 
grafting in the irradiation 
of 314-315 

radiation grafting of styrene to 
acid effects in 243-259 
effect of acid on homopolymer 

formation in 248* 
effect of solvent structure 251,253 
radiolysis effects 253-255 
radiation-induced cross-linking 

of various 312* 
terephthalate, flame retardant 

additives for 425 
Poly (ethylene sebacamide) 299 
Polyethyleneimine (PEI) 66/, 134 

hydrolysis of polyacylethyleni-
mines to 134 

properties of modified 60 
TGA thermograms of condensation 

products of 66/ 
Polyimide 

films, analyses of 74-76 
films, resistivity data 79* 
incorporation of metal ions into . .71-82 
lap shear tests of 78* 
-metal films 71-82 

isothermal studies of 76* 
preparations 73-74 
x-ray photoelectron spectroscopic 

(XPS) data of 79 
Polyisoprene, cyclized 185 
Poly-L-lysine(s) 

with adenine moieties, NMR 
spectrum of 363/ 

containing nucleic acid bases, 
synthesis of 359-369 
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Poly-L-lysine ( s ) ( continued ) 
derivatives of 360 
NMR spectra of nucleic acid 

base-substituted 362i 
with pendant thymine moieties, 

NMR spectrum of 363/ 
properties of nucleic acid base-

substituted 362f 
with uracil moieties, NMR 

spectrum of 364/ 
Poly(L-lysine trifluoroacetate ) 360 
Poly (maleic anhydride) 472 
Polymer(s) 

acid effects in the radiation grafting 
of monomers to 243-259 

additives in thermoplastic 469 
agriculture uses of biodegradable .. 299 
applications of biodegradable 299 
benzylated 300-304 
biodégradation, effect of photo

lysis on 299-30
blends, effect of phosphorus on the 

SQT for 429/, 431 
chain, radius of gyration of 16 
coil 15 
-copper 

catalysts for oxidative polymeriza
tion of phenol derivatives 147-163 

complexes, formation of 149 
complexes, melanin formation 

catalyzed by 157-162 
cross-linked 281 

chains, computer-simulated 
reactions of 27 

chains, kinetics of intramolecular 
cross-linking conformational 
properties of 25-39 

coils, dimensions of 31 
pyrazoline 443-446 
TTF 443-446 

degradable 281 
donor-bound polymer preparation, 

tetrathiafulvalenes con
taining 436-437 

with elastomeric properties 458 
-filler composites thru in situ graft 

copolymerization 469-475 
films, flammability testing of 427 
films, mechanism of charge trans

port in cross-linked donor ...446-447 
growth rate, effect(s) of discharge 

frequency on the 324, 330 
hybrid arylene carbonate-siloxane .. 457 
hydroxylated 300-304 
ligands 147 
low-temperature modification of ...59-68 
-metal complex 147 
methylated 300-304 

Polymer modification(s) 
chemical 1—4 
modified through condensation, 

thermogravimetric data for 65i 
networks, interpenetrating 

(IPN's) 407-420 
organotin carboxylate (see Organo

tin carboxylate polymers) 
oxidation-reduction properties of 

tetrathiafulvalene-containing 439-443 
photolysis of benzylated 301 
photolysis of hydroxylated 301 
physical 1-4 
poly ( vinylbenzylcarboxytetrathia-

fulvalene) linear 439 
by poly ( vinylbenzyl chloride ), elec

tronic interactions in π-donor 435-447 
preparation of amino-substituted .... 144 
printing plates, thermoformed ...276-277 

radiation effect of 281 
reinforced with silicas 453-455 
-silica interactions 453 
sulfoxide 51 
to support fungal growth, abilities 

of biodegradable 300-304 
surface 

durability test of grafted 222f 
by photografting, modification 

of 217-240 
photografting onto 

various 220,221*, 223 
treatments, techniques of 217 

tetrathiafulvalene-containing mono-
f unctionalized donor prepara
tions 437 

through reaction with acid 
chlorides 61-62* 

transparent elastomeric 457 
that undergo primary photofrag

mentation, biodégradation of .. 30l£ 
that undergo primary photofrag

mentation, photolysis of 30l£ 
uses of PVA graff 84 
vinyl 59-69 
water-soluble 385 

