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FOREWORD 

A D V A N C E S I N C H E M I S T R Y S E R I E S was founded i n 1 9 4 9 b y the 

A m e r i c a n C h e m i c a l Society as an outlet for symposia and 
collections of data i n special areas of top i ca l interest that c ou ld 
not be accommodated i n the Society's journals. It provides a 
m e d i u m for symposia that w o u l d otherwise be fragmented, 
their papers d is tr ibuted among several journals or not p u b 
l ished at a l l . Papers are refereed cr i t i ca l ly accord ing to A C S 
edi tor ia l standards a n d receive the careful attention a n d proc 
essing characterist ic of A C S publ icat ions . Papers pub l i shed 
in A D V A N C E S I N C H E M I S T R Y S E R I E S are or ig ina l contr ibutions 

not pub l i shed elsewhere i n who le or major part a n d inc lude 
reports of research as w e l l as reviews since symposia m a y 
embrace both types of presentation. 
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PREFACE 

T n x p a n s i o n of plastics into n e w a n d replacement markets promises a 
- ' - ' h i g h rate of growth . T w e n t y five years ago suitable appl icat ions 
h a d to be f ound for the synthetic polymers manufactured at that t ime. 
Today 's inventors v isual ize the need for certain materials . T h e y pre 
pare these materials a n d develop a feasible manufac tur ing process since 
macromolecules can be designed for a specific e n d use. Synthet ic 
polymers can be made w i t h flexible or stiff chains a n d ta i l ored i n length. 
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1950 1955 I960 1965 1970 
YEAR 

Figure 2. World and domestic production of plastics 

T h e y can be p o l y m e r i z e d i n l inear structure for fiber-forming purposes; 
b r a n c h e d w i t h po lar or nonpolar side chains for films, sheeting, or 
mo lded articles; or made crossl inkable as rubber , surface coatings or 
thermosets. T h e y can be m a d e as homopolymers or as random, graft, 
a lternating, or b l o ck copolymers ; m i x e d w i t h plasticizers or other a d d i 
tives; b l e n d e d w i t h other synthetic resins; toughened w i t h elastomers or 
re inforced w i t h carbon b lack , minerals , or glass fibers. Specifications 
are g iven b y the b u i l d i n g , automotive, mar ine , aircraft , texti le , f u r n i 
ture, a n d packag ing industries . A c c o r d i n g to their demands, synthetic 
polymers are b e i n g p r o d u c e d of h i g h strength, toughness, heat resistance, 
l i ght weight , transparency, non- f lammabi l i ty , a n d l o w e lectr ical a n d / o r 
thermal conduct iv i ty . A s specified, they can be made resistant to acids, 
solvents, a n d the environment, or they can be photodegradable . I n 
surg ica l medic ine , synthetic polymers must be b iocompat ib le for use as 
implants , for subst i tut ing tissue, b l o o d vessels, or part of organs. 

T h e diversi f ied appl icat ions of plastics have resulted i n an increas
i n g rate of consumption , as F i g u r e 1 indicates. I n this country con
sumpt ion per person was 26 pounds i n 1960 a n d grew to 105 pounds 
i n 1972. I n W e s t G e r m a n y , D e n m a r k , a n d Japan , consumpt ion has 
exceeded ours. There seems to be no reason w h y the U n i t e d States 
c o u l d not reach these h igher levels. 
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F i g u r e 2 compares the g rowth of U . S . domestic w i t h tota l w o r l d 
product ion since 1 9 5 0 . It shows that the U n i t e d States has reached 
2 4 . 5 b i l l i o n pounds i n 1 9 7 2 a n d w i l l exceed the 3 0 b i l l i o n pounds m a r k 
b y 1 9 7 4 . T o t a l w o r l d produc t i on was only 3 b i l l i o n pounds i n 1 9 5 0 , 
1 6 b i l l i o n pounds i n 1 9 6 0 , a n d w i l l reach 1 0 0 b i l l i o n pounds i n 1 9 7 3 or 
1 9 7 4 . 

T h e d e m a n d for an enormous variety of p las t i cs—spanning struc
tura l to m e d i c a l appl icat ions, f r om gels a n d soft rubbers to r i g i d con 
tainers—is g r o w i n g constantly. It is expressed i n the d ivers i ty of 
chapters i n this book w h i c h contains papers on n e w polymers a n d nove l 
po lymer iza t i on reactions. These papers were presented at the s ixth 
sympos ium on po lymer izat i on a n d polycondensat ion processes h e l d b y 
the D i v i s i o n of Industr ia l a n d E n g i n e e r i n g C h e m i s t r y a n d the D i v i s i o n 
of P o l y m e r C h e m i s t r y d u r i n g the A m e r i c a n C h e m i c a l Society M e e t i n g 
i n Boston, A p r i l 9 - 1 4 , 1 9 7 2 . A t that sympos ium, papers w e r e also g iven 
on kinetics a n d technology of commerc ia l polymers a n d their m a n u 
fac tur ing processes. T h e latter are co l lected i n the preced ing vo lume, 
A D V A N C E I N C H E M I S T R Y S E R I E S N O . 1 2 8 . 

New Polymers 

Plast i c fabricators a n d customers general ly don't ask for chemica l 
compositions b u t look at a mater ia l as a bund le of properties. A l t h o u g h 
w e are unable to incorporate a l l desired properties into a single p r o d 
uct , w e can combine several of them i n special or more universa l 
polymers . 

Elastomers. Po lycyanoprene represents a n e w synthetic rubber . 
I n mechanica l properties i t is s imi lar to the commerc ia l po lychloroprene . 
H o w e v e r , because of the presence of a n i t r i l e rather than a chlor ine 
group, i t has better o i l resistance. Its monomer synthesis, p o l y m e r i z a 
t ion , a n d properties are reported i n C h a p t e r 1 b y E . M u e l l e r , 
R. M a y e r - M a d e r , a n d K . Dinges . Terpo lymers of tetrafluorethylene, 
per f luoro (methy l v i n y l e ther ) , a n d certain cure site monomers are 
other inert elastomers reported by G . H . K a l b , A . L . Barney , 
R. W . Quarles , a n d A . A . K h a n . H y d r o g e n a t i o n of styrene-butadiene b lock 
copolymers has l e d to nove l transparent polymers of h i g h heat s tabi l i ty 
superior to the o r ig ina l materials . Th i s react ion us ing soluble t rans i 
t i on meta l catalysts was invest igated b y J . F . Pendleton , D . F . H o e g , 
a n d E . P . G o l d b e r g . Segmented copolymers of polyethers a n d po ly 
esters are another f a m i l y of n e w elastomers introduced at the sympos ium. 
T h e polyether provides the soft segment a n d the polyester the r i g i d 
segment. W . K . W i t s i e p e describes the polycondensat ion of po lytetra -
methylene ether g lyco l 1 ,4 -butanedio l w i t h d i m e t h y l terephthalate a n d 
the different phys i ca l properties w h i c h result b y v a r y i n g the components. 
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Heat Resistant Polymers. Perf luoroalkylene ethers are character
i z e d b y h i g h chemica l a n d thermal stabi l i ty . T h e i r ol igomers w i t h 
d i carboxy l i c a c id were used as b u i l d i n g blocks for isocyanurate polymers 
a n d po ly imides b y J . A . Webster , J . M . But l e r , a n d T . J . M o r r o w . P o l y -
phenylene sulfides are a u n i q u e f a m i l y of heat a n d chemica l resistant 
materials. U n t i l recently they h a d to be prepared b y heat ing cuprous 
p-bromothiophenoxides. A n e w economical process for their commerc ia l 
manufacture b y the react ion of p-dichlorobenzene a n d sod ium sulfide 
i n a po lar solvent was discovered at P h i l l i p s Petro leum C o . A 6 -mi l l i on 
p o u n d s / y e a r p lant for p r o d u c i n g po lyphenylene sulfides under the trade 
name Rytex started u p i n D e c e m b e r 1972. T h e products m a y be used 
either as h i g h me l t ing m o l d i n g powders or protective coatings. H . W . 
H i l l Jr . a n d J . T . E d m o n d s , Jr . describe the properties of the coat ing 
grade. W i t h i n the last f ew years, several cyc l i c b i s (ary lene tetrasul-
fides) have been synthesized. T h e y can be po lymer i zed i n a free r a d i c a l 
process to stable polymers appl i cab le as t i re -cord adhesive or metal-to-
meta l b inder , as presented b y N . A . H i a t t . P o l y ( th i o l esters) can be pre
pared analogously to polyesters. H . G . Buehrer a n d H . G . E l i a s show 
i n their chapter that the me l t ing points of the p o l y ( t h i o l esters) are 
3 0 ° - 7 0 ° C h igher than those of the corresponding polyesters but l ower 
than those of the corresponding polyamides . P o l y ( t h i o l esters) appear 
to be w e l l suited for fabr icat ion into fibers, film, or mold ings . A prac 
t i ca l route to n e w l inear aromatic polysulfones has been deve loped b y 
R. J . C o r n e l l . H e m i x e d b i s ch loropheny l sulfone w i t h the d i s o d i u m 
salt of b i sphenol obtained f rom di isopropylbenzene a n d pheno l . T h e 
resul t ing thermoplast ic is transparent a n d suitable for inject ion m o l d i n g . 

Novel Polymerization Reactions 

Polymerization b y Ring Opening. A nove l technique of m a k i n g 
polyolefins b y r i n g opening a n d simultaneous po lymer iza t i on starting 
f rom smal l cyc l i c hydrocarbons is revealed by C . P . P i n a z z i a n d his 
co-workers. Subst i tuted cyclopropanes were po lymer i zed b y cationic 
a n d Z ieg l e r -Nat ta catalysts. P ivalo lactone can be po lymer i zed anionica l ly 
to y i e l d a l inear polyester exh ib i t ing properties suitable for textile fiber 
or structural plastic . Its two commerc ia l processes b y mass and s lurry 
po lymer iza t i on are discussed b y N . R. M a y n e . 

Alternating and Block Copolymerization. R a n d o m a n d graft co
po lymer iza t i on are w e l l establ ished processes. M o r e recent are alter
nat ing a n d b lock copo lymer izat ion . A l t e r n a t i n g copo lymer izat ion of 
a-olefins w i t h fluoroacetone b y y-rays is dealt, w i t h b y Y . Tabata , W . 
Ito, Y . Yamamoto , a n d K . O s h i m a . A l t e r n a t i n g copolymers of styrene 
w i t h male ic anhydr ide , m e t h y l methacrylate , a n d acry loni tr i le have been 
prepared b y N . G . G a y l o r d . H e describes graft ing these al ternat ing 
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copolymers on polystyrene a n d po ly ( b u t y l acry la te ) . N e w b lock co
polymers of styrene w i t h male i c anhydr ide are presented b y R. B . Sey
mour a n d co-workers, a n d w i t h d i m e t h y l siloxane b y J . C . Saam, 
A . H . W a r d , a n d F . W . F e a r o n . C a t i o n i c b lock copo lymer izat ion of 
styrene w i t h cyc l i c ethers, such as tetrahydrofuran, in i t ia ted b y macro-
molecular d ioxo len ium salts is the subject of Y . Yamashita 's chapter. 

Photopolymerization. Photopo lymer izat ion i n the organic c rysta l -
l i n state has become a promis ing method for prepar ing n e w polymers . 
G . W e g n e r reviews the kinetics of solid-state photoreactions, the geo
metr ic molecu lar structure, a n d the latt ice contro l led photoreact iv i ty 
( topochemistry ) . H e reports on the four-center type photopo lymer iza 
t ion a n d on the topochemica l po lymer iza t i on of monomers w i t h conju
gated tr ip le bonds. A commerc ia l photopo lymer izat ion process for 
insulat ing magnet w i r e was developed b y E . D . F e i t . T h e w i r e is 
passed first through an appl icator where i t is coated w i t h an urethane 
modi f ied acrylate a n d then through a reactor where po lymer izat i on takes 
place under ul travio let l ight . 

Conclusion 

T h e last chapter closes the c irc le w i t h the previous vo lume w h i c h 
dealt w i t h commerc ia l processes a n d products . Together both volumes 
represent an overa l l cross-section of the improvements of existing proc 
esses a n d modif ications of products as w e l l as of n e w polymers a n d 
nove l po lymer iza t i on reactions, candidates of the future po lymer indus 
try. P o l y m e r science and technology are y o u n g a n d d ivers i fy ing , a n d 
the po lymer industry w i l l m a i n t a i n its g rowth a n d expand into n e w 
fields of appl icat ions. 

NORBERT A. J. PLATZER 

Longmeadow, Mass. 
December 1972 
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1 

Production and Properties of 

2-Cyano-1,3-butadiene Homo- and Copolymers 

E . M Ü L L E R , R. M A Y E R - M A D E R , and K. DINGES 

Bayer, Leverkusen, West Germany 

2-Cyano-l,3-butadiene was synthesized by pyrolysis of 1-
cyano-1-cyclohexene and characterized by physical data. 
Soluble homopolymers and copolymers with butadiene, iso
prene, styrene, and chloroprene have been prepared by 
solution polymerization under free-radical, anionic, and 
Ziegler-Natta initiation. Radical homopolymerization in 
ethers or toluene/ether mixtures yielded thermoplastic 
polymers consisting mainly of 1,4- and 3,4-adducts in a 
ratio of 3:1. The polymers show glass stages of about 
10°C. Anionic initiation below 0°C with lithium alkyls, 
metal phosphide, or metal amide catalysts gave thermo
plastic products with 57-70% of 1,2-linkages and glass 
stages of about 80°C. Initiation with metal acetyl aceto
nates and organoaluminum compounds resulted in poly
mers that in large part correspond to the radical-produced 
polymers. Block polymerization was carried out with 
lithium alkyl compounds, as well as with alkali amides or 
alkali phosphides. Cyanoprene polymerized onto polymer 
ions formed of styrene, butadiene, or isoprene; the reverse 
reaction does not occur. 

J ) o lychloroprene has a number of desirable properties such as weather 
a n d ozone resistance, flame retardance, a n d m e d i u m o i l resistance. 

Its swe l l ing behavior t o w a r d aromatic oils, however , is moderate, a n d i n 
ferior to that of butad iene /ac ry l on i t r i l e copolymers. D u r i n g w o r k o n the 
synthesis b y a d d i n g H C N to vinylacetylene . Instead, H C N add i t i on 
t i on a n d copo lymer izat ion behav ior of comonomers suitable for this 
purpose was studied generally. I n v i e w of its constitution a n d the 
presence of a n i t r i l e group, cyanoprene (2 -cyano- l ,3 -butadiene) a p 
peared suitable and , o w i n g to l i t t le reference i n the l i terature , especial ly 
interesting. 
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2 P O L Y M E R I Z A T I O N R E A C T I O N S A N D N E W P O L Y M E R S 

Monomer Synthesis 

2-Cyanobutadiene is not accessible a long the lines of chloroprene 
synthesis b y a d d i n g H C N to vinylacetylene. Instead, H C N a dd i t i on 
results i n l - cyano - l , 3 -butad iene . 

2 HC = CH H 2 C = CH - C = CH 

HCI HCN 

H 2 C = C - C H = C H 2 

CI 

HC=CH-CH=CH. 
i 

CN 

T h e r e are three processes descr ibed i n the l i terature for synthes iz ing 
cyanoprene (1-5). 

CHq CHo 
• 3 HCN " 3 

C H , 

CH 
II 
C H , 

. ^ C N 
CH n 
C H , 

CH 
II 
CH„ 

- C N 

pyrolysis 

H 2 C = C - C H = C H 2 

CN 

b) 2H 2 C=CHCN-
.CN 

V C N 

pyrolysis 
• H 2 C = C - C H = C H 2 

C N 

" O o / N H q h 
c) H 3 C - C — C - C N 

6 i i 
C H C H 
II II 
C H 2 C H 2 

I n Process a, v i n y l m e t h y l ketone reacts w i t h hydrocyan i c a c i d to 
give cyanohydr in , w h i c h is either dehydrated b y spray ing w i t h phos
phor i c a c i d at 540°C ( y i e l d 74%) or, after acy lat ion w i t h acetic anhy
dr ide , p y r o l i z e d at 400°-550°C. I n Process b , acry loni tr i le is d i m e r i z e d 
b y U V i rrad iat ion to give 1,2-dicyanocyclobutane; 8.5% of the a c r y l o n i 
tr i le is converted after 84 hours. T h e cyc lobutane der ivat ive reacts b y 
catalyt ic sp l i t t ing at 455°C to give 2-cyanobutadiene (convers ion 20%). 
Process c involves ammonox idat ion of isoprene. O n e per cent b y v o l -
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1. M U L L E R E T A L . 2-Cyano-l,3-Butadiene Polymers 3 

ume of isoprene reacts w i t h ammonia , steam, a n d air at 425°C on zeol ite 
catalysts conta in ing copper (convers ion 30%, y i e l d 60%). T h e process 
used b y us (6 ) is based o n the general route of synthesiz ing 1,3-dienes 
b y retro-diene sp l i t t ing of cyclohexene derivatives. 

T h e synthesis goes f r o m cyclohexanone via c y a n o h y d r i n to 1 -cyano- l -
cyclohexene, w h i c h is sp l i t b y pyrolys is . 

T h e y i e l d of 2-cyanobutadiene is 75%. 

Properties of 2-Cyano-l,3-butadiene 

2-Cyanobutad iene is l i q u i d at room temperature. Its b o i l i n g po int 
at 760 torr cannot be measured d irec t ly b u t can be extrapolated f r om 
the vapor pressure curve : 90°C. A t 4 torr, its b o i l i n g po int is 0 ° C . Its 
density at — 30°C is 0.89. T h e c o m p o u n d has a strong tendency to 
po lymer ize a n d d imer ize . Po lymer i za t i on , b u t not d imer izat i on , c a n be 
prevented b y a d d i n g phenothiaz ine . D i m e r i z a t i o n takes p lace q u i c k l y 
at r oom temperature, various k inds of dimers be ing possible. F o r 
example, l , 4 -d i cyano -4 -v iny l cyc lo - l -hexene forms i n about 86% y i e l d ( 7 ) . 
Stab i l i zat ion of 2-cyanobutadiene against d imer i za t i on can be achieved 
b y storage at l o w temperatures a n d b y d i l u t i o n w i t h benzene, for 
example. 

Homopolymerization of 2-Cyano-l,3'butadiene 

T a n a k a (8 ) reported po lymer i za t i on experiments w i t h benzoy l per 
oxide. H e observed the format ion of inso luble polymers i n add i t i on to 
d imer . W e i (9 ) carr ied out po lymerizat ions w i t h b u t y l l i t h i u m a n d 
o rganoa luminum compounds a n d obta ined amorphous a n d part ly crys
ta l l ine products w i t h thermoplast ic properties; the materials mel ted at 
157°C a n d decomposed at 336°C. I R spectroscopy showed, a 1,4-
trans structure. 

I n our work , the homo- a n d copo lymer izat ion of 2-cyanobutadiene 
were s tud ied f r om the po int of v i e w of the in i t ia t i on system ( rad i ca l , 

Pyrolyse 
* H 2 C = C - C H = C H 2 

CN 
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4 P O L Y M E R I Z A T I O N R E A C T I O N S A N D N E W P O L Y M E R S 

ionic , a n d coord inate ) , a n d the microstructure a n d properties of the 
products obta ined were determined . 

Radical-Initiated H o m o p o l y m e r i z a t i o n . W h e n this h o m o p o l y m e r i -
zat ion is carr i ed out w i t h benzoy l peroxides or other r a d i c a l formers i n a 
manner analogous to emuls ion po lymer izat i on of chloroprene, h i g h l y 
crossl inked polymers are formed. T h e y are inso luble i n organic solvents 
such as toluene, benzene, or chloroform. R a d i c a l po lymer i za t i on i n 
toluene, benzene, or hexane leads only to inso luble products . 

I n assessing these results, i t shou ld be remembered that the t em
peratures i n most cases were above 0 ° C so that d i m e r format ion has to 
be taken into account. O n the one h a n d , d imer i za t i on reduces the 
y i e l d and , on the other h a n d , i t influences the course of po lymer iza t i on 
through a regulat ing effect. Since w e w i s h e d to obta in soluble p o l y m 
ers, w e h a d to look for different routes. I n d o i n g so, w e f ound that 
so luble polymers can be obta ined w h e n the react ion is carr ied out i n 
po lar solvents such as ethers or i n inert solvents such as toluene or 
hexane i n the presence of cocatalysts—ethers, phosphines, amines, or 
o rganoa luminum compounds. T h e polymers obta ined are thermoplast ic 
a n d consist m a i n l y of 1,4-and 3,4-adducts i n a 3:1 ratio . 

CN 

Besides the 1,4- a n d 3,4-adducts, cyc l i c structures are also present. 
F o u r representative r a d i c a l po lymerizat ions of cyanoprene are c om
p a r e d i n T a b l e I. D i f f erent ia l thermal anlysis shows, for the mater ia l 
made f r om toluene, a glass stage of about 10 ° C a n d a m e l t i n g range 
above 90°C. T h e mater ia l has m e d i u m crysta l l in i ty w h i l e the mater ia l 
made i n T H F is large ly amorphous. 

T h e disadvantage of the so luble polycycanoprenes obta ined b y a 
r a d i c a l react ion was that they have molecu lar weights b e l o w 5000, 
a n d the yields were not always good. Therefore , i t was necessary to 
look for different catalyst systems. 

Anionically Initiated Polymerization. T h e disadvantages of rad i ca l 
po lymer iza t i on of cyanoprene result f rom the operat ing condit ions ( t e m 
peratures ) ; too m a n y side reactions, cha in - terminat ing reactions, a n d 
consecutive reactions occur. Because of this a n d the d imer i za t i on ten
dency of cyanoprene, catalysts h a d to be f ound that c o u l d fu l f i l l two 
contradictory requirements. T h e y should be so reactive that i t w o u l d 
be possible to w o r k at temperatures that exclude dimerizat ions as c om-
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1. M U L L E R E T A L . 2-Cyano-l,3-Butadiene Polymers 5 

Table I. Radical Polymerizations of Cyanoprene 

Tern- Reac-
pera- Hon N 

Monomer Catalyst ture time Yield Soluble Analysisf 

Solvent (mole/l) (mmole/l) ( ° C ) (h) (%) in' (%) 

E m u l s i o n 10 F A S 6 0 a 50 
i n W a t e r 

Toluene 0 .29 A I B N 1 4 . 5 6 50 
T H F 0 .29 A I B N 1 4 . 5 50 
Toluene 0 .8 ( A I B N + 50 

T E A C ) 
8 .7 

5 50 — 17.1 

24 50 — 17.9 
24 50 D M F d 16 .9 

5 20 D M F 16 .9 

° FAS = formamidine sulfinic acid 
b A I B N = azodiisobutyronitrile 
e T E A = triethylaluminum 
d D M F = dimethylformamide 
• Theoretical nitrogen value = 17.7 
/ The molecular weights of the soluble products were from 1000 to 5000. 

pe t ing reactions, a n d they shou ld be s low enough to prevent crossl ink-
i n g a n d cyc l i zat ion reactions at l o w temperatures. 

I n v i e w of these precondit ions, i t was obvious to use anionic init iators . 
W i t h the l i t h i u m alkyls used b y W e i — f o r example, b u t y l l i t h i u m or other 
organic a l k a l i c ompounds—only insoluble thermoplast ic products are 
obtained, even at — 80° C i n bo th T H F a n d toluene because these i n i 
tiators are too reactive. T h e reactions that take p lace i n c l u d e attack b y 
the metal lo -organic c o m p o u n d a n d the already meta l l i zed cyanoprene 
(or the meta l l i zed p o l y m e r ) o n the n i t r i l e groups of bo th monomer a n d 
po lymer . 

A n i o n i c catalysts of the type shown here proved to be suitable 
because they react comparat ive ly smoothly and , u n l i k e o rgano - l i th ium 
compounds, they do not attack the C N group. 

(Me= Li, Na, K) 
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I n carry ing out these experiments, a so lut ion of the monomer is 
a d d e d dropwise into a mixture of catalysts a n d solvents. T h e catalyst 
is destroyed, a n d the p o l y m e r obta ined prec ip i tated w i t h methanol . 
T h e products prec ip i tated f rom methano l are plast ic , o w i n g to the 
p las t i c i z ing effect of the solvent. T h e y swe l l on d r y i n g i n v a c c u m , a n d 
finally y i e l d thermoplast ic , porous solids. D e p e n d i n g on the exper i 
menta l condit ions a n d the catalyst used a n d its quant i ty , the molecular 
weights of the products are about 10,000. 

T h e product s tud ied was produced i n T H F w i t h a d ipheny lphos -
p h i n e - l i t h i u m catalyst; i t h a d a molecular we ight of 8300. A f t e r shear 
modulus p lo t t ing over temperature, a glass stage of 81 °C , a modulus 
of elasticity of 32,000 k g / c m 2 ( po lys tyrene^30 ,000 ) , a n d a flexural 
strength of 661 k g / c m 2 ( p o l y s t y r e n e ^ 1 0 0 0 ) were f ound . T h e glass 
temperature was 20°C l ower than that of polystyrene, but the po lymer 
is more resistant to swe l l ing b y aromatics. 

Table II. Cyanoprene Homopolymers Produced by Different Catalyst 
Systems a 

Cyclic 
N Adducts ( %) Struc

Yield Analy tures 
Catalyst (%) Mn sis 1,2 3,4 (%) 

<h P K 96 16 
* P K + N ( C 2 H 6 ) 3 34 8 ,240 16 .5 62 < 1 . 4 Present 
<fa P L i 79 8 ,240 16 .6 70 30 
<*>PK2 91 > 1 0 , 0 0 0 16 .3 57 .6 29 4 .4 9 
<k N L i 93 16.8 66 .9 17.7 0 .4 15 
( n - C 3 H 7 ) 2 N L i 53 16 .6 70 17 .8 1.3 10 .9 

n - C 4 H 9 L i k 90 
n - C 4 H 9 L i + 

P ( n - C 4 H 9 y 93 2 ,310 15 .5 64 .1 28 .1 7 .0 0 .7 
<t> N a 6 59 16.2 
° Temperature: -78°C; solvent: T H F 
6 Insoluble polymers 
0 Toluene as the solvent 

T h e solvent used for most of po lymerizat ions is T H F or dioxane. 
H o w e v e r , i t is also possible to use toluene, benzene, or hexane w i t h an 
add i t i on of po lar substances (ether, amines ) . I n those cases, i t is neces
sary to use m i l d conditions a n d gentle catalysts because i f the dissocia
t ion of the amides of phosphides is weakened , mult i center processes, for 
example, have an effect. These are favored b y the free electron p a i r 
on the ni trogen or phosphorus, and they l ead to cha in - terminat ing reac
tions. 
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1. M U L L E R E T A L . 2-Cyano-l,3-Butadiene Polymers 7 

R e g a r d i n g the structure of the cyanoprene homopolymers ( T a b l e 
I I ) , a t rend becomes apparent w h e n us ing the different catalyst systems. 
I n a sample p o l y m e r i z e d w i t h d ipheny lphosph ine^ l i th ium, 70% 1,2-link-
ages a n d about 30% 1,4-linkages were f ound , b u t the presence of traces 
of 3,4-adducts c o u l d not be exc luded. There was no ind i ca t i on of cyc l i c 
structures a l though w i t h stronger d ipheny lphosph ine -po tass ium cyc l i c 
compounds were found. A b o u t 62% were 1,2-linkages w h i l e the re 
mainder consisted of about equa l parts of 1,4- and 3,4-adducts, the 
cyc l i c proportions inc luded . 

W h e n t r ie thy lamine was a d d e d to this catalyst system, the propor t i on 
of 1,2-linkages remained about equa l , b u t the proport ion of 1,4-struc-
tures grew compared w i t h the po lymer made via p u r e d ipheny lphos -
ph ine potassium. Polycyanoprenes produced w i t h the more reactive 
meta l a m i d e catalysts showed greater proportions of cyc l i c structures 
(11-15%). 

T h e r m a l s tudy of the an ion ica l ly p o l y m e r i z e d homopolymers showed 
glass-transition temperatures f rom 40° to 120°C. T h e samples p a r t l y 
changed on heat ing ; on second heat ing , the second-order transit ion 
points w e r e often higher. 

Rearragements, cycl izations, a n d the l ike occur, mani fest ing t h e m 
selves i n an exothermic reaction above 200°C. E x o t h e r m i c decomposi 
t ion occurs above 350°C. C o n s i d e r i n g the po lymer iza t i on mechanism, 
there are at first two possibil it ies as shown below. 

Is' mechanism 

a) H 2 C = C - C H = C H 2 

CN 
H 2 C - C - C H = C H ^ • K - N 

CN 

H CH 
*CH 0 

N - C - C l e K ® i i 
H CN 

a , 

(of 
CH 

, C H , 
CH 

N-CH 2 -C I G + H 2C =C 
CN CN 

, C H 9 , C H ? 

CH 

CN 

CH 

CN 

j ^ N , C H 2 C H 2 

[ O l CH CH 
c) N - C H 2 - C - C H 2 - C l e K® • HY-

(Of CN CN 
N - C H 2 - C - C H 2 - C H + KY 

(Of CN CN 
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8 P O L Y M E R I Z A T I O N R E A C T I O N S A N D N E W P O L Y M E R S 

2M mechanism 

C H 2 , C H 2 

. z j @ ($x ?i. 
a) H 9 C — CI • K " N J X ~ * N - C H 9 - C I K 

CN O f CN 

, C H 2 , C H 2 C H 2 C H , 

CH CH CH CH 
i e 

b) ^ T " N - C H 2 - C T * C H 2 = C N - C H 2 - C H + HC = C [§T CN CN ( O j 
I 

CN CN 

T h e b r o a d molecular -weight d i s t r ibut ion , the l o w or h i g h molecular 
weights ( d e p e n d i n g on the act iv i ty of the cata lyst ) , a n d the fact that 
a d d e d butadiene or isoprene does not po lymer ize favor the second 
mechanism. Nevertheless, under certain condit ions, a " l i v i n g p o l y m e r " 
cannot be exc luded, as shown b y segment po lymer iza t i on experiments 
a n d k inet i c studies at l o w temperatures ( — 7 8 ° C ) . 

Cyanoprene can also be po lymer i zed w i t h t r ibuty lphosph ine or 
other tr ia lkylphosphines b u t only i n toluene, benzene, etc., and , not i n 
ethers. T h e mechanism is probab ly s imi lar to that w i t h amides or 
macroions i n a " l i v i n g po lymer " mechanism, or, again , transfers w o u l d 
have to be assumed. T h e former may be assumed this w a y : 

C H 2 C H 2 / C H 2 7 C H 2 

CH # CH / C H / C H 
R 3 P +r.H 2 =C—•R 3 P-rH 2 -r 1 ! i e cyanoprene F ^ P - / C H 2 - C y C H 2 - C I 

C N C N C N n CN 

T h i s mechanism results i n a steadily g r o w i n g amphoter ic macro ion . T h i s 
route, however , is less probab le here because there is no m o b i l e com
pensat ing i on , as i n the case of amides or phosphides, a n d the energy 
for separating the charges is probab ly so h i g h that transfer mechanism 
can be assumed: 

^ C H 2 

CH 
© le * § 

R 3P—CH 2—CI 4- Cyap — R 3 P — C H 2 — C H — C H = C H 2 + C H = C — C H = C H 2 

I I 1 
CN CN CN 
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1. M U L L E R E T A L . 2-Cyano-l,3'Butadiene Polymers 9 

O n l y low-molecu lar -weight phosphon ium molecules are formed. 
A s ment ioned elsewhere i n this paper, the polycyanoprenes an ion i -

ca l ly p o l y m e r i z e d b y us conta in 57-70% of 1,2-linkages. 

Corresponding ly , the in f rared spectrum shows two C N vibrat ions at 
2210 a n d 2230 c m 1 ( F i g u r e 1 ) . W h e n the po lycyanoprene is heated 
to 130°C for one hour , the b a n d at 2230 cm1 disappears ( F i g u r e 2 ) . 

Thermograv imetr i c analysis shows that sp l i t t ing off the a l ly l -pos i -
t i oned cyanogen group as H C N cannot be i n v o l v e d here. I n add i t i on , 
the r e m a i n i n g cyanogen b a n d increases. N M R investigations show that 
a change occurs at the v iny l -pos i t i on protons. S ince the molecu lar 
we ight increases on heat ing , cross l inking reactions are very probable . 

A • 
^5 3 4 5 6 7 8 9 10 15 20^30 50 

4000 3000 2000 1600 1200 800 400 cm"1 

Figure 1. Infrared spectrum of anionically polymerized 
cyanoprene 

T h e spectroscopic data do not permi t exc lud ing cyc l i za t i on reactions 
to a greater or lesser degree. W h y the r e m a i n i n g cyanogen b a n d i n 
creases must, however , s t i l l be considered unclar i f ied . 

C o o r d i n a t e H o m o p o l y m e r i z a t i o n . W h e n Z ieg l e r -Nat ta catalysts of 
the type T i C l 4 / a l k y l a l u m i n u m compounds are used, no po lymer iza t i on 
occurred because the cyanoprene ( l i k e acry lon i t r i l e for instance) reacts 
w i t h the catalyst a n d destroys it . Po lymer i za t i on occurs, however , w h e n 
meta l acety l acetonates a n d organoa luminum compounds are used. F o r 
example, coordinate po lymer izat i on w i t h a mixture of cobalt acety l 
acetonate a n d e t h y l a l u m i n u m d i ch lor ide results i n a p o l y m e r that cor
responds m a i n l y to the rad i ca l -produced po lymer . 
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15 20/i30 50 

4000 3000 2000 1600 1200 800 400 cm" 1 

Figure 2. Infrared spectrum of anionically polymerized 
after heating to 130°C for one hour 

G 
kg/cm2 

10000-

1000-

100-

— 

II -

r 

1 
-

ti< . ~ - H 

_A-

2,5 

2,0 

Figure 3. Emulsion copolymer of chloro-
prene/cyanoprene (14% cyanoprene polymer); 

shear modulus plotted over temperature. 

Copolymerization of 2-Cyano-l,3~butadiene 

There is on ly one h in t i n the l i terature, b y Starkweather ( 1 0 ) , that 
deals w i t h copo lymer izat ion w i t h butadiene. T h e polymers descr ibed 
there have poor tensile strength values a n d elongations. 

R a d i c a l C o p o l y m e r i z a t i o n . W e carr ied out an emuls ion copoly
mer izat ion w i t h chloroprene at a chloroprene: cyanoprene rat io of 9:1. 
A t 60% conversion, an inso luble copo lymer w i t h cyanoprene " l u m p e d 
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1. M U L L E R E T A L . 2-Cyano-l,3-Butadiene Polymers 11 

out" d u r i n g the po lymer izat ion . T h e glass-transition temperature of 
— 24° C showed that a genuine copo lymer actual ly h a d been formed 
( F i g u r e 3 ) . 

These copolymers have a strong odor, a n d discolor w h e n exposed 
to l ight . T h e vulcanizates showed a strong tendency to scorch a n d 
showed strength a n d elongations be l ow the l eve l of comparab le p r o d 
ucts. T h e corresponding copo lymer izat ion of isoprene-cyanoprene 
(9 :1 ) gave, after vu l can izat ion , c r u m b l i n g products w i thout any me 
chanica l strength. T h e coresponding copo lymer izat ion i n solut ion re
sulted i n soluble products that have not yet been tested. 

A n i o n i c C o p o l y m e r i z a t i o n . F o r n o r m a l mix ing- type copo lymer iza 
t ion , the cyanoprene was added to the solvent conta in ing the catalyst a n d 
the comonomer. D e p e n d i n g on the i n i t i a l proportions, of monomers, 
products were obta ined w i t h v a r y i n g cyanoprene proportions a n d cor
respondingly different properties. 

F o r example, i n one experiment, toluene, chloroprene, a n d t r i b u -
ty lphosphine were p laced i n a vessel, a n d a cyanoprene-toluene solut ion 
was aded dropwise at 0 ° C . T h e result was a 60% y i e l d of a thermo
plast ic product w i t h 14.2% nitrogen, corresponding to a chloroprene pro 
port ion of 17%. Analogous experiments were carr ied out w i t h monomers 
such as styrene and isoprene, a n d w i t h other catalysts. 

A further poss ib i l i ty consists of subject ing the catalyst to inc ip ient 
po lymer izat i on w i t h smal l quantit ies of styrene, isoprene, or butadiene 
(organic a l k a l i compounds also can be used for this purpose ) , then a d d 
i n g dropwise a mixture of cyanoprene a n d selected monomers at l o w 
temperatures. If no inc ip ient po lymer izat i on takes place, metal lo -
organic catalysts w i l l only give a homopo lymer izat ion of the cyanoprene. 

W h e n b lock copo lymer izat ion was done, isoprene, styrene, or b u t a 
diene was prepo lymer ized at room temperature, a n d cyanoprene p o l y 
mer i zed at l o w temperatures. Styrene gave thermoplast ic po lymers ; b u 
tadiene, depend ing on the quant i ty ratio selected, gave thermoplast ic 
to rubber l ike po lymer soluble i n polar solvents such as D M F , but 
largely resistent to organic solvent such as toluene. 
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Terpolymers of Tetrafluoroethylene, 

Perfluoro (Methyl Vinyl Ether), and 

Certain Cure Site Monomers 

G. H . K A L B , A. A. K H A N , R. W. QUARLES, and A. L . BARNEY 

Research Laboratory, Elastomer Chemicals Department, E . I. du Pont de 
Nemours and Co., Inc., Wilmington, Del. 19898 

Copolymers of tetrafluoroethylene, perfluoro(methyl vinyl 
ether), and a third monomer—selected from the group of 
perfluoro(4-cyanobutyl vinyl ether), perfluoro(4-carbometh
oxbutyl vinyl ether), perfluoro(2-phenoxypropyl vinyl 
ether), or perfluoro(3-phenoxypropyl vinyl ether)—give vul-
canizable, high performance elastomers. Syntheses of the 
cyano and the carbomethoxy compounds from perfluoro
glutaryl chloride and the phenoxy compounds from penta
fluorophenol are presented. Vulcanization methods for the 
three copolymer types include catalytic condensation of 
the nitrile, interchange of dibasic amines or esters with the 
methyl ester, and nucleophilic displacement of a fluorine 
atom on the phenoxy ring with a diamine or an aromatic 
bisnucleophile. A brief description of vulcanizate proper
ties demonstrates the outstanding solvent and chemical 
resistance that may be obtained with these new elastomers. 

A n e w high-per formance elastomer, prepared f rom tetrafluoroethylene 
( T F E ) a n d perf luoro(methyl v i n y l ether) ( P M V E ) , a n d character ized 

b y outstanding resistance to chemica l attack and excellent thermal sta
b i l i t y , was reported recently b y Barney et al. (1 ) of our laboratory. 
T h a t paper descr ibed a rubbery perf luorinated d ipo lymer that c o u l d 
not be crossl inked us ing ord inary techniques because of its chemica l 
inertness, a n d also a terpolymer i n w h i c h an unspecif ied t h i r d monomer 
was used to introduce active cross l inking sites. 

T h e d ipo lymer , w h i c h loses only 5 to 1% of its weight i n an a i r -
c i r cu la t ing oven at 316° C i n seven days ( a n d only a few per cent more 
a m o n t h at these conditions) is, however , a thermoplastic . It is apparent, 

13 
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therefore, that a crossl inked structure is necessary to gain the mechan i 
c a l strength at elevated temperatures requ i red for a true h igh -per form
ance elastomer. Th i s paper describes work a i m e d at : development of a 
suitable crosslink structure a n d various candidate t h i r d monomers that 
copolymerize w i t h T F E a n d P M V E to introduce the necessary cross-
l i n k i n g sites; their preparat ion a n d copo lymer izat ion ; cross l inking reac
tions invo lved w i t h some of the monomers; a n d a few of the phys i ca l 
properties of the crossl inked ( "vulcanized" ) compositions. 

T h e d i p o l y m e r has m a n y desirable properties, and , to mainta in 
these properties, the requirements for the t h i r d monomer a n d the cross-
l i n k i n g react ion are qui te stringent. These requirements are: 

( a ) T h e cure site monomer must copolymerize read i ly wi thout 
apprec iable cha in transfer ( the po lymer izat ion is par t i cu lar ly susceptible 
to chain-transfer react ions) , a n d at a rate such that reasonable a n d con
tro l led amounts of cross l inking site are incorporated at an adequate 
spacing. 