Polymeric 
amides, Hofmann degradation of 139-140 
catalysts and analogs, activities of .14-18 
catalyst-substrate complex (es) 21 

deformation of 21/-23/ 
hardener 51 
herbicide 91 
Lewis acid-catalyst 51 
materials, functionalization of .. .119-136 
microphases 18 
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Polymeric (continued) 
pesticide 91 
tertiary amines 8 

Polymerization ( s ) 
apparatus for plasma 322,323/ 
capacitively coupled discharge 

system in plasma 321 
of CTFE/butadiene onto LDPE 

and HDPE, composition curve 
for the co-graft 317/ 

degree of 16 
effect of sensitizers on graft 226,227/, 228 
of ethane, effect of discharge fre

quency on the plasma 331-336 
graft 217 
heterogeneous 233 

oxygen effect on internal 237 
of ΜΑΗ, peroxide-catalyzed 470 
mechanism 321 

plasma 330-33
of MM A 

with potassium fluoride, inhibi
tion of 114-115 

by PSS-Na 104-107 
mechanism of the initiation 

reaction of 115 
by PVPA 104-107 
and styrene, rates of 114 

plasma (see Plasma polymeri
zation ) 

with polystyrenesulfonate, vinyl .103-117 
of styrene by PSS-Na, mechanism 

for the initiation of 116 
of styrene with PVPA, mechanism 

for the initiation of 116 
of vinyl monomers with water-

soluble macromolecules 112* 
Poly-2-methoxy-carbonyl-propyl 

methyl siloxane, IR spectrum of .. 346/ 
Polymethylacrylate (PMA), stereo-

regular 121 
Polymethylacrylate (PMA), syndio-

tactic radical 121 
Polymethacrylamide (PMAM) 139 
Poly ( methylmethacrylate ) ( PMMA ) 

basic or acid hydrolysis of 120 
compositional heterogeneity of 

substituted 124 
-copolymers, tautomerism of keto-

2-picolyl functions on 131* 
film, molecular weight distribu

tion of 291 
main-chain degradation of 284,291 
measurement of quantum yield of 

irradiated 285 
molecular weight distribution of ... 292/ 
nucleophilic substitution of 119-138 

primary organolithium reagents 
on 121-217 

reaction kinetics of modified 123-127 

Poly ( methylmethacrylate ) ( PM MA ) 
(continued) 

sensitivity, measurement of 284 
sensitized 

photodegradation of 281-298 
PMMA, spectral sensitivity 

data of 287/, 295/ 
resistive property of 297/ 

spectral dependence of the 
quantum yield of 
irradiated 291,294/ 

spectral sensitivity, measurement 
of 285 

stereoregular 121 
structural characteristics of 

modified 123-127 
syndiotactic radical 121 

Polyolefins 469 
Polyorganophosphazenes 133-134 

Poly ( m-phenylene ) phenyl phosphate, 
preparation of 427 

Poly(phenyleneoxide)s 148 
Polyphosphonates, aromatic 425 
Poly(piperazinyl sebacamide) 299 

photolysis of 301 
Polypropylene 

film 220 
photografted with acrylamide, 

durability test of 222* 
surface photografting onto 223 

photografting of 223 
solvent effects on grafting of 

AA onto 229,232/, 233 
time-conversion profile of surface 

photografting onto 223-226 
Poly(propylene oxide) 72 
Poly (propyleneimine) 361 
Polysaccharide ( s ) 

carbamate derivatives of 373,374* 
hydrolysis of 377,378/ 

derivatives 
carbamate 372 

ester 372,373,374* 
viscosity data of 374*, 379 

ester derivatives of 372,373,374* 
homogeneous solution reactions 

of 371-379 
solubilization of 377 

Polysiloxanes 342,458 
chiral 342,353 

organofunctional 341-357 
IR spectrum of 349/ 
stereoselective 343 
synthesis 

of amino-functional 344 
of carboxy-functional 344 
of enantioselective 343 

thermal stability of 353 
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Poly ( siloxanylenearylene carbonates ), 
analytical data on 465* 