( b ) T h e cross l inking funct ional group must not be affected b y the 
preferred aqueous po lymer izat i on system. 

( c ) T h e cross l inking react ion must be such that the stock can be 
formed into desired shapes at elevated temperatures ( b y m o l d i n g or 
other means ) , then be converted into a crossl inked structure. 

( d ) T h e crosslink should be comparable i n thermal , chemica l , a n d 
ox idat ion resistance to the backbone to mainta in the outstanding prop 
erties of the d ipo lymer . 

C F 2 = C F - 0 - ( R f ) - X 

where X = - C 0 0 R , - C N , - 0 - C 6 F 5 

and (R f ) = PERFLUOROALKYL or 
PERFLU0R0ALKYL ETHER GROUP 

Figure 1. Comonomer candidates—gener
alized structure 

A survey of a variety of po lymer izab le groups ind i cated that i n the 
preferred free-radical aqueous-emulsion po lymer izat ion system, a per -
fluorovinyl ether most nearly fulfi l ls these requirements. I n general , the 
per f luorov inyl ethers copolymerize at a reasonable rate. T h e y change 
l i t t le i n rate w i t h variations i n cha in length or funct ional i ty i n the per -
fluoroalkyl moiety so long as the type of funct ional i ty on the perfluoro-
a l k y l group is consistent w i t h requirements (a ) a n d ( b ) . I n add i t i on , 
such ethers furnish thermal ly resistant structures i n the polymer . 

A number of monomers of the general type C F 2 = C F - 0 - R f X 
(2 , 3 ) , where X is - C O O R , - C N , and - O C 6 F 5 ( F i g u r e 1) have been 
copo lymer ized w i t h T F E a n d P M V E . T h e i r cross l inking reactions w i t h 
d i funct iona l vu l can izat i on agents were carr ied out a n d the vulcanizate 
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2. K A L B E T A L . Terpolymers 15 

9 9 9 9 9 ? F3 
II II MnF I II HFPO II ' 

Cl-C-(CF 2 ) 3 -C-Cl ^ T ^ F - C - ( C F 2 ) 3 - C - F F-C-(CF 2 ) 3 -CF r 0-CF-CF0 
(89% YIELD) CsF (71% YIELD) 

Perfluoroglutaryl 3-Oxa-perfluoro (2-methyl 
Fluoride nonone dioyl) Fluoride 

1 n (b.p.l06°C) ni 
/ 

CH3OH 
(near o°) 

0 CF3 0 0 CF3 0 / 

K - 0- 8- (R f)-0-CF-C-0" K • -g jgL CH r0-C-(CF 2) 4VcF-C-0CH 3 

(97,8% YIELD) 
Dipotassium 3-Oxa-perfluoro- jx 

( 2-Methyl azelaoate ) 

o2 

-KF 

^ — K*02-C-(Rf)-0-CF=CF2 H00C-(Rf)-0-CF=CF2 

2 (b.p.80°C/2mm) 
21 SK 

CH30H,H2S04 

0 
NC-(CF2)4-0-CF=CF2 -^NH 2-C-(R f)-0-CF=CF 2 CH r0-C-(R f )-0-CF=CF2 

(b.p.90-93°C) (m.p. 89.5-91.5°C) (b.p.60°C/40mm) 
(YIELD 90 - 95 %) (Yl ELD 75-80 %) Perfluoro (4-carbomethoxybutyl 

Perfluoro (4-cyanobutyl ^ vinyl ether) 
vinyl ether) ™: 

1 

Figure 2. Synthesis of perfiuoro(4-cyanobutyl vinyl ether) 

properties investigated. T h e simplest phenoxy c o m p o u n d (perf luoro-
p h e n y l v i n y l ether) has been reported b y W a l l a n d P l u m m e r to po ly 
mer ize w i t h great dif f iculty ( 6 ) . I n general , i on ica l ly b o n d e d cross-
l i n k i n g agents and groupings that tend to interchange easily ( such as 
ester groups) give good chemical-resistant polymers , but do not give v u l -
canizates w i t h attractive high-temperature properties because these r u b 
bers suffer h i g h re laxat ion under stress at elevated temperatures. 

A m o n g the more attractive v i n y l ether candidate monomers are 
perfluoro (4 -carbomethoxybuty l v i n y l e ther ) , perfluoro (4 - cyanobuty l 
v i n y l e ther ) , per f luoro (2 -phenoxypropyl v i n y l e ther ) , a n d per f luoro (3 -
phenoxypropy l v i n y l e ther ) . Composi t ions conta in ing these monomers 
are discussed i n this report. 

Po lymer i za t i on is carr ied out expedit iously i n aqueous m e d i a us ing 
either redox or thermal ly generated free-radical systems; anhydrous 
techniques m a y be also used. I n general , there appears to be no gross 
difference i n react iv i ty rates w i t h different substituents on the v i n y l 
ethers. H o w e v e r , where sl ight differences were noted, i t is l ike ly that 
differences i n so lub i l i ty i n the mice l le affect concentration at the p o l y 
mer izat ion site and thus modi fy the final content of the t h i r d monomer 
i n the po lymer . Dif ferent cross l inking reactions are used w i t h various 
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16 P O L Y M E R I Z A T I O N R E A C T I O N S A N D N E W P O L Y M E R S 

substituted v i n y l ether structures. These reactions are discussed under 
the appropriate copo lymer type. 

Studies with Perfluoro(4-Cyanobutyl Vinyl Ether) 

T h e synthesis of this monomer involves n ine steps start ing w i t h 
per f luoroglutaryl ch lor ide , as ind i cated i n F i g u r e 2 ( 3 ) . M o s t of the 
steps give good yields except for the selective pyrolysis step ( F i g u r e 2, 
compounds V - V I ) , where the yields are only 10-20%. By-products are 
per f luoro (buteny l v i n y l ether) a n d the hydrogen fluoride adducts of 
b o t h the desired a c i d a n d perfluoro ( b u t e n y l v i n y l e ther ) . 

P o l y m e r i z a t i o n . Copo lymers of tetraf luoroethylene/perf luoro(methyl 
v i n y l ether) a n d the ni t r i l e ( 1 - 4 mole %) have been prepared b a t c h -
wise i n a st irred autoclave us ing an aqueous a m m o n i u m persulfate or 
a m m o n i u m persul fate-sodium sulfite redox couple system at 40°-100° C . 
T h e T F E / P M V E gas mixture was pressured, as requ i red , to m a i n t a i n 
the pressure and the ni t r i l e p u m p e d i n solution i n tr ichlorotr i f luoro-
ethane. A f t e r complet ion of the react ion, p o l y m e r was isolated f rom 
the latex (25-30% sol ids) b y coagulat ion us ing ethanol a n d aqueous 
magnes ium chlor ide solution. It was washed w i t h a l coho l /water so lu 
tions a n d d r i e d at 70°C i n an oven under nitrogen. Mass balance 
ind i ca ted that most of the n i tr i l e h a d been incorporated. 

0 - (CF 2 ) 4 CN 

3 - - C F 2 - C F - C F 2 - 0 - ( C F 2 ) - C ^ C - ( C F 2 ) - 0 -
II I 

0 
1 

' — 1 — — - n 

Figure 3. Crosslinking of polymer through the nitrile group 

C r o s s l i n k i n g . C r o s s l i n k i n g is brought about b y the catalyt ic inter 
act ion of the pendant n i t r i l e groups, perhaps to the tr iaz ine , us ing 
te traphenyl t in or si lver oxide ( F i g u r e 3 ) . T h e exact f o rm of the cross
l i n k has not been established. H e n n e (4 ) showed monomer ic perfluoro 
carbonitr i les f o r m tr iaz ine rings i n the presence of tetraphenyl t in or 
other catalysts ( 5 ) . These tr iaz ine structures so formed absorb very 
strongly at 6.40-6.45/A i n the infrared . Cross l inked g u m stocks pre 
p a r e d f r om the perfluoroelastomer (po lymer a n d catalyst) have been 
examined i n the infrared , a n d other unassigned bands were f ound , b u t 
the characteristic absorpt ion of the tr iaz ine structure has not been ob-
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2. K A L B E T A L . Terpolymers 17 

RAW T E R P O L Y M E R 100 pts. 

MED. THERMAL B L A C K 10 pts. 

T E T R A P H E N Y L TIN 4.5 pts. 

Cure Conditions: 18 hours 
1 6 0 ° C ( 3 2 0 ° F ) 

~ 1000 psi 

Figure 4. Crosslinking formulation 
for nitrite-containing polymer 

served. W h e n the viscous nature of the po lymer stock is considered, 
coup led w i t h the fact that the n i t r i l e is present i n the po lymer to the 
extent of on ly 2-4 mole % or less, i t appears u n l i k e l y that complete con
vers ion to a tr iaz ine structure is invo lved . 

I n pract ice , the cure ingredients (see F i g u r e 4) are m i l l e d into the 
po lymer on a rubber m i l l ; c u r i n g is done i n a press at 160° C a n d 1000 
ps i for 18 hours. N o postcur ing is requ ired . 

Studies with Perfluoro(4'Carbomethoxybutyl Vinyl Ether) 

Several types of crossl inked structures were prepared b y copoly-
m e r i z i n g v i n y l ethers conta in ing 4-carbomethoxyperf luoroalkyl moieties 
i n the structure a n d us ing various cross l inking agents to b r i n g about 
vu l can izat ion . 

Synthesis of Per f luoro (4 -Carbomethoxybuty l V i n y l E t h e r ) . T h e 
parent ester was prepared f rom perf luoroglutaryl fluoride a n d hexa-
fluoropropylene oxide b y the reactions shown i n F i g u r e 2. T h i s ester 
h a d a b o i l i n g po int of 146°C, a n d showed characteristic v i n y l ether 
in frared absorptions at 5.42/*, 5.55/A ( carbonyl group) , a n d 10.0/x ( - O C H 3 

g r o u p ) . 
A c u t a l l y , better yields of the monocarboxyl i c a c id esters are ob

ta ined b y p y r o l y z i n g the hal f -neutra l i zed a c id instead of the dipotas-
s i u m salt. E v e n so, the y i e l d of ester is only about 25%. 

P o l y m e r i z a t i o n . Po lymer i za t i on is carr ied out i n the same reactor 
as ind i ca ted previously i n the standard persulfate-sulfite system. T h e 
presence of the ester (1 mole % charged) i n the po lymer is ind i ca ted b y 
the strong infrared absorpt ion b a n d at 5.55/x, a n d mass balance indicates 
that most of the ester is incorporated. 

C r o s s l i n k i n g the E s t e r - C o n t a i n i n g P o l y m e r . Cross l ink ing was 
brought about easily us ing a convent ional fluoroelastomer hexamethy l -
enediamine carbamate cure, or b y using p-phenylenediamine . I n the 
samples tested, vulcanizate properties (hardness, e longation) a n d re -
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0 - C F - C F 2 - 0 - C F = C F 2 

F 

F 
PERFLUORO (2-Phenoxypropyl 

Vinyl Ether) 

F 

F 

Figure 5. Monomers containing the perfluoro-
phenoxy group 

sistance to chemicals a n d fluids ind i ca ted adequate cur ing . Never the 
less, compression set values (70 hours at 121° C ) on stocks var ied 
between 87 a n d 100%, i n d i c a t i n g the extreme m o b i l i t y of the cross l inking 
b o n d at moderately h i g h temperatures. Meta the t i ca l reactions of the 
ester groups, w i t h amines, ammonia , a n d h y d r a z i n e gave m o d e l cross
l i n k structures. Heat-loss studies on these, a long w i t h m o d e l c om
pounds prepared f rom the free a c id , ind i cated that carbony l functions 
are not thermal ly stable enough. 

Studies with Monomers Containing the Perfluorophenoxy Group 

T w o monomers conta in ing the perf luorophenoxy group have been 
synthesized a n d copo lymer ized w i t h T F E a n d P M V E . Structures of 
these monomers are shown i n F i g u r e 5. Po lymer i za t i on a n d crosslink
i n g reactions are s imi lar for polymers conta in ing these two isomeric 
monomers and , accordingly , these polymers are discussed together. 

Synthesis of the P h e n o x y - C o n t a i n i n g M o n o m e r s . Perfluoro (2-phe-
n o x p r o p y l v i n y l ether) is prepared b y the route shown i n F i g u r e 6 ( 3 ) . 
T h e 2-phenoxy c o m p o u n d requires the least- involved s y n t h e s i s of the 
various monomers. T h e first two steps were carr ied out i n ord inary 
glass equipment . T h e last reaction was carr i ed out us ing a b e d of 
d r i e d s o d i u m carbonate. 

Per f luoro (3 -phenoxypropy l v i n y l ether) (7 ) is synthesized b y the 
six-step route shown i n F i g u r e 7. T h e first three steps m a y be carr ied 
out w i thout iso lat ing the products . T h e ac id chlor ide product of step 
3 is separated b y fract ional d is t i l la t ion , as is the ac id fluoride product of 
step 4. I n step 5, the product is separated as the lower of a two- layer 
p r o d u G t a n d is pur i f ied b y dist i l la t ion . T h e upper layer, a complex of 
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2. K A L B E T A L . Terpolymers 19 

C s F , the start ing a c i d fluoride, a n d tetraglyme may be reused as cata
lyst. Better product yields are obtained w i t h reused catalyst than w i t h 
v i r g i n catalyst. T h e last react ion (step 6) is best carr ied out us ing a 
fluidized b e d of d r i e d sod ium carbonate at 270°-300° C . 

P o l y m e r i z a t i o n . Terpo lymers of P M V E a n d T F E w i t h either of the 
monomers conta in ing a phenoxy group have been prepared i n a pres
sure vessel us ing an aqueous redox po lymer izat i on system. T h e com
pos i t ional molar T F E / P M V E ratio i n the preferred po lymer is about 
60 /40 . T h e t h i r d monomer polymerizes at about the same rate as the 
P M V E a n d is f ed either neat (as a l i q u i d ) or i n F r e o n F-113 solution. 
In frared analysis of the b a n d at 10.0/x indicates 75-85% incorporat ion of 
the phenoxy c o m p o u n d over the 1-4 mole % monomer change range. 
O n e to 2 mole % of the crosslink monomer must be incorporated i n the 
elastomer to ensure good vulcanizate properties. 

1. CcFc-OH + CsoC03
 R T t 0 5 Q ° C » C gF 5OCs + CsHCCU 

6 5 2 3 TETRAGLYME 6 5 3 

0 CF3 CF3 0 
/ \ i n - i s ° r I I II 

2. C 6 F 5 -OCs + (n+1)CF 2-CF-CF 3
 U ° ^ C 6 F 5 - 0 - ( - C F - C F 2 - 0 - K F - C - F 

n = 1 
BUT THERE MAY BE SOME n=2 

CF 3 CF 3 

3. C 6 F 5 -0 - fCF-CF 2 -0 - ) - -CF-C0F r ^ ^ C 6 F 5 0 - f C 3 F 6 - 0 + CF=CF2 

t> o c n 200-300°C n 

B.R = 6 5 - 6 8 ° / 9 m m 
For n = 1 

N D 25°C = 1.3639 
For n = 0 (Wall a Plummer, U.S. Patent 

3,192,190, Unsatisfactory 
polymerization) 

Figure 6. Synthesis of perfluoro(2-phenoxypropyl vinyl ether) 

C r o s s l i n k i n g Per f luorophenoxy-Conta in ing Elas tomers . V u l c a n i z a 
t i on of the perfluoroelastomer conta in ing a phenoxy group may be 
carr ied out several ways. O n e method uses diamines such as p - p h e n y l -
enediamine, tetraethylenepentamine, or hexamethylenediamine carba 
mate ( D u Pont D I A K N o . 1) (3). A t y p i c a l recipe is shown i n F i g u r e 8. 

T h e rubber a n d the c o m p o u n d i n g ingredients are m i x e d on a con
vent iona l rubber m i l l , a n d the desired shape m o l d e d i n a press at 
500-1000 p s i on the shaped piece for 30 minutes at 160° C . T h e piece 
is then removed f r om the press a n d postcured stepwise over five to six 
days to complete vu lvan izat i on . O u r present concept of this crossl ink
i n g react ion involves react ion of the d iamine ( F i g u r e 9) w i t h the active 
fluorine atom para to the oxygen l inkage on the aromatic r i n g to l iberate 
hydrogen fluoride (11). T h i s , i n turn , reacts w i t h magnes ium oxide to 
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1. C 6F 50H + K2C03 C
R

H
E

3
F ^ X • C6F5-0K + KHC03 

( 80% when isolated ) 

0 

2. C6F50K + CF2 = CF2 +C02 g H ™ ' C 6 F 5 - 0 - C F 2 - C F 2 - C - 0 K 

150 psig (95%) 
0 0 
II II 

3. 3C 6 F 5 -0 -CF 2 -CF 2 -C -0K + POCI3 c ^ • 3 C 6 F 5 - 0 - C F 2 - C F 2 - C - C l + K3PO4 

(85%) (BP. 5 4 ° / 5 mm ) 

0 0 
II II 

4- C 6 F 5 - 0 - C F 2 C F 2 - C - C l + NaF T M S ' C 6 F 5 - 0 - C F 2 - C F 2 - C - F + NaCl 

(85%) (B.P. 49°/11mm) 

0 ^ (2) CF 0 

5. C 6 F 5 - 0 - C F 2 - C F 2 - C - F + CF 2 -CF-CF 3 • C6 F5 - 0 - ( C F 2 ) 2 ~ C F 2 - 0 - C F - C - F 

(>70%) (B.P. 7 7 ° / l l m m ) 

CF3 0 
I II N00CO7 

6. C 6 F 5 - 0 - ( C F 2 ) 2 - C F 2 - 0 - C F - C - F Z 7 Q ^ . C ' C 6 F 5 - 0 - ( C F 2 ) 2 - C F 2 - 0 - C F = CF2 

(>85%) 

Figure 7. Synthesis of perfluoro(3-phenoxypropyl vinyl ether) 

PARTS 
by WEIGHT 

P O L Y M E R 100 

MEDIUM THERMAL BLACK 2 0 . 0 

MAGNESIUM OXIDE 15.0 

HEXAMETHYLENE DIAMINE CARBAMATE 1.5 

Figure 8. Diamine formulation for curing 
perfluorophenoxy-containing polymer 

f o rm water a n d magnes ium fluoride. U n d e r the conditions requ i red to 
complete the vu lcan izat ion , water must be expel led f rom the m o l d e d 
piece, and , because of the l o w permeabi l i ty of the rubber to moisture, 
the step postcure must be carr ied out s lowly to prevent sponging. 

Al ternate ly , aromatic bisnucleophi les may be used to cure these 
perf luorophenoxy-containing polymers . Examples of t y p i c a l cross l inking 
agents are shown i n F i g u r e 10. Potass ium salts are shown, but c a l c i u m 
salts are also effective. These cross l inking agents require an accelerator 
to funct ion w e l l . I n general , the accelerators f ound to be most efficient 
are po ly ethers ( F i g u r e 11) such as polyethylene ether g lyco l s— 
C H 3 - 0 - ( C H 2 - C H 2 ) n - O H — o f molecular weight about 350 ( C a r b o w a x 
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2. K A L B E T A L . Terpolymers 21 

350) ( 8 ) , or the cyc l i c polyether compounds of " c r o w n " structure ( 9 ) . 
A t y p i c a l f o rmulat ion is shown i n F i g u r e 12. 

T h e role of the accelerators is not k n o w n , but they may serve as 
so lub i l i z ing agents, complex ing agents, or ion izat ion agents. T h e c o m 
plete c u r i n g reaction is quite slow, and the content of cross l inking sites 
is l o w so that l ong post cures—up to five days—are required . T h e last 
24 hours of the cure is carr ied out at 290° C under ni trogen to obta in 
the best h igh-temperature properties. 

H 2 N - C H 2 

I . 
+ C H 2 + '/ 2Mg0 * 

C H 2 

\ 

+ \ (MgF 2) + V 2 H 2 0 

Figure 9. Diamine curing of phenoxy-containing 
polymer 

Raw Polymer Properties 

T h e phys i ca l properties of r a w terpolymer are essentially ident i ca l 
w i t h that of the d i p o l y m e r descr ibed b y Barney et al. ( I ) , w i t h a f ew 
exceptions. Low- temperature characteristics are essentially unchanged, 
but uncured polymers show some loss i n thermal stabi l i ty attr ibutable to 
the t h i r d monomer. F o r example, a perf luorophenoxy-containing po ly 
mer lost about 12% of its we ight after heat ag ing i n an air c i r cu la t ing 
oven at 316° C i n six days, whereas the d ipo lymer contro l lost only 
6.5% under s imi lar condit ions. 

Because of the s imi lar i ty of the t h i r d monomers investigated, r a w 
p o l y m e r density is essentially constant f rom po lymer to po lymer : 
2.04 ± 0.01. C u r e d a n d postcured g u m stock has a density of 2.01 a n d 
b lack stock conta in ing 10 phr . S A F b lack has a density of 2.02. 

R a w po lymer is insoluble i n most fluids, m a k i n g the determinat ion 
of so lut ion viscosity very difficult. Solutions of 0.2 g /100 g solvent m a y 
be prepared i n 2,2,3-trichloroheptafluorobutane ( H a l o c a r b o n 437, b y 

C F 3 CF 2 

0 - C F - C F 2 - 0 - C F 

& ; 
F i 

CF 3 CF 2 

I I 
0 - C F - C F 2 - 0 - C F 
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O'K* 0"K* 

DIPOTASSIUM SALT DIPOTASSIUM SALT OF DIPOTASSIUM SALTOF 
OF HYDROQUINONE 2,2"BIS( 4-HYDROXYPHENYL) 2,2-BIS(4-HYDROXYPHENYL) 

PROPANE ( BISPHENOL A ) PERFLUOROPROPANE 
(BISPHENOL AF) 

Figure 10. Typical bisnucleophiles used in curing phenoxy-containing 
perfluoroelastomer 

C H 3 - O - ( - C H 2 - C H 2 - 0 H 

e.g."CARBOWAX 350" 

DICYCLOHEXYL- 1 8 - C R 0 W N - 6 

( 2 , 5,8,15,18, 21 -HEXAOXATRICYCLO [ 2 0 . 4 . 0 . 0 9,18j HEXACOSANE) 

Figure 11. Accelerators for perfluoroelastomer curing 

H a l o c a r b o n Products , Inc. ) or i n a few other chlorofluorocarbons con
ta in ing 2-3% b y weight of a po lar cosolvent such as methanol , t r i ch loro 
acetic ac id , or g lyme. I n these solvents, determinations of so lut ion v is 
cosity indicate that inherent viscosities ( 7 7 ^ ) of 0.4 or greater are 
necessary to ob ta in adequate vulcanizate properties. 

Properties of the Cured Polymer Stocks 

E x p e r i m e n t a l studies to date indicate that there is l i t t le basic differ
ence i n the resistance to chemicals or swe l l ing b y fluids between c o m 
positions conta in ing the different crosslink monomers. T h i s is prob 
ab ly because the cure site monomer, a n d even the cross l inking agent 
i n the po lymer , represent on ly a smal l part of the finished vulcanizate . 
Fur thermore , the inherent resistance of the po lymer to various fluids a n d 
to chemica l attack, coupled w i t h its l o w permeabi l i ty , contr ibute to the 
s imi lar i ty of materials cured w i t h various agents. O n l y the most drastic 
tests show differences i n performance. 
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2. K A L B E T A L . Terpolymers 23 

A br ie f tabulat ion of the vulcanizate properties to indicate the l eve l 
of per formance that can be achieved w i t h these new perfluoroelastomers 
is i n order (10): 

F i g u r e 13 tabulates some of the phys i ca l properties. T h e data 
shown are for b lack stocks. 

F i g u r e 14, illustrates the outstanding resistance of b lack v u l c a n i -
zates to heat ag ing i n air ( thermal ox idat i on ) . 

BLACK 
STOCK 

P O L Y M E R 100 

SUPER ABRASION 10 
FURNACE BLACK 

MAGNESIUM OXIDE 4 

A C C E L E R A T O R 3 

B ISPHENOL 3 

Cure 30 min at 177 °C 
Oven Cure. ROOM TEMP to 290 °C -

5 DAY STEP - N 2 

Figure 12. Typical cure formulation for 
curing phenoxy-containing perfluoroelas

tomer with bisnucleophiles 

90 DUROMETER STOCK 20phr SAF BLACK + CURATIVES 
Cure 30 mins. / 3 5 0 ° F + POSTCURE TO 4 0 0 ° F ( 5 0 0 ° F tor COMP. SET) 

ORIGINAL PHYSICAL PROPERTIES 
STRESS / STRAIN at 7 5 ° F 

Mioot Psi. 1350 
TB , psi. 2720 
E B , % 160 
HARDNESS (Durometer A ) 89 

COMPRESSION SET-METHOD B 
70 hrs. at 121 °C (250 °F ) 23% 
70 hrs. at 288 °C (550 °F ) 45% 

CLASH -BERG STIFFNESS TEMP. 
(10,000 psi TORSIONAL MODULUS ) + 2 8 ° F 

BRITTLE TEMPERATURE - 3 8 ° F 

TEMPERATURE RETRACTION 
T-IO +30 °F 
T-50 4 6 ° F 

TEAR D-470 (pli) 13 

Figure 13. Typical physical properties of perfluoroelastomer 
black vulcanizates 

GUM 
STOCK 

100 

4 * 
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500 

| 400 

5 300 
(3 

TEMP. 2 8 8 ° C ( 5 5 0 ° F ) 
AIR CIRCULATING OVEN 

12 16 
TIME , DAYS 

Figure 14. Effect of heat aging on perfluoroelastomer black 
(10 phr SAF) vulcanizate tensile properties 

3* 

I 200 
t— 
"X o z 
S 100 232°C (450WF) 30mm Hg of MOIST AIR 

cJT 24 
b 
~ 20 
</> 
o. 

- 16 m 

S ,2I" 
o 8 -

4 • 

V 
T7~ 

V V V 

20 40 60 80 
WEEKS at 2 3 2 ° C 

100 120 140 

Figure 15. Effect of heat aging under conditions of operation 
for high-performance aircraft 

F i g u r e 15 shows heat ag ing characteristics at 30 m m air pressure 
a n d 232° C—cond i t i ons s imi lar to w h a t a high-performance aircraft 
might encounter i n flight. 

F i g u r e 16 illustrates the excellent resistance of b lack v u l c a n i z e d 
stocks to swe l l ing w i t h various fluids. 
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2. K A L B E T A L . Terpolymers 25 

I n add i t i on to black, the elastomer m a y be compounded w i t h other 
c o m m o n fillers such as s i l i ca , c lay, a n d asbestos. H o w e v e r , i n general , 
their re inforc ing properties are infer ior to carbon. F o r certain uses, i t 
is advantageous to c o m p o u n d the rubber w i thout fillers. Th i s g u m v u l 
canizate has poorer phys i ca l properties than loaded stock but is better 
i n chemica l resistance. B o t h reinforced a n d g u m recipes may inc lude 
perfluoro greases or oils as plasticizers to soften vulcanizates w i thout 
affecting apprec iab ly chemica l resistance. 

F i g u r e 17 tabulates the electr ical properties of the g u m stock i n 
comparison w i t h those of Tef lon fluorocarbon resin. 

WT. TENSILE EL0N6. 
INCREASED RETD..% RETD.,% 

J P - 5 J E T - F U E L 0 100 100 

B E N Z E N E 1.3 80 100 

CARBON TETRACHLORIDE 3.2 75 100 

2B ALCOHOL 0 100 100 

A C E T O N E 1.0 73 100 

E T H Y L ACETATE 1.2 73 100 

PYRI DINE 1.0 96 100 

ACETIC ANHYDRIDE 0.5 94 100 

SODIUM HYDROXIDE (46%) 0 100 100 

Figure 16. Resistance of black vulcanizate perfluoroelastomer 
(10 phr SAF black) to various fluids at 25° C and seven-day 

immersion 

(i) 
ELASTOMER TFE 

DIELECTRIC CONSTANT "E" 2 . 8 - 3 . 2 2.1 

DISSIPATION FACTOR "D" 1 x 10"3 3 x 10"4 

( 5 0 % R H , 7 3 ° F ) 

D C . RESISTIVITY "p" 10 1 8 ohm-cm 10 1 8 

DIELECTRIC STRENGTH > 2000 volts/mil 400 
( BREAKDOWN ) 

(1) GUM STOCK -VULCANIZED 

<2> P L A S T I C S WORLD (1965). 

Figure 17. Dielectric properties of gum perfluoro
elastomer 
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Safety Notes 

(1 ) M a n y of perfluoro compounds ment ioned are toxic a n d shou ld 
be h a n d l e d only b y competent investigators i n w e l l vent i lated areas. 

(2 ) T h e po lymer iza t i on w o r k reported here in requires compression 
of tetrafluoroethylene-perfluoro ( m e t h y l v i n y l ether) mixtures. T h i s opera
t ion must be considered potent ia l ly hazardous a n d should be carr ied 
out only i n adequately barr i caded areas. 
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Novel Heat Resistant Plastics from 

Hydrogenation of Styrene Polymers 

J. F. P E N D L E T O N and D. F. H O E G 

Roy C. Ingersoll Research Center, Borg-Warner Corp., 
Des Plaines, Ill. 60018 

E . P. G O L D B E R G 

Xerox Corp., Rochester Research Center, Webster, N.Y. 

The combination of polymer preparation by anionic tech
niques and hydrogenation technology based on soluble 
transition metal catalysts has allowed the facile hydrogena
tion of polystyrene and styrene-diene block copolymers. 
Problems encountered in hydrogenation of polymers using 
conventional techniques have been avoided. Polystyrene is 
hydrogenated to poly(vinylcyclohexane) (PVCH) which has 
a heat distortion temperature 60°C higher than polystyrene. 
PVCH, however, has low impact strength. By hydrogenat
ing styrene-diene block copolymers, materials with heat 
and impact resistance resulted. By varying the level of 
polystyrene in the diene block copolymers products of 
hydrogenation ranged from rubbery to rigid materials all 
of which were clear, tough, and heat resistant. 

/ ^ h e m i c a l modi f i cat ion of polymers ( I ) , such as halogenation, epox ida-
t ion , a n d chlorosul fonation, has g iven the industry useful products 

w h i c h i n most cases c o u l d not be made d i rec t ly f rom monomer p o l y 
mer izat ion . Hydrogenat i on , a more esoteric f orm of po lymer modi f i ca 
t ion , w h i l e b e i n g as o l d as po lymer chemistry , has not g iven commer
c ia l ly useful polymers u n t i l recently. Staudinger , i n the 1920's, used 
the hydrogenat ion of rubber (2 ) a n d l o w molecular we ight polystyrene 
(3) to prove that the macromolecules w e r e composed of l ong chains 
w i t h p r i m a r y valence bonds as opposed to the current theories at that 
t ime w h i c h considered "po lymers" as association complexes of l o w molec 
u lar w e i g h t species (4). S ince that t ime hydrogenations of polystyrenes 

27 
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28 P O L Y M E R I Z A T I O N R E A C T I O N S A N D N E W P O L Y M E R S 

a n d polydienes have been studied i n the hope of obta in ing commerc ia l ly 
attractive po lymer derivatives (5, 6, 7, 8, 9 ) . T w o reviews i n this area 
by M o b e r l y (10) and W i c k l a t z (11) discuss the development of new 
techniques bo th i n synthesis a n d catalysis for the hydrogenat ion of po ly 
dienes a n d styrene-diene copolymers. W h i l e the b u l k of research dis 
cussed i n these reviews has been invo lved w i t h polydienes, some inter
esting work w i t h non-diene polymers should be mentioned. Po lyacry lo -
n i t r i l e has been hydrogenated b y J . H . Parker (12) to the po lya l l y lamine 
us ing a 15% n i cke l catalyst i n the presence of ammonia . G luesenkamp 
(13) reported the par t ia l hydrogenat ion of po ly ( v i n y l ch lor ide ) i n d i 
m e t h y l acetamide again w i t h a h i g h leve l of catalyst ( P d / C ) . Ste in-
hofer (14) a n d W a r n e r (15 ) , us ing h i g h concentrations of n i c k e l cata
lysts, hydrogenated polystyrene homopo lymer to po ly (v iny l cyc lohexane ) . 
A s observed i n a l l the references, the use of nob le meta l a n d typ i ca l 
transit ion metal hydrogenat ion catalysts requ i red long reaction times, 
h i g h catalyst concentrations, and h i g h temperature. T h i s was accom
panied b y problems i n catalyst removal a n d in most cases some molec
u lar b r e a k d o w n of the po lymer d u r i n g hydrogenat ion. Problems are 
compounded w h e n the po lymer to be hydrogenated is crossl inked or 
not complete ly soluble i n the hydrogenat ion solvent. T h e recent use of 
so-cal led soluble transit ion metal catalysts made b y the reaction of 
a lky la luminums a n d transit ion meta l salts is descr ibed i n Mober ly ' s 
review, a n d these systems, at least i n po lydiene and styrene diene 
copolymers, avo id the problems encountered w i t h t y p i c a l heterogeneous 
catalysts. W o r k i n our laboratory confirms that residence times are 
short, catalyst concentrations are low, a n d product w o r k u p is easy. I n 
fact, the act iv i ty of such systems is t ru ly catalyt ic in that as m u c h as 
4 k g of a s tyrene-butadiene copo lymer can be hydrogenated completely 
us ing a soluble catalyst conta in ing only 1 gram of cobalt . 

T h e impetus for this research was generated f rom the extraordinary 
properties established for hydrogenated amorphorus polystyrene— i .e . , 
po ly (v iny lcyc lohexane) ( P V C H ) . These properties are shown i n T a b l e 
I. B y complete hydrogenat ion of polystyrene, density is decreased b y 
10%, hardness is signif icantly improved , c lar i ty is mainta ined , a n d w i t h 
this heat resistance is dramat i ca l ly improved . A n increase of 60°C i n 
A S T M heat distort ion is demonstrated; this, of course, is reflected i n the 
h i g h tensile strengths at elevated temperatures shown i n T a b l e I. U n 
fortunately, the br i t t le character of polystyrene system was not i m p r o v e d 
on hydrogenat ion . T h i s was the starting point for this research—to 
develop a tough product w h i l e ma inta in ing the inherent heat resistance 
of the P V C H . 

Since v inylcyc lohexane c o u l d not be po lymer ized b y conventional 
free r a d i c a l in i t ia t i on , i n our laboratory, the opt ion of po lymer izat ion i n 
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3. P E N D E L T O N E T A L . Heat Resistant Plastics 29 

T a b l e I. P h y s i c a l Propert ies of Po lystyrene ( P S ) vs. 
P o l y (v iny l cyc l ohexane ) ( P V C H ) 

Property PS PVCH 

Specific g r a v i t y 1.04 0 .94 

R o c k w e l l hardness, 116.0 125.5 
" R " scale 

* P / C d l / g r a m 0 .78 ( C 6 H 6 ) 0 .61 ( C 6 H 1 2 ) 

M o l e c u l a r weight (Mw) 265,000 235,000 
(light scattering) 

Die lectr ic constant 2 .58 2 .56 

U l t i m a t e tensile X 10 3 

psi 

25°C 4 . 5 3 .9 
60°C 2 .9 1.9 
80°C 2 .0 1.5 

100°C 0 .05 1.4 
120°C — 1.2 

H e a t d istort ion tempera- 8 1 . 5 142.5 
ture, °C ( A S T M - 6 4 8 , 
264 psi) 

D y n s t a t impact i}/2 2 .9 k g c m / c m 2 2 .9 k g c m / c m 2 

unnotched) 

the presence of rubber as done to prepare impact styrene was not v iab le . 
M e l t b l e n d i n g of P V C H w i t h rubbery polymers d i d not impar t the 
degree of toughness that c o u l d be obta ined i n melt b l e n d i n g polystyrene 
w i t h rubbers. T h e fact that no impact modi f icat ion was obta ined even 
w h e n the b lended rubber was almost complete ly saturated ind i ca ted that 
no graft ing on the rubber was accompl ished as is assumed i n po lysty 
rene - rubber b l e n d i n g to produce impact polystyrene. These factors plus 
the lack of an economical source of v iny lcyc lohexane showed that the 
best method of m o d i f y i n g P V C H was to mod i fy polystyrene a n d h y d r o -
genate this to the P V C H derivative . 

W e bel ieve that a rubber -modi f ied polystyrene c o u l d not be h y d r o 
genated efficiently. E v e n a s tyrene-butadiene emuls ion copo lymer w i t h 
l o w gel content c o u l d only be par t ia l l y hydrogenated a n d then only 
very s lowly f o l l owed b y difficult catalyst removal . 

So luble copolymers of styrene were considered as candidates for 
hydrogenat ion to impact P V C H materials . A n i o n i c diene copolymers 
w i t h styrene were chosen for study because the structure of po lyd iene 
portions c o u l d be contro l led to g ive flexible rubbery segments on h y d r o -
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30 P O L Y M E R I Z A T I O N R E A C T I O N S A N D N E W P O L Y M E R S 

genation. T h e po lydiene structures l isted i n T a b l e II a l l g ive flexible 
to rubbery products on hydrogenat ion . 

Poly isoprene on hydrogenat ion gives a rubber d i r e c t l y — a n alternat
i n g e thy lene-propylene po lymer . Po lybutadiene can give polyethylene 
on hydrogenat ion i f it is a l l 1,4 in structure or a variety of flexible-to-
rubbery ethylene-butene copolymers as the 1,2 content of the po lybuta 
diene is increased. These po lydiene structures can be incorporated as 
segments i n anionic styrene copolymers. 

Table II. H y d r o g e n a t e d Diene Po lymers 

C H 3 C H 3 

I H I 
CHoC C H C H 2 n

 > C H 2 C H CH2CH2 n 
Poly (L4- i soprene ) A l t e r n a t i n g E P rubber 

H 
— C H 2 C H = C H C H 2 — n

 > — C H 2 C H 2 C H 2 C H 2 — 
P o l y (1,4-butadiene) Po lyethylene 

H 
— C H 2 C H = C H — C H 2 — n — C H 2 C H — m > 

I 

C H 

C H 2 

R a n d o m 1,4-1,2-polybutadiene 
CH2CH2CH2CH2 n C H 2 C H m 

I 
C H 2 

C H 3 

R a n d o m ethylene-butene elastomer 
I n add i t i on to the var iat ion in diene composit ion a n d microstructure, 

anionic techniques also a l l o w a variety of b lock copolymer structures. 
W e investigated three basic types of b lock structure. U s i n g styrene a n d 
butadiene as the mode l system, two b lock structures s tudied were pure 
d i - a n d tr ib lock prepared b y sequential add i t i on of the monomers i n 
a b u t y l l i t h i u m in i t ia ted system, g i v i n g styrene-butadiene ( S B ) a n d 
styrene-butadiene-styrene ( S B S ) b lock polymers. I n add i t i on , mixed 
b lock polymers ( S B M ) were hydrogenated. T h i s type of start ing po ly 
mer was prepared b y a l k y l l i t h i u m in i t ia t ion w i t h both monomers present. 
T h e first b lock is a mixture of mostly po lybutadiene w i t h some of the 
styrene randomly d is tr ibuted i n this segment (10 to 35% of total styrene 
charged, depending on composit ion) w i t h the remain ing styrene only 
compr is ing the second b lock (16, 17). T h e letter designations used 
here for the various products are based on the designation for the u n -
hydrogenated p r o d u c t s — S B S , S B , or S B M for s tyrene-butadiene systems 
where B is the t y p i c a l 90% 1,4- /10% 1-2-polybutadiene from b u t y l l i t h i u m 
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3. P E N D E L T O N E T A L . Heat Resistant Plastics 31 

in i t ia t i on i n hydrocarbons. F o r po lybutad iene of h igher 1,2 content the 
designation is, for example, S B (1 ,2)S. I n a l l h i g h v i n y l products the 
(1,2) percent i n the po lybutadiene segment is about 50%. T h e n u m b e r 
preced ing the letters is the overa l l styrene content pr i o r to hydrogena
t ion. T h e hydrogenated product carries an R after the composit ion 
identi f icat ion, a n d this refers to complete hydrogenat ion of bo th the 
diene a n d styrene portions. F o r example as 2 5 S B M - R is a fu l ly h y d r o 
genated m i x e d b lock po lymer of 25% styrene a n d 75% butadiene. 

T h e hydrogenated polymers i n a l l ranges were transparent a n d h a d 
heat stabi l i ty far superior to the styrene-butadiene counterparts. T h e 
inherent thermal oxidative stabi l i ty was demonstrated b y repeated ex
trusion of unstab i l i zed products w i t h o u t loss of c lar i ty or decrease i n 
viscosity. T h e leve l of styrene content s tudied was f rom 10% to 90%, 
a n d the properties of the hydrogenated derivatives general ly ranged 
f rom tough rubbery products at l o w styrene to tough, r i g i d , heat resistant 
products at h i g h styrene content. T h e products obta ined i n these two 
areas are descr ibed be low. 

Laboratory Procedure 

A l l operations were carr ied out i n the absence of a ir under argon. 
Styrene B l o c k P o l y m e r Synthesis. G L A S S W A R E . A l l glassware was 

d r i e d at 130°C i n a forced air oven overnight a n d cooled to room tem
perature under an argon purge. T h e 12 oz a n d 28 oz "pop " bottles were 
capped immediate ly after coo l ing under an argon purge , w i t h a neo-
prene l iner a n d a meta l perforated c r o w n cap. T h e 12-oz bottles are 
borosi l icate glass, a n d the 28-oz bottles were soft glass. I n a l l cases, 
contents were a d d e d to the bottles b y syringe needle. 

S O L V E N T S . Tetrahydrofuran (THF). T H F (Dupont ) was d i s t i l l ed i n 
a s imple d is t i l la t ion setup, w h i c h h a d been flamed out under argon. T o 
1500 m l of the T H F , w h i c h was passed through molecular sieves, w e 
added 20 m l . styrene and enough 1.52V b u t y l l i t h i u m so lut ion i n hexane 
to give a permanent ye l l ow collor. A s m a l l forerun was d iscarded , a n d 
the T H F d is t i l l ed d irect ly into 28-oz bottles, w h i c h were capped a n d 
pressured w i t h argon. 

Cyclohexane. Pure grade cyclohexane ( P h i l l i p s Petro leum C o . ) 
was passed through act ivated L i n d e 3 A molecular sieves under argon 
into a stainless steel oxygen b o m b (9 g a l ) . It was dispensed under 
pressure through a va lve connected to polyethylene t u b i n g w i t h a syringe 
needle attached. 

M O N O M E R S . Styrene. Styrene ( E a s t m a n whi te l a b e l ) , 1200 m l , was 
p laced i n a dry 2-liter R . B . flask conta in ing a Tef lon-covered magnetic 
stirrer. W h i l e s t i r r ing under argon, d i e t h y l ether, 200 m l ( a n h y d r o u s ) , 
a n d benzophenone, 12 grams, were added a n d then 1.0 gram of sod ium 
i n smal l pieces. O n st i rr ing overnight, a deep b lue color develops, i n 
d i ca t ing that a l l impurit ies are purged . W i t h o u t s topping the st i rr ing , 
the flask was attached to a dry , vacuum dist i l lat ion setup. T h e system 
was then evacuated a n d filled w i t h argon twice , and the v a c u u m was 
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brought eventual ly to 40 m m as the vapor pressure of the ether permits . 
T h e ether was col lected i n the dry ice trap a n d a forerun of 25-50 m l 
was col lected at 50°C a n d 40 m m . P u r e styrene was then col lected 
( 5 0 ° C / 4 0 m m ) , y i e l d i n g approximate ly 1 l i ter . T h i s was transferred to 
12-oz capped bottles b y syringe needles, p u r g e d w i t h argon, a n d stored 
i n a d ry ice chest. 

Butadiene. P h i l l i p s special p u r i t y butadiene (99.5 mole %) was 
d i s t i l l ed f rom the cy l inder into a d ry ice c h i l l e d 1700-cc bomb. T h i s 
b o m b was then inverted a n d connected to a 4' x 2" stainless steel c o l u m n 
p a c k e d w i t h 3 A molecular sieves. ( 4 A sieves cause po lymer iza t i on ; 3 A 
do not.) T h e l i q u i d butadiene was passed through this c o l u m n a n d 
metered out s lowly (150 grams i n 15 minutes ) through a vernier needle 
va lve connected to a syringe needle into the po lymer izat i on bottles. 

Isoprene. Matheson pure grade isoprene was passed s lowly through 
3 A molecular sieves into a d ry R . B . flask. T o this (500 m l ) w e a d d e d 
50 m l of a 25% t r i i s o b u t y l a l u m i n u m solut ion i n hexane. T h e isoprene was 
d i s t i l l ed i n a s imple d is t i l la t ion setup a n d col lected i n 12-oz bottles 
w h i c h are capped a n d mainta ined at 10 ps i argon. A d d i t i o n to po ly 
mer izat ion bottles was accompl ished b y syringe. 

P U R G I N G S O L U T I O N A N D C A T A L Y S T P R E P A R A T I O N . T O a dry , 12-oz 
capped bott le w e a d d e d 100 m l of benzene, 5 m l of «-methylstyrene a n d 
5 m l of 1.52V b u t y l l i t h i u m i n hexane. T h i s mixture was w a r m e d to 50° C 
for one-half hour or u n t i l the deep red #-methylstyrene anion color 
formed. It was kept under 10 ps i argon a n d stored w i t h the styrene i n 
the dry ice chest. 

T h e catalyst so lut ion was prepared b y a d d i n g 25 m l 1.5N b u t y l 
l i t h i u m (Foo te M i n e r a l C o . , i n hexane) to 250 m l of argon-degassed 
cyclohexane i n a 12-oz bottle. T h e active b u t y l l i t h i u m concentration was 
determined b y the method of G i l m a n ( 1 8 ) , except that T H F was used 
instead of d i e t h y l ether. 

T h e react ion flasks (50 m l E r l e n m e y e r ) were dry , argon-f i l led, a n d 
capped w i t h serum stoppers. T o each was added 10 m l T H F a n d 1 m l 
b e n z y l chlor ide . F o u r m l of catalyst solution were added to two of these 
a n d 8 m l to two more. A f t e r at least one minute , the solutions were 
poured into d i s t i l l ed water (100 m l ) , a n d the L i O H was t i trated w i t h 
standard ac id to a pheno lphthale in endpoint . T h e difference between 
the 4 m l a n d 8 m l a l iquot samples is the inact ive content of the catalyst 
solution. T h i s takes into account any impurit ies w h i c h may have been 
present i n the T H F or b e n z y l chlor ide . T o t a l l i t h i u m content was deter
m i n e d b y quench ing 4 m l of the catalyst solution i n 100 m l of water and 
t i t rat ing w i t h standard ac id . T h e molar i ty of the catalyst so lut ion i n 
act ive b u t y l l i t h i u m is s i m p l y the total L i O H ac id t itre less the inact ive 
L i O H titre. 

P O L Y M E R I Z A T I O N P R O C E D U R E . T h e bottles used to store styrene, 
isoprene, p u r g i n g solution, catalyst solution, cyclohexane, a n d T H F are 
a l l ma inta ined under approximate ly 15 ps i argon pressure. In remov ing 
samples b y syringe, the bottles are inverted , a n d the solutions are 
pressured into the syringe. T h i s el iminates any chance of contaminat ion 
b y air seepage around the barre l of the syringe, as sometimes happens 
i n n o r m a l syringe operation. 

A l l laboratory polymerizat ions were r u n i n 28-oz bottles conta in ing a 
Tef lon-covered magnet ic s t i rr ing bar . Cyc lohexane , 550 m l , was pressured 
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3. P E N D E L T O N E T A L . Heat Resistant Plastics 

into the bottle, a n d the solvent was degassed b y insert ing a l ong , 18 
gage needle to the bot tom of the bott le a n d b l o w i n g argon through the 
r a p i d l y s t i r r ing solvent a n d out a n 18 gage needle at the top. A t 
pressures between 10 a n d 25 ps i , the m a x i m u m flow rate i n such a sys
tem is approximate ly 3 l i t e r s /minute . T h i s flow cont inued for at least 
15 minutes. 

T h e proper amount of styrene was a d d e d b y syringe, a n d argon 
p u r g i n g was cont inued for a f ew minutees longer. T h e mixture was then 
cooled to approximate ly 10 °C , and , w h i l e s t i rr ing , the p u r g i n g so lut ion 
was a d d e d careful ly u n t i l a s l ight color change was observed—water -
w h i t e to a l ight y e l l o w or tan. T h e bott le was then shaken to ensure that 
a l l impur i t ies were purged . 

If this is to be a m i x e d b lock synthesis, butadiene is a d d e d at this 
po int a n d then the catalyst. T h e f o l l o w i n g procedure describes a pure 
A B A b lock synthesis. 

W i t h the styrene purged , catalyst is a d d e d b y syringe i n an amount 
w h i c h depends on the final molecular we ight desired accord ing to the 
f o l l ow ing equat ion : 

T h e bottle is then p laced in a 50 °C water bath a n d is st irred b y a 
magnet ic s t i rr ing motor under the bath for 3 hours. It is removed a n d 
cooled to near room temperature, we ighed , a n d butadiene is a d d e d f r o m 
the butadiene d r y i n g co lumn. W h e n the desired weight of butadiene has 
been introduced , the bott le is re turned to the ba th , a n d the p o l y m e r i z a 
t ion is a l l owed to proceed for 5 hours. 

F o r the last b lock, a styrene-in-cyclohexane solut ion is prepared a n d 
p u r g e d s imi lar to the start ing solution, a n d the proper amount is added 
b y syringe d irect ly into the po lymer iza t i on bott le at 50°C. T h i s por t ion 
of the po lymer i za t i on is a l l owed to proceed for an add i t i ona l 3 hours 
a n d is terminated b y the add i t i on of a f ew mi l l i l i ters of methanol . T h e 
polymers are prec ip i tated i n methanol i n a W a r i n g B lendor , s tab i l i zed 
w i t h 1% N-phenyl - j8 -naphthylamine a n d d r i e d i n a v a c u u m oven. If the 
product is hydrogenated, the quench w i t h methano l is not done a n d the 
cyclohexane solution of the po lymer is used d irect ly . 

H y d r o g e n a t i o n C a t a l y s t P r e p a r a t i o n . A 0 .081M so lut ion of h y d r o 
genation catalyst (based on cobalt) was prepared b y a d d i n g 23.6 grams 
of cobalt ( I I ) 2-ethylhexanoate cyclohexane solut ion (12.0% cobalt w / w , 
H a r s h a w C h e m i c a l C o . ) over a p e r i o d of 90 minutes to a so lut ion of 
18.8 grams (0.165 mole ) of t r i e t h y l a l u m i n u m i n 495 grams of cyc lo 
hexane (Texas A l k y l s ) . A d d i t i o n is to a capped bott le w i t h vent ing . 
T h e a luminum-to -coba l t rat io was 3:1. A nickel -based system can be 
prepared b y subst i tut ing n i c k e l ( I I ) 2-ethylhexanoate for the cobalt 
octoate. 

H y d r o g e n a t i o n Procedure . Ninety - f ive pounds of a cyclohexane 
solution conta in ing 12.5 pounds of a 40 S B S po lymer (rjsWc = 0.79 d l / 
gram, benzene 2 3 ° C ) were charged to a 20-gal autoclave. T h e reactor 
was pressurized tw i ce to 50 ps ig w i t h hydrogen a n d 750 m l of a 0 . 1 9 M 
cobalt catalyst was added . T h e hydrogenat ion was conducted at a h y 
drogen pressure of 3500 ps i at 250°C for 80 minutes. T h e product 

M o l e c u l a r weight = grams monomer 
moles catalyst 
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i n solution at 5 0 ° - 6 0 ° C was m i x e d w i t h 10% aqueous n i t r i c a c i d to 
extract catalyst residues a n d prec ip i tated i n methanol . T h e wh i te 
product h a d a viscosity of 0.85 d l / g r a m i n D e c a l i n at 135°C (rjSX)/c). 
T h e r e was no unsaturation, either a l iphat i c or aromatic , detected b y 
in frared analysis on a P e r k i n - E l m e r record ing grat ing spectrophotometer. 
A film was cast f rom hot cyclohexane onto N a C l plates, and no absorp
t i on was observed at 960 c m 1 (£rans-l,4-polybutadiene), 910 c n r 1 (1,2-
po lybutad iene ) , or 690-695 c m - 1 (po lys tyrene) . Prepared standards 
showed that less than 0.5% a l iphat i c or aromatic unsaturat ion can be 
readi ly observed. 

T a b l e III. Retent ion of Tens i le Strength at E l e v a t e d Temperatures 

Tensile 

Polymer Vsp/c T, °C psi 

1 ,4 -PBde -R 1.73 25 3160 
75 1180 

1 0 S B M - R 1.72 25 3440 
75 1940 

1 5 S B M - R 1.64 25 4240 
75 2740 

2 0 S B M - R 1.74 25 2770 
75 2000 

2 5 S B S - R 1.62 25 3030 
75 2420 

4 0 S B S - R 1.10 25 4500 
100 1500 

Results 

F l e x i b l e H y d r o g e n a t e d S t y r e n e - D i e n e Po lymers . These h y d r o 
genated styrene butadiene polymers w i t h less than 50% styrene are tough, 
puncture resistant, clear, flexible plastics; certain members have true 
elastomeric properties. T h e heat resistance impar ted b y the P V C H seg
ments is shown i n T a b l e I I I . A s ind i ca ted earl ier the designation - R 
shows complete hydrogenat ion of a l l unsaturat ion, bo th aromatic a n d 
alphat ic . T h e retention of tensile strength at elevated temperatures is 
d i rect ly re lated to the increase in P V C H content. A t 40% P V C H ( for 
the 40 S B S - R ) a tensile strength of 1500 ps ig was observed even at 
100°C. 

T h e effects of b lock structure a n d microstructure and the overa l l 
effect of hydrogenat ion i n the l ow styrene conta in ing polymers are 
i l lustrated i n T a b l e I V . T h e data show that the unhydrogenated S B 
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3. P E N D E L T O N E T A L . Heat Resistant Plastics 35 

Table IV. Effect of Hydrogenation and Block Structure in 
2 5 % Styrene-Diene Polymers 

Tensile 

No. Polymer 
Vsp/ci 

dl/gram 
Yield, 

psi 
Ultimate, 

psi 

Elonga
tion, 
% 

IER,° 
% 

1 2 5 S B 0 .98 — 30 < 5 -

2 2 5 S B - R 1.25 1820 3420 600 72 

3 2 5 S B M 0.84 — 110 < 5 — 
4 2 5 S B M - R 0 .99 1300 4380 350 82 

5 2 5 S B S 1.32 190 > 6 5 0 >1300 H i g h 

6 2 5 S B S - R 1.62 1780 4550 800 75 

7 25SB(1 ,2 )S -R .94 180 >2570 >1300 94 

8 2 5 S I S - R 1.39 240 1390 1000 97 
a Immediate elastic recovery from 100% extension 

Table V . Physical Properties Rigid Hydrogenated SB Polymers 

Tensile 

Ulti- Elonga-
Vsp/c, Yield, mate, tion, Flex. Mod. HDT,a Impact,6 

No. Polymer dl/gram psi psi % psi X 103 °C ft lbs/in 

1 56SB M -R 1.67 2200 3500 445 — 114 N B 

2 70SB M -R 1.47 3400 3800 100 150 129 1.9 

3 75SB M -R 2.10 3560 3610 20 160 136 1.9 
4 80SB M -R 1.13 — 4800 10 260 138 .9 

5 90SB M -R .89 — 5560 5 — 132 .2 

6 70SB-R .86 — 4730 5 320 140 .4 

7 70SBS-R 1.29 — 4690 6 280 138 1.1 

8 70SB(1,2)S-R 1.31 3480 3190 9 200 140 1.3 

9 75SBS-R 1.10 — 4750 <5 330 138 1.0 

10 80SBS-R 0.88 — 5180 7 365 137 0.6 
a Micro-Test. ASTM-648 equivalent for 70 SBS-R = 104°C. V8 X % X sample 

10 mil deflection at 264 psi as described by Chang and Goldberg (20). 
6 Notched Izod impact strength 
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Table VI . Heat Distortion Temperature vs. Loading 

Polymer 

70SBS-R 75SBM-R ppa P^MPh 

V i c a t softening temp. , °F 

H e a t d is tort ion temp. , 
( A S T M - 6 4 8 ) 264 ps i , °F 

66 ps i , °F 

293 279 311 383 

217 202 145 127 

252 230 

° Polypropylene (Hercules-Profax) 
6 Poly-4-methylpentene (ICI-TPX) 

a n d S B M (Nos . 1 and 3) d ib lock polymers are rubbery but have l o w 
break ing strength a n d w o u l d require c o m p o u n d i n g a n d vu l can izat i on to 
be useful elastomeric materials. H o w e v e r , their hydrogenated counter
parts (Nos . 2 a n d 4) have excellent phys i ca l properties a n d as ind i ca ted 
earl ier ( T a b l e I I I ) have resistance to heat superior to the u n h y d r o -
genated polymers. T h e y are plastic i n nature h a v i n g re lat ive ly h i g h 
y i e l d tensiles a n d fa ir ly l o w elastic recoveries. T h e unhydrogenated 
tr ib lock po lymer ( N o . 5 ) is t ru ly elastic i n the unva lcan ized state. T h i s 
has also been described elsewhere (19). T h e hydrogenat ion of the 
t r ib lock po lymer ( N o . 6 ) , however , gives a mater ia l s imi lar to the h y d r o 
genated d ib lock polymers , a n d thermoplast ic elastomer properties are 
not observed u n t i l the microstructure of the central diene segment is 
changed to h i g h 1,2 i n the starting b lock po lymer ( N o . 7 ) . Rather than 
a polyethylene- l ike central segment as i n N o . 6, N o . 7 has a rubbery 
central segment; i n this case be ing specif ically a 50 /50 random e t h y l e n e -
butene copolymer. T h i s effect has also been reported ( 8 ) . P o l y m e r 8 
has thermoplast ic elastomer properties even though the centra l b lock i n 
the starting mater ia l is 1,4-polyisoprene because the hydrogenated der i 
vat ive is an alternat ing ethylene propylene copolymer. 

R i g i d H y d r o g e n a t e d S t y r e n e - D i e n e Po lymers . W h i l e the effects of 
chang ing b lock structure i n the l ow styrene unhydrogenated polymers 
were quite dramatic , this is not the case w i t h the h i g h styrene or r i g i d 
copolymers. T h e effect of hydrogenat ion was dramatic , however , and 
is reflected i n the heat resistant properties of this series. T a b l e V lists 
properties of various r i g i d hydrogenated styrene diene polymers . As 
expected, increasing the P V C H leve l increases the heat distort ion a n d 
flexural m o d u l i i n a l l b lock structures. A t a g iven P V C H leve l the 
S B - R po lymer (cf. Nos . 2, 6 a n d 7) has the highest flexural modulus 
b u t also has the lowest impact strength. T h e S B S - R polymers (7 a n d 
10) are stiffer than the S B M - R polymers (2, 3 a n d 4) at the same P V C H 
content, but the S B M - R polymers can reta in a good balance of properties 
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at a h igher P V C H level . It was hoped that m a k i n g the butadiene b lock 
of h i g h 1,2 microstructure i n a 70SBS w o u l d give h igher impact strength 
to the hydrogenated product , analogous to the r u b b e r i z i n g effect noted 
i n the 2 5 S B ( 1 , 2 ) S - R ( T a b l e I V , N o . 7 ) . T h e impact was s l ight ly 
h igher (cf. Nos . 7 a n d 8 ) , but stiffness was decreased. T h e o p t i m u m 
balance of properties for an engineering plast ic (heat distort ion tempera
ture, stiffness, a n d impact strength) is f o und i n the S B S - R a n d S B M - R 
polymers conta in ing 70-75% P V C H blocks. T h e heat resistance is not as 
sensitive to l oad ing as i n h i g h me l t ing crystal l ine hydrocarbon polymers 
l ike po lypropy lene a n d poly-4-methylpentene. A comparison is m a d e i n 
T a b l e V I . T h e useful temperature at f u l l loadings for the P V C H po ly 
mers is signif icantly h igher than these crysta l l ine hydrocarbon polymers. 

T a b l e V I I . L i g h t Transmiss ion through Transparent Plast ics 

Polymer 
450 mix, 

%T 
550 my., 

%T 
600 my.. 

%T 

P M M A 93 93 93 

P S 88 89 90 

P V C H 88 90 91 

7 0 S B S - R 75 79 82 

2 5 S B M - R 72 77 79 

T h e fact that the entire f a m i l y of P V C H plastics is c lear adds to 
the value of these polymers. D a t a reflecting the leve l of l ight trans
mission are presented i n T a b l e V I I . 

P V C H is comparable w i t h polystyrene i n l ight transmission a l though 
bo th have transmission less than P M M A . It should be possible to i m -

T a b l e V I I I . P V C H B lends w i t h H y d r o g e n a t e d S B M Po lymers 

Wt. % Micro Izod 
Wt. % Wt. % PVCH in Flex. Mod., HDT, Impact, 

No. PVCH SBM-R SBM-R psi X W3 °C ft lbs/in Appearance 

1 90 10 25 — — — opaque 
2 85 15 25 — — — transparent 

3 90 10 70 — — — transparent 

4 75 25 25 210 126 0.3 transparent 

5 70 30 25 120 127 0.9 transparent 

6 65 35 25 90 120 1.6 transparent 

7 60 40 25 71 108 3.7 transparent 

3 10 90 56 90 125 no break transparent 
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prove transparency i n the hydrogenated b lock p o l y m e r b y increasing the 
1,2 content i n the diene block. I n their present form they bo th give 
x-ray patterns characterist ic of l o w density polyethylene. A h igher 1,2 
content i n the start ing diene b lock c o u l d e l iminate the crystal l ine po ly 
ethylene contr ibut ion . 

P V C H B lends W i t h H y d r o g e n a t e d S B Po lymers . O n e early goal 
of this research was to find a po lymer that c o u l d be b l e n d e d w i t h P V C H 
to g ive an impact resistant product . C o n v e n t i o n a l unsaturated rubbers 
were incompat ib le . W e d i d find, however , that P V C H - c o n t a i n i n g co
polymers were compat ib le w i t h P V C H a n d c o u l d y i e l d clear, tough 
plast ic compositions as shown i n T a b l e V I I I . T o ob ta in transparency, 
a m i n i m u m of 15% of a 25% P V C H compo lymer is required . D e p e n d i n g 
on the ratios of P V C H to the copolymer, tough heat-resistant products 
can be made. 

I n summary the hydrogenat ion of styrene-diene b lock polymers is 
a prac t i ca l route to tough, c lear heat-resistant plastics. Var iat ions i n 
overal l phys i ca l properties can be obta ined b y contro l l ing composit ion, 
microstructure , a n d the nature of the b lock sequence us ing convent ional 
anionic po lymer izat ion techniques. 
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Segmented Polyester Thermoplastic Elastomers 

W. K. WITSIEPE 1 

E . I. du Pont de Nemours and Co., Inc., Elastomer Chemicals Department, 
Experimental Station, Wilmington, Del. 19898 

The preparation and physical properties of a group of 
polyether-polyester copolymers are described. Where the 
polyester component has a high homopolymer melting point, 
the resulting copolyesters are tough, resilient, thermoprocess
able elastomers. Polymer hardness and modulus character
istics may be varied from a fairly soft elastomer to an 
impact-resistant plastic by varying the relative amounts of 
polyether (soft segment) and polyester (hard segment). The 
general characteristics of these polymers suggest that these 
materials have a continuous amorphous polyether phase 
tied together with crystalline hard segment domains. Prop
erties such as tear strength, flex resistance, and oil resist
ance may be modified by incorporating a second ester 
component; in these latter polymers, the crystalline phase 
contains one, but not both, of the hard segment ester com
ponents. Melting points of the copolymers depend upon 
the mole fraction of crystallizable hard segment. 

n p h i s report deals w i t h the synthesis a n d character izat ion of copoly-
esters der ived f rom po lya lky lene ether glycols, aromatic d i carboxy l -

ates, a n d short -chain a l iphat i c diols . M o d i f i c a t i o n of polyethylene tere-
phthalate b y use of u p to 20 w t % of h igh-molecu lar -weight polyethylene 
ether g lyco l was first reported independent ly b y C o l e m a n ( J ) a n d 
Snyder (2 ) to y i e l d po lymer i c fibers h a v i n g i m p r o v e d dye recept iv i ty 
a n d moisture regain , as w e l l as greater flexibility, c ompared w i t h the 
unmodi f i ed po lymer . M e l t i n g po int a n d tenacity of the modi f ied po ly 
mers were s imi lar to those of unmodi f i ed polymers . C o l e m a n (3 ) also 
reported that the polyether d i d not interfere w i t h the crysta l l in i ty of 
po lyethylene terephthalate, a n d that the polyether res ided w h o l l y i n 

1 Present address: E. I. du Pont de Nemours and Co., Inc., Elastomer Chemicals 
Dept., P.O. Box 1378, Louisville, Ky. 40201 
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5 40 
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Flow 

_l_ 
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POLYETHYLENE TEREPHTHALATE HARD SEGMENT, Wt.% 

Figure 1. Melting point (x-ray) of segmented polyesters having 
a 4000 M n polyether glycol soft segment and a polyethylene tere-

phthalate hard segment (5) 

amorphous regions of the semicrystal l ine fibers. Copo lymers conta in ing 
30% polyether h a d l i m i t e d elasticity. 

J . C . Shivers (4, 5 ) broadened this approach to inc lude other p o l y -
alkylene ether glycols a n d polyester h a r d segments. Charac ter i za t i on of 
polymers h a v i n g a m u c h broader range of ether content showed that a 
w i d e variety of p roduc t s—rang ing f rom h a r d plastics to semicrystal l ine 
elastomers and , at h i g h ether content, to soft elastic g u m s — c o u l d be 
obtained ( F i g u r e 1 ) . T h e elastomers descr ibed b y Shivers were re
ported to have excellent stress decay a n d tensile recovery w h e n tested 
as d r a w n fibers. Subsequently , other workers investigated the use of 
polyether esters i n various fiber, film, a n d adhesive appl icat ions (6, 7, 
8, 9, 10). C e r t a i n characteristic properties of aromatic polyesters such 
as h i g h me l t ing point , inso lub i l i ty i n most solvents, excellent melt sta
b i l i t y , a n d h i g h strength make them of interest as h a r d segments i n 
thermoprocessable elastomers. 

Experimental 

Cata lys t . M a g n e s i u m meta l (1.41 grams, 0.058 gram-atom) is added 
to 300 m l of dry 1-butanol a n d the b u t a n o l refluxed for about four hours 
i n the absence of moisture. T h e magnes ium reacts to form a gelatinous 
mass after; 36.0 grams (0.106 mole ) of tetrabuty l t itanate is then added 
a n d reflux cont inued for an add i t i ona l hour. T h e result ing homogene
ous solut ion is cooled a n d bot t led u n t i l r equ i red . 
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P o l y m e r i z a t i o n . These materials are p laced i n a 300-ml d is t i l la t ion 
flask fitted for d i s t i l la t i on : polytetramethylene ether g lyco l ( P T M E G ) , 
number-average molecular weight about 1000 (35.0 grams, 0.035 m o l e ) ; 
1,4-butanediol ( 4 G ) (25.0 grams, 0.28 m o l e ) ; d i m e t h y l terephthalate 
( D M T ) (40.0 grams, 0.21 m o l e ) ; sym-d i - /^naphthy l -p -pheny lened iamine 
(0.15 g r a m ) . 

A stainless-steel stirrer w i t h a padd le cut to conform w i t h the inter 
n a l radius of the flask is pos i t ioned about % inch f rom the bot tom of 
the flask a n d agitat ion is started. T h e flask is p laced i n an o i l b a t h at 
200°C, agitated for five minutes , and 0.3 m l of catalyst is added . 
M e t h a n o l d is t i l la t ion starts almost immediate ly , a n d d is t i l la t ion is prac 
t i ca l ly complete i n 20 minutes. T h e temperature of the o i l b a t h is 
mainta ined for one hour after the add i t i on of catalyst. T h e temperature 
of the bath is then increased to 260°C d u r i n g about 30 minutes. T h e 
pressure on the system is then reduced to 0.5 m m H g or less (about 0.1 
m m H g measured w i t h a M c L e o d gauge at the p u m p ) a n d d is t i l la t ion 
at reduced pressure is cont inued for about 90 minutes. T h e result ing 
viscous, mol ten product is scraped f rom the flask i n a ni trogen (water -
and oxygen-free) atmosphere a n d a l l owed to cool . 

M a t e r i a l s . Excep t for the short -chain diols , a l l of the reagents 
were of commerc ia l qua l i ty and used as received. T h e short -chain diols 
( E a s t m a n ) were d i s t i l l ed f rom a smal l quant i ty of s od ium before use. 

Test M e t h o d s . Inherent viscosities were determined at a concentra
t ion of 0.1 g / d l i n m-cresol at 30°C and are reported i n d l per gram. 

M e l t i n g points and glass transit ion temperatures were determined 
in the usua l w a y b y use of a dif ferential scanning calorimeter ( D u p o n t 
M o d e l 900) . H e a t i n g rate was 11° C / m i n . 

T o determine mechanica l properties, unless otherwise noted, a l l 
specimens were pressed at about 20°C above their me l t ing point , h e l d 
at this temperature, a n d then cooled under pressure over five to 10 
minutes to room temperature. T h e y were then condi t ioned at 24 ° C 
a n d 50% relat ive h u m i d i t y for at least two days before testing. 

Test methods used were : 
Hardness , Shore A S T M D2240 
Tens i l e strength A S T M D 4 1 2 
E l o n g a t i o n at break A S T M D412 , D i e C 
Tens i l e modulus A S T M D 4 1 2 
T e a r strength A S T M D1938 at 50 i n . / m i n 
Tors i ona l modulus A S T M D1043 

( C l a s h - B e r g ) 
Compress ion set A S T M D 3 9 5 - 5 5 , method B , Compress ion set 

22 hr /70° C 
B r i t t l e po int A S T M D 7 4 6 

Discussion 

T h e copolyesters may be considered as h a v i n g been der ived b y 
randomly jo in ing , head-to- ta i l , soft and h a r d segments. A general ized 
structure i s : 
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( 0 — C H 2 C H 2 C H 2 C H 2 ) x O C — A R — C - -
II N 
0 o 

- - 0 D 0 — C — A R — C -
II II 
o o 

Soft Segment H a r d Segment 

A R = the aromatic moiety of the d icarboxylate 
D = the alkylene por t ion of a short -chain d i o l 

x = the number of tetramethylene ether units 
i n the polytetramethylene ether g lyco l 

Copolyesters have been prepared f rom d i m e t h y l terephthalate, po ly 
tetramethylene ether g lyco l (molecular weight , 1000) a n d various 
short -chain diols , especial ly 1,4-butanediol and ethylene g lyco l . W i t h 
1,4-butanediol, the crystal l ine h a r d segments ( w h i c h produce the h i g h -
modulus t ie-point domains ) consist of consecutive units of tetrameth
ylene terephthalate ( 4 G T ) ; w i t h ethylene g lyco l , these segments consist 
of ethylene terephthalate ( 2 G T ) . T h e amorphous phase contains units 
of polytetramethylene ether g lyco l terephthalate ( P T M E G - T ) . 

Copolyesters conta in ing two aromatic carboxylate residues have 
been synthesized, too. F o r example, 1,4-butanediol has been used w i t h 
d i m e t h y l terephthalate i n combinat ion w i t h a number of d i m e t h y l esters, 
i n c l u d i n g d i m e t h y l phthalate ( 4 G P ) , d i m e t h y l isophthalate ( 4 G I ) , d i 
m e t h y l sebacate ( 4 G 1 0 ) , a n d d i m e t h y l m-terphenyl -4 ,4" -dicarboxylate 
( 4 G T P ) . 

F o r convenience, po lymer compositions w i l l be specified accord ing 
to their h a r d segment we ight percentage a n d soft segment composit ion. 
F o r example, 44% 4 G T / P T M E G - T is a random segmented copolymer 
conta in ing 44% by weight of tetramethylene terephthalate segments a n d 
56% b y we ight of polytetramethylene ether terephthalate. Unless other
wise specified, a l l data refer to polytetramethylene ether g lyco l h a v i n g 
a number-average molecular weight of 980. 

Synthesis 

T h e polyether esters are made b y t y p i c a l melt po lymer izat i on pro 
cedures. A prepo lymer is first prepared b y interchange of the m e t h y l 
ester of one or more aromatic d i carboxy l i c acids w i t h a mixture of a 
po lymer i c d i o l a n d enough short-chain d i o l for an overal l 50% excess of 
h y d r o x y l funct ional i ty ( F i g u r e 2 ) . A titanate catalyst is generally used. 
M e t h a n o l is fract ionated f r om the reaction mixture to avo id loss of 
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0 0 
11 / ^ \ 'I 

2MeOC-/ O )-C0Me • 
A 

3 H 0 R 0 H 

2 0 0 ° C , catalyst 

0 0 

H O R O C - ^ ( ^ L O COROH + 4MeOHf 

2 5 0 ° C , <1 Torr 

ii TT^VII H II 
+ HOROHf 

Figure 2. General method for synthesizing seg
mented polyester elastomers. HOROH is a mixture 

of a long-chain diol and a short-chain diol. 

either m e t h y l esters or short-chain d i o l . T h e ester prepo lymer is d r i v e n 
to h i g h molecular we ight b y d is t i l la t ion of the or ig ina l short -chain d i o l 
excess at 240°-250°C at less than 1 m m . T h e course of the react ion m a y 
be f o l l owed b y measur ing the power requ i red to stir the react ion mass 
at some slow, constant rate. T h i s rate w i l l p lateau after about 90 
minutes, depending u p o n precise conditions of agitat ion, temperature, 
a n d pressure. F i n a l po lymer molecular we ight is determined b y the 
rate of compet ing degradat ion a n d coup l ing reactions. As F i g u r e 3 
shows, the po lymer izat i on rate increases as react ion temperature i n 
creases. H o w e v e r , at a h i g h react ion temperature of 265°C, final molec
ular we ight is l i m i t e d b y the onset of degradation. O p t i m u m reaction 
temperature is about 250°C. A t this temperature, degradat ion is s low, 
a n d final molecular we ight once achieved is fa i r ly insensitive to con 
t inued react ion t ime. 

A l t h o u g h this paper is concerned p r i m a r i l y w i t h polytetramethylene 
ether g lyco l as the po lymer i c component of the copolyester elastomer, 
other polyglycols can be used; for example, polyethylene ether g lyco l 
and po ly - l , 2 -propy lene ether g lyco l . Var ious combinations of short -chain 
diols a n d dicarboxylates may be used also, as ment ioned ( 4 ) . 
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Polymer Characterization 

As might be expected f rom their semicrystal l ine character, the po ly 
ether esters are insoluble b e l o w their me l t ing points i n most solvents. 
Except ions are proton donor solvents such as phenols a n d a few par t ia l l y 
ch lor inated hydrocarbons ( ch loro form and 1,1,2,2-tetrachloroethane). 
m-Creso l is a useful solvent for measurement of d i lute -so lut ion viscosity, 
osmotic-pressure determinations, a n d gel -chromatographic fract ionation. 
T h e copolymers are complete ly soluble i n m-cresol w i thout g i v i n g a 
significant gel fract ion. N o n e of the properties evaluated thus far 
shows any ind i ca t i on of significant l ong-chain branch ing . 

2.0 -

I l 

265°C 

1 I 

250°C 

1.5 - / 2 3 0 ° C 

c 

1.0 - / 
^ ^ 2 1 0 ° C 

0.5 

i i i i 
20 40 60 80 

POLYMERIZATION TIME,min. 

Figure 3. Polymerization of a 58 % 4GT/PTMEG-T 
copolymer at 0.03 torr. Catalyst is 0.22mM 
TilOC4H9)t and 0.13mM Mg(CH3COO)2 per 100 

g of polymer. 

U l t i m a t e properties such as tensile and tear strength depend u p o n 
po lymer molecular weight . Stress-strain curves for three polymers h a v 
i n g the same composit ion but different inherent viscosities are compared 
i n F i g u r e 4. A l l three polymers have s imi lar m o d u l i at l o w elongations, 
but they differ i n modulus at h i g h extension and elongation at break. 
M e c h a n i c a l properties are relat ively unaffected b y molecular we ight 
after a certain m i n i m u m molecular -weight leve l is reached. A l t h o u g h 
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they vary w i t h composit ion, o p t i m u m properties are usual ly obta ined at 
molecular weights of about 25,000, corresponding to an inherent v i s 
cosity of about 1.5. T h e po lymer has the expected geometric molecular -
we ight d i s t r ibut ion ( F i g u r e 5 ) . 

MOLECULAR WEIGHT 

Figure 5. Molecular-weight distribution of a 
58% 4GT/PTMEG-T copolyester by gel per
meation chromatography; polymer 77^ is 1.49 
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C a l o r i m e t r i c data prov ide evidence that the terpolymers contain a 
s izable crystal l ine fract ion. F i g u r e 6 compares the D S C trace of a 
phys i ca l mixture of h igh-molecular we ight 4 G T a n d P T M E G - T (ether 
l inkage molecular weight is 2000) w i t h that of a copolymer h a v i n g the 
same overal l composit ion. T h e posit ion of the 4 G T me l t ing endotherm 
i n the mixture is about 2 ° C lower than that of pure 4 G T . H o w e v e r , 
the corresponding me l t ing point i n the ether-ester copo lymer of the 
same overal l composit ion is shifted d o w n w a r d about 47°C. S i m i l a r l y , 
the endotherm corresponding to that of the soft segment homopo lymer 
is about 12 °C lower i n the copolymer. 

I 1 i i I 
0 100 200 250 

TEMPERATURE, °C 

Figure 6. Differential scanning calorimeter traces 
of a 33% 4GT/PTMEG(2000)-T copolymer and 
of a polymer blend having the same composition; 
solid line represents copolymer; dashed line rep

resents blend. 

C o p o l y m e r me l t ing points depend generally upon the mole fract ion 
of 4 G T , as suggested b y F l o r y (11). F i g u r e 7 shows the me l t ing points 
of various polymers (as their reciprocals i n ° K ) plotted against the mole 
fract ion of 4 G T present. O n a molar basis, the polyether a n d various 
short -chain ester segments are about equal ly effective i n r e d u c i n g co
po lymer me l t ing po int despite the w i d e differences i n their respective 
molecular weights. It is apparent that a g iven we ight fract ion of a 
high-molecular -weight soft-segment comonomer w i l l result i n less mel t 
i n g po int depression than w i l l a lower-molecular -weight comonomer 
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"o H m o> Figure 7. E#ec£ o/ 4 G T mote fraction (Nx) on the 
zz co L ^ .= melting point (Tm by DSC) of various copolyesters; 

«5c ^ " S • = 4GT/PTMEG-T; A = 4GT/4GI; O = 4 G T / 
^ 4GII PTMEG-T; A = 4GT/4G-10; data of Ueberreiter 

and Steiner (12) 

( F i g u r e 8 ) . Since a re lat ively large weight fract ion of soft segment 
must be incorporated into 4 G T to obta in products h a v i n g a l o w enough 
modulus for many elastomeric appl icat ions, the use of a h igh-molecular -
we ight soft segment is mandatory i f adequate heat resistance is to be 
obta ined i n these r a n d o m copolymers. 

X - r a y measurements confirm a n d extend the calor imetr ic results. 
A dif fraction pattern of a d r a w n fiber of a 4 G T / P T M E G - T copo lymer 
h a v i n g 57.5% by we ight of 4 G T is shown i n F i g u r e 9. T h e patterns are 

crystallites are the same i n bo th the copo lymer a n d homopolymer . T h i s 
ident i ca l w i t h that of 4 G T homopolymer , except for the presence of a n 
amorphous halo i n the copolymer. C r y s t a l spacings of hard-segment 
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230r 

1.0 .9 .8 .7 .6 .5 
WEIGHT FRACTION,4GT 

Figure 8. Effect of 4GT weight fraction 
on the melting points (DSC) of various 
copolyesters; calculated from Figure 7; 
A = 4GT/PTMEG-T; B = 4GT/4G10 

Figure 9. Wide-angle x-ray dif
fraction pattern of a stretched 
fiber of a 57% 4GT/PTMEG-T 

copolyester 
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4. wiTsiEPE Polyester Thermoplastic Elastomers 49 

WEIGHT FRACTION 4GT 

Figure 10. Glass transition temperature of 4GT/PTMEG-T copolymers 

is interpreted to mean that the crysta l l i zed phase is essentially free of 
soft-segment mater ia l . 