Poly ( siloxanylenearylene carbonates ), 
properties of synthesized 460*-461* 

Poly (sodium acrylate) 63 
Polystyrene 

chloromethylated 9 
-copper complexes as oxidation 

catalysts, aminated 7-23 
cross-linked .407-420 

synthesis and behavior of SIN's 
based on castor oil elasto
mers and 407-420 

dimethylaminomethylated 9 
Polystyrenesulfonate (PSS-Na) 104 

mechanism for the initiation of the 
polymerization of styrene by .... 116 

mechanism of the initiation reaction 
of the polymerization of MMA 
with 114-11

polymerizations of MMA by
vinyl polymerization with 103-117 

Poly(tetramethylene glycol) 72 
Polyureas 300 
Polyurethane network, castor oil 

(COPUN) 410 
Polyvinyl 

acetate, alcoholysis of 83-102 
alcohol (PVA) 83-102 

adipoylation of 399 
biologically active modifications 

of 83-99 
-bound aspirin 89 
n-butylurethanation of 399 
complexes with iodine 86-87 
enzyme binding to 90 
films, surface concentration of the 

hydroxyl groups 391-405 
urethanated for 404*, 405 

graff polymers, uses of 84 
hydrogels, uses of 84 
imidazole-substituted 90 
-iodine complexes, biological 

activity of 86 
6-methylthiopurine-substituted.... 90 
Metribuzin attached to 92 
modifications 

containing biologically active 
groups 89-91 

organometallic 87 
phosphorus-containing 87 
surface 391-405 
synthesis and properties of 

photopolymer printing 
plates by 263-278 

with thiol groups 87-89 
modified 

N-phenylcarbamoyl 99 
physical properties of 94-98 
potential uses of 98-99 

Polyvinyl (continued) 
alcohol (PVA) (continued) 

modified (continued) 
preparation of 93-94 
structures of 97 

«-naphthylurethanation of 399 
ointments with pilocarpine 84 
papain attached to 90 
phenylurethanation of 395 
reaction(s) 

with butyraldehyde 85 
with 2,6-dichlorobenzaldehyde 91 
esterification 83-84 
of with formaldehyde 85 
formation 83-102 

acetal 85-86 
with isocyanates 92 
with methoxymethyl iso

cyanate 92 

with phenyl isocyanate 83-99 
radiation-induced 84 

solvents 92 
trypsin attached to 90 
uses of radiation cross-linked 84 

butyral 85 
butyrate, formation of 84 
chloride (PVC) 

with azide, nucleophilic substitu
tion of 48-49 

chemical modification of 41-56 
comparison of reactivity of 

PECH and 55,56* 
decolorization of discolored 41-45 
decolorized by diimide 

reduction 42-43 
dehydrochlorination of 46 
deterioration of 41-57 
with N,N-dialkyldithiocarba-

mate, nucleophilic substitu
tion of 45 

discoloration of 
effect of PSH on the rate of ... 42 
effect of temperature on the 

rate of 43/ 
retardation of 41-45 

with dithiocarbamate ( DTC ), 
nucleophilic substitution 
of 45-46 

dithiocarbamoylated ( PVC-
DTC) 45 

surface grafting onto plasticized 220 
with thiolates, nucleophilic 

substitution of 47 
with thiolate, thioetherification of 47 

pyrrolidone, iodine complexes of .... 86 
Poly (vinyl cinnamate) 284 
Poly ( vinylbenzylcarboxy tetrathia-

fulvalene) linear polymers 439 
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Poly ( vinylbenzylchloride ), electronic 
interactions in π-donor polymers 
by 435-447 

Poly-IV-vinylcarbazole 
carrier transport in 212 

photoconductivity of 205 
thermally stimulated current of .207-212 
by UV light, modification of elec

trical properties of 205-214 
Polyvinylphosphonate (PVPA) 104 

mechanism for the initiation of the 
polymerization of styrene with 116 

polymerizations of M MA by 104-107 
vinyl polymerization with 103-117 

Polyvinylpyridines by alkyl halo-
genides, quaternization of 120 

Poly(4-vinylpyridine) (PVP) 149 
complexes, catalytic activities of the 152/ 
-copper catalyst 153 
-copper, manganese catalyst 