Glass- transit ion temperatures of 4 G T / P T M E G - T copolymers, as 
measured b y D S C , are i n accord w i t h their structures as suggested b y 
the foregoing calor imetr ic a n d x-ray studies. T h e soft segment Tg is 
close to that reported (13) for polytetramethylene ether g lyco l ( —84'°C) 
w h e n the h a r d segment content is be low about 40% ( F i g u r e 10) . T h e 
D S C does not show a c learly defined h a r d segment Tg, but curvature of 
the scan at about 50° C cou ld be interpreted either as a Tg or as a minor 
endotherm. A t very h i g h hard-segment content—for example, 76% 4 G T — 
an apparent soft-segment Tg occurs at — 2 ° C . These changes can be 
rat ional ized on the basis of more 4 G T segments be ing forced into the 
amorphous reg ion at the higher hard-segment level . I n add i t i on , the 
degree of pseudocross- l inking has been increased. Th i s effectively de
creases the length of unrestricted soft-segment polytetramethylene ether 
chains. C o p o l y m e r Tg is not reflected i n low-temperature properties 
such as br i t t l e point . F o r example, the 76% 4 G T / P T M E G - T copolymer 
referred to has a br i t t le po int of - 6 0 ° C . 

Based on these data a n d on electron microscope examination, R . J . 
C e l l a (14) has conc luded that phase separation occurs i n polyether 
esters b e l o w their me l t ing points, as shown i n F i g u e 11. T h e continuous 
phase consists of essentially a l l of the soft-segment mater ia l , i n add i t i on 
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to any polyester segments that are either too short to crystal l ize or can 
not do so because of cha in entanglement or h i g h melt viscosity. T h e 
r e m a i n i n g polyester seems to be dispersed i n the f orm of fibrillar c rysta l 
l ine lamel lae closely connected at g rowth faces b y short tie molecules. 
I n add i t i on , other ties to the crystal l ine domains serve to fix the amor
phous phase mater ia l into an elastic network. I n essence, then, a more-
or-less continuous crystal l ine network is super imposed on a continuous 
amorphous network. 

T h i s morphology is par t ly in ferred f rom the stress-strain curve of 
these materials ( F i g u r e 12) . T h e curve is t yp i ca l l y composed of three 
c learly defined regions. A t l ow elongations, 5-10%, force increases a l 
most l inear ly w i t h e longation a n d deformation is reversible. Between 
about 50 a n d 200% elongation, force is re lat ively independent of further 
elongation a n d deformation is only par t ly reversible. A t h igher e longa
tions, force increases w i t h extension about as expected for a crysta l l i z -

Figure 11. Schematic diagram of the proposed 
morphology of polyether ester copolymers; A = 
crystalline domain; B = junction area of crystal
line lamella; C = polymer hard segment that has 

not crystallized; D = polymer soft segment 
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6000 

200 300 400 
ELONGATION, % 

600 

Figure 12. Stress-strain curve of a 58% 4GT/PTMEG-T co-
polyester. ASTM D-412 dumbells were strained at 2 in./min. 

able amorphous network. It appears that i n i t i a l extension is due to 
reversible de format ion of the crystal l ine domains a n d the short t ie 
molecules that connect them. I n the second area, reorientat ion of 
crystal l ine domains i n the d irec t ion of stress al lows plast ic flow of b o t h 
networks. A t h igher elongation, an increasing share of the force is 
borne b y entropic extension of the o r ig ina l amorphous phase w i t h re la 
t ive ly l i t t le further cha in s l ippage. 

Polymer Mechanical Properties 

M e c h a n i c a l properties depend u p o n the chemica l structure of b o t h 
the h a r d - and soft-segment constituents. Properties such as m e l t i n g 
point , modulus , so lubi l i ty , a n d resistance to creep a n d set are inf luenced 
p r i m a r i l y b y the nature of the h a r d segment, its concentration, a n d its 
state of crystal l izat ion . Low- temperature flexibility as w e l l as tensile 
a n d tear strength also vary w i t h hard-segment composit ion and concen
trat ion but , i n add i t i on , strongly depend on the composi t ion of the 
amorphous phase. 

Copo lymers h a v i n g P T M E G - T soft segments a n d h a r d segments 
consist ing of the terephthalates of a series of a,<o-diols exhibi t a regular 
var ia t i on i n modulus that correlates w i t h hard-segment homopo lymer 
me l t ing po int ( F i g u r e 13) . A t the levels of hard-segment content 
invest igated, the lower m o d u l i are associated w i t h the lower me l t ing 
points. 
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M o d u l u s values vary regular ly w i t h hard-segment content ( F i g u r e 
14) . T h e soft-segment homopo lymer itself, P T M E G - T , is a soft g u m 
that flows readi ly w h e n stressed. D e p e n d i n g upon the molecular we ight 
of the polyether moiety, copolymers h a v i n g as l i t t le as 10-20% 4 G T h a r d 
segment resist permanent deformation, but have re lat ive ly l o w strength 
at 25°C, w i t h marked loss of strength at 70°C. Po lymers h a v i n g more 
than about 30% 4 G T h a r d segment are tough a n d reta in their strength 
at elevated temperature. 

U n l i k e modulus , tear resistance is not c learly re lated to hard-seg
ment me l t ing point . F o r example, polymers h a v i n g a tr imethylene 
terephthalate h a r d segment have considerably l ower tear resistance than 
those h a v i n g a 4 G T h a r d segment, a l though the homopo lymer me l t ing 
points are comparable . W i t h a g iven h a r d s e g m e n t — 4 G T , for example— 

Figure 13. Variation of tensile stress (300%) with 
hard-segment melting point in PTMEG-T copoly
esters; A = 2GT; A = 3GT; O = 4GT; • = 
5GT; • = 6GT; 32% hard segment; 

50% hard segment 
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4. W I T S I E P E Polyester Thermoplastic Elastomers 53 

Figure 14. Effect of hard-segment weight fraction on the 
tensile stress at 100% elongation and tear strength of 
4GT/PTMEG-T copolymers; tensile stress is represented 

by solid line, tear strength by dashed line 

trouser tear resistance at 50 i n c h per minute depends u p o n h a r d seg
ment content i n m u c h the same w a y as does modulus ( F i g u r e 14) . 

A t a g iven hard-segment content, tear resistance is more read i ly 
correlated b y amorphous phase composit ion. F o r example, the tear 
resistance a n d tensile strength of polymers made us ing a po lypropy lene 
ether-terephthalate soft-segment g lyco l i n p lace of P T M E G - T are re la 
t ive ly l o w ( T a b l e I ) . T h e changes are i n the d i rec t ion expected f rom 
results reported us ing the two polyols i n various polyurethanes ( 1 5 ) . 
These effects are be l ieved to result f r om the tendency of po lytetra 
methylene ether sequences to stress-crystallize at h i g h elongation. 

T h e amorphous phase composit ion may also be modi f ied b y use 
of m i x e d short -chain ester segments. P a r t i a l replacement of the 4 G T 
h a r d segment w i t h another results both i n decreasing 4 G T concentrat ion 
a n d i n r educ ing its overal l mole fract ion. T h e effects o n modulus are 
shown i n F i g u r e 15 for the P T M E G - T / 4 G T / 4 G I system. As the tere
phthalate mole f ract ion is decreased i n a po lymer h a v i n g constant total 
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T a b l e I . C o m p a r i s o n of Po lye ther Soft Segments 

Polyol composition PTMEG PPG 

P o l y o l M n 

rnnh, d l creso l /g 
Stress at 1 0 0 % elongation, psi 
Tensi le strength, psi 
E l o n g a t i o n at break, % 
T e a r resistance, p l i 

1990 
1.56 
2020 
7700 

640 
300 

1940 
1.28 
2010 
3400 

470 
130 

"phtha late " content, modulus decreases u n t i l , at a 4 G T mole f ract ion 
of 0.25, the system is essentially amorphous a n d the po lymer has no 
strength. As the mole fract ion of terephthalate is decreased further, 
4 G I crysta l l izat ion apparent ly becomes important and modulus aga in 
increases. 

These effects are not un ique to copolymers i n the isophthalate / 
terephthalate system but are the expected results of c opo lymer i z ing the 
crystal l izable tetramethylene terephthalate h a r d segment w i t h any re la 
t ive ly l ower -mel t ing short-chain d i o l ester segment. T h e apparent 
eutectic at a 4 G T mole fract ion of 0.25 represents the condi t ion where 
there are few short -chain d i o l ester segments present of either type hav 
i n g sufficient length to crystal l ize . 

.2 .3 .4 .5 .6 
MOLE FRACTION 4GT 

.7 .75 

Figure 15. Effect of 4GI mole fraction on the tensile stress at 100% 
elongation of 4GT/4G1/PTMEG-T/I copolyesters; 4GI + 4GT content 
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T 1 1 1 1 1 1 1 r 

I i i i i i i i i i i—I 
1 2 3 4 5 6 7 8 9 10 

HARD SEGMENT SEQUENCE LENGTH,n 

Figure 16. Weight distribution of hard-segment sequences in polyester 
copolymers; 40% 4GT/PTMEG-T (A), 40% 4GT/10% 4G-P/PTMEG-

T/P (B) 

I f w e assume a random d is t r ibut ion of h a r d segment units a long 
the po lymer cha in , then the weight fract ion of h a r d segment units hav 
i n g a g iven length i n the copolymer may be calculated f rom the overa l l 
composit ion. T w o such calculations are shown i n F i g u r e 16 for a 40% 
4 G T / P T M E G - T copolymer a n d for a s imi lar copo lymer i n w h i c h 10% 
of the P T M E G - T is replaced w i t h an equa l amount of tetramediylene 
phthalate . I n the case of the po lymer that contains only terephthalate, 
the d i s t r ibut ion of 4 G T i n sequences of v a r y i n g length is re lat ive ly 
broad , a n d 31% of the copolymer consists of 4 G T i n sequences at least 
four units i n length. H o w e v e r , the phthalate copolymer contains only 
24% 4 G T i n sequences of the same length, a l though the overal l tere
phthalate contents of the two polymers are the same. T h e mole frac
t i on of phthalate i n the mixed -ac id copolymer is so l o w that only very 
short noncrystal l izable sequences cou ld be expected. Th i s difference i n 
po lymer structure results i n a decrease i n the content of h igh -me l t ing 
crystal l ine domains i n the copolymer, and introduces noncrystal l ine 
esters into the amorphous phase. 

Some of the effects of us ing a combinat ion of short cha in ester units 
are shown i n T a b l e II (16). M o d u l u s at 100% elongation appears to be 
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T a b l e I I . P h y s i c a l Propert ies of P T M E G - T / 4 G T Po lymers C o n t a i n i n g 
Second S h o r t - C h a i n E s t e r G r o u p 

4 G T W e i g h t fract ion 0 .40 0 .40 0 .40 0 .40 0 .50 0 .40 
Other short -chain ester, weight 

fract ion 0 .1 0 .10 0 .10 0 .10 — — 
Other short -chain ester, 

structure 4 G 1 0 4 G P 4 G I 4 G T P — — 
r)inh) d l creso l /g 1.6 1.7 1.8 1.9 1.6 1.6 
Stress at 1 0 0 % elongation, psi 1040 1040 1100 1200 1800 1210 
Stress at 3 0 0 % elongation, psi 1250 1320 1420 1720 2200 1600 
Tensi le strength, psi 4480 6670 7440 7350 7400 2500 
E l o n g a t i o n , % 860 760 780 520 780 730 
T e a r resistance, p l i 150 190 220 650 290 150 
C l a s h B e r g , TVooo - 5 3 - 4 6 - 4 4 - 1 0 - 2 6 - 5 2 
Shore D hardness 41 43 40 49 49 44 
Compress ion set, 22 

hr. /70° C , % 54 45 70 80 54 53 

more nearly a funct ion of the 4 G T content a n d is re lat ively indepen
dent of the other added short -chain ester. E v e n w h e n the a d d e d short-
c h a i n ester is very h i g h - m e l t i n g — f o r example, tetramethylene 4,4"-ter-
p h e n y l d i carboxy late—the modulus is not increased as i t is i n a copoly
mer h a v i n g only 4 G T h a r d segments w i t h the same total content of 
short -chain ester. H o w e v e r , other properties ( such as tear resistance a n d 
low-temperature flexibility) t end to depend more on amorphous phase 
composit ion. T h e add i t i on of smal l amounts of phthalate , isophthalate, 
a n d m-terphenyl -4 ,4" -dicarboxylate short -chain ester units thus gener
a l ly increases tear resistance wi thout a commensurate increase i n either 
p o l y m e r hardness or 100% elongation modulus . I n add i t i on , l o w - t e m 
perature flexibility is adversely affected w h e n the added ester is one 
that has a re lat ive ly h i g h glass-transition temperature. These changes 
are reflected i n other types of rupture properties, such as abrasion resist
ance a n d flex resistance. 

T h e tensile strength of a po lymer conta in ing an add i t i ona l n o n 
crystal l ine short -chain ester segment tends to reach a h i g h value at 
re lat ive ly l o w inherent viscosity than one h a v i n g only 4 G T segments. 
R e d u c e d vo lume swe l l i n contact w i t h nonpolar oils a n d fuels may also 
be at tr ibuted to the greater ester content of the amorphous phase. 

T o a degree, the mechanica l properties of copolyether esters depend 
u p o n the conditions under w h i c h the sample is a l l owed to crystal l ize . 
Polymers h a v i n g 4 G T h a r d segments crystal l ize very r a p i d l y compared 
w i t h some other terephthalate copolymers. T h i s is apparent f rom the 
rate of hardness development of in ject ion-molded samples. F i g u r e 17 
compares the hardness of inject ion moldings at a 57% 4 G T / P T M E G - T 
copolymer w i t h that of a 2 G T copolymer at various times after ejection 
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of the m o l d i n g . T h e hardness of the 4 G T copo lymer reaches its final 
va lue almost immediate ly , w h i l e the hardness of the 2 G T po lymer is 
s t i l l increasing after 36 hours. 

T h e mechanica l properties of po lymer samples that crystal l ize 
s l owly depend m a r k e d l y on precise m o l d i n g conditions as w e l l as u p o n 
heat history after the m o l d i n g operation. I n general , anneal ing for 
several hours at 60°-90°C be low the po lymer me l t ing po int w i l l l ead to 
i m p r o v e d compression set a n d resistance to creep, and to decreased 
hardness and tangent modulus . Tensi le stress at elongations greater 
than 100% increases. T h e anneal ing operat ion does not affect po lymer 
inherent viscosity. 

S imi lar though less m a r k e d changes occur i n the mechanica l p r o p 
erties of fast -crystal l iz ing polymers , such as those h a v i n g 4 G T h a r d 
segments. T h e most notable change is i n compression set. T h e o p t i 
m u m temperature for improvement of compression set is about 70° -80°C 
be low the p o l y m e r s me l t ing po int ( F i g u r e 18) . 

L a c k of recovery after compression l o a d i n g at elevated temperature 
probab ly results f r om a combinat ion of creep a n d recrystal l izat ion of the 
sample w h i l e i n the stressed condi t ion . T h a t recrystal l izat ion plays a 

60 

o> 50 
to 

o 
< 

40 
UJ <r o x 
CO 

30^ 

n 1—i i i i i i | 1 1—i—i i i i i i 1 i r 

i i i i i 11 _j i i i i i I 
0.1 .5 

T I M E , hrs 
10 36 

Figure 17. Hardening rate of injection-molded samples of co-
poly ether esters. Melt temperature is 240°C; mold temperature 

is 30°C; 58% 4GT/PTMEG-T (A), 56% 2GT/PTMEG-T (B) 
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major role is apparent f rom changes i n D S C traces after the anneal ing 
operation. A n unannealed 28% 4 G T / P T M E G - T sample has broad melt 
i n g endotherms centered around 63° a n d 165°C ( F i g u r e 19a) . A f ter 

30-

• J i i i I 

25 70 100 120 150 
ANNEALING TEMPERATURE, °C 

Figure 18. Effect of annealing (24 hours) on the compression 
set (22 hr/70°C) of a 57% 4GT/PTMEG-T copolymer 

0 50 100 150 200 
TEMPERATURE/C 

Figure 19. DSC traces of a 28% 4GT/PTMEG-T copoly
mer as molded (A), after annealing 4 hours at 100° C (B), 

and after annealing 4 hours at 150°C (C) 
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anneal ing for four hours at 100°C ( F i g u r e 19b) , bo th endotherms are 
sharpened and enlarged. T h i s recrystal l izat ion presumably w i l l occur 
i n a d irect ion that tends to rel ieve stress i n the po lymer sample. W h e n 
the same po lymer was annealed at 150°C ( F i g u r e 19c) , the endotherm 
at 165°C was qui te sharp but re lat ively smal l . T h e l ow-me l t ing endo
therm is broad and , presumably , the po lymer w o u l d recrystal l ize d u r i n g 
compression-set testing at 70°C. T h e n e w network formed b y the re 
crysta l l izat ion process w o u l d tend to prevent sample recovery after 
release f r om the stressed condi t ion . 

A l l of these changes after anneal ing are consistent w i t h the assump
t ion that the amorphous region of the unannealed sample contains a 
considerable content of uncrysta l l i zed h a r d segment. T h e anneal ing 
process redistributes this into the h a r d phase and thus forms a more 
stable network. 

Conclusions 

T h e copolyester elastomers exhibit the properties expected for po ly 
mer systems i n w h i c h a continuous amorphous phase is crossl inked b y 
the formation of h igh-modulus domains. T h e general properties of the 
materials , the response of the system to copo lymer izat ion , a n d x-ray 
di f fraction and thermal data show that network format ion is bas ica l ly 
a result of par t ia l crysta l l izat ion of the copolymer. T h i s contrasts w i t h 
the s tyrene /butadiene tr ib lock polymers , where phase separation results 
f rom inso lub i l i ty of a glass-forming po lymer b lock i n the continuous 
phase ( 1 7 ) , a n d w i t h polyurethanes, where d o m a i n format ion is thought 
to result f rom the presence of either strong hydrogen bond ing or, i n 
some instances, microcrysta l l in i ty (18,19). 
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Synthesis and Properties of Imide and 

Isocyanurate-Linked Fluorocarbon Polymers 

J. A. WEBSTER, J. M . B U T L E R , and T. J. MORROW 

Monsanto Research Corp., 1515 Nicholas Rd., Dayton, Ohio 45407 

Sulfur tetrafluoride fluorination of aryl perfluoroalkyl esters 
provides a route to stable aryl perfluoroalkyl ether com
pounds (1). By using nitrophenyl esters of perfluoroalkyl
ene and perfluoroalkylene ether dicarboxylic acids, α, ω-bis 
(m-nitrophenoxy) perfluoroalkylene ether intermediates 
were prepared. The conversion of these products to the 
corresponding amino and isocyanatophenoxy derivatives is 
described. Reaction of the diamines with benzophenone
tetracarboxylic dianhydride resulted in formation of poly
imides. Cyclotrimerization of the diisocyanate intermedi
ates formed polyisocyanurates. Both the imide and iso
cyanurate polymers have high thermal, oxidative, and 
hydrolytic stability. 

he h i g h chemica l a n d thermal stabi l i ty of structures conta in ing per 
fluoroalkylene, ( C F > ) n , a n d perf luoroalkylene ether, [ R f O ] n make 

c h a i n segments of this type desirable b u i l d i n g blocks for h i g h sta
b i l i t y polymers. Var ious add i t i on a n d condensation polymers conta in
i n g these segments have been reported. A m i d i n e - and n i tr i l e - terminated 
perf luoroalkylene ether derivatives, for example, have been po lymer i zed 
to f o rm elastomeric t r iaz ine - l inked polymers. These polymers have been 
studied extensively (2, 3). T h e y show h i g h thermal a n d oxidat ive 
stabi l i ty a l though the fluorocarbon l i n k e d d i rec t ly to the tr iaz ine r i n g 
has shown evidence of i n d u c i n g hydro ly t i c instabi l i ty ( 4 ) . C h a i n seg
ments of perf luoroalkylene a n d perf luoroalkylene ether have also been 
l i n k e d through siloxane and urethane moieties (5, 6). I n these po ly 
mers, separation of the fluorocarbon segment f rom the l i n k i n g moiety 
b y one or more methylene units has been used to ga in stabi l i ty . T h e 
presence of a l iphat i c hydrocarbon moieties introduces potent ia l sites of 
oxidat ive instabi l i ty , however. 

61 
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C r i t c h l e y et al. (7 ) p repared h i g h stabi l i ty amide - a n d i m i d e - l i n k e d 
fluorocarbon polymers f r o m perf luoroalkylene d i a m i n e intermediates of 
the type : 

H 2 N ( C F 2 ) n N H 2 

where n = 3. 
I n these polymers the react ive funct ional group a n d the fluorocarbon 
segments are l i n k e d b y thermal ly a n d ox idat ive ly stable phenylene 
groups. M o r e recently, Y a k u b o v i c h et al. (8 ) a n d Feast a n d co-workers 
(9 ) reported s imi lar fluorocarbon polymers , i n w h i c h the phenylene 
moiety separates the fluorocarbon segment f rom the funct ional group 
i n v o l v e d i n the p o l y m e r - l i n k i n g reaction. 

F o r the f u l l , h igh-s tab i l i ty potent ia l of the fluorocarbon c h a i n seg
ments to be rea l i zed i n the development of n e w polymers , the chemica l 
bonds l i n k i n g the fluorocarbon segments must p rov ide a n o p t i m u m com
b i n a t i o n of thermal , oxidat ive , a n d hydro ly t i c stabi l i ty . It is t o w a r d 
this end that the development of appropr iate ary l - terminated fluoro
carbon intermediates has been sought. T h e react ive substituents on 
the a r y l rings have i n c l u d e d amine a n d isocyanate groups capable of 
f o r m i n g stable i m i d e a n d isocyanurate polymers . T h e synthesis of i n 
termediates a n d the polymers , together w i t h the properties of repre
sentative polymers , are descr ibed here. 

Perfluorinated Intermediates 

T h e avai lable sources of perf luoroalkylene segments are l i m i t e d to 
perf luoroalkylene d i iodides a n d d i carboxy l i c acids of the type 
I ( C F 2 C F 2 ) J , where n = l to 5, a n d H O O C ( C F 2 ) n C O O H , where n = 

0 o A 
C F 3 C F — C F 2 + F C ( C F 2 ) 3 C F 

+ 

O C F 3 0 

F C C F O ( C F 2 ) 4 C F 

O C F 3 C F 3 0 
III I / / 

F C C F O ( C F 2 ) 5 O C F C F 

OCF3 C F 3 0 
II I I II 

F C C F O C F 2 C F O ( C F 2 ) 4 C F 

1:1 

2:1 

+ higher oligomers 
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3 to 8. Perf luoroalkylene ether cha in segments are also ava i lab le as 
the o l igomer d i carboxy l i c acids f o rmed b y the a d d i t i o n of hexafluoro-
propylene epoxide to per f luoroglutaryl fluoride, as descr ibed b y F r i t z 
a n d W a r n e l l ( J O ) . 

L i n e a r perf luoroalkylene ether d i carboxy l i c acids, H O O C -
( C F 2 C F 2 O C F 2 C F 2 ) w C O O H , are reported to have been prepared b y U V -
cata lyzed c o u p l i n g reactions (6) a n d oxidat ive po lymer iza t i on reactions 
( I I ) . A l t h o u g h these structures are considered to represent the pre 
ferred c h a i n segments, the synthesis methods apparent ly have not been 
developed enough for commerc ia l ava i lab i l i ty . 

Synthesis of Intermediates 

T w o k n o w n synthesis routes were used to convert short -chained 
perf luoroalkylene d i carboxy l i c a c id a n d d i i o d i d e intermediates to d i a r y l 
intermediates. T h e copper-catalyzed c oup l ing of a r y l a n d fluorocarbon 
iodides descr ibed b y M c L o u g h l i n a n d T h r o w e r (12) p r o v i d e d con
venient synthesis of short -chained d iphenylper f luoroalkylene compounds 
w h e n appropr iate fluorocarbon di iodides were avai lable . T h e prepara 
t i on of d i a r y l intermediates via a r y l ketone synthesis a n d subsequent 
S F 4 fluorination react ion p r o v i d e d a satisfactory alternative synthesis of 
l ower -molecular -weight intermediates (13). 

^ \ ^ M g B r + H O O C ( C F 2 ) 4 C O O H — 

O 0 

, C ( C F 2 ) 4 C . ( C F 2 ) Or X) ^ ^ 
S F 4 fluorination of the diketone f r om perf luoroglutaric ac id , however , 
f o rmed a h i g h y i e l d of the cyc l i c ether. 

C F S 
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A n interest ing observation was that this diketone is a re lat ive ly strong 
a c i d and , w h e n t i trated w i t h 0 . 1 N N a O H , requ i red on ly one equiva lent / 
mole , apparent ly f o rming the cyc l i c ether salt, I . 

0 O 
II II H O 0 O N a 

\ / 
C F 2 

I 

Ac id i f i ca t i on f o rmed the d i o l I I , w h i c h was isolated i n 92? y i e l d . 

H O O v O H On '"O 
X / C F 2 C F 2 \ ^ 

X / 

C F 2 

I I 
m p , 89°-91°C 

Attempts to f o rm the a r y l diketone products f rom h igher perf luoro
a lky lene ether d i carboxy l i c acids b y the acy lat ion or G r i g n a r d reactions, 
however , were re lat ive ly unsuccessful . 

A t h i r d route, the fluorination of n i t ropheny l esters of perf luoro
a lky lene ether d i carboxy l i c acids, has n o w been deve loped for syn 
thesis of h i g h l y stable a r y l perf luoroalkylene ether intermediates of the 
type shown b y I I I . 

0 0 
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5. W E B S T E R E T A L . Fluorocarbon Polymers 65 

T h i s method is a n extension of the monoester fluorination reactions re 
ported earl ier b y Sheppard ( 1 ) . I n i t i a l effort was p laced on deve lop ing 
condit ions that w o u l d result i n h i g h yie lds i n the fluorination of the 
n i t r o p h e n y l ester of perf luoroglutaric ac id . T h i s was f o l l owed b y fluorina
t i on of the n i t ropheny l esters of the h igher 1:1, 2 :1 , a n d 3:1 fluoro
carbon ether o l igomer acids. T h e products were the corresponding 
ni trophenoxy derivatives represented b y I V where x + y = 1, 2, a n d 3. 

C F 3 C F 3 

O 2 N V s ^ ^ O ( C F 2 C F O ) x ( C F 2 ) 5 ( O C F C F 0 0 v ^ V ^ N O * 

kj) I V l̂ JJ 
C a t a l y t i c reduct ion of these products f o rmed the corresponding 
diamines . T h e simplest d i a m i n e — t h a t is x + y = 0—was also converted 
to the corresponding di isocyanate i n h i g h y i e l d b y phosgenation. 

Isocyanurate Polymers 

Isocyanurate- l inked polymers can be f o rmed b y cyc lo t r imer izat ion 
of di isocyanate intermediates under moderate temperature condit ions 
(14). C o m p o u n d s V a n d V I cyc lotr imer ize readi ly at room temperature 
u p o n add i t i on of catalyt ic quantit ies of N , N , N ' , N ' - t e t r a m e t h y l - l , 3 - b u t a n e -
d i a m i n e a n d a l l y l g l y c i d y l ether, p r o v i d e d that atmospheric moisture 
is r igorous ly exc luded. 

E l e v a t e d temperatures (about 100°C) are requ ired to ensure complete 
u t i l i za t i on of the — N C O funct ional group (see react ion, p. 66 ) . 

P o l y m e r i z a t i o n of V at its me l t ing po int (about 7 5 ° C ) was too 
r a p i d to permi t a d d i n g a n d m i x i n g of the catalyst. A d d i t i o n of a reac
t ive monofunct ional l i q u i d d i luent such as per f luorobuty lphenyl isocya-
nate a l l o w e d the resul t ing isocyanate so lut ion to be cooled to 40 °C ; 
the catalyst was then a d d e d a n d m i x e d before apprec iable p o l y m e r i z a -
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t i on occurred. T h e monoisocyanate add i t i on also served to decrease the 
degree of cross l inking. 

T h e polymers f o rmed f rom these short cha ined intermediates were , 
as expected, h a r d , glassy solids. H i g h stabi l i ty of the polymers i n air 
was shown b y thermogravimetr ic analyses ( F i g u r e 1 ) . 

T h e h i g h thermal s tabi l i ty of the isocyanurate structures was also 
shown by preparat ion of the cyc l i c t r imer compounds prepared f r om 
m-perf luorobutyl a n d m-perf luorobutoxyphenyl isocyanates a n d de te rmi 
nat ion of their thermal stabi l i ty . T h e respective thermal stabi l i ty values 
of the two pur i f i ed isocyanurate compounds, as determined b y the iso-
teniscope method of B l a k e et al ( 1 5 ) , were 373° a n d 370°C. I n i t i a l 
tests of h y d r o l y t i c stabi l i ty of the polymers showed evidence of degrada
t i on after three days at 95 °C a n d 95% relat ive h u m i d i t y . Subsequent 
work showed suscept ibi l i ty to hydrolysis was par t ia l ly the result of i n 
complete po lymer izat ion . Proper ly cured po lymer prepared f rom the 
pheny l -oxygen- f luorocarbon-conta in ing di isocyanate showed no evidence 
of hydrolysis after a five-week exposure to condit ions of 95% re lat ive 
h u m i d i t y at 95°C. A po lymer spec imen h a v i n g the p h e n y l - C F 2 l inkage 
showed evidence of hydrolysis after two weeks under the same c o n d i 
tions. These tests suggest greater stabi l i ty of the phenoxy - l inked 
structure. 

Polymide Polymers 

P o l y m i d e polymers were prepared b y reaction of benzophenone-
tetracarboxyl ic d i a n h y d r i d e w i t h each of the four diamines h a v i n g 
structure V I I , where {x + y) =0 , 1, 2, a n d 3. 
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H 2 N s 

50 

100 

CF3 CF3 
1 1 

0 ( C F * C F 0 ) * ( C F ^ ( 0 C F C F * ) * 0 ^ Y ĴJ V I I I 

Copolymer of \ 

A 0 C N - | ^ 0 ( C F
2

) 5 0 - r ^ j - N C 0 + OCN-jj^j-0C 4F 9 | 

g OCN - | ^ 0 < C F 2 ) 5 0 -jj^j-NCO 

Copolymer of 

Q 0 C N - | ^ J - ( C F 2 ) 6 - J J ^ J - N C 0 + 0 C N - | ^ j - C 4 F 9 

. 1 1 1 1 1 1 1 1 1 

, 1 
100 200 300 400 

Temperature, 

500 600 700 

Figure 1. Thermo gravimetric analysis of isocyanurate-linked fluoro
carbon polymers, heating rate 2.7°C/minute in air. 

Increasing cha in length of the fluorocarbon ether segment was 
accompanied b y increasing flexibility a n d l o w e r i n g of the glass-transition 
temperature. A s the cha in segment length was increased f r om x + y = 0 
to x + y = 3, the transit ion temperature decreased f rom about 125 to about 
80°C. 

H i g h thermal a n d oxidat ive stabi l i ty of the i m i d e - l i n k e d fluoro
carbon ether polymers is s h o w n b y thermogravimetr ic analysis i n a i r 
( F i g u r e 2 ) . T h e we ight loss was less than 5% to a temperature of 
450°C. Isothermal we ight loss i n air at 260°C was less than 0.3% i n 
112 hours for the po lymer where x + y = 3. 

Tens i l e strength a n d elongation data for the po lymer where x + y = 2 
a n d 3 are shown i n T a b l e I . These determinations were carr ied out 
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Temperature, C 

Figure 2. Thermo gravimetric analysis of polyimide-linked perfluoro
alkylene ether polymer, heating rate 2.7°C/minute in air 

Table I. Tensile Strength of Fluorocarbon Polyimide 

Polymer0, 

x + y = 2 
(Tg = —100°) 

x + y = 3 
(T0 = ~ 8 0 ° ) 

Tensile 
test temp. 

(°C) 

25 

25 
100 
200 

25» 
25" 

Tensile 
(psi) 

7500 

8000 
2700 

100 
6800 
5200 

' From benzophenonetetracarboxylic dianhydride and 
H !Nx^\.0(CF !CFCF J0) x(CF 2) s(OCFCF JCF !)„0 

II 

Elongation 
(%) 

160-200 

280 
~ 7 5 0 

500 
240 
200 

* Sample heated for 70 hours in air at 260°C 
c Sample refluxed in water for 70 hours 
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w i t h microtensi le test specimens that permi t a reasonable approx imat ion 
of results that can be expected w i t h s tandard A S T M tensile specimens. 
T h e results i n T a b l e I indicate good strength a n d ab i l i ty to w i ths tand 
thermal a n d o x i d i z i n g conditions at 260° a n d hydrolys is at 100°C. 

Experimental 

Perf luoroalkylene telomer d i i od ide intermediates were purchased 
f r om the T h i o k o l C o r p . Perf luoroalkylene ether d i carboxy l i c a c i d inter
mediates were purchased as a mixture of the ac id fluorides f rom P C R , 
Inc. under an agreement w i t h D u p o n t . Properties of d i s t i l l ed fractions 
are ind i ca ted i n T a b l e I I . T h e discrepancy i n observed a n d ca lculated 
equivalent weights results f r o m the presence of close b o i l i n g m o n o a c i d 
fluoride by-products , C 3 F 7 0 ( C F C F 2 0 ) n C F C F 3 C O F . 

C F 3 

H y d r o l y s i s of each ac id fluoride fract ion a n d redis t i l la t ion of the 
carboxyl i c acids a l l owed separation of mono- f r om d i carboxy l i c acids 
( T a b l e I I I ) . T h u s , the 1:1 d i carboxy l i c a c i d and the monocarboxyl i c 
a c i d f o rmed f rom three molecules of hexafluoropropylene epoxide were 
isolated f r om the 1:1 o l igomer ac id fluoride fract ion shown i n T a b l e I I . 
T h e acids were converted to a c id chlorides i n h i g h yields (about 90%) 
b y pro longed ref luxing w i t h t h i o n y l ch lor ide ( T a b l e I V ) . A trace of 
p y r i d i n e was a d d e d as a catalyst. 

N i t r o p h e n y l esters were prepared i n h i g h y i e l d (about 90%) b y 
react ion of excess (10% or so) m-ni trophenol w i t h the respective a c i d 
chlorides i n the presence of a trace of p y r i d i n e at 145°C. T h e p h y s i c a l 
properties are l is ted i n T a b l e V . 

F l u o r i n a t i o n of n i t r o p h e n y l esters was carr ied out i n stainless steel 
a n d Haste l l oy autoclaves. Su l fur tetrafluoride used i n fluorination was 
treated w i t h mercury (16) to remove bromine , a consistent contaminant 
of the commerc ia l ly avai lab le gas. Pur i f i cat ion was essential for h i g h 
yie lds . T h e presence of sufficient anhydrous hydrogen fluoride to ensure 
the presence of a l i q u i d phase also appears to be important i n obta in ing 
reasonably good yie lds . F l u o r i n a t i o n experiments are summar i zed i n 
T a b l e V I . 

I n a t y p i c a l experiment, a 1400-ml Haste l l oy reactor was charged 
w i t h ra-nitrophenyl ester of 2:1 o l igomer a c i d (50 grams, 0.0614 mole ) 
a n d 500 m l of perf luorinated fluid F C - 7 5 ( 3 M C o . ) as a solvent. T h e 
reactor was sealed, evacuated, a n d cooled i n so l id carbon dioxide . 
Pur i f i ed sul fur tetrafluoride (50 grams, 0.46 mole ) ( tox ic ) a n d hydrogen 
fluoride (75 grams, 3.75 moles) were introduced . T h e reactor was 
rocked a n d heated for 66 hours at 80° C . A f ter release of gases, the 
contents of the reactor were poured over ice and neutra l i zed w i t h 
N a H C 0 3 . E t h e r was added to extract a n d separate products . T h e 
F C - 7 5 solvent separated c leanly as a t h i r d phase. T h e ether phase was 
separated and washed. T h e ether solut ion y i e lded 51.6 grams of crude 
product . Th i s was treated further w i t h aqueous 0 .5N N a O H i n the 
presence of ether. T h e alkal i - treated product (46 grams) was so luble 
i n benzene a n d showed no carbony l b a n d i n the I R spectrum. D i s t i l l a -
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Table II. Perfluoroalkylene 

Compound 

C F 3 

F O C C F O ( C F 2 ) 4 C O F ° (1:1 oligomer) 

C F 3 CF3 

1 1 
F O C C F O ( C F 2 ) 5 O C F C O F » (2:1 oligomer) 

CF3 CF3 CF3 
I I I F O C C F O ( C F 2 ) 5 O C F C F 2 O C F C O F (3:1 oligomer) 

" Mixture of mono- and dicarboxylic acids 

Table III. Perfluoroalkylene 

Compound Percent yield 

C F 3 

H O O C C F O ( C F 2 ) 4 C O O H 47 

C F 3 C F 3 

1 1 
H O O C C F O C F 2 C F O C 3 F 7 30 

C F 3 C F 3 

1 1 
H O O C C F O ( C F 2 ) 5 O C F C O O H 87 

C F 3 C F 3 CF3 
H O O C C F O ( C F 2 ) 5 O C F C F 2 O C F C O O H 92 

Table IV. Fluorocarbon Ether Acid Chlorides 
Percent 

Compound yield bp °C/torr n D
2 5 

C F 3 

! 

C 1 0 C C F O ( C F 2 ) 4 C O C ! 68 157/740 1.3319 

C F 3 C F 3 

i i 
C 1 0 C C F O ( C F 2 ) 5 O C F C O C l 87 87 /14 1.3320 

CF3 C F 3 CF3 
I ! I 

C 1 0 C C F O ( C F 2 ) 6 O C F C F 2 O C F C O C l 87 117/17 1.3176 
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E t h e r D i c a r b o x y l i c A c i d 

bp °C/torr 

Neutral equivalent 

Calc. Found 

108-109/740 < 1 . 3 102.5 150* 

154/740 
65 -67 /24 

< 1 . 3 144.0 160 

96 -98 /24 < 1 . 3 185.4 
6 Mixture of symmetrical and unsymmetrical oligomer 

F l u o r i d e Intermediates 

188 

Neutral equiv. 

bp °C/torr Calc. Found 

9 3 - 9 5 / 0 . 0 2 1.3372 203 208 

85 /12 1.3058 496 506 

126 /0 .04 1.3229 286 280 

140 /0 .25 1.3186 369 366 

t ion gave 13 grams of an i m p u r e fract ion a n d 25 grams of n i trophenoxy 
product b o i l i n g ^ 1 8 0 ° C / 0 . 0 6 m m , n D

2 5 1.4098, 47% y i e l d . Red is t i l la t i on 
of the i m p u r e fract ion gave an add i t i ona l 9 grams of mater ia l , n D

2 5 

1.4100, 65% y i e l d . 
C a t a l y t i c hydrogenat ion of n i t ropheny l derivatives over Raney 

n i cke l at 40 ps ig f ormed the corresponding amines i n near quant i tat ive 
yields. Properties of d i s t i l l ed products are shown i n T a b l e V I I . 
A r o m a t i c amine equivalents were determined i n g lac ia l acetic a c id b y 
t i trat ion us ing standard H C 1 0 4 i n g lac ia l acetic ac id t i trant w i t h crystal 
v io let indicator . Phosgenation of per f luoroalkylenearylamine hydroch lo 
rides i n ref luxing xylene or d ichlorobenzene f ormed di isocyanate der iva -
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T a b l e V . N i t r o p h e n y l 

Compound 

0 2 N OOCC3F7 

0 2 N ^ ^ . O O C C 7 F 1 5 

0 2 N v N ^ v , O O C ( C F 2 ) 3 C O O 

XJ 
C F 3 

0 2 N 

0 2 N 

0 2 N 

N 0 2 

O O C C F O ( C F 2 ) 4 C O O \ ^ \ ^ N ° 2 

XJ 
CF3 CF3 

O O C C F O ( C F 2 ) 5 O C F C O O . ^ ^ N 0 2 

C F 3 CF3 C F 3 

• Anal: Calcd. for C23H 8F 1 8N 2Oio: C, 33.92; H , 0.99; N , 3.44 
Found: C, 34.57; H , 1.06; N , 3.34 

T a b l e V I . N i t r o p h e n y l 

Nitrophenyl Intermediates 

0 2 N x ^ ^ O C 4 F 9 
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Ester Intermediates 

% 
Yield 

89 

bp °C/torr 

6 3 / 0 . 1 4 

mp°C 

1.4281 

92 9 5 - 9 7 / 0 . 0 8 3 6 - 3 8 . 5 

85 197 -205 /0 .04 97-100 

40 190 -200 /0 .03 1.4578 

90 195 /0 .05 60-80 

92 2 0 0 / 0 . 0 5 -35 1.4080 

Intermediates 

Percent 
yield bp °C/torr mp°C no 25 

62 6 7 / 0 . 2 1.4027 
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T a b l e V I . 

Nitrophenyl Intermediates 

C F 3 C F 3 

0 2 N 0 ( C F 2 C F O ) I ( C F 2 ) 5 ( O C F 2 C F ) I , 0 . ^ ^ N o 2 

x + y = 1 X -

C F 3 C F 3 

° 2 N V Y 0 ( C F ! C F O ) ' ( C F ! ) s ( O C F ! C F ) s 0 v ^ N O j 

C F , C F 3 

° ' N \ r ^ ^ O ( C F 2 C F O ) I ( C F 2 ) 5 ( O C F 2 C F ) v C K ^ . N 0 2 

Xif 
x + y = 3 

° F i a nitration of the perfluoroaromatic c o m p o u n d 

tives i n h i g h yields ( T a b l e V I I I ) . Isocyanate equivalents were deter
m i n e d b y react ion of the isocyanate c o m p o u n d w i t h a k n o w n excess of 
dry d ibuty lamine i n toluene solution, f o l l owed by t i trat ion w i t h standard 
H C I . 
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C o n t i n u e d 

Percent 

Yield bp °C/torr mp °C n D
2 5 

95 113/17 1.4115 

69 1 0 3 / 0 . 1 1.3804 

87 190 /0 .05 1.4729 

85 100-102 

65 205 -210 /0 .015 1.4355 

65 177 /0 .06 1 .4095-
1.4110 

50 179 /0 .03 1.3944 

Po lymer iza t i ons . Isocyanurate po lymer format ion was cata lyzed b y 
the add i t i on of N ^ ^ ^ N ' - t e t r a m e t h y l - l ^ - b u t a n e d i a m i n e and a l l y l 
g l y c i d y l ether ( r e d i s t i l l e d ) ; 1% ( b y we ight ) of each catalyst was used. 
Po lymer i za t i on occurred at 25° to 50° C under anhydrous conditions a l 
though temperatures of 100° to 150°C were needed to complete the 
react ion w i t h the short cha in di isocyanate intermediates used. 
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T a b l e V I I . F l u o r o c a r b o n a n d 

Amine compound 

H 2 N ^ ^ ^ C 4 F 9 

XX 
XX' 
'XX' 

H 2 N ^ N ^ O C 4 F 9 

H , N v ^ ^ O C g F „ 

H 2 N v ^ s ^ ( C F , ) ( X Q ^ N H , 

H 2 N 0 ( C F 2 ) 5 0 . _ ^ s / N H 2 

u XX 
C F 3 

I 
H 2 N N ^ V ^ OCF 2 CFO(CF 2 ) 5 0 v ^ w N H XX XX 

C F S CF:, 
I I 

H 2 Nvv ^ r N ^(OCF 2 CF) J . 0 (CF 2 )50 (CFCF 2 0) , , v N ^s s ^NH 2 

^ x + y - 2 ^ 

CF : i C F S 

I I 
H 2 N v v i : - . ( O C F 2 C F ) J 0 ( C F 2 ) 5 0 ( C F C F 2 0 ) , / s v ^ N / N H 2 

XX r+^3 XX 
° Crude product after removing solvent 
b Anal: Calc. for C 23H 1 2F22N 20 4: C, 34.60; H , 1.52; F, 52.36; N , 3.51 

Found: C, 34.68; H , 1.43; F, 52.43; N , 3.41 

T a b l e V I I I . Isocyanate 

Isocyanate 
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F l u o r o c a r b o n E t h e r A r y l a m i n e s 

Percent 
Equiv. wt. 

Amine-HCI 

yield bp °C/torr mp °C n D
2 5 Found Calc. mp °C 

91 1.4107° 150-152 

97 1.3998° 215-220 

85 188-196° 195-217 

93 82-86° 261-268 

95 162 /0 .03 4 7 - 4 7 . 5 1.4755 236 233 264 

72 1.4368° 331 316 

95 157 /0 .007 1.4082 410 399 

89 166 /0 .008 1.3920 490 482 

c Anal: Calc. for C M H I ^ S ^ O B : C, 32.38; H , 1.25; F, 55.17; N , 2.91 
Found: C, 32.45; H , 1.08; F, 55.53; N , 3.20 

Intermediates 

Percent 

yield bp °C/torr 

73 145/133 

Isocyanate 
equivalent 

mp °C 

1.4111 

Found 

343 

Calc. 

337 
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T a b l e V I I I . 

Isocyanate 

O C N O C 4 F 9 

O C N O C 8 F 1 7 

O C N ( C F 2 ) N C O 

O C N N C O 

T h e p o l y i m i d e polymers were formed b y an established procedure 
(17) i n v o l v i n g the add i t i on of stoichiometric quantit ies of benzophenone-
tetracarboxyl ic d i a n h y d r i d e ( sub l imed ) to the d iamine dissolved i n 
anhydrous d imethylacetamide . T h e po lyamic a c i d solution was cast 
on Tef lon, w a r m e d (80° to 9 0 ° C ) to dr ive off solvent, then gradual ly 
heated to a temperature of 180°C. T h e p o l y i m i d e forms r a p i d l y at 120 
to 150°C. 
Analys is of po lymer , x + y = 3. 
C a l c . for C 4 , H 1 4 F o 8 N 2 O 1 0 : C , 41.30; H , 1.13; F , 42.54; N , 2.24 

F o u n d : C , 41.17; H , 1.07; F , 42.15; N , 2.11 
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Continued 

Isocyanate 
Equivalent 

Percent 
Yield bp°C/torr mp °C n D

2 5 Found Cale. 

50 152/150 1.4009 

58 7 7 / 0 . 0 5 1 .3790-1.3799 

86 152 -153 /0 .03 7 2 . 5 - 7 4 . 5 268 268 

83 153 /0 .03 1.4690 261 259 
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Properties of Polyphenylene Sulfide Coatings 

H . W A Y N E HILL, JR., and J. T. E D M O N D S , JR. 

Phillips Petroleum Co., Bartlesville, Okla. 74004 

Polyphenylene sulfide is a unique material that combines 
high thermal stability with outstanding chemical resistance. 
This combination of properties provides unusual utility as 
molding resins and as protective coatings for the chemical 
and petroleum industries, and as release coatings in the food 
industry. The synthesis of phenylene sulfide polymers is 
presented here. Coatings of polyphenylene sulfide may be 
applied to a variety of substrate metals by slurry spraying, 
fluidized-bed techniques, and dry-powder spraying. Re
lease coatings based on polyphenylene sulfide may be 
obtained by adding a small amount of polytetrafluoroethy
lene to the coating formulation. The performance of these 
release coatings on household cookware is discussed. 

" P o l y p h e n y l e n e sulfide is an unusua l mater ia l , c o m b i n i n g some of the 
characteristics of bo th thermoplastics a n d thermosets w i t h an out

standing balance of high-temperature performance a n d chemica l re 
sistance. A l t h o u g h the mater ia l is an excellent m o l d i n g resin, there are 
equal ly important appl icat ions as protective coatings for the chemica l 
a n d petro leum industries and as nonstick coatings for the food a n d cook-
ware industry . 

I n early work on organosulfur compounds, Duess (1) a n d H i l -
d i t c h (2) reported the preparat ion of various aromatic disulfides b y con
densation reactions of th iopheno l on treatment w i t h a l u m i n u m chlor ide 
a n d sul fur ic ac id , respectively. M a c a l l u m (3) was the first to report the 
preparat ion of a phenylene sulfide po lymer . H i s procedure invo lved 
the react ion of sulfur, sod ium carbonate, and dichlorobenzene i n a 
sealed vessel. Polymers made b y this scheme general ly have more than 
one sulfur atom between benzene rings, as ind icated b y the structure 
—(C 6 H4S^ )n—. 

L e n z and coworkers (4-6) have descr ibed the preparat ion of po ly 
phenylene sulfide b y a nuc leophi l i c subst itut ion reaction i n v o l v i n g self-

80 
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6. H I L L , J R . A N D E D M O N D S , J R . Polyphenylene Sulfide Coatings 81 

condensation of materials such as copper p-bromothiophenoxide . These 
subst i tut ion reactions are carr ied out at 200-250°C under ni trogen i n the 
so l id state, or i n the presence of materials such as p y r i d i n e as react ion 
media . 

T h e above two methods as w e l l as other methods of po lymer i za t i on 
have been rev iewed b y S m i t h ( 7 ) . W e have discovered a n e w process 
for the preparat ion of a w i d e variety of po lyary lene sulfides ( 8 ) . F o r 
example, po lyphenylene sulfide may be prepared b y the reaction of 
p-dichlorobenzene a n d sod ium sulfide i n a po lar solvent. 

Properties 

I n the Ph i l l i p s process, po lyphenylene sulfide ( P P S ) is obta ined 
f rom the po lymer i za t i on mixture i n the f orm of a fine whi te powder , 
w h i c h , after puri f i cat ion , is designated R y t o n V P P S . Charac ter i zat i on 
of this po lymer is compl i cated by its extreme inso lub i l i ty i n most so l 
vents. A t elevated temperatures, however, R y t o n V P P S is soluble* to 
a l i m i t e d extent i n some aromatic and ch lor inated aromatic solvents a n d 
i n certain heterocycl ic compounds. T h e inherent viscosity, measured 
at 206°C i n 1-chloronaphthalene, is general ly 0.16, i n d i c a t i n g only m o d 
erate molecular weight . T h e po lymer is h i g h l y crystal l ine, as shown b y 
x-ray dif fraction studies ( 9 ) . T h e crystal l ine me l t ing po int determined 
b y di f ferential thermal analysis is about 285°C. 

W h e n d i e molten po lymer is subjected to add i t i ona l heat i n the 
presence of a ir , the melt darkens and , after a w h i l e , it gels a n d solidifies. 
T h e so l id po lymer is be l ieved to be crossl inked because i t is inso luble 
i n a l l organic solvents, even at elevated temperature. 

T h e changes that occur at h i g h temperatures can be demonstrated 
read i ly b y dif ferential thermal analysis ( D T A ) . W h e n the D T A is 
conducted under ni trogen to suppress cross l inking, the sample can be 
melted , cooled, a n d remelted w i t h l i t t le effect on the thermal transitions. 
T h i s experiment is i l lustrated b y curve A of F i g u r e 1, i n w h i c h both 
the glass-transition temperature at 80 °C and the crystal l ine me l t ing 
point at 282°C are v is ib le . W h e n the D T A is r u n on a sample that has 
been heated i n a ir at 370°C for four hours, the crystal l ine me l t ing po int 
is bare ly v is ib le i n the D T A trace. T h e sharp exotherms at 125°-135°C 
are indicat ive of crysta l l izat ion temperatures. 
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W h i l e the l inear po lyphenylene sulfide po lymer possesses a m o d 
erate degree of mechanica l strength as it is produced i n the p o l y m e r i z a 
t ion process, it can be converted into a m u c h tougher product b y thermal 
treatment. A c c o r d i n g l y , w h e n the po lymer is heated to a h i g h enough 
temperature i n air , cha in extension a n d cross l inking occur, p r o d u c i n g a 
" c u r e d " po lymer that is tough, duct i le , a n d very insoluble . 

r 

SAMPLE A-MELTED UNDER NITROGEN 
AND QUENCHED BEFORE DTA 

SAMPLE B-HEATED AT 370*C IN AIR 
4 HOURS AND QUENCHED 
BEFORE DTA 

HEATING RATE, WC/MINUTE 

SAMPLE A 

A -

SAMPLE B 

_J_ _ i _ 
50 100 150 200 250 

TEMPERATURE, °C 
300 350 400 

Figure 1. Differential thermal analysis of polyphenylene sulfide in nitrogen 

T h e chemistry of this cur ing process involves several complex reac
tions. I n add i t i on , the very l i m i t e d so lubi l i ty of the l inear po lymer and 
the extreme inso lub i l i ty of the cured po lymer make exact s tructural 
assignments almost impossible . It is possible to describe some of the 
contr ibut ing reactions i n qual i tat ive terms. F o r example, a chain-exten
sion reaction i n v o l v i n g thermal scission of carbon-sul fur bonds near the 
end of a po lymer chain , f o l l owed b y formation of a new carbon-sul fur 
b o n d between two large po lymer residues and between two smal l po ly 
mer residues, can lead to an overal l increase in molecular weight w h e n 
the smal l molecules formed are lost b y vapor izat ion . Th i s process is 
essentially an exchange reaction, as ind icated i n this structure, where m 
is s ignif icantly larger than n : 
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I I I 

Thus , II is lost at the h i g h temperatures invo lved i n the c u r i n g proc 
ess. Other possible reactions also occur. F o r example, oxidative cou
p l i n g between aromatic rings ( b i p h e n y l r eac t i on ) ; nuc leophi l i c attack on 
an aromatic r i n g of one po lymer cha in b y an end-group funct ion of a n 
other po lymer cha in , or by a c leaved segment der ived f rom another 
po lymer cha in ; su l fon ium ion formation i n v o l v i n g a sulfide l ink a n d a 
sul fur -containing end group. Reactions of this type produce an increase 
i n molecular we ight and crossl inking. It is l ike ly that several of these 
reactions occur s imultaneously d u r i n g the c u r i n g process. 

Thermograv imetr i c analysis of po lyphenylene sulfide i n ni trogen or 
i n air indicates no appreciable weight loss be low about 500° C . D e g 
radat ion is essentially complete i n air at 700°C, but i n an inert atmos
phere, about 40% of the po lymer weight remains at 1000°. In add i t i on , 
po lyphenylene sulfide prepared b y the P h i l l i p s process is more stable 
than that prepared b y the L e n z process (6). C o m p a r a t i v e thermo
gravimetr ic data, shown i n F i g u r e 2, demonstrate that po lyphenylene 
sulfide displays a m u c h greater resistance to weight loss at elevated 
temperatures than do either the convent ional thermoplastics or such 
specialty heat-resistant polymers as polytetrafluoroethylene. M e c h a n i c a l 
properties of m o l d e d specimens are essentially unaffected after exposure 
at 450°F i n air for four months. 

Po lyphenylene sulfide also possesses unusual chemica l resistance. 
T o demonstrate this resistance, in ject ion-molded tensile bars of cured 
po lymer were exposed to a representative groups of reagents at 200°F 
for 24 hours. A f ter exposure, the bars were we ighed to determine we ight 
gain or loss, and the tensile strength determined. T h e results of these 
experiments are g iven i n T a b l e I. 

T h e tensile strength of the unexposed bars averaged 11,000 ps i . 
These tensile bars are unaffected b y gasoline, motor o i l , hydrocarbons, 
a n d carbon tetrachloride, w h i l e exposure to tr ichloroethylene results i n 
a smal l we ight ga in a n d loss i n tensile strength. Alcohols , ketones, 
esters, a n d organic acids do not affect the po lymer . Some nitrogenous 
organic compounds—such as buty lamine , pyr id ine , and ace ton i t r i l e— 
cause a modest loss i n tensile strength. Other chemicals , such as d i -
methylani l ine , ethanolamine, a n d nitrobenzene, have v i r tua l ly no effect 
on tensile strength or weight change. In general , ox id i z ing agents such 
as bromine water, aqua regia, a n d 50% chromic ac id cause a severe loss 
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0 200 400 600 600 1000 
TEMPERATURE, °C 

KEY:1-P0LYVINYLCHL0RIDE;2-P0LYMETHYLMETHACRYLATE; 

3-POLYSTYRENE; 4-POLYETHYLENE;5-P0LYTETRAFLU0R0-
ETHYLENE; 6-P0LYPHENYLENESULFIDE IN AIR ATMOSPHERE; 
7-POLYPHENYLENE SULFIDE; 8-P0LYPHENYLENE SULFIDE 
(LENZ4C)|N AIR. 

Figure 2. Comparative ther mo gravimetric analysis (nitrogen 
atmosphere ) 

i n strength. H o w e v e r , aqueous potassium dichromate does not. 
Strong acids, such as 96% sul furic a c id , attack the po lymer rather 

severely; weaker acids and a variety of inorganic bases are not de t r i 
mental . T h e po lymer is inert to a w i d e variety of inorganic salt so lu
tions, w i t h some samples of coated metals h a v i n g been exposed i n salt 
water i n the G u l f of M e x i c o for one year wi thout deterioration. I n fact, 
even the uncured po lymer is remarkab ly resistant to a broad group of 
chemicals . 

Applications 

I n j e c t i o n - M o l d i n g Resins. A h i g h mel t viscosity resin is recom
mended for use i n in ject ion-mold ing appl icat ions. T h e mechanica l 
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T a b l e I . C h e m i c a l Resistance of P P S Tens i l e Bars 

Exposure: 200°F for hours 

Test Chemical 

Hydrocarbons and C h l o r i n a t e d H y d r o 
carbons 

Weight Change 
(%) 

Tensile a 

(psi) 

Kerosene - 0 . 0 5 11,700 
M o t o r O i l - 0 . 0 2 11,900 
C a r b o n Tetrachlor ide 1.7 11,100 
Cyc lohexane 0 .05 12,000 
Gasol ine 0 .07 10,300 
Tr ichloroethylene 6.52 7,400 

Alcoho ls , Ketones , Esters , a n d E t h e r s 
B u t y l A l c o h o l 0 .05 10,500 
M e t h y l E t h y l K e t o n e 1.02 11,200 
A m y l Acetate 0 .14 13,300 
D i o c t y l P h t h a l a t e - 0 . 0 7 13,100 
D i b u t y l E t h e r 0 11,400 

Organic A c i d s 
G l a c i a l Acet i c 0 .09 12,400 
Trichloroacet ic 0 .45 12,000 
F o r m i c (88%) 0 .18 10,900 
Benzenesulfonic - 0 . 0 5 11,400 

Nitrogenous Organic Compounds 
B u t y l a m i n e 1.52 7,100 
D i m e t h y l a n i l i n e 2 .32 10,200 
E t h a n o l a m i n e 0 12,600 
P y r i d i n e 3.84 8 ,900 
Acetoni t r i l e 0 .59 9 ,000 
Nitrobenzene 2 .43 11,000 

O x i d i z i n g Agents 
B r o m i n e W a t e r 4 .34 Severe atts 
A q u a R e g i a ( R o o m Temperature 

Exposure) 18.64 Severe atta 
5 0 % C h r o m i c A c i d 0.84 3 ,300 
1 0 % Potass ium Dichromate 0 .36 12,300 
S o d i u m H y p o c h l o r i t e (Clorox) 0 .50 5,400 

Inorganic A c i d s a n d Bases 
1 0 % N i t r i c A c i d 
3 7 % H y d r o c h l o r i c A c i d 
3 0 % Sulfuric A c i d 
9 6 % Sulfuric A c i d 
8 5 % Phosphoric A c i d 
1 0 % S o d i u m Bicarbonate 

0 .32 
0.57 
0.14 

Severe attack 
- 0 . 0 5 

0 .36 

12,000 
10,900 
11,700 

Severe at tack 
12,500 
11,600 
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T a b l e I . C o n t i n u e d 

Test Chemical 
Tensile a 

(psi) 

1 0 % S o d i u m Carbonate 
3 0 % S o d i u m H y d r o x i d e 
7 8 % A m m o n i u m H y d r o x i d e 

0 .32 
0.07 
0 .73 

9 ,600 
10,000 
11,400 

Inorganic Sal t Solutions 
Saturated S o d i u m Chlor ide 0 .16 

0 .32 
0 .32 
0 .36 
0 .36 
0 .36 

10,400 
13,800 
11,100 
10,100 
11,200 
12,700 

1 0 % S o d i u m Acetate 
1 0 % S o d i u m N i t r a t e 
1 0 % S o d i u m Sulfate 
T r i s o d i u m Phosphate 
1 0 % C a l c i u m Chlor ide 

a Tensile of unexposed specimen was 11,000 psi 

properties of unf i l led a n d glass-filled in ject ion-molded specimens are 
summar ized i n T a b l e I I . T h e unf i l led resin is character ized by h i g h 
tensile strength, h i g h flexural modulus , h i g h heat-deflection temperature, 
a n d modest impact strength. T h e glass-filled resin has superior proper 
ties a n d is general ly finding greater prac t i ca l appl icat ions than is the 
unf i l led mater ia l . F o r example, the 40% glass-filled resin has a tensile 
strength of 21,000 ps i at room temperature, a n d 4700 ps i at 400°F. Its 
tensile strength at 400°F is greater than that of polyethylene at room 
temperature. T h e flexural modulus is 2.2 X 10° ps i at r oom temperature, 
decreasing gradual ly to 600,000 ps i at 450°F. T h e flexural modulus 
at 450° F is greater than the room-temperature flexural modulus of m a n y 
established plastics, such as A B S resins, polyacetals, nylons, a n d po ly 
carbonates. 

As a further comparison, the flexural modulus of glass-filled po ly 
phenylene sulfide at 450° F is about 10 times that of unf i l led po ly tetra
fluoroethylene at room temperature. These data i l lustrate the outstand
ing retention of stiffness of this mater ia l at elevated temperatures. T h e 
heat-deflection temperature of po lyphenylene sulfide conta in ing 40% glass 
fibers is greater than 425°F, account ing for the excellent retent ion of 
mechanica l properties at elevated temperatures. 

E l e c t r i c a l properties of po lyphenylene sulfide compounds are s u m 
m a r i z e d i n T a b l e I I I . T h e die lectr ic constant of 3.1 is l o w i n comparison 
w i t h many other plastic materials. S imi lar ly , the dissipation factor is 
very low. D ie l e c t r i c strength ranges f rom about 500-600 volts per m i l 
for the various compounds; these values are qui te h igh . T h u s , both 
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filled a n d unf i l l ed po lyphenylene sulfide materials are excellent e lectr ical 
insulators. 

L i m i t i n g oxygen index values ( L O I ) of a n u m b e r of plastics are 
shown i n T a b l e I V . T h e L O I is the concentrat ion of oxygen requ i red 
to m a i n t a i n b u r n i n g . Po lyphenylene sulfide has a va lue of 44, a n d falls 
among the least flammable types of plastics. 

T a b l e I I . M e c h a n i c a l Propert ies of I n j e c t i o n - M o l d i n g Compos i t ions 

Ryton PPS 
Glass-Filled 

(60/40) 

1.64 D e n s i t y 
Tens i l e , psi 

A t 70°F 
A t 400°F 

E l o n g a t i o n (70°F), % 

F l e x u r a l M o d u l u s , psi 
A t 70°F 
A t 450°F 

F l e x u r a l Strength , ps i 

Hardness , Shore D 

N o t c h e d Izod Impact , ft l b / i n 
A t 75°F 
A t 300°F 

H e a t Deflect ion Temperature @ 264 
ps i , °F 

M a x i m u m Recommended Service 
Temperature , °F 

Ryton PPS 

1.34 

11,000 
4 ,700 

3 

600,000 

20,000 

86 

0 .3 
1.0 

280 

500 

21,000 
4 ,700 

2 ,200 ,000 
600,000 

37,000 

92 

0 . 8 
1.8 

>425 

500 

T a b l e III. E l e c t r i c a l Propert ies of Po lypheny lene Sulf ide C o m p o u n d s 

40% Glass-
Unfilkd PPS Filled PPS 

Die lectr i c Constant 
10 3 H e r t z 3 .1 3 .8 
10 6 H e r t z 3 .1 3 .8 

D i s s i p a t i o n F a c t o r 
10 3 H e r t z 0.0004 0.0037 
10 6 H e r t z 0.0007 0.0066 

Die lectr ic Strength , V o l t s / M i l 585 490 
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T a b l e I V . F l a m m a b i l i t y 

M aterial Limiting Oxygen Index, % 

P o l y v i n y l chloride 
Po lyphenylene sulfide 
N y l o n 6-6 
Po lycarbonate 

47 
44 
28 .7 
25 
18.3 
17.4 
16.2 

Po lystyrene 
Polyolef ins 
Po lyaceta l 

Coat ings . Po lyphenylene sulfide coatings are character ized b y an 
unusual combinat ion of thermal stabi l i ty a n d chemica l resistance. T h e y 
are finding acceptance as corrosion-resistant coatings for metals i n the 
chemica l and petro leum industries. Po lyphenylene sulfide coatings may 
be app l i ed by many different solventless coating systems such as s lurry 
spraying , fiuidized-bed coating, and flocking. A l l of these techniques 
require a bake cycle to cure the po lymer to obta in tough, coalesced 
coatings. T y p i c a l bake cycles of 45 minutes at 700°F or 15 minutes 
at 800°F i n a c i r cu lat ing air oven are usual ly enough to cure coatings 
of about 5 -mi l thickness or less. T h i c k e r coatings require add i t i ona l 
b a k i n g to achieve a sufficient level of cur ing to prov ide o p t i m u m 
mechanica l toughness. 

Best adhesion is obtained w h e n the metal surface is gr it -blasted 
before coating. A l u m i n u m surfaces do not require any add i t i ona l sur
face treatment for good adhesion. F o r adequate adhesion, i r on sur
faces should be heat-treated at 700°F i n air before s lurry coat ing, or 
p r i m e d w i t h a mixture of po lyphenylene sulfide and cobalt oxide i n 
s lurry form before appl i cat ion of a coat ing by fluidized-bed techniques. 
U n c u r e d po lymer should be used for appl i cat ion of th in coatings (1-2 
mils per coat) by s lurry techniques; the cured resins are preferred for 
appl i cat ion of thicker coatings by fluidized-bed or flocking techniques 
to avo id problems of d r i p p i n g and sagging d u r i n g the operation. P i g 
ments such as t i tan ium dioxide , channel b lack, and a variety of i r on 
oxide compositions may be used when desired. 

T w o typ i ca l s lurry coat ing formulations are shown i n T a b l e V . 
F o r m u l a t i o n A , w h i c h consists of P P S , TiOL>, water, and a dispersing 
agent, is suitable for the product ion of mul t ip le coats and for a var iety 
of other appl ications. F o r m u l a t i o n B contains polytetrafluoroethylene, 
a n d can be used to produce single coat nonstick surface coatings, or it 
can be app l i ed as a top coat to a surface already coated w i t h F o r m u l a 
t ion A . 

R y t o n P P S coatings that are p inhole free at 2-4 mils may be ob
ta ined easily b y s lurry-coat ing procedures. Properties of these coatings 
are ind i cated i n T a b l e V I . These coatings are quite h a r d , w i t h a p e n c i l 
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hardness of 2 H at room temperature. T h i s hardness is ma inta ined at 
temperatures u p to 300°F, and the coat ing s t i l l has a p e n c i l hardness 
of 2 B at 500°F. Hardness and adhesion to grit -blasted a l u m i n u m , as 
measured on the A r c o M i c r o k n i f e , are 450-600 grams and 4-5 mi ls , 
respectively, for a coating containing 3 parts P P S a n d 1 part T iOo 
These coatings w i l l w i ths tand f o rward and reverse impact tests of 160 
inch-pounds, a n d a 3/16 inch m a n d r e l b e n d of 180°. E l o n g a t i o n of the 
coating is greater than 32% ( l i m i t of test ) , as determined on a conica l 

T a b l e V . Po lypheny lene Sulf ide Formula t i ons for 
Spray C o a t i n g App l i ca t i ons 

Parts by Weight 

A B 

R y t o n V P P S 100 100 
T i t a n i u m Diox ide 33 33 
Polytetraf luoroethylene — 10 
W a t e r 300 300 
T r i t o n X - 1 0 0 3 3 

Cure Conditions 

Temperature , °F 700 700 
T i m e , M i n u t e s 45 45 

T a b l e V I . Propert ies of P o l y p h e n y l e n e Sulf ide Coat ings 

PPS/Ti02 PPS/Ti02/ 
Coating PTFE Coating 

Property (3/1) (3/1/0.3) 

Hardness , Penc i l 2 H 2 H 
Hardness , A r c o M i c r o k n i f e a , g 500 350 
Adhes ion , A r c o M i c r o k n i f e 6 , mi ls 5 4-6 
M a n d r e l B e n d , 180°, 3 /16 " Pass Pass 
E l o n g a t i o n ( A S T M D 522), % > 3 2 > 3 2 
Reverse Impact , inch-pounds 160 160 
A b r a s i o n Resistance, Taber m g loss/1000 

rev. , C S - 1 7 Whee l 50 57 
C o n t a c t Ang le % water, degrees 82 110 
C o n t a c t Ang le c , Wesson o i l , degrees 41 68 
C h e m i c a l Resistance Exce l l ent Exce l l ent 
T h e r m a l S t a b i l i t y Exce l lent Exce l l ent 
C o l o r L i g h t T a n L i g h t T a n 

a A S T M 2197; measured on 1-mill coatings 
b A S T M 2197; measured on a l u m i n u m coupons that had been grit -blasted before 

coating (coating thickness, 1 mil) . 
c Measured with a R a m e - H a r t M o d e l A-100 goniometer 
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mandre l test apparatus. T h u s hardness, toughness, a n d extensibi l i ty are 
excellent. 

Exce l l ent release coatings based on po lyphenylene sulfide m a y be 
prepared b y incorporat ing a smal l amount of polytetrafluoroethylene i n 
the coating formulat ion . F o r example, a formulat ion of 100 parts of 
R y t o n V - l , 33 parts of t i t a n i u m dioxide , a n d 10 parts of polytetrafluoro
ethylene i n aqueous s lurry provides a coat ing that very read i ly releases 
food i n a cooking operation. Contact angle, as measured w i t h a R a m e -
H a r t m o d e l A -100 goniometer, is 68° for Wesson o i l and 110° for 
water on a coat ing surface of this type. A variety of colors may be ob
ta ined i n release coatings b y appropriate choice of p igment . T h e h a r d 
ness of these coatings is somewhat greater than that of the convent ional 
polytetrafluoroethylene cookware coatings (penc i l hardness of 2 H for 
the P P S coatings vs. H for polytetrafluoroethylene coat ing ) . 

O n e very interesting app l i ca t i on for po lyphenylene sulfide is i n 
coat ing cookware for nonstick use (10). Exce l lent , scratch-resistant, 
nonstick coatings are obta ined w h e n a formulat ion containing 10 to 
20% polytetrafluoroethylene is used. R y t o n P P S coatings are very i n 
soluble and nontoxic , a n i m a l feeding studies indicate . 

T a b l e V I I shows the effect of long-term aging of coatings at 500°F 
i n air . T h e we ight loss after 10 weeks exposure is less than 1% i n the 
f ormulat ion conta in ing a smal l amount of polytetrafluoroethylene. 

T a b l e V I I . L o n g - T e r m T h e r m a l Stab i l i ty i n A i r at 500° F . 

Weight Loss, % 

PPS/Ti02 PPS/TiOt/PTFE 
Exposure Time, Coating Coating 

Days (8/1) (8/1/0.8) 

1 0 .003 0 .02 
4 0 .06 0.07 
7 0 .13 0 .15 
9 0 .12 0 .16 

21 0 .18 0 .21 
30 0 .24 0 .29 
42 0 .50 0 .34 
49 0.47 (Cracked) 0 .31 
70 0 .95 (Cracked) 

I n other high-temperature tests, R y t o n po lyphenylene sulfide coat
ings on a l u m i n u m w i l l pass an 80 i n c h - p o u n d reverse impact test after 
exposure i n air at 600°F for eight days, or at 700°F for two days ( T a b l e 
V I I I ) . 

R y t o n po lyphenylene sulfide coatings are finding excellent accept
ance as corrosion-resistant, protective coatings for oi l - f ie ld p ipe , valves, 
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T a b l e V I I . T h e r m a l Stab i l i ty of Po lypheny lene Sulf ide C o a t i n g s f t 

Evaluationb 

PPS/Ti02 PPS/TiOt/PTFE 
Coating Coating 

Exposure Conditions in Air (3/1) (3/1/0.3) 

600°F—8 days Pass Pass 
700°F—2 days Pass Pass 

° One-mil coatings on aluminum 
b As measured by 80 inch-pound reverse impact test 

fittings, coupl ings, thermocouple wel ls , probes, and other equipment i n 
both petro leum a n d chemica l processing. Parts of this type have been 
operat ing satisfactorily for extended periods of t ime i n m e d i a such as 
l i q u i d ammonia , crude o i l , refined hydrocarbons , motor o i l , br ine , d i lu te 
hydroch lor i c and sul fur ic acids, d i lute sod ium hydrox ide , b u t y l acetate, 
chlorobenzene, etc. I n part i cu lar , po lyphenylene sulfide is p r o v i d i n g 
protect ion w h e n both corrosive materials a n d h i g h temperatures are 
invo lved . Thus , parts of carbon steel coated w i t h various p o l y p h e n y l 
ene sulfide resins are rep lac ing parts fabr icated f rom expensive a l loy 
metals. I n m a n y cases, corrosion-resistant coatings are app l i ed b y 
fluidized-bed techniques to obta in coat ing thicknesses of 10-25 mi ls read 
i l y . H o w e v e r , w h e n the mass of the substrate meta l is sufficient to 
h o l d the heat w e l l , thick coatings may be obtained b y spray ing the 
hot (ca. 700°F) meta l part w i t h an aqueous coat ing s lurry f ormulat ion , 
f o l l owed by a bake cycle. B o t h appl i cat ion methods are be ing used for 
corrosion protect ion. 
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Polymerization of Cyclic Bis(arylene 

tetrasulfides) 

N O R M A N A. HIATT 

Uniroyal Chemical, Division of 
Uniroyal, Inc., Naugatuck, Conn. 06770 

Several cyclic bis(arylene tetrasulfides) have been synthe
sized within the last few years. These ring compounds can 
be polymerized thermally in much the same way as sulfur 
itself. However, whereas polymeric sulfur depolymerizes 
on standing at room temperature, the poly(arylene poly
sulfides) considered here are stable polymers under ordinary 
conditions. The mechanism by which the cyclic bis
(arylene tetrasulfides) polymerize has been established by 
ESR as a free-radical process. The maximum number
-average molecular weights are from 15,000 to 16,000. 
The polymers can function as tire-cord adhesives or as 
metal-to-metal adhesives. 

r J n h e r e are very few examples i n the l iterature of po ly (ary l ene po ly -
sulf ides) . Perhaps the first such preparat ion was that of F r i e d e l a n d 

Crafts ( I ) , i n w h i c h benzene reacted w i t h sul fur i n the presence of 
a l u m i n u m chlor ide . W i t h i n the last 15 years, several po ly (ary l ene po ly -
sulfides) have been prepared b y related reactions i n w h i c h various aro
mat ic compounds reacted w i t h sulfur monochlor ide in the presence 
of Fr i ede l -Cra f t s catalysts (2, 3, 4). A var iat ion of this react ion has 
also been reported us ing a b i f iunct ional sul fenyl ch lor ide ( 5 ) : 

92 
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7. HiATT Cyclic Bis(arylene tetrasulfides) 93 

A l l of these Fr iede l -Cra f t s - type preparations m a y be classified as electro-
p h i l i c substitutions. 

T h e M a c a l l u m po lymer i za t i on (6, 7, 8) for p repar ing p o l y ( a r y l e n e 
polysulf ides) has been shown b y L e n z a n d co-workers (9 ) to invo lve a 
combinat ion of f ree-radical a n d nuc leophi l i c substitutions. T h i s p o l y 
mer izat i on involves the react ion of a po lyhaloaromat ic c o m p o u n d w i t h 
an a lka l i -meta l sulfide or an a lkal ine-earth meta l sulfide cata lyzed b y 
sul fur a n d carr ied out at a h i g h temperature wi thout solvent. Re la ted 
to the M a c a l l u m react ion are two nuc leoph i l i c processes for the prepara 
t ion of po ly (phenylene sul f ide) . O n e of these, reported b y L e n z a n d 
co-workers (10, 11), involves heat ing cuprous or sod ium p-bromothio -
phenoxide at 250° to 305°C: 

f N a B r 

T h e other process involves the react ion of d ichlorobenzene a n d sod ium 
sulfide (12): 

T h e w o r k descr ibed here deals w i t h a n e w approach to p repar ing 
po ly (ary l ene po lysul f ide ) . T h i s approach involves a free-radical m e c h 
an i sm—namely , the thermal po lymer i za t i on of cyc l i c b i s (ary lene tetrasul 
fides ) : 

R 

where R = R ' = O E t 
R = R ' = O M e 
R = O M e , R ' = CI 

(Monomer I) 
(Monomer II) 
(Monomer III) 
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These cyc l i c b i s (ary lene tetrasulfides) were or ig ina l ly synthesized 
b y Z. S. A r i y a n and R. L . M a r t i n (13, 14, 15) b y the reaction of the 
appropriate aromatic moiety w i t h sul fur monochlor ide i n the presence 
of a m i n e r a l ac id-c lay catalyst. 

Experimental 

P o l y m e r i z a t i o n of M o n o m e r I i n B u l k ( O p t i m u m C o n d i t i o n s ) . 
F i v e grams of monomer I (see page 93, bottom, for structure) were 
p laced i n a test tube under a continuous stream of d ry nitrogen. T h e 
tube was heated in an o i l bath at 195°C for one hour. A viscous 
orange fluid was obtained; on cool ing, the fluid sol idi f ied to a hard-orange 
glassy mater ia l . It was dissolved i n 50 m l of chloro form a n d prec ip i tated 
into 200 m l of methanol ; the result ing ye l l ow p o w d e r y po lymer was 
dr i ed in vacuo at 50°C for five hours. T h e y i e l d of po lymer was 4.8 g. 
T h e po lymer softens at approximately 90°C. 

Ana lys i s : C a l c . ( for C 1 0 H 1 2 S 4 O 2 ) : C 41.1 H 4.1 S 43.8 

F o u n d : C 41.1 H 4.1 S 41.3 

P o l y m e r i z a t i o n of M o n o m e r II i n B u l k . T h e po lymer iza t i on of 
monomer II was carr ied out i n the same w a y as that of monomer I ex
cept that the temperature was mainta ined at 220° C . 

Ana lys i s : C a l c . ( for C s H 8 S 4 0 2 ) : C 36.4 H 3.0 S 48.5 

F o u n d : C 35.7 H 2.9 S 47.3 

P o l y m e r i z a t i o n of M o n o m e r III i n B u l k . T h e po lymer i za t i on of 
monomer I I I was carr ied out under the same conditions as that of 
monomer I. 

Ana lys i s : C a l c . ( for C 7 H 5 S 4 C 1 0 ) : C 31.3 H 1.9 S 47.6 C I 13.2 

F o u n d : C 30.0 H 1.9 S 45.8 C I 12.8 

P o l y m e r i z a t i o n of M o n o m e r I i n So lut ion . T w o grams of monomer 
I were dissolved i n bromobenzene (2 g) and heated to 150°C w i t h stir
r i n g under a continuous stream of dry nitrogen. T h e system was m a i n 
ta ined at 150°C for three days, after w h i c h a viscous yel low-orange 
solut ion resulted. Th is solut ion was d i lu ted w i t h 20 m l of ch loro form, 
and the po lymer prec ip i tated into 100 m l of methanol d r i e d in vacuo 
at 50°C for five hours. A y i e l d of 1.8 g was obtained. 

P o l y m e r i z a t i o n of M o n o m e r I i n a H o t Press. O n e gram of mono
mer I was p laced between two Teflon-coated plates at contact pressure 
for one hour at 195°C. O n cool ing , an orange glassy film was ob
ta ined. 