(PVP-Cu, Mn) 15
redox cycles 153 

Press plate 263 
Printing 

comparison of reproduceability of 
halftones between metal and 
photopolymer plate 274, 275/ 

master plate 263-278 
plate(s) 

comparisons of reliefs between 
the photopolymer printing 
plate and zinc 273/ 

magnesium 274 
-making process 267 
metal 273-277 
photopolymer 

comparison of reproduceability 
of isolated image lines be
tween metal and .274-275,276/ 

manufacture of 265 
by modification of polyvinyl 

alcohol (PVA) synthesis, 
and properties of 263-278 

processing time 270* 
schematic of automatic 

processor for 268/ 
shoulder angle of 270-271 
spectral sensitivity of the 266/ 
structure of 266/ 
washout 267 

and zinc printing plates, comparison 
of reliefs between 273/ 

rubber 277 
thermoformed polymer 276-277 
zinc 273-277 

n-Propanol 258 
( 1,2-Propylene sebacamide), poly ... 299 
di-n-Propyltin dichloride-cellulose .... 383 

Proteases 300 
Pseudoephedrine 355,357 
PSH (see p-Toluenesulfonyl 

hydrazide ) 
PSS-Na (see Polystyrenesulfonate) 
Purine(s) 359 

side chains, synthesis of α-amino 
acids with 364 

PVA ( see Polyvinyl alcohol ) 
PVC (see Polyvinyl chloride) 
PVP (see Poly(4-vinylpyridine) ) 
PVPA (see Polyvinylphosphonate) 
Pyrazoline 

cross-linked polymers 443-446 
donors 436 
polymers 

electrochemical properties of 446 
film adhesion of 446 
film forming ability of 446 

Pyridylethanol 256 
Pyrimidine(s) 359 

side chains, synthesis of α-amino 
acids with 364 

Porphyrins chelates, iron- 147 
Potassium fluoride, inhibition of the 

polymerization of MM A with .114-115 

Q 
Quantum yield 

of irradiated PMMA, measurement 
of 285 

of irradiated PMMA, spectral 
dependence of the 291,294/ 

of resist films, definition of 289/ 
Quinaldines, keto- 129 
Quinaldylketone, i.-butyl- 129 

R 
Radiation 

copolymerization of styrene and 
cellulose 243 

copolymerization of styrene and 
wool 243 

cross-linked PVA, uses of 84 
dose rate in grafting, effect of ... 245,250* 
grafting 

advantages of acid effect in 
synthesis of copolymers 259 

acid effect(s) in 
with isomeric alcohols 258 
of monomers to polymers 243-259 
to polyethylene using styrene 

in alcohols 246*, 247* 
to polyethylene using styrene 

in isomeric butanols 246* 
of styrene to polyethylene ....243-259 
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Radiation (continued) 
grafting (continued) 

styrene to polyethylene 
the effect of acid 243-259 
effect of solvent structure ...251,253 
radiolysis effects 253-255 

techniques 244 
-induced 

cross linking 
of polyethylene by chlorotri-

fluoroethylene (TFE), 
acceleration of 307-318 

of polyethylene in the presence 
of CTFE/butadiene 
mixture 316 

of various polyethylenes in the 
presence of CTFE 312i 

grafting of butadiene onto 
LDPE 307-309 

grafting of isoprene onto 
LDPE 307-30

reactions, PVA 84 
Radiationless transition, theory of 237 
Radiolysis 

of benzene-methanol solutions 254 
of binary mixtures of aliphatic 

compounds 254,255-256 
of binary mixtures of aromatic 

compounds 254,255-256 
effects, radiation grafting of styrene 

to polyethylene 253-255 
of styrene-methanol solutions ...254-255 

Radius of gyration of polymer chain .. 16 
Reactor for plasma polymerization, 

tubular 322, 323/ 
Receptors, adrenergic 357 
Receptors, biological 348-357 
Redox cycles, PVP-Cu, Mn catalyst .. 153 
Resins 263 

magnetic amine 144 
magnetic ion-exchange 139 
via the Mannich reaction weak 

base 144-145 
Resist, deep UV 284 
Resist film(s) 

definition of quantum yield of 289 
definition of sensitivity of 289 
spectral transmittance 288/ 

Ricinoleic acid 408 
Ricinus communis 408 
RNA 359 
Rubber, antifouling 174 
Rubber printing plates 277 

S 
Salts, transition metal 72 
Saponification 344 

reaction 83-102 

Sarcosine ( N-methylglycine ) 46 
Saturation effect 17 
Schiff-base chelates, cobalt 147 
Sebacamide 

poly(benzylethylene) 299 
poly ( 1,1-dimethylethylene ) 299,301 
poly (ethylene) 299,301 
poly ( 2-hydroxy-1,3-propylene ) 299 
poly ( piperazinyl ) 299,301 
poly ( 1,2-propylene ) 299,301 