A t t e m p t e d C o p o l y m e r i z a t i o n of M o n o m e r I w i t h Sul fur . A mixture 
of 2.5 g of sul fur and 2.5 g of monomer I was p laced i n a test tube under 
a continuous stream of d ry nitrogen. T h e tube was heated i n an o i l 
ba th at 185°C for two hours. A viscous orange fluid was obtained; 
on cool ing, the fluid separated into two so l id phases. O n e phase was a 
hard-orange glassy mater ia l , the other hard -ye l l ow mater ia l . Th is 
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7. H I A T T Cyclic Bis(arylene tetrasulfides) 95 

heterogeneous mass was broken u p and s lurr ied i n 50 m l of chloroform. 
T h e orange so l id went into solution, a n d the ye l l ow remained suspended 
i n the chloroform. T h e system was then filtered and the ye l l ow so l id 
d r i e d in vacuo at 50°C for five hours. A y i e l d of 1.9 g was obtained. 
T h e me l t ing point of this so l id is 113-114°C, corresponding to that of 
sulfur. T h e orange mater ia l i n chloroform solution was prec ip i tated 
into 200 m l of methanol , and the result ing ye l l ow powder d r i e d in vacuo 
at 50°C for five hours. T h i s mater ia l , 2.2 g, was identi f ied as the po ly 
mer f rom monomer I. 

Instruments used for the various phys i ca l a n d spectral measurements 
( w i t h condit ions, concentrations, a n d solvents noted where appropr iate ) 
were : 

(a ) P e r k i n E l m e r u l t ra v io let -v is ib le spectrophotometer, m o d e l 202 
(solvent—CC1.„ cone—0.02 g/1) . 

( b ) V a r i a n E S R spectrometer (250 gauss sweep i n 5 m i n at 300 
c m / h r ) ; temp = 180°C; g - 2.023). 

( c ) P e r k i n E l m e r dif ferential scanning calorimeter, m o d e l I B (scan 
rate = 20°C /min ; temp range—270° to 3 7 0 ° K ) . 

( d ) Thomas melt ing-po int apparatus. 
(e ) C a n n o n - U b b e l o h d e d i lu t i on viscometer ( temp = 30°C ; solvent 

— C H C l . , ; cone—0.4 g /100 m l ) . 
( f ) M e c h r o l a b vapor pressure osmometer ( temp = 37°C ; so lvent— 

C H C 1 3 ; cone range—40 to 102 g/1) . 
( g ) Waters high-pressure l i q u i d chromatograph, m o d e l A L C - 2 0 2 

( c o l u m n — 1 meter, 1/8 i n . O . D . , stainless-steel w i t h 35-47/x Poras i l T 
pack ing ; mobi le phase— 99.5%/0.5% of n - h e x a n e / T H F ; flow rate = 1.0 
m l / m i n ; ambient temp. ; U V detect ion) . 

Results and Discussion 

G e n e r a l . C o m p o u n d s such as monomers I, II a n d I I I have been 
considered as sul fur analogs of paracyc lophane (13 ) . H o w e v e r , their 
chemica l behavior , at least w i t h regard to po lymer izat ion , more closely 
resembles that of sulfur itself. F o r instance, paracyc lophane is po ly 
mer i zed b y v a c u u m dis t i l la t ion (16); sul fur (17) a n d monomers I , I I , 
a n d I I I , b y contrast, may be po lymer i zed b y heat ing i n a ir or i n an 
inert atmosphere. 

Po lymer i c sul fur depolymerizes on s tanding after a short t ime (18). 
T h i s is not the case w i t h the po ly (ary lene polysulf ides) w h i c h are stable 
indef initely under ord inary condit ions. 

M o l e c u l a r W e i g h t . T h e m a x i m u m number-average molecular 
weights obta ined thus far for the po ly (ary lene polysulf ides) are f rom 
15,000 to 16,000. Representative examples of the reduced viscosities a n d 
molecular weights , as determined b y vapor pressure osmometry ( V P O ) 
i n chloro form, are g iven i n T a b l e I. 
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T a b l e I . V iscos i ty a n d M o l e c u l a r W e i g h t s 

R R' 
Conditions of 

polymerization 

Reduced 
viscosity 

(04 
g/100ml 
CHCk) 

V.P.O. 
M.W. 

O E t O E t 1 hr @ 195° C (in bu lk ) 
3 days @ 150° C (in bromo-

benzene) 
16 hr @ 150° C (in bromo-

benzene) 

0 .21 
0 .08 

0 .06 

15,871 
7,129 

4 ,653 

O M e O M e 1 hr @ 220° C ( in bu lk ) 0 .08 — 

O M e C I 1 hr @ 195° C (in bulk ) 0 .04 — 

T h e most l ike ly explanation for the fact that h igher -molecular -
we ight po ly (ary l ene polysulf ides) were not obta ined probab ly can be 
traced to the p u r i t y of the monomer. A n ind i ca t i on of this m a y be 
f ound w i t h the high-pressure l i q u i d chromatography conducted on 
monomer I. T h i s method showed that a l though e lemental sul fur was 
present i n trace quantit ies (less than 0.1%), there was another (1 to 2%) 
unident i f ied i m p u r i t y present despite repeated recrystal l izations of the 
monomer. If this i m p u r i t y were of the structure shown here, i t c o u l d 
funct ion as a cha in - terminat ing agent under the condit ions of the po ly 
mer izat ion a n d thus lower the molecular weight . 
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7. H I A T T Cyclic Bis(arylene tetrasulfides) 97 

T a b l e I I . Su l fur R a n k vs. C lass T r a n s i t i o n Temperature 
for A r o m a t i c Polysul f ides 

Structures 

Average 
sulfur 
rank T g ( ° C ) T m (° C) M.W. 

- C H : C H 2 - — S 4 — " ~ 4 3(19) 96(19) 4,250(79) 

O C H 3 -1 

4 30 

O E t 

O E t 

49 59 7,000-15,000 

80 

85 (20) 285 (20) 

A n o t h e r possible explanation might be that free sul fur splits out of 
the m a i n cha in to degrade the po lymer . In regard to this, a sma l l 
amount of e lemental sulfur (less than 0.2%) sublimes out of the system 
d u r i n g a b u l k po lymer izat ion . High-pressure l i q u i d chromatography 
conducted on the po lymer formed from monomer I showed no res idual 
monomer i n the system a n d only trace quantit ies of e lemental su l fu i 
(less than 0.1%). 
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Attempts to copolymerize monomer I w i t h sul fur resulted i n f orma
t ion of just the po ly (ary lene polysul f ide) since a l l the sul fur separated 
out on coo l ing to room temperature. T h i s is apparent ly because 
w h e n eight or more sulfur atoms appear i n sequence i n a po lymer i c 
cha in , the cha in is unstable, and some of the sul fur el iminates to f orm 
the more stable e ight -membered rings instead. 

Su l fur R a n k . In character iz ing polysulf ide polymers , i t is custom
ary to refer to the sul fur rank of the mater ia l . T h e sul fur rank is a 
numer i ca l value designat ing the number of sul fur atoms appear ing i n 
sequence a long the chain . I n the most c ommon commerc ia l polysulfides, 
the T h i o k o l polymers , the sul fur rank is quite r a n d o m along the po ly 
meric chains as a result of the method used for their preparat ion ; accord
ing ly , an average sul fur rank is used. It is therefore diff icult to correlate 
the properties of the polysulf ide w i t h the sulfur rank. Recent ly , F i t c h 
a n d Helgeson (19) prepared polysulfides w i t h a very narrow d i s t r ibut ion 
of sulfur rank and were able to correlate this w i t h the glass transit ion 
temperature, T^,. Genera l ly , their conclusions were what one might ex
pect : As sul fur rank increases, the T^ value decreases, and introduct ion 
of xyly lene groups into the polysulf ide cha in increases the T^ value . 

A r o m a t i c polysulfides i n w h i c h the sul fur atoms are attached d i 
rectly to the aromatic r ing , such as those s tudied i n this work , have a 
substantial ly h igher T^ value than the xy ly lene-conta ining polysulfides. 
T a b l e I I , w h i c h includes data on po ly (phenylene sul f ides) , shows the 
relationships i n v o l v i n g sulfur rank, r i n g subst itut ion, a n d glass-transition 
temperature for aromatic polysulfides. 

P o l y m e r i z a t i o n b y Ionic Cata lysts . Attempts to po lymer ize mono
mer I w i t h ionic catalysts such as tr imethylphosphite or boron tr i f luoride-
etherate at room temperature d i d not succeed. N o react ion was v is ib le 
i n either case despite the fact that it has been reported that t r i a l k y l 
phosphites react v igorously w i t h sul fur at room temperature (21). H o w 
ever, even i n that specific instance, no po lymer izat i on was observed. 
T h e use of an anionic in i t iator such as n - b u t y l l i t h i u m d i d not produce 
po lymer either. In this case, however , a reaction d i d occur, as ev idenced 
b y the discolorat ion of the monomer solution. 

P o l y m e r i z a t i o n b y I r rad ia t i on . U s i n g a V a n de Graaff generator, 
so l id samples of monomer I were i r rad iated at dose rates of f rom 4 to 
256 watt-hours per pound . In add i t i on , a sample dissolved i n o-dichloro-
benzene was i rradiated at 256 watt-hours per p o u n d . N o po lymer iza t i on 
occurred i n any of the samples i r radiated . H o w e v e r , the so l id sample 
exposed at 256 watt-hours per p o u n d changed color f rom a br ight orange 
to a golden ye l low, ind i ca t ing that a react ion d i d take place . 

U l t r a v i o l e t Spectra. D u r i n g the course of their work, Z. S. A r i y a n 
a n d R. L . M a r t i n (13) determined that the U V absorption m a x i m u m of 
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7. H I A T T Cyclic Bis(arylene tetrasulfides) 99 

monomer I i n chloro form occurs at A m a x of 371 m/x. T h i s represents a 
bathochromic shift compared w i t h other k n o w n tetrasulfides (290 to 330 
H I / A ) (22). These data pro m pt e d them to speculate that there was i n 
ternal steric strain i n the r i n g caused b y a n o n b o n d i n g interact ion 
between sulfur a n d oxygen: 

X - r a y crystal lographic studies on monomer I have tended to support 
S O interactions (23). 

I n construct ing a mode l of the po lymer , we have observed that t h e 
sulfur a n d oxygen atoms no longer m a i n t a i n the close prox imi ty to each 
other as they do i n the cyc l i c monomer. Therefore , the nonbond ing 
interact ion should d i m i n i s h i n importance . O n this basis, w e expected 
the U V absorption m a x i m u m of the po lymer to be shi fted to a l ower 
wave length than the monomer. T h i s has been conf irmed w i t h the ob
servation that the po lymer obta ined f rom monomer I showed a U V 
absorption m a x i m u m at 346.5 mp. 

In f rared a n d N M R Spectra . T h e in frared a n d N M R spectra of 
the po ly (ary l ene polysulf ides) are ident i ca l to those of the correspond
ing monomers. T h e major bands i n the in frared for monomer I a n d the 
result ing po lymer are: 

(a ) 3000 c m - 1 ( two peaks i n this region, aromatic C - H a n d a l i 
phat ic C - H s tre tch ing ) ; 

( b ) 1575 c m 1 ( C = C i n p lane v i b r a t i o n ) ; 
( c ) 1450 c m 1 a n d 1350 c m ' 1 ( a l iphat i c C - H de format ion ) ; b r o a d 

b a n d i n region of 1190 c m - 1 ( C - O s tre tch ing ) ; 
( d ) 1025 c m - 1 a n d 750 c m - 1 (benzene-r ing subst i tut ion) . 

T h e S -S a n d C - S absorption bands appear be low 700 c m - 1 and d i d not 
show u p on the instrument used. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
3 

| d
oi

: 1
0.

10
21

/b
a-

19
73

-0
12

9.
ch

00
7

In Polymerization Reactions and New Polymers; Platzer, N.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1973. 



100 P O L Y M E R I Z A T I O N R E A C T I O N S A N D N E W P O L Y M E R S 

A b s o r p t i o n peaks i n the N M R for monomer I and the resul t ing po ly 
mer are: 

Integration of areas under the N M R absorption peaks corresponds to the 
ratios of the different types of protons. 

E S R Spectra. T h e question h a d been raised as to what type of 
po lymer izat ion mechanism was invo lved . W e propose a free-radical 
process on the basis of the analogy between the cyc l i c b i s (ary lene tetra
sulfides) a n d sul fur itself. T o resolve this point , the po lymer iza t i on of 
monomer I, i n bu lk , was carr ied out in the cavi ty of an E S R spectrometer. 
T h e E S R s ignal shown i n F i g u r e 1 c learly demonstrates a free-radical 
mechanism, and the g-value (spectroscopic sp l i t t ing factor) of 2.023 for 
the free radicals formed d u r i n g po lymer izat i on agrees closely w i t h the 
g-value of 2.024 reported for po lymer iza t i on of sul fur (24). 

Type of 
proton 

8 value 
(ppm) 

C H 3 — 
— C H 2 — 

A r H 

1.47 (triplet) 
4.03 (mult iplet ) 
7.23 (singlet) 

Figure 1. ESR signal during polym
erization of monomer I 

Three steps are proposed as a p laus ib le sequence i n the p o l y m e r i z a 
t ion mechanism: 
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( c ) T e r m i n a t i o n : 
T h e presence of impuri t ies such a s . . . 

Et Et 
0 0 

O 0 
Et Et 

Simi lar in i t ia t i on a n d propagat ion steps to those shown here have 
been proposed for the po lymer izat i on of sul fur (24). 

A d h e s i v e Propert ies of P o l y ( A r y l e n e Po lysu l f ides ) . T h e po lymer 
obtained f rom monomer I has shown itself to be an adhesive for meta l -
to-metal bond ing . T h i s property was discovered w h e n the monomer 
was po lymer i zed i n a hot press between two ferrotype plates. O n cool -
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7. H I A T T Cyclic Bis(arylene tetrasulfides) 103 

T a b l e I I I . A d h e s i v e Tests for P o l y m e r f r o m M o n o m e r I 

(a) Tire cord adhesion (ASTM D2229-63T) 
(values are averages of three samples) 

Estimate of 
Curing Tensile Wire % Rubber 
Time Strength Elongation Adhesion Stock Left 
(min.) (psi) (%) % 250° F on Wire 

15 2190 390 69 75 
30 2000 250 69 75 

(b) Metal-to-metal adhesion (ASTM D2564-66T) 

Shear Strength 
Sample (psi) 

1 198 
2 155 
3 170 

ing , the po lymer adhered rather tenaciously to the plates. 
T h e adhesive properties, coup led w i t h the fact that monomer I was 

shown to be a v u l c a n i z i n g agent for rubber (15), ind i ca ted that the 
po lymer m i g h t make a suitable t i re -cord adhesive. T h e data i n T a b l e 
I I I demonstrate the adhesive properties of the po lymer , w h i c h may be 
data ; a n d R. K i n d l e for the adhesion data. I r rad iat ion w o r k was done 
b y D . I. Re lyea at the U n i r o y a l Reseach Center i n W a y n e , N . J . 
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8 

Poly(thiol e s t e r s ) 

HEINRICH G. BÜHRER and HANS-GEORG ELIAS 

Midland Macromolecular Institute, 1910 West St. Andrews Dr., Midland, 
Mich. 48640, and Swiss Federal Institute of Technology, Universitätstrasse 6, 
CH-8006, Zürich, Switzerland. 

The reported synthesis and properties of poly(thiol esters) 
of the A-B and A-A/B-B types are reviewed for these 
classes of compounds: 2 poly(α-mercapto acids), 7 poly(β
-mercapto acids), 4 poly (ε-mercapto acids) and 44 A-A/B-B 
type poly(thiol esters). The melting points of poly(thiol 
esters) are generally lower than those of the corresponding 
polyamides and higher than those of the polyesters. They 
are readily hydrolyzed by alkali, which seems to be the 
main reason for the lack of commercial interest in these 
materials. 

" O o l y ( t h i o l esters) have been k n o w n for more than 25 years as stable, 
fiber-forming polymers ; for a br ie f rev iew see Goethals ( I ) . S t i l l , 

they have attracted l i t t le attention among scientists and have not been pro 
duced o n a commerc ia l scale. I n this artic le , we summarize these often 
incomplete results to get a better understanding of this class of polymers . 

I n terms of their properties, po ly ( th i o l esters) l i e between polyes
ters a n d polyamides . I n polyesters, oxygen atoms can be replaced for
mal ly b y sulfur i n three different ways to give po ly ( t h i o l esters) ( I ) , 
po ly ( th i on esters) ( I I ) , and po ly (d i th i o esters) ( I I I ) . 

o s s 

- £ R - C - S -J - £ R - C - 0 J - £ R - C - S ̂ j-
I I I I I I 

A l t h o u g h polymers of type I I or III have not yet been made, i t 
should be possible to synthesize them from the k n o w n p o l y ( i m i d o esters) 
(2 ) or p o l y ( i m i d o t h i o l esters) (3 ) b y treatment w i t h hydrogen sulfide. 

105 
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N H N H S S 
r II II i H 2 S r M II - i 

4 — R — 0 — C — R ' — C — 0 - f > 4 - R — O — C — R ' — C — 0 - 4 -

N H N H 
r II II —| H 2 S r II II - | 

- I — R - S - C - R ' - C - S - 4 - ^ 4 - R - S - C - R ' - C - S - 4 -

Po ly ( th i o l esters) have been prepared by various methods, often 
analogous to preparat ion of polyesters, as is shown here. 

As w i t h po lyamides , it is useful to d ist inguish between po ly ( t h i o l 
esters) of the A - B type a n d the A - A / B - B type. T y p i c a l examples are 
poly (e - thiocaprolactone) ( I V ) a n d po ly (hexamethylene d i t h i o l tereph
thalate) ( V ) . 

S — ( C H 2 ) 5 — C O - J S — ( C H 2 ) 6 — S O C C O 

I V V 

Preparation of Poly (thiol esters) of the A-B Type 

T h e most general preparat ion of these compounds is the p o l y m e r i 
zat ion of the corresponding thiolactones ( V I ) . 

S — ( C H 2 ) m — C O > S — ( C H 2 ) m — C O 

V I 

Thiolactones and substituted thiolactones w i t h four to seven r i n g 
atoms have been prepared . E x c e p t for y-thiolactones, they have been 
po lymer ized . O t h e r general procedures for m a k i n g A - B type p o l y 
( t h i o l esters) are the internal add i t i on reaction of ^-unsaturated thio 
acids ( V I I ) , 

H 2 C = C H ( C H 2 ) m — C O S H -> £ - S — ( C H 2 ) m + 2 — C O - J 

V I I 

a n d the condensation po lymer izat ion of o>-mercapto a c id chlorides bear-
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8. B U H B E R A N D E L I A S Poly(thiol esters) 107 

i n g protect ive groups ( such as b e n z y l , a n d t r imethy ls i l y l ) o n the sul fur 
atom. 

R S — (CH 2)m—COC1 
- R C l 

- £ - S - ( C H 2 ) m - C O - J 

Poly(« -mercapto a c i d s ) . T h e simplest c ompound of this type is 
p o l y ( t h i o g l y c o l i d e ) ( V I I I ) — p o l y ( a - m e r c a p t o a c e t i c a c i d ) — w h i c h has 
been prepared i n different ways . 

H S — C H 2 — C O O H 

I X 

HS—CH 2 —COOCH3 

X 

H 2 C 
I I 

0 A / C H ° 
S 

X I 

C H 2 — C 

0 

\ 
0 

X I I 

( C H 3 ) 3 S i — S — C H 2 C O C l 

- H 2 0 

U), (5), (6), (7) 

-CH3OH 

(4) 

base 

base, — C 0 2 

(4) (8) 

- ( C H 3 ) 3 S i C l 

- £ s — c h 2 c o J 
V I I I 

X I I I (9) 

T h e condensation po lymer i za t i on of I X a n d X yields oligomers only 
(see T a b l e I ) . Condensat ion of I X gave d i th iog lyco l ide X I as a b y 
product (4). X I was also obta ined b y pyrolysis of p o l y ( t h i o g l y c o l i d e ) 
( 7 ) . T h e po lymer i za t i on of S-carboxy-a-mercaptoacetic a c i d anhydr ide 
X I I us ing bases as init iators has been s tudied i n deta i l (4). It is s imi lar 
i n many respects to the w e l l - k n o w n po lymer iza t i on of N-carboxy-a -amino 
ac id anhydrides . 
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Table I. 

Monomer 

H S — C H 2 — C O O H 

H S — C H 2 — C O O C H 3 

0 

V 
o 

Solvent 

( B u l k ) 

( B u l k ) 

C h l o r o f o r m 

Catalyst 

T i ( O B u ) 4 

Cyc l ohexy lamine 

Y 
o 

Dioxane H 2 0 

Dioxane A m i n e s 

T e t r a h y d r o f u r a n N ( C 2 H 5 ) 3 

( C H 3 ) 3 S i — S — C H 2 — C O C 1 — — 

0 In dioxane, 94.5°C 

P o l y ( t h i o g l y c o l i d e ) is read i ly degraded b y aqueous a l k a l i a n d 
amines. It is soluble w i t h o u t degradat ion only i n dichloroacet ic a c i d 
( D C A ) and hexafluoroacetone sesquihydrate (4). T h e viscosity-mo
lecular we ight relat ionship is 

M = 0.018 MS,-12 m l / g (25°C, D C A ) 

for the molecular -weight range Mw of 5500 to 36000 Dal tons (4). 
P o l y (a -mercaptopropionic ac ids) ( X V ) , or p o l y ( th io lac t ides ) , 

were synthesized f rom the corresponding S-Leuchs anhydrides h a v i n g 
various opt i ca l purit ies ( I I ) . 

* C H ( C H 3 ) C 

O 

- c 

\ - c o 2 

o -> - £ s * C H ( C H 3 ) C O - J 

X I V o X V 
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8. B U H R E R A N D E L I A S Poly (thiol esters) 109 

P o l y ( th iog lyco l ides ) 

Temp., °C Yield, % [rj], xn mp, °C Reference 
ml/g 

130 100 — 9 L i q u i d (7) 

140 — — 3 " U ) 

25 94 — — 165-169 (8) 

100 97 .4 15 a 45 140-145 (10) 

25 100 — — 147-157 (8) 

- 5 0 93 .2 32 .6 6 440 c 157 (4) 

— — 5 0 * — — (9) 

b In dichloroacetic acid, 25°C 
cxw (from light scattering) 

T h e po lymer izat ion in dioxane solut ion w i t h amines as init iators was 
very s low a n d incomplete (see T a b l e I I ) . H o w e v e r , a r a p i d solid-state 
po lymer izat i on was observed d u r i n g the attempted subl imat ion or re 
crysta l l izat ion of the monomer X I V . 

Poly ( / ? -mercapto a c i d s ) . Poly( /3 -mercaptopropionic a c id ) ( X V I ) 
has been prepared this w a y (12) (see also T a b l e I I I ) : 

O 
II 

H S C H 2 C H 2 C O O H + C I C O E t + N E t 3 

1 o 
1 H S C H 2 C H 2 C 0 — O — C O E t ] + N E t 3 H + C l -

- f s C H 2 C H 2 C 0 j + E t O H + C 0 2 

X V I 

A n alpha-subst i tuted poly ( / ? -mercaptopropionic a c id ) has been 
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110 P O L Y M E R I Z A T I O N R E A C T I O N S A N D N E W P O L Y M E R S 

T a b l e I I . P o l y ( t h i o l a c t i d e s ) 

Temp., Yield, [rj]sp/c, mp, Refer-
Monomer Solvent Catalyst °C % ml/g °C ence 

C H - C 
/ \ 

D29L71 O Dioxane n - H e x y l - 25 16 37 .7 ° 133 (11) 
amine 

11 
0 

D 6 0 L 6 0 " " " " — 17.4" (<) (11) 

D 9 3 L 7 " " H 2 0 " — — 152 (11) 
" In chloroform. 25°C; c = 0.02 g/ml 
6 In chloroform, 25°C; c = 0.03 g/ml 
e Amorphous; glass-transition point at 12°C 

made b y treat ing S -benzy l -N-phtha ly l -L - cys te iny l ch lor ide ( X V I I ) w i t h 
one equivalent of A1C1 3 (13). 

A1CU r _, 
C 6 H 6 — C H 2 S — C H 2 — C H — C O C 1 • - j - S — C H 2 — C H — C O - j -

<2@ C@ 
X V I I 

W h e n two equivalents of A1C1 3 were used, the corresponding /?-thio-
propiolactone was obta ined . A s imi lar product was made b y r i n g -
opening po lymer iza t i on of ( S ) - ( — )-«-p-toluenesulfonamido-/?-thiopro-
pio lactone ( X V I I I ) (14). 

S - C H 2 — C H ( N H T s ) - C O > - f S - C H 2 — C H ( N H T s ) — C O ^ -

I I 1 J 

X V I I I 

W a t e r , benzy lmercaptan , a n d amines were used as init iators. T h e p o l y 
mers h a d number-average degrees of po lymer izat ion up to 50. 

U . S . Patent 3,367,921 (16) describes the po lymer izat i on of some 
/2-thiolactones of type X I X , where R a n d R ' are m e t h y l or e thy l . 
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8. B U H R E R A N D E L I A S Poly(thiol esters) 111 

R 

S — C H 2 — C — C O X I X 

R ' 

T h e po lymer iza t i on w i t h strong bases y i e l d e d h igh-molecu lar -we ight 
po ly ( t h i o l esters) , w h i c h c o u l d be extruded to films and fibers. Some 
po ly ( t h i o l ester-coesters) are also descr ibed i n the patent. 

^ , / ? -Dimethyl -^ - th iopropio lactone ( X X ) was po lymer i zed w i t h a 
trace of water (15 ) . 

N o po lymer properties were reported. 
P o l y (y-mercapto a c i d s ) . y -Thiobutyro lactone d i d not po lymer ize i n 

b u l k at 155°C w i t h potassium terf-butoxide as in i t iator (17). T h i s is 
probab ly because of an unfavorable monomer-po lymer e q u i l i b r i u m , re 
sul t ing i n a l o w ce i l ing temperature. It might be possible to overcome 
these difficulties b y us ing lower po lymer izat i on temperatures or h i g h 
pressure techniques, or both. A s imi lar behavior has been reported for 
y-butyrolactone (18 ) , w h i c h cou ld be po lymer i zed at e levated tempera
tures at 20,000 atm. It is l ike ly that subst ituted y-thiolactones are even 
more difficult to po lymer ize . 

Po ly (8 -mercapto a c i d s ) . S-Thiovalerolactone was po lymer i zed i n 
21% y i e l d to a l inear p o l y ( t h i o l e s t e r ) — [ T ; ] 2 5 C H C I 3 = 14.7 m l / g r a m , m.p. 
117°-118°C (17). T h e molecular we ight of the po lymer seems to be 
contro l led b y the m o n o m e r - p o l y m e r e q u i l i b r i u m . T h e same product 
( X X I I ) was obta ined b y d i s t i l l ing thiol -4-pentenoic a c id ( X X I ) (19), 
g i v i n g the thiolactone ( X X I I I ) as a by-product . 

C H 3 

S — C — C H 2 — C O X X 

C H 3 

H 2 C = C H ( C H 2 ) 2 C O S H 

X X I 

+ 
X X I I X X I I I 

T h e structure of X X I I was proved b y alkal ine hydrolysis , w h i c h gave 
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T a b l e I I I . 

Monomer 

H S — C H 2 C H 2 — C O O H 

Solvent 

E t h e r 

< 2 H H 2 — S — C H 2 — C H — C O C 1 
Benzene 

S — C H 2 — C H ( N H T s ) — C O 
\ o ® 

Catalyst 

N ( C 2 H 5 ) 3 / C 1 C 0 0 C 2 H 5 

Stoichiometr ic amounts 
of A1C1 3 

(Bu lk ) 

D M F 

(Bu lk ) 

Benzene 

T h e r m a l l y 

( C H 3 ) 2 N H 

H 2 0 

Base 

S — C ( C H 3 ) 2 — C H 2 — C O 
1 1 

S — C H 2 — C ( C H 3 ) 2 — C O 
1 1 

S — C H 2 — C ( C 2 H 5 ) 2 — C O 
1 1 

S — C H 2 — C ( C H 3 ) ( C 2 H 5 ) — C O 
1 1 

a In D M F , 30°C 

8-mercaptovaleric ac id . T h e add i t i on thus d i d not fo l l ow M a r k o w n i k o f F s 
rule . T h e me l t ing po int of X X I I (xn = 9) was 115°-117°C. 

Po ly (e -mercapto a c i d s ) . I n a series of papers, Overberger a n d 
W e i s e (17, 20, 21) reported the po lymer izat ion of £-thiocaprolactone 
( X X I V ) a n d of some substituted analogs (see T a b l e V I ) . X X I V c o u l d 
be po lymer i zed i n b u l k or tetrahydrofuran solut ion, us ing bases such as 
b u t y l l i t h i u m , potassium tert-butoxide, or sod ium as init iators . A1C1 3 as 
in i t iator gave a crossl inked product . L i n e a r po ly ( e-thiocaprolactone) 
is crystal l ine a n d soluble i n chlor inated hydrocarbons. 

T h e same product was obtained b y intermolecular olefin add i t i on of 
thiol -5-hexenoic ac id (19 ) , but me l t ing po int a n d degree of p o l y m e r i 
zat ion were m u c h lower. 

T h e methyl -subst i tuted £-thiocaprolactones of T a b l e I V were po ly 
mer i zed i n bu lk . (R)-( — )-poly(y-methyl-£-thiocaprolactone) was crys
tal l ine , the other two polymers amorphous. O R D spectra of these po ly 
mers were s imi lar to l ow-molecular -weight m o d e l compounds, ind i ca t ing 
that no he l i ca l conformation exists i n solution. 

£ - S — ( C H 2 ) 6 — C O - J 

X X V 

• £ s — ( C H 2 ) i o — C O - J 

X X V I 
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8. B U H R E R A N D E L I A S Poly(thiol esters) 113 

Poly( / ? -mercapto ac ids ) 

Temp., Yield, [rj], 
°C % ml/g x n mp, °C Reference 
25 — — — 134-145 (12) 

65 31 6 256-260 (IS) 

102 — 2 0 . 6 • 33 237-240 (U) 

27 — 2 8 . 5 « 49 245-250 (14) 

— — — — — (15) 

100 85 1 . 3 4 " — — (16) 

u 68 0 . 8 5 " — — (16) 

u 78 1.02 » — —- (16) 

b = Min toluene, 30°C [g/dl] 

Poly(o)-mercapto a c i d s ) . Poly(a)-mercaptoheptanoic a c i d ) ( X X V ) 
- (xn = 11, m.p. = 69°C) (19)—and poly(a)-mercaptoundecylenic a c id ) 
( X X V I ) — [ r / ] 2 5 c H c i 3 = 26 m l / g (22)—were prepared f rom the w-unsatu-
rated thioacids. 

T h e l o w molecular weights obta ined were at tr ibuted to the fact 
that the very reactive monomers c o u l d not be pur i f ied b y d is t i l la t ion , the 
impurit ies act ing as cha in terminators. 

Preparation of Poly(thiol esters) of the A-A/B-B Type 

T h e methods b y w h i c h these po ly ( t h i o l esters) have been synthe
sized are summar i zed i n T a b l e V . Three other types of reactions exist 
that c o u l d also y i e l d po ly ( th i o l esters) : 

H S O C — R — C O S H + H S — R ' — S H < = > - K ) C — R — C O S — R ' — S + - + H 2 S 
0 = C = C H — R — C H = C = 0 + H S — R ' — S H -> 

- f - O C C H 2 — R — C H 2 C O S — R ' — S - } -
N a S O C — R — C O S N a + B r — R ' — B r -> - f S O C — R — C O S R ' - } - + 2 N a B r 

These reactions have not been used so far as w e k n o w al though they 
give thiolesters w i t h monofunct ional reactants (23, 24, 25). 

T a b l e V I gives the po ly ( t h i o l esters) made b y the reactions m e n 
t ioned i n T a b l e V . I n several cases, in format ion g iven about po lymer 
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114 P O L Y M E R I Z A T I O N R E A C T I O N S A N D N E W P O L Y M E R S 

T a b l e I V . 

Monomer 

H 2 C = C H — ( C H 2 ) 3 — C O S H 

S — ( C H 2 ) 5 — C O 

Solvent 

( B u l k ) 

Catalyst 

Spontaneous 

tert-BuOK 

T e t r a h y d r o - n - B u L i 
furan 

(Bu lk ) tert-BuOK 

n - B u L i 

R-( - ) S — ( C H 2 ) 3 — C H ( C H 3 ) — C H 2 — C O 
I i 

( ± ) S - ( C H 2 ) 2 — C H ( C H 3 ) — ( C H 2 ) 2 — C O 
) i 

R - ( + ) 
a In chloroform, 25°C 

T a b l e V . Types of React ions L e a d i n g to A - A / B - B T y p e 
P o l y ( t h i o l esters) 

Reactant 1 

H O O C — R — C O O H 

Reactant 2 

H S — R ' — S H 

R " O O C — R — C O O R " H S — R ' — S H 

C l O C — R — C O C 1 

H S O C — R — C O S H 

H S O C — R — C O S H 

H S — R ' — S H 

Type 

condensation 
p o l y m e r i 
zat ion 

condensation 
p o l y m e r i 
zat ion 

condensation 
p o l y m e r i 
zat ion 

Abbreviation 
in Table VI 

A / M 

E / M 

C / M 

C H 2 = C H ( C H 2 ) 2 — C H = C H 2 A d d u c t 
format ion 

C H ^ C — ( C H 2 ) 3 — C H 3 A d d u c t 
format ion 

T A / U 

T A / U 

properties is very incomplete . T h e react ion types shown i n T a b l e V 
are dealt w i t h here. 

P o l y ( t h i o l esters) f r o m D i b a s i c A c i d s a n d D i m e r c a p t a n s ( R e a c t i o n 
A / M ) . B y this procedure (26 ) , only l o w molecular weights were ob
ta ined because of side reactions. T h e react ion has therefore not f o u n d 
w i d e r appl i cat ion , compared w i t h the synthesis of polyesters. 

F r o m D i b a s i c A c i d s Esters a n d D imercaptans ( R e a c t i o n E / M ) . 
T h i s transesterification (31) offers some advantages over other methods. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
3 

| d
oi

: 1
0.

10
21

/b
a-

19
73

-0
12

9.
ch

00
8

In Polymerization Reactions and New Polymers; Platzer, N.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1973. 



8. B U H R E R A N D E L I A S Poly (thiol esters) 115 

P o l y ( f - m e r c a p t o ac ids ) 

Temp., 
°C 

Yield, 
% 

M, 
ml/g x n 

mp, 
°C 

T b 
°c 

Refer
ence 

— 92 — 16 80-83 — (19) 

155 78 7 6 . 3 • — 104-6 — (20) 

25 86 55 .8 • — 102-4 19 (17) 

110-190 76 5 4 . 2 • — A m o r p h o u s - 5 0 , + 2 0 (21) 

25 55 3 4 . 1 • — u — (21) 

28 42 .1 <• — 62 — (21) 
b Glass-transition temperature by D T A 

T h e d i p h e n y l esters used are easily pur i f ied , a n d the react ion can be 
cata lyzed b y l i t h i u m , l i t h i u m hydr ide , d i b u t y l t i n oxide, a n d other c o m 
pounds. B y per forming the process i n two stages (first at 200°C at 
atmospheric pressure f o l l owed b y 320°C under h i g h v a c u u m ) , i t is pos
sible to obtain the h i g h molecular weights requ ired for fiber-forming 
properties. D i p h e n y l esters of d ibasic acids w i t h the pheno l subst i tuted 
b y electron-acceptor groups show increased react iv i ty ; a lphat ic esters 
gave no polymers . 

F r o m D i b a s i c A c i d C h l o r i d e s a n d D imercaptans ( R e a c t i o n C / M ) . 
T h i s is the most w i d e l y used reaction to produce po ly ( t h i o l esters) of 
the A - A / B - B type (27, 28, 29, 32, 33, 34). T h e po lymer izat i on process 
can be carr ied out three different ways : 

(a ) Condensat ion i n b u l k ( B C ) . 
( b ) Condensat ion i n solut ion ( S C ) . 
( c ) Inter fac ia l condensation ( I C ) . 

A n u m b e r of po ly ( th i o l esters) have been synthesized by method 
B C (29 ) . T h e react ion temperature was increased f rom room tempera
ture to above 200°C. T h e products were often colored because of side 
reactions (replacement of h y d r o x y l w i t h chlor ine, f ormat ion of ketene 
structures, and ester pyrolysis are k n o w n side reactions i n polyester for
m a t i o n ) . 

I n method S C , polymers often prec ipitate d u r i n g the reaction. M o 
lecular weights of products produced b y this reaction are lower than 
those obta ined b y the other two methods (see T a b l e V I ) . I n some 
cases, p y r i d i n e is added to the solution (28). 

M e t h o d I C permits us ing lower react ion temperatures. T h u s , 
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Structural Unit 

— S ( C H 2 ) 2 S O C — C H = C H — C O — 

— S ( C H 2 ) 2 S O C ( C H , ) 4 C 0 — 
« 

— S ( C H 2 ) 2 S O C ( C H i ) 8 C O — 
a 

— S ( C H , ) 4SOC ( C H , ) 4CO— 
a 

a 

— S ( C H , ) 4SOC ( C H , ) 8 C 0 — 

— S ( C H , ) 6 S O C ( C H , ) 4CO— 

a 

a 

a 

u 

— S ( C H 2 ) 6 S O C ( C H 2 ) 6 C C — 

a 

a 

— S ( C H 2 ) 6 S O C ( C H 2 ) 6 C O — 
u 

— S ( C H 2 ) 6 S O C ( C H 2 ) 6 C O — 
u 

— S ( C H , ) 6 S O C ( C H , ) 7 C 0 — 

ii 

ii 

— S ( C H 2 ) 6 S O C ( C H , ) 8 C 0 — 
ii 

ii 

ii 

T a b l e V I . 

Reaction Leaving Solvent 
Type Group 

A / M H 2 0 Benzene 

C / M H C I (interfacial) 

C / M " Benzene 

C / M " (interfacial) 
U ii 

" u ( interfacial) 

" " Benzene 

" u ( B u l k ) 

a u « 

a u a 

C / M H C I Benzene 

T A / U — Benzene 

" — (Emuls ion) 
u a 

T A / U — Benzene 

" — (Emuls ion) 
a « 

" — Benzene 

" — T e t r a h y -
drofuran 

" — (Emuls ion) 

" — Benzene 

" — (Emuls ion) 

C / M H C I — 

T A / U — Benzene 

" — (Emuls ion) 
a a 
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8. B U H R E R A N D E L I A S Poly(thiol esters) 117 

P o l y ( t h i o l esters) 

Catalyst Temp., 
°C 

Yield, 
% 

M, 
g/dl 

mp, 
°C 

Refer
ence 

H C I Ref lux — — — (26) 

N a O H — 80 0 . 5 * 125 (27) 

P y r i d i n e Ref lux 62 0 . 1 3 c 111-125 (28) 

Base 25 69 0 .4* — (27) 

— 110 — — 1.6 L i q u i d (29) 

N a O H 25 — 0 .5 ° — 100 (27) 

P y r i d i n e Ref lux 50 0 . 1 3 c — 95-100 (28) 

— 218 — — 19000 125-128 (29) 

— 218 — — 1870 95-98 (29) 

— 218 — — 720 113-115 (29) 

P y r i d i n e Ref lux 51 0 . 1 5 c — 97-104 (28) 

U V — 72 0 . 1 6 c — 99-102 (28) 

Persul fate /b isul f i te 30 100 0 . 3 2 c — — (SO) 

H 2 0 2 30 87 0 . 5 0 c — 100 (SO) 

U V — 61 0 . 1 9 c — 61-64 (28) 

Persul fate /b isul f i te 30 84 0 . 3 5 c — — (SO) 

H 2 0 2 30 74 0 . 3 1 c — 70 (30) 

U V — 69 0 . 1 2 c — 82-85 (28) 

U V — 24 0 . 3 6 c — — (30) 

Persul fate /b isul f i te 30 93 0 . 3 3 c — — (30) 

H 2 0 2 30 91 0 . 9 2 c — 110 (30) 

U V — 75 0 . 2 1 c — 68-72 (28) 

Persul fate /b isul f i te 30 99 0 . 5 2 c — — (30) 

H 2 0 2 30 79 1 .0 C — 105 (SO) 

— 218 — — 216 107-109 (29) 

U V — 65 0 . 1 7 c — 68-80 (28) 

Persul fate /b isul f i te 30 96 0 . 5 2 c — — (SO) 

H 2 0 2 30 89 1 .3 C — 140 (SO) 
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T a b l e V I . 

Structural Unit Reaction Leaving Solvent 
Type Group 

— S ( C H 2 ) 1 0 S O C ( C H 2 ) 4 C O — C / M H C I Benzene 

—S(CH,)ioSOC(CH,)«CO— " " — 

— S ( C H 2 ) 2 S ( C H 2 ) 2 S O C ( C H 2 ) 4 C O — " " Benzene 

P o l y m e r from H S O C ( C H 2 ) S C O S H + T A / U — (Emuls ion) 
1-hexvne 

- S — ^ H ^ - S O C ( C H 2 ) 2 C O — E / M Pheno l ( B u l k ) 

- S C H 2 — ( H ) — C H 2 S O C — { k ) — C O — " 

- S ( C H 2 ) 6 S O C — ( H ^ — C O — 

— S ( C H 2 ) 2 S O C — ( ^ ) — C O -

- S ( C H 2 ) 4 S O C — C ° — 

o-Cresol 

Pheno l 

- S ( C H 2 ) 2 S O C — ( O ) — C ° - C / M H C ' ( interfacial) 

U U U 

- S ( C H 2 ) 2 S O C — ( o j — C 0 ~ 

- S ( C H 2 ) 6 S O C - ^ g y — C O - E / M Pheno l 

Benzene 

(Interfacial) 

- N 
- S ( C H 2 ) 3 S O C — - r ^ V — C O - '< « ( B u l k ) 

" " Benzene 

- S ( C H 2 ) 4 S O C — j g j — C O - E / M Pheno l (Bu lk ) 

C / M H C I 

- S (CH 2 ) 5 S O C — C O — 

- S ( C H 2 ) 6 S O C — j g j — C O - « « (Interfacial) 

( B u l k ) 

C / M H C I (Interfacial) 

T A / U — Benzene 
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8. B U H R E R A N D E L I A S Poly(thiol esters) 119 

C o n t i n u e d 

Catalyst Temp., 
°C 

Yield, 
% 

M, 
g/dl 

mp, 
°C 

Refer
ence 

P y r i d i n e Ref lux 57 o . i o * — 70-75 (28) 

— 218 — — 2300 100-103 (29) 

P y r i d i n e Ref lux 47 0 .12* — 67-70 (28) 

H 2 0 2 30 60 0 .33* — — (22) 

L i H 250 — 0 . 6 8 d — 291-302 (31) 

« 250 — — — 302-310 (31) 

u u — — — 188-215 (3D 

N a O H 15 100 — — 340« (27) 

P y r i d i n e Ref lux 68 — — 335-340 (28) 

N a O H 50 77 0 . 3 5 d — 185« (27) 

« 25 — — — 280 d (82) 

218 — — 10,000 C) (29) 

340 — — — 310 (29) 

P y r i d i n e Ref lux 20 — — 230-260 (28) 

L i H 250 — 0 . 5 3 d — 168-174 (31) 

— 218 — — 198 162-165 (29) 

— 255 — — 3500 231-232 (29) 

N a O H 25 78 0 . 5 7 " — 175" (27) 

— 218 — — 386 104-106 (29) 

C a H 2 250 — 0 . 8 3 d — 280-300 (31) 

N a O H 55 100 0 . 4 1 d — 260-270 (27) 

U V — 92 0 .07° — 160-200 (28) 
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Table VI . 

Structural Unit Reaction Leaving Solvent 

~ S ( C H 2 ) 6 S 0 C C H 2 - H ^ — C H 2 C O — 

— S ( C H 2 ) 6 S 0 C C H 2 — C O — 

— S ( C H 2 ) 6 S O C — r ^ p c o — 

— S ( C H 2 ) 1 0 S O C — C O — 

— S ( C H 2 ) 1 0 S O C — C O — 

— S C H C T t C H ^ S O G - ^ - S O , - - ^ - - ™ — E / M 0-C1 

C 2 H 6 

— S ( C H 2 ) 2 S ( C H 2 ) 2 S O C — C O -

—SCH*—^j^-CH 2 S0C (CH,) 4 C0— 

- S C H 2 — ^ ^ - C H 2 S O C — [ O p 0 ' 

H 3C CH 3 

— S C H 2 - ^ ^ - C H 2 S O C (CH,) 4CO— 

H 3C CH 3 

H 3C CH„ 

— S C H r - ^ ^ — C H 2 S O C (CH,) 8 C0— 

H 3C \ ) H , 

H 3C CH 3 

— 

H 3C CH 3 

CH 3 

- S - ^ y - C - ^ ^ - S O C ( C H 2 ) 4 - C O -

CH 3 

Type Group 

u — (Emuls i o 
ii — a 

C / M H C I (Bu lk ) 

T A / U — Benzene 

C / M H C I (Bu lk ) 

C / M H C I Benzene 

E / M o - C l -
phenol 

(Bu lk ) 

C / M H C I Benzene 
a u ( B u l k ) 
a a X y l e n e 
a a ( B u l k ) 

E / M p-Cresol ii 

C / M H C I X y l e n e 

ii u 

E / M Pheno l (Bu lk ) 

2 , 6 - d i C l -
phenol 

(Bu lk ) 

E / M Pheno l (Bu lk ) 
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8. B U H R E R A N D E L I A S Poly(thiol esters) 121 

C o n t i n u e d 

Catalyst Temp., 
°C 

Yield, 
% 

M, 
g/dl 

mp, 
°C 

Refer
ence 

H 2 0 2 30 96 0.7V — 105 (30) 

U 30 38 0 .16 " (0 (SO) 

218 — — 660 110-113 (29) 

U V — 22 0 . 0 7 ' — 75-82 (m 

— 218 — — 3290 200-201 (29) 

P y r i d i n e Ref lux 71 — — 136-144 (28) 

L i H 230 — 0.56d — 200-208 (3D 

P y r i d i n e Ref lux 73 — — 140-146 (28) 

— 218 — — 1360 168-170 (29) 

— Ref lux — — — 190 (S3) 

— 237 — — 785 200-210 (29) 

L i H 240 — 0.89<* — 268-274 (31) 

— Ref lux 100 — — 255 (33) 

— u — — — 180 (33) 

L i H 265 — 0 . 6 1 d — 257-262 (3D 

a 250 — — — 185-198 (31) 

L i H 260 0 .51* 205-220 (21) 
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Table VI . 

Structural Unit Reaction Leaving 
Type Group 

C / M H C I 

Solvent 

^ s - < ^ ) - ^ o > ^ o c - r g p C O (Interfacial) 

a d i m e t h y l -
acetamide 

:o— « a 

u dichloro-
ethane 

° In ra-cresol, 25°C 
b Melt viscosity at reaction temperature (poise) 
c In chloroform, 25°C 
d In phenol-tetrachloroethane (60/40) 
' "Sticking" temperature 

isoc inchomeron a c i d d i ch lor ide ( X X V I I ) reacts w i t h dimercaptoethane 
at room temperature wi thout decomposit ion of the unstable p y r i d i n e 
c o m p o u n d (32 ) . 

Some al l -aromatic po ly ( t h i o l esters) have also been prepared b y 
this method (34). There is also a continuous process for inter fac ia l 
condensation po lymer izat ion b y w h i c h po ly ( t h i o l esters) w i t h h i g h 
inherent viscosities have been produced (27). 

F r o m D i t h i o D i b a s i c A c i d s a n d U n s a t u r a t e d C o m p o u n d s ( R e a c t i o n 
T A / U ) . Po ly ( th i o l esters) f rom dibas ic thio acids a n d b i a l l y l were 
first prepared i n benzene or chloroform solution i n the presence of U V 
l ight (28). M o l e c u l a r weights of the products obta ined were low. T h e 
reaction product f rom b i a l l y l a n d d i th io lad ip i c ac id h a d the same i n f r a 
red pattern as that f rom a d i p y l ch lor ide a n d hexamethylenedi thio l , p rov 
i n g the ant i -Markowniko f f character of the adduct formation. Use of an 
emulsion po lymer izat ion technique gave h igher molecular weights ( 30 ) . 
D i th io l terephtha l i c ac id and d i th io l i sophthal i c a c id gave no polymers 
w i t h b i a l l y l . Instead, the acids were ox id ized to the po lymer i c a c i d 
disulfides ( X X V I I I ) (22). 

T h e molecular weights of the po ly ( th i o l esters) increased w i t h de
creasing water so lubi l i ty of the d i th io l carboxyl i c ac id . In i t ia t ion w i t h 
hydrogen peroxide gave higher molecular weights than d i d in i t ia t i on 

X X V I I 

+ 2 H C I 
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8. B U H R E R A N D E L I A S 

C o n t i n u e d 

Catalyst 

N a O H 

Poly(thiol esters) 

Temp., Yield, {rj}, 
°C % g/dl 

25 72 104 ' 

25 75 Uh 

123 

7]m
b mp, Refer-

C ence 

— 330-340 (34) 

— 330-340 (34) 

N E t 3 25 97 24* — > 4 6 0 (34) 

25 60 40* — — (34) 

f Gummy 
0 Vsvec/c, 25°C, tetrachloroethane-phenol, c = 0.0014 g/ml 
h Same as 0 c = 0.0044 g/ml 

Same as ' c = 0.0006 g/ml 
* Same as * c = 0.0005 g/ml 

O 

H S O C — ( O ) C O S H > { - ^ ) — C — S — S - J 
X X V I I I 

w i t h a m m o n i u m persu l fa te - sod ium metabisulfite. 
T h e a d d i t i o n product of d i thio lsebacic a c id and 1-hexyne was also 

prepared (22), bu t its structure is u n k n o w n . 

Properties and Applications 

H i g h - m o l e c u l a r - w e i g h t po ly ( t h i o l esters) show fiber-forming proper 
ties. T h i s section covers the avai lable data concerning me l t ing points, 
crysta l l in i ty , so lubi l i ty , a n d stabi l i ty of this class of esters, a n d compares 
them w i t h polyesters a n d po lyamides . In format ion about spectra is also 
rev iewed . 

M e l t i n g Po ints . T h e me l t ing points of the various polymers are 
given i n F igures 1 through 4 (more data are i n Tables I - I V a n d V I ) . 
I n these formulas, X may be O , S, or N H . 

- P x ( C H 2 ) m C O J - f - X ( C H 2 ) 6 X O C ( C H 2 ) m C O - J 

£ - X ( C H 2 ) m X O C ( C H 2 ) 4 C O - J 

- f l X ( C H 2 ) m X O C — ( o ) — c o - J 
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M e l t i n g points of polyesters a n d polyamides were taken f r om the 
B r a n d r u p , J . , Immergut , E . H . , " P o l y m e r H a n d b o o k , " W i l e y , N e w York , 
1967. T h e data do not represent true thermodynamic me l t ing points 
but have been determined for polymers of u n k n o w n degree of c rysta l -
l i n i t y by methods such as di f ferential thermal analysis, po lar i za t i on 
microscopy, cap i l lary tube, and others. F i v e conclusions can be d r a w n 
f rom the data. 

(1 ) T h e me l t ing points of po ly ( t h i o l esters) l ie between those po ly 
esters a n d polyamides (F ig ure s 1-4). T h e y melt 30° to 70°C h igher 
than do the corresponding polyesters, the shape of the curves be ing very 
s imi lar . Th i s behavior is most l ike ly because of a decreased flexibility 

O O 
of the - C - S - bond , compared w i t h the - C - O - bond . T h e only excep
tions are p o l y ( t h i o g l y c o l i d e ) , w h i c h melts 60°C b e l o w p o l y ( g l y c o l i d e ) 
( F i g u r e 1 ) , and po ly (decamethy lene d i th io lad ipate ) ( F i g u r e 3 ) . T h e 
lower me l t ing point of po ly ( th iog lyco l ide ) compared w i t h p o l y ( g l y -
co l ide ) is probab ly caused by the he l i ca l conformation of the latter. 

mp 
[°c] 
400 

300 

200 

100 

0 m 
1 2 3 4 5 6 

Figure 1. Melting points of polymers with the mono
mer unit^:X(CH2)mCOh A X = NH; • X = O; • X 

= S;—m.p. of polyethylene 
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T h e l o w me l t ing po int of po ly (decamethylene d i th io lad ipate ) m a y be 
caused b y the l o w molecular we ight ([iy] 2 5cnci3 = 10 g / m l ) . 

(2 ) T h e me l t ing points of a l iphat i c po ly ( th i o l esters) (F igures 2 
and 3) l ie be low that of po lyethylene ( 1 4 3 ° C ) a n d tend to increase w i t h 

mp 
(°c) 

-m 
6 8 10 

Figure 2. Melting points of polymers with the mono
mer unit -frX(CHt)eXOC(CHt)mCO:i7 A X = NH; MX 

— O; • X = S;—m.p. of polyethylene 

increasing number of methylene groups per monomer unit . Th i s is not 
true for some po ly ( th io lactones ) ; see F i g u r e 1. 

(3) T h e introduct ion of a l i cyc l i c parts into the po ly ( t h i o l ester) 
c h a i n increases conformational r i g i d i t y and , consequently, the m e l t i n g 
point . T h i s can be seen f r om the me l t ing points of po ly (hexamethy lene 

S ( C H 2 ) 6 S O C ( C H 2 ) 4 C O - J 

X X I X 

113°-115°C 

£ s ( C H 2 ) 6 S O C — ( F ) — C O J £ S C H 2 — C H 2 S 0 C - ^ H y - C 0 j 

X X X X X X I 

188-215°C 302-310°C 
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di th io lad ipate ) ( X X I X ) , po ly (hexamethylene dithiol-£rans-cyclohexane-l, 
4-dicarboxylate) ( X X X ) , a n d po ly (l,4-dimethylene-£rans-cyclohexane 
dithiol-£rans-cyclohexane-l,4-dicarboxylate) ( X X X I ) . 

mp 

(°C) 

300 

200 

100 

6 8 10 
Figure 3. Melting points of polymers with the mono
mer unit-tXtCHdnXOCfCHthCOl? AX = NH; • X 

= O; • X = S;—m.p. of polyethylene 

I n X X X I , w h e n the rrans-dimercaptan is replaced b y a 70:30 mixture of 
trans a n d cis isomers, the me l t ing po int is l owered to 240° -255°C. 

(4 ) Po ly ( th io l esters) w i t h a terephthal ic moiety i n the cha in 
( F i g u r e 4) have mel t ing points h igher than polyethylene. These mel t 
i n g points decrease w i t h increasing number of methylene groups i n the 
monomer unit . Po ly ( t h i o l esters) w i t h terephthal ic units always melt at 
h igher temperatures than do the isophthal ic isomers ( T a b l e V I ) . 

(5 ) A l l - a r o m a t i c po ly ( t h i o l esters), such as po ly (4 ,4 ' -b iphenylene 
d i t h i o l t e r e p h t h a l a t e ) ( X X X I I ) have very h i g h me l t ing points (34). 

•SOC ^ 5 > - c o } . X X X I I 

> 4 6 0 ° C 

F r o m these results, it is evident that a number of aromatic or a l i cyc l i c 
po ly ( t h i o l esters) have me l t ing points suitable for m a k i n g fibers. 

V e r y few glass-transition temperatures have been pub l i shed (see 
T a b l e I V ) . 
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8. B U H R E R A N D E L I A S Poly(thiol esters) 127 

C r y s t a l l i n i t y . M o s t po ly ( t h i o l esters) are quite crystal l ine. C r y s -
ta l l in i ty can be l owered by us ing nonl inear monomers—for example, 
H S C H 2 ( C 2 H 5 ) C H - ( C H 2 ) 4 S H (31)— or b y copo lymer izat ion (29 ) . T h e 
x-ray pattern of a un iax ia l ly or iented po ly (e - thiocapro lactone) (17) 
indicates that this po lymer adopts a p lanar structure w i t h extended 
chains. 

So lub i l i t y . T h e sparse data avai lable show no m a r k e d difference 
between polyesters a n d po ly ( t h i o l esters) i n their behavior t o w a r d or
ganic solvents. G o o d solvents for many po ly ( t h i o l esters) are c h l o r i 
nated hydrocarbons , phenol , a n d organic acids such as dichloroacet ic 
ac id . W i t h the exception of p o l y ( t h i o g l y c o l i d e ) (4) a n d p o l y ( t h i o l a c -
t ide ) (11), the p r o b l e m of degradat ion b y organic solvent act ion was 
not s tudied systematically. So lub i l i ty is increased i n po ly ( t h i o l ester 
coesters) (34). 

Stab i l i ty . O n l y few studies of the stabi l i ty of po ly ( t h i o l esters) 

mp 
PC) 

100-

0-J • 1 1 1 1 1 1 r*m 
2 4 6 8 10 

Figure 4. Melting points of polymers with the mono
mer unit^X(CH2)mXOC —Jgfy-COlr A X = NH; • X 

= O; • X = S;—m.p. of polyethylene 
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against chemica l agents have been made. It appears that the esters are 
very stable against hydrolys is i n water or acids but read i ly react w i t h 
aqueous a l k a l i ( 28 ) . Amino lys i s w i t h p r i m a r y a n d secondary amines is 
very fast a n d yields the l ow-molecu lar -weight amides. P o l y ( th iog ly 
co l ide ) is also degraded by d imethy l f o rmamide a n d tert iary amines (4). 

A p p l y i n g results f rom low-molecu lar -we ight thiolesters a n d esters to 
the corresponding polymers should give s l ight ly s lower a c i d hydro lys is , 
equal ly fast a lkal ine hydrolys is , and a m u c h faster aminolysis of po ly -
( t h i o l esters) c ompared w i t h polyesters (24, 35, 36). 

N o data are avai lable concerning the thermal stabi l i ty of po ly ( th io l 
esters). 

In f rared Spectra. T h e in frared spectra of po ly ( t h i o l esters) (4, 11, 

17, 28) show the characteristic - C - stretch at 1675-1700 c m " 1 . 
O 

Bands at 900-1000 c m " 1 are at tr ibuted to the - C - S - stretch v ibra t i on , 
O 

a n d those at 1100-1200 c m 1 to the - C - C - stretch v ibra t i on (37). 
U V a n d O R D Spectra . T h e U V spectra of t h i o l esters have a peak 

at about 230 n m ( l og e 3.6) (38) ascr ibed to a transit ion of the 
7T -> 7T* type. S imi lar absorption m a x i m a were f o u n d i n po ly ( t h i o l 
esters) (17 a n d 21). I n add i t i on , i n the U V spectrum of p o l y ( t h i o -
lact ide ) ( X V ) , a shoulder at 279 n m ( l og e = 2.5 i n C H C 1 3 ) (11) m a y 
be the result of a n — » T T * type absorption. 

O R D and C D measurements of opt i ca l ly active thiolacetates ( 3 9 ) , 
po ly ( th io lac t ides ) ( X V ) ( J J ) , a n d poly (c - thio lactones) (21) show two 
C o t t o n effects, one centered around 230-240 n m a n d the other at about 
280 n m . T h e O R D spectra of the polymers are near ly ident i ca l w i t h 
those of l ow-molecu lar -we ight mode l compounds, thus i n d i c a t i n g the 
absence of a he l i ca l conformation of the polymers i n solut ion. 

A p p l i c a t i o n s . P o l y ( t h i o l esters) can be good start ing materials for 
p r o d u c i n g fibers w h e n the esters have an inherent viscosity {77} >0 .3 g / d l 
(27) or >0 .75 g / d l (16). T h e y can be c o l d - d r a w n to or iented fibers 
i n v o l v i n g a three- to fivefold or even h igher increase i n length. 

Poly(a,«-dimethyl-^-thiopropiolactone) has been mel t -spun at 185°C 
to give a fiber w h i c h , after d r a w i n g , h a d a tenacity of 1.4 g / d e n . 
(po lyethylene terephthalate, 4 -7 g /den . ) a n d an i n i t i a l modulus of 12 
g / d e n . (30-130 g /den . ) (16). Tens i le recovery at 10% elongation was 
80%. N o in format ion is avai lab le about po ly ( t h i o l esters) w i t h h igher 
me l t ing points, such as po ly (hexamethy lene d i th io l terephthalate ) . 

F i l m s can be cast f rom po ly ( t h i o l esters) w i t h inherent viscosities 
{77} > 0.5 g / d l (16), bu t no data about their properties are avai lable . 

Moderate ly crystal l ine po ly ( th i o l esters) may prove va luab le i n 
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8. B U H R E R A N D E L I A S Poly (thiol esters) 129 

p r o d u c i n g m o l d i n g plastics. 
T h e fast react ion between po ly ( th i o l esters) and amines has been 

used to increase the sulfur content of casein- a n d lys ine-containing p o l y 
peptides (40). 

Conclusions 

T h e m a i n differences between po ly ( t h i o l esters) on the one h a n d 
a n d polyamides a n d polyesters on the other may be s u m m a r i z e d this 
w a y : 

(a ) P o l y ( t h i o l ester) synthesis is more compl i cated a n d expensive 
since reactions us ing diacids d irect ly as monomers are not possible; i t is 
necessary to use either the ac id chlorides or the pheno l esters. 

( b ) Dimercaptans are more expensive than glycols or diamines . 
( c ) T h e m a i n advantage of po ly ( t h i o l esters) over polyesters is the 

formers h igher me l t ing point . 
H o w e v e r , polymers prepared f rom thiolactones melt at a tempera

ture too l o w for fiber use. 
C o n s i d e r i n g these points, i t is understandable w h y po ly ( t h i o l esters) 

have never attracted commerc ia l interest. Fur thermore , most po ly ( t h i o l 
esters) seem to be unstable against alkal is . T h e odors of the by-products 
of hydrolys is a n d thermal degradat ion are undesirable too. It is, never
theless, possible that, i n some cases as yet u n k n o w n , they m a y offer some 
advantages over other polymers. 
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Heat-Resistant Polyarylsulfone Exhibiting 

Improved Flow during Processing 

ROBERT J. CORNELL 

Uniroyal Chemical, Division of Uniroyal, Inc., Naugatuck, Conn. 06770 

The reaction of bis(4-chlorophenyl)sulfone with the anhy
drous dialkali salt of α,α'-bis(4-hydroxyphenyl)-p-diisopropyl 
benzene, which is dissolved in an aprotic solvent, leads to a 
new heat-resistant polyarylsulfone. A general discussion of 
monomer and polymer preparation is given as well as 
physical and mechanical properties of this polyarylsulfone. 
The polyarylsulfone thermoplastic exhibits essentially the 
same heat resistance of the polyarylsulfone based on bis
(4-chlorophenyl)sulfone and 2,2-bis(4-hydroxyphenyl)pro-
pane, along with the added plus of a lower melt viscosity 
at equivalent processing temperatures. The flow improve
ment is demonstrated by comparison with Brabender data, 
injection-molding conditions, and melt-viscosity data. 

J n recent years, there has been a considerable amount of interest i n 
h igh-molecu lar -weight po lyarylsul fone polymers (1 -3) . These p o l y 

mer ic materials possess heat-deflection temperatures of 165°-260°C plus 
excellent thermal s tabi l i ty at the h i g h processing temperatures required . 
Th is paper deals w i t h the synthesis and the phys i ca l a n d mechani ca l 
properties of a new heat-resistant polyarylsul fone. Th i s new p o l y a r y l 
sulfone thermoplast ic exhibits a significant reduct ion i n apparent (me l t ) 
viscosity w i t h only a sl ight reduct ion i n heat deflection temperature w h e n 
compared w i t h the polyarylsul fone based on bis (4 -ch lorophenyl )sulfone 
a n d 2,2-bis (4 -hydroxypheny l ) propane. 

Experimental 

Reagent . Tetrahydroth iophene 1,1-dioxide ( c o m m o n l y ca l led s u l -
folane) was obta ined f rom She l l C h e m i c a l conta in ing 3% water . A n h y 
drous sulfolane was obta in b y d is t i l lat ion under reduced pressure. R e -

131 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
3 

| d
oi

: 1
0.

10
21

/b
a-

19
73

-0
12

9.
ch

00
9

In Polymerization Reactions and New Polymers; Platzer, N.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1973. 



132 P O L Y M E R I Z A T I O N R E A C T I O N S A N D N E W P O L Y M E R S 

agent grade potassium hydrox ide , chloroform, a n d benzene were used 
w i thout further puri f i cat ion. 

M o n o m e r s . B I S ( 4 - C H L O R O P H E N Y L ) S U L F O N E . W e prepared bis (4-
ch lorophenyl )su l fone ( I i n React ion 1) b y dropwise add i t i on of chloro-
sulfonic a c id (0.4 mole ) to chlorobenzene (0.2 mole ) at 0 ° C . O n e 
hour after the chlorosulfonic ac id add i t i on was completed , an add i t i ona l 
quant i ty of chlorobenzene (0.16 mole ) was added to the co ld solution. 

I I 

T h e react ion mixture was a l l owed to w a r m gradual ly to 50°C. T h e 
react ion was quenched b y p o u r i n g into ice water . T h e aqueous sus
pension was heated to hydro lyze p-chlorobenzenesul fonyl ch lor ide ( I I ) 
to the water-soluble sulfonic ac id . T h e desired product was filtered a n d 
washed w i t h water u n t i l essentially neutral . Bis (4 - ch lorophenyl )sulfone 
was pur i f i ed b y recrystal l izat ion f r om benzene—m.p . 145°-147°C ( 4 ) . 
E x t r e m e l y l o w yields were obta ined b y this process. B y contrast, yields 
i n excess of 90% have been reported i n processes that invo lve the react ion 
of chlorobenzene w i t h sul fur tr ioxide a n d d i m e t h y l or d i e t h y l sulfate 
(5, 6). 

a,a /-Bls(4-HYDROXYPHENYL)-p-DIISOPROPYLBENZENE. «,a:'-Bis(4-hydrOXy-
pheny l ) -p -d i i sopropy lbenzene ( I I I i n React ion 2) was prepared b y 

I I I 
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9. C O R N E L L Heat-Resist ant Polyarylsulfone 133 

dropwise add i t i on of p -di isopropenylbenzene i n toluene to a 3 M excess 
of pheno l saturated w i t h gaseous h y d r o g e n chlor ide . A f ter a f ew hours, 
the b u l k of the a,a'-bis (4 -hydroxypheny l ) -p -d i isopropylbenzene f ormed 
crysta l l i zed out. T h e excess pheno l can be removed b y steam s tr ipp ing . 
T h e c o m p o u n d was pur i f ied b y recrysta l l izat ion f rom acetone—m.p. 
191°-192°C (7). T h e b ispheno l can also be prepared f rom a,a ' -dihy-
droxy-p-d i i sopropylbenzene a n d pheno l (8,9). 

P o l y m e r i z a t i o n . T y p i c a l l y , the d i h y d r i c pheno l (1 mole ) a n d 
aqueous a l k a l i meta l hydrox ide (2 moles) are m i x e d under an inert at
mosphere i n sulfolane a n d benzene. T h e water f rom the aqueous so lu 
t ion plus meta l phenoxide formation is removed b y d is t i l la t ion of a 
benzene-water azeotrope between 110° a n d 140°C. A f t e r water re
m o v a l has been completed , the excess benzene is d i s t i l l ed off, the 
anhydrous salt i n sulfolane cooled to 70°-80°C, a n d bis (4 - ch lorophenyl ) -
sulfone ( I ) added . T h e temperature is increased gradual ly to 200°C 
a n d h e l d for four to five hours. M e t h y l ch lor ide is b u b b l e d i n at the 
end of the po lymer izat ion to convert any t e rmina l phenoxide groups to 
m e t h y l ethers (10). 

C H 3 C H 3 

I V 

T h e resin ( I V ) can be isolated f rom the mass b y filtration of the 
a l k a l i meta l ch lor ide a n d s t r ipp ing of the solvent, or b y prec ip i tat ion i n 
a nonsolvent. A second method involves dispersion of the po lymer 
mass i n water to remove the a l k a l i meta l ha l ide , f o rmed d u r i n g the po 
lymer izat i on , a n d the sulfolane. D r y i n g may be accompl ished b y heat
ing the po lyarylsul fone to 100°-120°C in vacuo for 8 to 12 hours. 

T h e d r i e d po lyarylsul fone ( I V ) is so luble i n halogenated hydrocar 
bons such as chloroform, chlorobenzene, and methylene chlor ide . 

M o l d i n g . Test specimens were either compression m o l d e d i n a 
h y d r a u l i c press at 245°C or inject ion m o l d e d at 275°C us ing a 2-ounce 
A n k e r w e r k , M o d e l 75. 

P h y s i c a l P r o p e r t y Measurements . F l e x u r a l modulus a n d strength 
were measured accord ing to A S T M M e t h o d D-790. Impact resistance 
was measured b y the I zod notch A S T M D-256, a n d R o c k w e l l Hardness 
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accord ing to A S T M D-785. Heat -d is tor t ion temperatures were deter
m i n e d b y A S T M M e t h o d D-648 at 264 ps i stress l oad ing . 

M i x i n g or torque generation data were obta ined us ing a Brabender 
P las t iCorder . T h e Brabender P las t iCorder has a smal l m i x i n g cavi ty 
conta in ing two rotat ing m i x i n g blades; the speed of the m i x i n g blades 
may be var ied . T h e m i x i n g cavity has a jacket through w h i c h heated 
o i l may be c i rculated . T h e po lymer to be examined is a d d e d to the 
cavity . T h e rotat ing blades exert a torque that can be measured a n d 
depends on the viscosity of the po lymer . 

A p p a r e n t viscosity data were obta ined on the Instron C a p i l l a r y 
Rheometer , M o d e l T T . F o r this purpose, rods 5 inches b y % inch 
were prepared b y compression m o l d i n g f rom mater ia l to be tested. 
E a c h r o d was heated to 260° or 275°C i n the barre l of the rheometer 
for five minutes. A piston p lunger is then pressed d o w n on top of the 
heated rod , forc ing the rod to flow through a 0.060-inch diameter c a p i l 
lary , h a v i n g a length-to-diameter ratio of 33. T h e p iston p lunger 
descends at a constant speed of f rom 0.005 to 5 inches per minute . T h e 
force requ i red to extrude the rod through the cap i l lary is measured. 

M o l e c u l a r - w e i g h t distr ibutions of resins I V a n d V (see React ion 4 ) 
were determined on an A n a p r e p gel permeation chromatograph. F o u r 
columns were used: 10 6 A, 10 5 A, 10 4 A, a n d 10 3 A. T w o - m i l l i l i t e r samples 
of a 0.25% solut ion i n o-dichlorobenzene at 100°C were injected. T h e 
solut ion was col lected at a rate of 2 m l per minute . 

Results and Discussion 

P o l y m e r E v a l u a t i o n . Phys i ca l properties, melt -viscosity data , a n d 
gel permeat ion chromatography data of our polyarylsul fone I V a n d the 
po lyarylsul fone V based on bis (4 - ch lorophenyl )sulfone a n d 2,2-bis(4-
hydroxypheny l ) propane (11) are l isted i j i Tables I through I V a n d F i g 
ures 1 through 3. 

Res in I V has a lower specific gravity than does resin V ( T a b l e I ) , 
p robab ly explained b y the presence of two isopropyl idene groups per 
mer unit . These reduce the ab i l i ty of the po lymer i c chains to be as 
t ight ly packed as in resin V . T h e lower specific gravity of I V cannot be 
expla ined b y the per cent crysta l l in i ty present i n both polymers ( T a b l e 
I ) . If crysta l l in i ty were the major force, the specific gravity of res in 
I V w o u l d be higher. T h e remain ing properties of resins I V a n d V l isted 
i n T a b l e I exhibit l i t t le var iat ion . 

(4) 
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9. C O R N E L L Heat-Resistant Polyarylsulfone 135 

Table I. Physical Properties of Polyarylsulfone Resins IV and V 

Property Resin IV Resin V 

R o c k w e l l " R " 127 128 
Specific G r a v i t y 
H D T 264 psi (°C) 

1.19 1.24 Specific G r a v i t y 
H D T 264 psi (°C) 158 166 
Izod M" ( R T ) (ft. l b s . / i n . notch) 
I zod \i" ( - 2 9 ° C ) 

0 .8 1.1 Izod M" ( R T ) (ft. l b s . / i n . notch) 
I zod \i" ( - 2 9 ° C ) 0 . 8 1.3 
I zod % " ( R T ) 0 .8 1.3 
Izod Vs" ( - 2 9 ° C ) 0 . 8 1.3 
Tensi le Strength (psi) 11,350 10,370 
Tensi le M o d u l u s (psi) X 10 6 3.7 3 .5 
Tensi le E l o n g a t i o n (%) at break ° 10 6 .7 
F l e x u r a l Strength (psi) X 10 5 16,730 14,370 
F l e x u r a l M o d u l u s (psi) 4 .0 3 .4 
Per cent C r y s t a l l i n i t y 4 .1 ~ 0 . 0 

° Samples annealed 120°C for 100 hours. 

Table II. Torque-Generation Data Obtained During Brabender 
Mixing of Resins I V and V 

Melt Torque Mixing time 
Material RPM Temp. (°C) (gram-meters) (minutes) 

R e s i n I V 50 227 2,300 4 
50 235 1,500 10 
60 235 1,800 8 

R e s i n V 50 235 3 ,800 12 
60 250 2 ,600 15 

Table III. Injection-Molding Conditions for Polyarylsulfone 
Resins IV and V 

M e l t Temperature ( °C ) : 

Inject ion C y l i n d e r T e m p . 
N o z z l e ( °C ) : 
Zones 1 and 2 ( °C ) : 

In ject ion Pressure 
T - b a r (psi) 
Shots (psi) 

M o l d Temperature ( °C ) : 

B a c k Pressure (psi) 

Resin IV 

290 

275 
275, 275 

1300 
550 

85 

200 

Resin V 

290 

275 
275, 275 

1600 
800 

85 

200 
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T h e significant improvement i n flow properties of resin I V vs. V is 
evident f rom the data. F i r s t , the torque f rom Brabender m i x i n g i n d i 
cates that resin I V is an easier-f lowing mater ia l ( T a b l e I I ) . T h e lower 
torque values for I V indicate the necessity of a lower-energy i n p u t to 
m i x the po lymer melt . T h i s lower rotat ional force therefore indicates 
the po lymer melt has a lower melt viscosity. Secondly , in ject ion-mold
i n g condit ions demonstrate the i m p r o v e d processabi l i ty of resin I V 
( T a b l e I I I ) i n comparison w i t h res in V . A t the same inject ion cy l inder 
temperatures, the injection pressure for the tensile bar a n d I z o d / h e a t 
d istort ion bar molds is l owered b y 300 ps i a n d 250 ps i , respectively. 

F i n a l l y , the apparent viscosity, at various shear rates, of resin I V 
at 500° a n d 525°F is l owered b y a factor of 3 to 4 ( T a b l e I V a n d 
F igures 1 a n d 2 ) . T h e apparent viscosity of resin I V at 500°F s t i l l is 
l ower than resin V at 525°F. 

T a b l e I V . A p p a r e n t V iscos i ty D a t a of Po lyary l su l f one Resins I V a n d V 

Apparent Viscosity 

(Dynes sec/cm2) 

Resin IV Resin V 

ir rate (sec - 1) 260°C 17 5° C 260°C 275°C 

0.173 — — 3 5 . 3 X 10 4 — 
0.433 8 .70 X 10 4 — 34 .7 16 .8 X 10 4 

0.865 9.81 2.71 X 10 4 3 1 . 5 15 .2 
1.73 9 .25 3.54 3 0 . 0 13 .3 
4 .33 8 .08 3 .90 2 8 . 2 11 .8 
8 .65 7 .78 3.81 2 7 . 8 10 .8 

17 .3 7 .10 3.67 2 8 . 3 10 .1 
4 3 . 3 6 .50 3 .25 4 8 . 8 8 .90 X 10 4 

8 6 . 5 5.67 3 .17 — 7.39 
173 5.06 2 .40 — 5.71 
433 — 1.44 — — 
865 — 0 .96 — — 

1730 — 0 .70 — — 

F i g u r e 1, shows a r a p i d increase i n apparent viscosity for res in V 
as the shear rate reaches 17.3 sec - 1 . T h e sharp increase i n apparent 
viscosity is not any chemica l change, such as cross l inking of p o l y m e r i c 
chains. T h e apparent viscosity curve can be retraced b y l o w e r i n g the 
shear rate. T h i s increase i n apparent viscosity can be e l iminated b y 
increasing the measurement temperature, as shown i n F i g u r e 2. T h i s 
same phenomenon has been reported for polystyrene b y P e n w e l l a n d 
Porter (12). T h e explanat ion of the apparent viscosity increase i n 
cap i l lary flow of polystyrene was quant i tat ive ly expla ined through the 
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9. C O R N E L L Heat-Resistant Polyarylsulfone 137 

pressure dependence of glass transit ion, Tg. T h e same explanation c o u l d 
account for the increase i n apparent viscosity of res in V . A s the c a p i l 
lary pressure increases w i t h increasing shear rate, Tg approaches the 
measurement temperature, causing a r a p i d rise i n viscosity. 

T h e above data substantiate this flow improvement b u t do not 
expla in its occurrence. A possible reason for the improvement i n flow 

I 0 6 P 

•o | 0 S 

5 I 0 4 

I I I I I Mil I I I I I I I ! I I 11IIII I I I I 11111 I I 

J Resin 3 £ 
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I I l l l l l I I |Q3 • • I I I I M i l I ' * * M i l l | | | | | Mil | | 
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Figure 1. Apparent viscosity vs. shear rate of resins IV and V at 
260° C 

10* i i i Ml I 1 I I I Mil I—I I I I III 
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Resin 3£ 
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Figure 2. Apparent viscosity vs. shear rate of resins IV and V at 
275° C 
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1 — I — I — l — l — l — l — I — I — I — i 1 — i — i — i — i — i — i — i — i — i — i — i — i — i 1 — i — i — i — r -
40 35 30 25 20 15 10 

COUNTS 
INCREASING MOLECULAR WEIGHT —> 

Figure 3. Molecular-weight distribution of resins IV and V 
determined by gel permeation chromatography 

w o u l d be the looser p a c k i n g arrangement of the po lymer chains. I t is 
very difficult to bel ieve that this is the major contr ibutor to the flow 
improvement . Another poss ib i l i ty c o u l d be a drastic difference i n the 
molecular we ight d i s t r ibut ion or weight-average ( M w ) molecular we ight 
(or both) of the two resins. G e l permeat ion chromatography data i n d i 
cate that this is not the case. As shown i n F i g u r e 3, the meleeular -
weight distr ibutions are qui te s imi lar . 

W o r k i n g on the assumption that polystyrene standards are v a l i d 
ca l ibrat ion standards for polyarylsulfones, the molecular weights (Mw) 
for resins I V a n d V were ca lcu lated from the molecular -weight d i s t r i b u 
t i on curves b y the f o l l o w i n g equation. 

Mw = XWiMi] Wi = Hi/ZHi 

Hi = height of curve at various counts 
2Hi = t o t a l of a l l heights measured 

Mi = molecular weight of polystyrene at various counts. 
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9. C O R N E L L Heat-Resist ant Polyarylsulfone 139 

E v e n i f the assumption that polystyrene standards can be used is 
not complete ly v a l i d , the error i n the determined Mw molecular weights 
w o u l d be a constant, a n d should not alter the percent difference i n Mw 

molecular we ight of the two polyarylsul fones. T h e Mw molecu lar we ight 
for resins I V and V are 46,100 a n d 52,300, respectively. T h i s 10% differ
ence c o u l d be significant i f resins I V were to l ie be l ow the c r i t i c a l molec 
u lar we ight (Mj)) for po lymer cha in entanglement a n d resin V l ie above. 
M u c h experimental data are avai lable for the viscosity of po lymer melts . 
These data, w i thout exception, obey this equat ion for M greater than 
some c r i t i ca l molecular weight M&: 

T h i s re lat ionship is shown i n F i g u r e 4 for polystyrene (13 ) . 