Sebacic acid 410 
Self-quenching time(s) (SQT) 

analyses 427 
for copolymers, effect of phos

phorus on 429/, 431 
for phosphorus containing aromatic 

polyester blends, composition 
and 430f 

for phosphorus containing copoly

phosphorus on the 429/, 431 
Sensitivity (ies) 

data of PMMA and sensitized 
PMMA, spectral 287/ 

measurement of PMMA spectral ... 285 
of monochromatic light 285 
of PMMA and sensitized PMMA, 

spectral 295/ 
of resist films, definition of 289 
of sensitized PMMA, relative 290 

Sensitization 284 
Sensitized photodegradation of poly

methylmethacrylate ) (PMMA) 281-298 
Sensitizers 291 

on graft polymerization, effect 
of 226,227/, 228 

in photografting 223,227/, 228 
triplet 218,223 

Silane 469 
bis-Silanols with diacetoxysilanes, 

polycondensation of 462-463,466 
bis-Silanols, homopolycondensation 

of 459,462,464 
Silica(s) 

gel, reaction of aziridine on 192 
interactions, polymer- 453 
polymers reinforced with 453-455 

Silicone(s) 341-357 
enantioselective 342 
homopolymeric carboxylalkyl 344 
leucine 350 
thermal stability of 353 
valine-f-butylamide 349, 350 

Siloxanes 
backbone modification of carborane 449 
block copolymers, properties of 

arylene carbonate- 458 
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Siloxanes (continued) 
carborane 

formulation parameters of 453 
phenyl-modified 451-455 
solvent resistance of 454* 
stability of 451*, 452 
structure and property modifica

tion of meta- 449-455 
vulcanized trinuoropropyl-

modified 454 
IR spectrum of poly-2-methoxy-

carbonylpropyl methyl 346/ 
-modified poly (arylene car

bonates) 457-466 
glass-transition, temperature of .. 463 
properties of 463 
thermal stability of 463 

polymers, hybrid arylene car
bonate- 457 

Siloxanylene-linked bisphenols,
with phosgene, polycondensa
tion of 458-459,464 

Simultaneous interpenetrating net
works ( SIN's) 408 

based on castor oil elastomers and 
cross-linked polystyrene, syn
thesis and behavior of 407-420 

glass transition temperature of .414,415* 
morphology changes during the 

synthesis of 410-414 
phase separation in 411-414 
plastics, impact resistance of 419 
properties 417*, 419 
stress-strain curves for 416/, 417 
synthesis of 409 

castor oil-polyester 412/ 
SIN's (see Simultaneous interpene

trating networks) 408 
Sinapyl alcohol 148 
Sodium 

chloride interfacial reaction be
tween TBTA and 167,169* 

chloride, reaction of tributyltin 
carboxylates with 167 

dithiocarbamate (NaDTC) 51 
polyphosphate 471 

Solubilities of vinyl monomers 111/ 
Solvent(s) 222,385 

dipolar aprotic (DA) 45-49,68,121 
effects 

on grafting of AA onto poly
propylene 229,232/, 233 

on grafting rate 229 
on the properties of grafted 

surface, 236-237 
of structure, radiation grafting of 

styrene to polyethylene ...251,253 
on surface photografting 238* 

Solvent(s) (continued) 
polymerization rate of 2,6-dimethyl-

phenol in several 154* 
PVA 92 
swelling 437,454-455 

Soxhlet extraction method 199 
Spectral sensitivity, measurement of 

PMMA 285 
Spectroscopy ( ies ) 

dynamic mechanical (DMS) 414 
mass 170-171 
of organotin carboxylate polymers, 

IR 170 
x-ray photoelectron 391 

Statistics of intrachain contacts 29 
Stereoselective catalysts 342 
Stereoselective polysiloxanes 343 
Strecker synthesis 365 
^-Structure in keratins 351 

grafting to polyethylene 
using 246*, 247* 

and cellulose, radiation copoly
merization of 243 

copolymers of 10 
copolymerization of MMA with .113-114 
grafting 

to polyethylene 
acid effects in radiation 243-259 
and cellulose, radiation-

induced 233 
effect of acid 255-258 

on homopolymer formation .. 248* 
effect of solvent structure 

radiation 251,253 
of radiolysis effects, 

radiation 253-255 
in isomeric butanols, acid effect in 

radiation grafting to polyethyl
ene using 246* 

-methanol solutions, radiolysis of 254-255 
- M M A copolymer, radical azeo-

tropic 121 
by PSS-Na, mechanism for the 

initiation of the polymerization 
of 116 

with PVPA, mechanism for the 
initiation of the polymerization 
of 116 

rates of polymerization of MMA 
and 114 

and wool, radiation copolymeriza
tion of 243 

Substrate concentration, kinetics for 
medium 17 

Sulfide, tributyltin oxide (TBTS) 165 
Sulfoxide polymer 51 
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Surface 
durability test of grafted polymer .. 222* 
effects of solvent on the properties 

of grafted 236-237 
graft layers, stability of 220 
grafted polyethylene (LDPE) 220 
grafting, photochemical reactions 

for 218 
grafting onto plasticized polyvinyl 

chloride (PVC) 220 
layer thickness, graft 220-240 
modification(s) 

of cellulose 391-405 
with phenylisocyanate 395 
of polyvinyl alcohol (PVA) ...391-405 

modifying the properties of an 
electronic 443-444 

photografting 
apparatus 219/ 
oxygen effect on 23
onto polypropylene, time-conver

sion profile of 223-226 
practical applications of 237 
solvent effects on 238* 
onto various polymers ...220,221*,223 

photoreaction of maleic anhydride 
onto polybutadiene film 218 

property-graft yield correlation .228-229 
treatments, techniques of polymer 217 
-urethanated films, hydrolysis of .... 395 

Syndiotactic 
radical PMMA 121 
radical polymethylacrylate (PMA) 121 
triads 121 

Synephrine 355,357 

Τ 

Tautomerism of keto-/?-heterocycles 
on macromolecular chains 127-133 

Tautomerism of keto-2-picolyl func
tions on PMMA-copolymers 131* 

TBT (see Tributyltin) 
TBTA (see Tributyltin acrylate) 
TBTCL (tributyltin chloride) 166-167 
TDI (2,4-tolylene diisocyanate) 409 
Telechelic block .., 156 
Terpolymers, preparation of phos

phorus containing 426 
Tetrahydrofuran (THF) 233,236 

photografting in 236 
Tetramethy lethane-1,2-diamine 

(TMED) 
complex, catalytic activity and 

specificity of copper (II)- 13 
complex of copper chloride, 

structure 10 
copper complexes with Ν,Ν,Ν',Ν'- 10 

Tetrathiafulvalene (TTF) 435 
containing polymers, donor-bound 

polymer preparation 436-437 
-containing polymers, oxidation-

reduction properties of 439-443 
cross-linked polymers 443-446 
donors 436 
polymers 

electrochemical activity of 443-446 
film adhesion of 446 
film forming ability of 443-446 
mechanism of aggregation of 441 

TFE (trinuoroethanol) 129 
TGA (see Thermogravimetric 

analysis ) 
Theophylline 365 
Thermally stimulated current 205 

of poly-N-vinylcarbazole 209,210/, 
211/, 212/ 

Thermocouple-type current meter .... 324 
Thermoformed polymer printing 

plates 276-277 
Thermogravimetric analysis (TGA), 

thermograms of condensation 
products of PAA 67/ 

Thermogravimetric analysis ( TGA ), 
PEI thermograms of condensa
tion products of 66/ 

Thermogravimetric data for polymers 
modified through condensation .. 65* 

Thermoplastic polymers, additives in 469 
THF (see Tetrahydrofuran) 
Thiazoline, keto-/?- 129 
Thiocyanate, PECH reactions with .. 51-52 
Thioetherification of PECH 47, 50-51 
Thioetherification of PVC with 

thiolate 47 
Thiol groups, PVA modifications with 87-89 
Thiosulfate, S-alkyl (Bunte salt) 53 
Thiosulfate formation of Bunte salt, 

PECH reaction with 53-54 
Thymine 359 

moieties, NMR spectrum of poly-L-
lysine with pendant 363/ 

Tin 
controlled release of 385 
-cotton products 383 
electronic structure of 166 
-modified cellulosic materials, 

biological activity of 390 
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