Figure 4. Variation of melt viscosity of 
polystyrene as a function of molecular 

weight at 217°C 

T h e l ine for M greater than Mh has a slope of 3.5. If resins I V a n d 
V do, i n fact, l ie on opposite sides of the c r i t i ca l molecular weight ( M 6 ) , 
a 10% increase i n Mw molecular we ight c ou ld be accompanied b y a 40% 
or h igher increase i n melt viscosity. T o substantiate this possible exp la 
nat ion for the significant differences i n melt viscosity of resins I V a n d V , 
Mb for bo th resins w o u l d have to be determined . 
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Polymerization by Opening of 

Small Carbon Rings 

C. P. PINAZZI, J. C. BROSSE, A. PLEURDEAU, J. BROSSAS, G. LEGEAY, 
and J. CATTIAUX 

Laboratoire de Chimie Organique Macromoléculaire, Equipe de Recherche 
Associée au Centre National de la Recherche Scientifique, Rte de Laval 72, 
Le Mans, France 

Polymerization of cyclopropane and substituted cyclopropyl 
compounds was studied with cationic initiators and Ziegler-
Natta catalysts. Cyclopropane, bicyclo[n.1.0]alkanes, spiro 
[2.n]alkanes, bicyclopropyle, and two isomers of isoprene 
give rise, with Lewis acids as initiators, to oligomers whose 
structures generally present methyl groups in a side chain. 
These methyl groups stem from molecular rearrangement 
involving opening of the cyclopropyl group and hydride 
shift during the polymerization step. With Ziegler-Natta 
catalysts, these monomers give oligomers whose structures 
are different from those observed with cationic catalysts. 
Dihalocyclopropyl compounds give, with either cationic or 
Ziegler-Natta catalysts, oligomers by opening of the three
-carbon ring. The structures of these polymers are the same 
in both cases and are characterized by the loss of one mole
cule of HCl per monomer unit. 

' ""phis w o r k concerns the s tudy of the p o l y m e r i z a t i o n of cyc lopropane , 
subst i tuted cyclopropanes, a n d conjugated cyclopropanes i n the pres

ence of cat ionic a n d Z i e g l e r - N a t t a p o l y m e r i z a t i o n . T h e unsaturat ion of 
cyc lopropane has been descr ibed b y several workers i n the same w a y as 
unsaturated compounds . T h e unsaturat ion of cyc lopropane compounds , 
w h i c h is the basis for the p o l y m e r i z a t i o n of these structures, can be 
expla ined b y the electronic repar t i t ion o n the three carbon atoms of 
the r i n g . D e t e r m i n a t i o n of the d i p o l a r mome nt of ch lorocyc lopropane 
has s h o w n that the c a r b o n i u m i o n resul t ing f r o m the attack of the r i n g 
b y a carbo cat ion is s tab i l ized i n a h o m o a l l y l i c structure. 

141 
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Several hypotheses concern ing the electronic structure of cyc lopro
pane have been suggested. T h i s topic has been interest ingly p i n p o i n t e d 
b y Bernett ( I ) . A cyc lopropane m o d e l proposed b y W a l s h (2 ) i n d i 
cates that C - C bonds of the rings are caused b y an over lap of one of 
the sp- h y b r i d i z e d orbitals of each carbon a tom a n d of each orb i ta l 
( W a l s h proposed, i n fact, an sp2 h y b r i d i z a t i o n state for each cyc lopro
pane c a r b o n ) . 

Cons idera t ion of the unsaturat ion of cyc lopropane l e d the author 
to compare the attack of a p r o t o n on cyc lopropane w i t h the f o r m a t i o n 
of a π complex. H i i c k e l ( 3 ) de termined mathemat ica l ly the most stable 
structure for a protonated cyc lopropane . T h e representation g i v e n is 
imperfect since i t is concerned w i t h only one resonant structure; there 
are three possibi l i t ies as one of the ρ orbitals is a n t i b o n d i n g . I n fact, 
i t has been ca lcula ted that the bonds f o r m e d b y the over lap of the ρ 
orbitals are o c c u p i e d b y four electrons, w h i l e o n l y t w o electrons are 
associated i n the overlap of three sp2 orbitals i n the center of the r i n g . 
I n this representation, the C - H bonds are represented b y sp2 h y b r i d 
orbitals . 

A more recent representation of cyc lopropane has been proposed 
b y C o u l s o n a n d Moff i t t (4), w h o i n t r o d u c e d the not ion of a bent b o n d . 
T h i s representation has the advantage of m i n i m i z i n g the b o n d energies. 
T h e orbitals associated w i t h the C - C bonds were ca lcula ted as b e i n g 
sp4'12 h y b r i d i z e d , w h i l e those of the C - H bonds are sp2'28 h y b r i d i z e d 
( 5 ) . U n d e r these condit ions , the valence angle is 104° , w h i c h cor
responds to a b e n d i n g of 2 2 ° . C o u l s o n a n d G o o d w i n reconsidered this 
p r o b l e m , a p p l y i n g the p r i n c i p l e of m a x i m u m o r b i t a l over lap ( 6 ) . T h e 
b e n d i n g then assumes a va lue of 21°26 ' . F i n a l l y , the w o r k of R a n d i c 
a n d M a k s i c (7 ) gives a value of 101 °32 ' for the C - C valence angle, 
w h i c h involves a b e n d i n g of 20°46 / . T h e o p t i m u m conformat ion is then 
obta ined w h e n the C - C b o n d orbitals are sp5 h y b r i d i z e d a n d the C - H 
orbitals sp2 h y b r i d i z e d . 

T h e unsaturated nature of cyc lopropane a n d its derivatives suggests 
that they are able to p o l y m e r i z e w i t h par t i c ipa t ion of the r i n g the same 
as C = C compounds . T h e first studies were m a d e b y T i p p e r a n d W a l k e r 
( 8 ) , w h o used a cat ionic catalyst ( A l B r . , - H B r ) at l o w e r temperature 
(be tween 0 ° a n d - 7 8 ° ) . T h e y showed that the mechanism was s i m i 
lar to that of the p o l y m e r i z a t i o n of propylene a n d other olefins w i t h 
F r i e d e l - C r a f t s catalysts. 

A more recent paper (9 ) indicates the existence of m e t h y l groups 
i n side chains i n cat ionic polymers of cyc lopropane . T h i s is not i n con
fl ict w i t h the existence of a IT complex d u r i n g the in i t i a t ion step, b u t i t 
suggests that the p o l y m e r i z a t i o n mechanism is more complex than that 
proposed b y T i p p e r a n d W a l k e r . 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
3 

| d
oi

: 1
0.

10
21

/b
a-

19
73

-0
12

9.
ch

01
0

In Polymerization Reactions and New Polymers; Platzer, N.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1973. 



10. P I N A Z Z I E T A L . Opening of Carbon Rings 143 

K e t l e y (JO) has s h o w n that 1 ,1 -dimethylcyclopropane gives the 
same p o l y m e r b y cat ionic p o l y m e r i z a t i o n as that obta ined f r o m 3-
m e t h y l - l - b u t e n e . H e assumed a π complex mechanism for in i t i a t ion . 

I sopropylcyc lopropane treated w i t h L e w i s acids polymerizes b y 
par t i c ipa t ion of the c y c l o p r o p y l group (11). I n this case no evidence 
has been f o u n d for a h y d r i d e shift o c c u r r i n g i n the 3 -methyl - l -butene 
p o l y m e r i z a t i o n mechanism. P h e n y l c y c l o p r o p a n e has been p o l y m e r i z e d 
w i t h L e w i s - a c i d - t y p e init iators (12) a n d w i t h Z i e g l e r - N a t t a catalysts 
(13). T h e polymers have a structure that impl ies o p e n i n g of the three-
carbon r i n g . Norcarane ( b i c y c l o [4.1.0] heptane) reacts w i t h Ziegler-
N a t t a catalysts (13) a n d gives ol igomers h a v i n g cyclohexane units i n 
the cha in . It polymerizes b y o p e n i n g of the s m a l l r i n g , l e a v i n g the 
cyclohexane unchanged . 

T h i s paper deals w i t h the p o l y m e r i z a t i o n of several p u r e l y h y d r o -
carbonated a n d g e m - d i h a l o c y c l o p r o p a n i c monomers . T h e influence of 
conjugation be tween a cyc lopropane a n d one d o u b l e b o n d , a n d the i n f l u 
ence of the conjugation between t w o cyc lopropanic groups is s h o w n 
for several monomers, such as spiropentane, v i n y l gem-diha locyc lopro-
pane, a n d b icyc lononene . 

Polymerization of Cyclopropanic Systems 

T i p p e r a n d W a l k e r (8) have a l ready s tudied the kinetics of the 
p o l y m e r i z a t i o n of cyc lopropane a n d cyc lobutane i n heptane be tween 
0 ° a n d - 7 8 ° C , us ing a A l B r > r - H B r catalyst system. W e have s tudied 
the s tructural aspects b y subject ing cyc lopropane ( M i ) a n d cyc lobutane 
to different types of init iators. U s i n g a cat ionic process i n the presence 
of S n C l 4 , T i C l 4 , E t 2 0 - B F 3 , a n d A l B r , be tween - 3 0 ° a n d 100° p o l y m e r i 
zat ion of cyc lopropane occurs, whereas the same initiators have no effect 
o n cyclobutane. T h e mechanism involves the format ion of a π complex 
w i t h one of the cyc lopropane bonds f o l l o w e d b y a h y d r i d e shift , g i v i n g 
rise to structure ΡΛ. N M R a n d I R spectroscopy show that the p o l y m e r 
has a p o l y p r o p y l e n e structure. 

I n the presence of Z i e g l e r - N a t t a catalysts, i n the heterogeneous 
phase, the reactivit ies of cyc lopropane a n d cyc lobutane are s imi lar . 
T h e convers ion degrees vary be tween 1 a n d 5%, a n d the molecu lar 

C H ; 
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weights are 1 5 0 0 < M N < 2 0 0 0 for the soluble f rac t ion of the polymers . 
W i t h this k i n d of catalyst, the polymers have a po lye thylene structure 
of type Ρ2 ( E q u a t i o n 1 ) . 

Polymerization of Bicyclo[n.l.O]alkanes and Spiro[2.n]alkanes. 
G E N E R A L P R E P A R A T I O N . T h e monomers were synthesized b y a d d i t i o n of 
methylene to the d o u b l e b o n d of the corresponding cycloalkenes or 
methylenecyc loa lkenes—Simmons a n d S m i t h react ion (14)—or b y a d d i 
t i o n of a dihalocarbene f o l l o w e d b y the reduct ion of the d i h a l o c y c l o p r o -
pane group b y a N a / h y d r a t e d methanol system ( E q u a t i o n 2 ) (15, 16): 

I n the first case, the methylene is obta ined b y react ion of a Z n - C u 
complex o n diodomethane. T h e a d d i t i o n react ion itself is car r i ed out 
i n the heterogeneous phase. T h e yie lds i n b i c y c l o compounds d e p e n d 
on the c o n d i t i o n of a d d i t i o n to the cyc loalkene d o u b l e b o n d . T h e i n 
terest i n this method lies i n the fact that the start ing cycloolefins are 
c o m m e r c i a l l y ava i lab le a n d that the yie lds i n b icycloalkanes are good 
( f r o m 3 0 to 8 0 % ) . A disadvantage, however , is that the final products 
are re la t ive ly h a r d to separate, especial ly the h igh-molecu lar -weight 
monomers . 

P O L Y M E R I Z A T I O N O F B i C Y C L o [ n . l . O ] A L K A N E S . F r o m the large-r ing 
b i c y c l o [ n . 1 . 0 ] a l k a n e series, six w e r e chosen because of their relat ive 
ease of synthesis: b i c y c l o [ 5 . 1 . 0 ] o c t a n e ( M 2 ) , b i c y c l o [ 6 . 1 . 0 ] n o n a n e ( M 3 ) , 
b i c y c l o [ 1 0 . 1 . 0 ] t r i d e c a n e ( M 4 ) , a n d the corresponding 1 - m e t h y l b i c y c l o -
[n.l .OJalkanes a n d p r e p a r e d f r o m the corresponding cycloalkenes or 
1-methylcyclqalkenes ( cycloheptene, cyclooctene, a n d c y c l o d o d e c e n e ) . 
See E q u a t i o n 4 . 

C A T I O N I C P O L Y M E R I Z A T I O N O F B i C Y C L o [ n . l . O ] A L K A N E S . T h e b i c y c l o 

[n . l . 0 ]a lkanes were p o l y m e r i z e d i n methylene c h l o r i d e b y various L e w i s 
ac ids : T i C l 4 , B F < - E t 2 0 , a n d S n C l 4 — w i t h catalyst/monomer molar ratios 
f r o m 4 to 15%. T h e temperatures used were between 2 0 ° a n d 8 0 ° C . 
A t the lower temperatures a n d for the concentrations used, the degree 
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10. P I N A Z Z I E T A L . Opening of Carbon Rings 1 4 5 

η = 5 

η = 6 

Mo 

M3 

( C H 2 ) n 

10 M4 

( R = H ) 

( R = C H 3 ) 

( R = H ) 

( R = C H 3 ) 

( R = H ) 

( R = C H 3 ) 

(3) 

of convers ion to polymers is very l o w , suggesting that p o l y m e r i z a t i o n of 
these compounds necessitates re lat ively h i g h temperatures. T h e degrees 
of p o l y m e r i z a t i o n are l o w a n d vary l i t t le w i t h the exper imenta l c o n d i 
tions, a n d they decrease as the r i n g size increases. Steric h indrance 
effects are therefore p r o b a b l y responsible for o l igomer p r o d u c t i o n . 
Convers ions vary f r o m 0 to 65%, a n d are l o w e r for b i c y c l o [10.1.0] t r ide-
cane than for the other t w o monomers . F o r a g iven monomer , the 
degree of convers ion depends on the amount of catalyst. 

T h e p o l y m e r structures were s tudied b y in f rared spectroscopy a n d 
N M R . Infrared is ineffective i n d i s t inguish ing be tween polymers of 
these three types. I n a l l three cases, C - H bonds signals are observed 
at 2950, 2920, a n d 1450 c m " 1 , a n d a b a n d at 1375 c m " 1 m a y be a t t r ibuted 
to m e t h y l groups. 

N M R spectroscopy gives more deta i l a n d distinguishes be tween the 
three types of polymers . T h e signals recorded i n the reg ion of δ = 1.4 
p p m are caused b y hydrogens carr ied b y the r i n g carbons, whereas the 
signals s i tuated at 0.8-1 p p m are those of m e t h y l group hydrogens 

η = 5 

w i t h η = 6 

' ( C H 2 ) n 

η = 10 

R = H P 2 a 

R = C H 3 ?2b 

R = Η P 3 a 

R = C H 3 P 3 b 

R = Η P 4 a 

R = C H 3 P 4 b 

(4) 
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carr ied b y the saturated carbons. It must therefore be assumed that 
p o l y m e r i z a t i o n proceeds b y o p e n i n g of the cyc lopropane , f o l l o w e d b y a 
rearrangement l e a d i n g to the format ion of one m e t h y l group per "mono
mer u n i t " a n d t w o i n the case of l - m e t h y l b i c y c l o [ n . l . O ] a l k a n e s ; see 
structures F 2 a to P4h ( E q u a t i o n 4 ). 

O f various mechanisms that m a y be proposed, the o n l y acceptable 
one is that s u m m a r i z e d i n E q u a t i o n 5 . It is assumed that the attack on 
the cyc lopropane system b y the active site leads to the f o r m a t i o n of a 
π complex, w h i c h later rearranges to a carbo cat ion. T h e rupture of the 
b o n d of carbons 1 a n d 2 a n d the rotat ion between A a n d carbon 2 i n 
volves the appearance of a posi t ive charge on carbon 1. T h e p r i m a r y 
carbo cat ion f o r m e d w i l l be able to rearrange into a more stable tert iary 
carbo cat ion b y h y d r i d e shift . T h e polymers obta ined b y such a mecha
n i s m w o u l d have structures Ρ>Ά to P 4 i , . T h e y are the on ly ones h a v i n g 
one m e t h y l group i n the side c h a i n per "monomer u n i t " a n d t w o i n the 
case of l - m e t h y l b i c y c l o [ n . l . O ] a l k a n e s . It must, therefore, be assumed 
that this is the mechanism to be considered, and that structures P 2 a to 
P 4 b are the on ly ones that agree w i t h the data . 

( 5 ) 
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T h e in i t ia t ion step m a y be interpreted b y assuming that a p r o t o n 
gives rise to a π complex w i t h the cyc lopropane , w h i c h rearranges b y 
h y d r i d e shift into a carbo cat ion that w i l l be the active site for the p o l y m 
er izat ion. T h e terminat ion step m a y be considered as a deprotoniza -
t ion i n the a pos i t ion f r o m the act ive site of the last u n i t i n the c h a i n . 
T h i s hypothesis is conf i rmed exper imental ly i n ol igomers h a v i n g a v e r y 
l o w degree of p o l y m e r i z a t i o n b y the presence of weak N M R signals at 
δ =5.2 p p m (characterist ic of v i n y l i c protons) a n d at about δ = 2 p p m 
( m e t h y l groups carr ied b y C = C ). 

These results agree w i t h those of various authors w h o have d e m o n 
strated the t ransformat ion of b i c y c l o [ n . l . 0 ] a l k a n e type structures u n d e r 
a c i d catalysis into compounds h a v i n g a m e t h y l group. H o w e v e r , i t is 
not possible to v isual ize a p r i o r i somerizat ion into methylcycloalkenes 
f o l l o w e d b y its p o l y m e r i z a t i o n . O n e must consider that p o l y m e r i z a t i o n 
occurs i n a single step b y transformation into the carbo cat ion. E v e n so, 
the presence of m o n o m e r units w i t h the m e t h y l group not i n the side 
c h a i n b u t carr ied b y carbon atoms i n the r i n g s h o u l d not be exc luded . 
If such units existed, they w o u l d be present i n a very s m a l l p r o p o r t i o n 
w i t h respect to the m a i n monomer uni t . 

P O L Y M E R I Z A T I O N O F B i C Y C L o [ n . l . O ] A L K A N E S B Y M E T A L - H A L I D E C O M 

P L E X E S . B icyclo[4 .1 .0]heptane (norcarane) has a lready been p o l y m e r 
i z e d w i t h Z i e g l e r - N a t t a type catalysts (13). W e have c o n t i n u e d the 
s tudy of the reactivities of the h igher homologs of norcarane t o w a r d 
transi t ion meta l complex catalysts: bicyclo[5.1 .0]octane, b icyc lo[6 .1 .0 ] -
nonane, a n d b i c y c l o [10.1.0] tr idecane, and the corresponding 1-methyl-
b i c y c l o [ n . l . 0 ] a l k a n e ( M 2 to M 4 ) . T h e reactions were carr ied out i n 
sealed tubes i n hexane, under ni trogen, at 8 0 ° C for 24 hours. N o reac
t ion seems to occur at l o w temperatures. V a r i o u s catalyst systems w e r e 
used : t i t a n i u m , v a n a d i u m , a n d tungsten hal ides used i n conjunct ion 
w i t h t r i a l k y l a l u m i n u m ( E t 3 A l , ( i - B u ) 3 A l , a n d B u 3 A l ) . T h e best con
versions were obta ined w i t h the complexes of t r i e t h y l a l u m i n u m , tr i iso-
b u t y l a l u m i n u m , or t r i b u t y l a l u m i n u m w i t h stannic ch lor ide . Complexes 
f o r m e d w i t h t i t a n i u m tetrachloride p r o d u c e no p o l y m e r . A l t h o u g h 
ol igomers are obta ined i n a l l cases, the average degrees of p o l y m e r i z a 
t ion are general ly h igher than w i t h cat ionic polymer izat ions ( f r o m five 
to eight on average) , a n d are nearly ident i ca l for a l l six monomers . 

S t ructura l determinat ion of the polymers obta ined was dif f icult 
because of the complex i ty of the spectra. In f rared spectra show bands 
a lready observed i n cat ionic p o l y m e r i z a t i o n at 2950, 2920, a n d 1450 c m - 1 . 
T h e m e t h y l b a n d at 1375 c m - 1 s t i l l exists, b u t its intensity is less. T h e r e 
is a peak at 1460 c m 1 , i n the - C H 2 - region, w h i c h suggests that the 
polymers possess methylene groups different f r o m the c y c l i c methylenes. 
N M R shows a s ignal at about δ = 1.4 p p m , w h i c h m a y be a t t r ibuted to 
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r i n g hydrogens, a n d a s ignal at 8=0.8-0 .9 p p m , characterist ic of m e t h y l 
groups on saturated carbons. T h e p r o p o r t i o n of methyls is far less than 

H P 2 c 

C H 3 Ptd 

H P 3 c 
(6) 

C H 3 P;kl 

H P 4 c 

C H 3 P 4 a 

one per "monomer u n i t , " a n d less than t w o w i t h polymers of the 1 -
methylb icyc lo [n . l .O]a lkanes group. W h e n it is assumed that the c h a i n 
ends are e thyl , b u t y l , or i s o b u t y l residues ( d e p e n d i n g o n the type of 
ca ta lys t ) , the monomer uni t consists of a 7-, 8-, or 12-carbon r i n g , de
p e n d i n g on the monomers considered, a n d that these rings are connected 
b y a methylene group P 2 c to P4d. In par t icular , for catalysts us ing 
( t - B u ) 3 A l , the CH3/CH0 rat io i n the p o l y m e r p r o d u c e d is greater than 
for the catalysts obta ined f r o m E t 3 A l . F o r polymers of h igher degrees 
of p o l y m e r i z a t i o n , the m e t h y l peaks are negl ig ib le , thus conf i rming that 
they b e l o n g to chain-end m e t h y l groups. T h i s hypothesis is conf i rmed 
b y the presence of an N M R peak i n the region of δ = 1.2 p p m that does 
not appear i n b icyc loa lkane cat ionic polymers ( E q u a t i o n 6 ) . 

T h e p o l y m e r i z a t i o n mechanism proposed is based o n studies of 
olefin p o l y m e r i z a t i o n b y N a t t a a n d Danusso ( 1 7 ) . It involves attack of 
the cyc lopropane b y the complex Α,,,Μβ-ΑΊΑ'οΜβ', w h e r e M e = T i , Sn , V , 
or W ; M e ' = A l ; A = C1, or A \ ; a n d A ' 2 = E t , i B u , or sec-Bu ( E q u a t i o n 7 ) . 

A 

C H 3 (7) 
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Polymerization of Spiro[2.n]alkanes. Spiro[2 .6]nonane ( M 5 ) , spiro 
[2.7]decane ( M ( i ) , a n d spiro[2.1 l ] te t radecane ( M 7 ) were p r e p a r e d f r o m 
the corresponding methylenecycloalkanes (methylenecycloheptane, meth-
ylenecyclooctane, a n d methylenecyclododecane, respect ively) b y the 
Simmons a n d S m i t h react ion (14); see E q u a t i o n 8. 

η = .6 M 5 

η = 7 M 6 (8) 

η = 11 M 7 

N ( C H 2 ) n ' 

T h e y i e l d varies f r o m 40 to 60% no matter w h a t size the r i n g is. 
T h e separation of the alkenes a n d their derivatives is dif f icult because 
of the closeness of their b o i l i n g points . Fur thermore , one obtains, 
p r o b a b l y as the result of p a r t i a l i somerizat ion d u r i n g react ion of the 
methylenecycloalkanes to 1-methylcycloalkenes, smal l amounts of sec
ondary compounds , such as the corresponding m e t h y l b i c y c l o [ n . l . O ] 
alkanes. 

C A T I O N I C P O L Y M E R I Z A T I O N O F S P I R O [ 2 . n ] A L K A N E S . C a t i o n i c p o l y m 

er izat ion of spiro[2.5]octane a n d spiro[2.4]heptane has a lready been 
considered b y K e t l e y a n d E h r i g (18) to compare the structures of the 
polymers obta ined b y means of A l B r 3 w i t h those of polymers obta ined 
f r o m the corresponding v inylcyc loa lkanes . These authors have f o u n d 
that the t w o groups of polymers have very different structures a n d , w i t h 
out g i v i n g definit ive results, c o n c l u d e d that p o l y m e r i z a t i o n of spiranes 
p r o b a b l y occurs b y passing through a b i c y c l i c intermediate ; on opening , 
the intermediate gives complex compounds . 

Spiro [2.6]nonane, spiro [2.7] decane, a n d spiro [2.11] tetradecane have 
been p o l y m e r i z e d i n methylene ch lor ide i n the presence of F r i e d e l - C r a f t s 
catalysts w i t h this increasing order of reac t iv i ty : V O C l 3 , S n C l 4 , B F 3 -
E t 2 0 , T i C l 4 , a n d A1C1 3 . T h e reactions were carr ied out over 24 hours 
at 80° C . P o l y m e r i z a t i o n , a l though r e q u i r i n g rather h i g h temperatures 
(above 2 0 ° C ) c o u l d occur at temperatures l o w e r than those observed for 
the corresponding b i c y c l o [ n . 1.0]alkanes. Convers ions are general ly 
higher than for the corresponding bicycloalkanes . T h e p o l y m e r i z a t i o n 
degrees are l o w a n d v i r t u a l l y ident i ca l for the same operat ing condit ions 
( f r o m 3 to 6 ) . 

T h e in f rared spectra of polymers show bands at 2950, 2920, a n d 
1450 c m - 1 . T h e presence of a peak at 1375 c m 1 means that these p o l y -
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mers have a m e t h y l group, w h i c h confirms the results of K e t l e y a n d 
E h r i g a n d proves that the structure is different f r o m that of polymers of 
v i n y l cycloalkanes. N M R gives t w o massive peaks, one i n the region of 
δ = 1.4 p p m , corresponding to hydrogens i n the r ings, a n d the other i n 
the region of δ = 0.9 p p m , corresponding to the hydrogens of a m e t h y l 
group on a saturated carbon. Integrat ion shows one m e t h y l group per 
monomer u n i t ( E q u a t i o n 9 ) . 

C H 3 

T h e proposed p o l y m e r i z a t i o n mechanism suggests that a π complex is 
f o r m e d f r o m the spirane cyc lopropane a n d the carbo cat ion act ive site 
( E q u a t i o n 10) . 

θ 
Α Φ 
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F r o m this complex, the rupture of the b o n d between carbons 1 a n d 
2 gives rise to the f o r m a t i o n of a posi t ive charge appear ing on carbon 2, 
w h i c h involves format ion of a p r i m a r y carbo cat ion that can rearrange, 
b y h y d r i d e shift, into a more stable secondary carbo cat ion on carbon 3, 
l e a d i n g to polymers of structure P 5 a , Pea, a n d P 7 a . These structures are 
the on ly ones h a v i n g one m e t h y l i n the side c h a i n per m o n o m e r uni t . 

T h e structure of cat ionic polymers of spiro [2.n]alkanes is too h i n 
dered to a l l o w the f o r m a t i o n of h igh-molecu lar -weight p o l y m e r . T h e 
terminat ion step occurs r a p i d l y , p r o b a b l y b y rearrangement, loss of a 
proton , a n d format ion of a d o u b l e b o n d , the existence of w h i c h is con
firmed b y a v i n y l h y d r o g e n N M R s ignal at about δ =5.2 p p m . 

P O L Y M E R I Z A T I O N O F S P I R O [2.n] A L K A N E S B Y T R A N S I T I O N - M E T A L C O M 

P L E X E S . P o l y m e r i z a t i o n of spiro [2.n] alkanes b y transi t ion-metal c o m 
plexes was carr ied out i n hexane at 8 0 ° C over 24 hours . T h e catalyst 
systems w e r e : E t , A l / T i C l 4 , E t 3 A l / S n C l 4 , E t 3 A l / V O C l 3 , a n d E t 3 A l / W C l 6 

for catalyst/monomer ratios of about 16%. T h e highest conversions (80 
to 90%) were obta ined w i t h E t 3 A l / S n C l 4 , the highest p o l y m e r i z a t i o n 
degrees b e i n g observed w i t h E t 3 A l / T i C l 4 couple (Dp = 3). T h i s catalyst 
is prac t i ca l ly w i t h o u t effect on bicyclo[n.1 .0]alkanes a n d on m e t h y l b i c y c l o -
[n.1.0]alkanes. It is possible that the more open structure of cyc lopro
pane i n the case of spirane-type compounds al lows an easier react ion 
w i t h this catalyst. 

In f rared spectroscopy indicates bands at 2950, 2920, 1450, a n d 1375 
c m - 1 a l ready observed on cat ionic polymers . H o w e v e r , the b a n d at 
1375 c m 1 , corresponding to m e t h y l groups, decreases i n intensity a n d 
complete ly disappears i n h igh-molecu lar -weight polymers . F u r t h e r m o r e , 
the b a n d at 1455 c m 1 m a y be at tr ibuted to l inear - C H 2 - groups. N M R 
confirms this assumption, since the h y d r o g e n i n the rings appear i n the 
region of δ = 1.4 p p m , whereas the s ignal observed at δ = 0.9 p p m ob
tained w i t h cat ionic polymers is prac t i ca l ly nonexistent. It appears at 
l o w intensity w i t h low-molecu lar -weight ol igomers, a n d can p r e s u m a b l y 
be a t t r ibuted to the cha in-end m e t h y l groups. F r o m these results, 
structures P 5 b , P ( i h , a n d P 7 b m a y be assigned to compounds obta ined f r o m 
spiroalkanes for this type of p o l y m e r i z a t i o n ( E q u a t i o n 11) . 
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It is possible to assume a p o l y m e r i z a t i o n m e c h a n i s m based o n that 
proposed b y N a t t a a n d Danusso ( E q u a t i o n 12) (17): 

Αχ 

R M e 
/ \ 

/ \ 
/ \ 

Polymerization of Spiropentane, Methylenecylobutane, and Bicyclo-
propyle. O n e c o m p o u n d i n the spirane h y d r o c a r b o n series is especial ly 
w o r t h y of a t tent ion—namely spiropentane ( M s ) , w h i c h is a n isomer of 
b o t h isoprene a n d methylenecyc lobutane ( M 9 ) ; see E q u a t i o n 13. F r o m 
a structural point of v i e w , i f one considers that spiropentane is the l inear 
c o m b i n a t i o n of the ρ o rb i ta l a n d the sp o rb i ta l associated w i t h each r i n g 
of spiropentane, four equivalent spA h y b r i d orbitals m a y be f o r m e d . 
U n d e r these condit ions, spiropentane constitutes a h i g h l y p- type u n 
saturated entity that is thus especial ly suitable for p o l y m e r i z a t i o n . 

A s l ight ly different m o n o m e r has also been s t u d i e d : b i c y c l o p r o p y l e , 
composed of t w o cyclopropanes l i n k e d b y a σ C - C b o n d (M10). T h e 
conjugat ion between the t w o cyclopropanes of the m o n o m e r is s imi lar 
to that appear ing between the butadiene orbitals . 

C H 2 

M8 M9 Afio 

Syntheses of spiropentane, methylenecyclobutane , a n d b i c y c l o p r o p y l e 
are descr ibed i n the appropriate sections. 

P O L Y M E R I Z A T I O N O F S P I R O P E N T A N E . T h e preparat ion of sp iropen
tane (19) is important , since other compounds are f o r m e d ( for example, 
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methylenecyclobutane , 2 -methyl - l -butene ) that are sensitive to cat ionic 
catalysis. Spiropentane is synthesized f r o m pentaerythr i ty l te trabromide, 
w h i c h itself is p r e p a r e d b y successive reactions of h y d r o b r o m i c a c i d a n d 
phosphorus t r i b r o m i d e on c o m m e r i c a l pentaerythr i to l . Pentaerythr i ty l 
te t rabromide is treated w i t h z inc i n a lcohol ic m e d i u m i n presence of 
s o d i u m ethylenediamine tetracetate ( E q u a t i o n 14) . 

T h e res idual alkenes are destroyed b y b r o m i n e i n d ibromomethane , 
w h i c h leaves pure spiropentane ( y i e l d 60%), the p u r i t y b e i n g conf i rmed 
b y a s ingle N M R peak at 0.72 p p m . 

C A T I O N I C P O L Y M E R I Z A T I O N O F S P I R O P E N T A N E . These init iators , i n 

decreasing order of a c t i v i t y — A 1 C 1 3 , W C 1 G , M o C l 5 , Z r C l 4 , B F 3 - E t 2 0 , 
T i C l 4 , a n d S n C l 4 — y i e l d polymers for w h i c h the convers ion degree is 
h igher i n methylene ch lor ide than i n n-hexane. T h e temperature factor 
is important , since no react ion occurred b e l o w 2 0 ° C . A l l runs have b e e n 
carr ied out at 8 0 ° C or, occasional ly, at 1 0 0 ° C . T h e amount of in i t ia tor 
r e q u i r e d is very h i g h , the catalyst/monomer rat io b e i n g u p to 10%. 

T h e polymers obta ined have an average molecular w e i g h t of about 
1000, their in f rared spectra h a v i n g bands ident i ca l to those descr ibed 
for c y c l i z e d poly- l ,4 - i soprenes . T h e peaks at 2960, 2925, a n d 2870 c m - 1 

correspond to c y c l i c methylenes. A weak b a n d l y i n g be tween 1650 a n d 
1700 c m - 1 , the intensity of w h i c h depends on the c y c l i z a t i o n degree, 
determines the p r o p o r t i o n of tetrasubstituted cyc l i c d o u b l e bonds ( P 8 A ) · 
A n absorpt ion b a n d be tween 1450 a n d 1465 c m 1 is caused b y - C H 2 -
groups, a n d a peak at 1378 c m - 1 characterizes the m e t h y l groups. 

At tempts of c y c l i z a t i o n of h igh-molecu lar -weight poly-c i5- l ,4 - i so-
prene has a lready been p u b l i s h e d (20-22). T h e m a i n characteristics of 
these compounds are ( N M R ) no s ignal for protons carr ied b y a C ^ C 
d o u b l e b o n d , but a strong s ignal at δ = 0.9 p p m corresponding to protons 
f r o m m e t h y l groups on saturated carbons, a n d a massive peak be tween 

P B r 3 (14) 
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δ = 1.1 a n d δ = 1.7 p p m , w i t h m a x i m a at δ = 1.25 a n d 1.6 p p m , caused, 
respectively, b y r i n g protons a n d protons of m e t h y l groups o n 0 = 0 
double bonds ( structure P S a ) · T h e relat ive size of these t w o m a x i m a is 
a f u n c t i o n of the c y c l i z a t i o n degree, the peak at δ = 1.6 p p m b e c o m i n g 
smaller as the n u m b e r of rings increases. H o w e v e r , i t is di f f icul t to 
determine this n u m b e r exactly. 

C y c l o p o l y m e r s of spiropentane have the same characteristics as 
those of cyclopolyisoprenes . W e conc lude they have s imi lar structures 
( P 8 a ) a n d (P 8 b) i n E q u a t i o n 15. 

8b 

T h e mechanism proposed involves the f o r m a t i o n of a complex ( 15i , 
E q u a t i o n 15a) between the cat ionic in i t ia tor a n d the h y d r o c a r b o n r i n g , 
f o l l o w e d b y its t ransformation into a carbo cat ion (15 2 ) s imi lar to the 
s p i r o p e n t y l i u m i o n proposed b y F a n ta ( 2 3 ) . T h e intermediate struc
ture (15 3 ) rearranges b y c y c l i z a t i o n because of the presence of L e w i s 
a c i d a n d the rather h i g h react ion temperature. 

1X1 - E^<ii>^ Φ : 
" A 

A -

15i 

φ 
C H 2 

1 5 2 

^ / c y c l i z a t i o n 

(15a) 

15 3 

P O L Y M E R I Z A T I O N O F S P I R O P E N T A N E B Y M E T A L - H A L I D E C O M P L E X E S . 

Heterogeneous-phase p o l y m e r i z a t i o n w i t h t r i a l k y l a l u m i n u m meta l -ha l ide 
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complexes has also been s tudied , us ing n-hexane as solvent at tempera
tures be tween 20° a n d 1 0 0 ° C (there is no react ion b e l o w 2 0 ° C ) . These 
catalysts were u s e d : T i C l 4 / R 3 A l , W C 1 6 / R 3 A 1 , S n C l 4 / R 3 A l , a n d V O C l 3 / 
R 3 A 1 , where R = E t , i - B u , or C I . A s before, the polymers obta ined are 
soluble i n hydrocarbons a n d halogenated solvents except those p r o d u c e d 
b y the react ion w i t h the S n C l 4 / R 3 A l couple , w h i c h gives insoluble p r o d 
ucts w i t h convers ion degrees of about 70%. T h e average molecular 
weights were determined b y osmometry. T h e y vary be tween 1000 a n d 
5000, d e p e n d i n g on the nature a n d amount of catalyst a n d temperature. 

A structural s tudy confirms c y c l o p o l y m e r i z a t i o n . Infrared bands are 
obta ined at 2960, 2925, a n d 2870 c m " 1 , as w i t h polymers obta ined b y 
L e w i s acids. T h e difference between this case a n d the previous one lies 
i n the existence of a shoulder of v a r y i n g intensity o n the m e t h y l b a n d 
between 1360 a n d 1370 c m 1 ( the m a i n peak is at 1380 c m " 1 ) . T h i s 
sp l i t t ing corresponds to the presence of g e m - d i m e t h y l groups, the n u m 
ber of w h i c h varies inversely w i t h the n u m b e r of consecutive fused rings 
(structure P 8 B ) . It is impossible to differentiate b y N M R between cy-
clopoly- l ,4 - isoprenes a n d the 3,4 variety, since the signals obta ined i n 
b o t h cases are ident i ca l . 

I n summary , cat ionic p o l y m e r i z a t i o n gives polymers of structure 
P 8 A ; Z ieg ler -Nat ta complexes m a i n l y l ead to blocks of structure P 8 B . 
T h i s s tudy gives further evidence for cyc l iza t io n reactions of h i g h -
molecular -weight polyisoprenes. T h i s p o i n t of v i e w has been conf i rmed 
b y the study of the c y c l i z a t i o n of m o d e l polyisoprene molecules w i t h 
two, three, or four monomer units t o w a r d the catalysts able to ini t iate 
such a react ion (24). 

P O L Y M E R I Z A T I O N O F M E T H Y L E N E C Y C L O B U T A N E . M ethylenecyc lobu-

tane was synthesized b y react ion of a Z n - C u couple on pentaerytr i ty l 
te trabromide ( E q u a t i o n 16) . T h e y i e l d of the synthesis is about 65% 

C A T I O N I C P O L Y M E R I Z A T I O N O F M E T H Y L E N E C Y C L O B U T A N E . At tempts 

were m a d e to discover catalyst systems able to attack methy lenecyc lobu
tane, a n d tests were carr ied out on different classes of catalysts. T h e r e 
was no detectable react ion w h e n us ing either b e n z o y l peroxide, or 
anionic catalysts such as s o d i u m naphthalene. H o w e v e r , interest ing re-

( 9 ) . 

C H ; 

(16) 

M9 
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suits were obta ined w i t h L e w i s acids, Z i e g l e r - N a t t a catalysts, a n d c o m 
plexes such as transi t ion-metal acetyl acetonates/alkyla luminum. 

I n ionic p o l y m e r i z a t i o n , E q u a t i o n 17, i t can be assumed that there is 
a first stage c o m p r i s i n g format ion of a n a l k y l b i c y c l o b u t o n i u m i o n , very 
s imi lar to the c y c l o p r o p y l c a r b i n y l cat ion s tudied b y Roberts a n d M a z u r 
( 2 5 ) . T h e u n u s u a l a l k y l b i c y c l o b u t o n i u m i o n is cons idered as a resonant 
h y b r i d of p y r a m i d a l structure that interconverts at different rates. T h e 

1 
C H 2 

C H 3 

(17) 

9d 
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posi t ive charge derives f r o m re loca l iza t ion of the π o rb i ta l , a n d the 
unstable c y c l o b u t y l i u m i o n rearranges to a n u n u s u a l i o n b y d e r e a l i z a 
t i o n — f o r example, of the 3-4 covalence double t between carbons 1-3-4. 
T h e substituent m a y stabi l ize a resonant f o r m , thus f a v o r i n g products 
d e r i v e d f r o m this f o r m . G e n e r a l l y speaking, d u r i n g p o l y m e r i z a t i o n , 
re loca l izat ion of the electrons of the a l k y l b i c y c l o b u t o n i u m i o n can occur 
b y three different processes. I n re loca l iz ing , the charges give, as possi
b le structures, P 9 a , Peb, a n d P 9 c . I n the presence of a c i d catalysts, struc
ture P 9 b m a y isomerize to structure P 9 d , where the d o u b l e bonds become 
tr isubst i tuted. 

F i n a l l y , i t has been p r o v e d that structure P 9 d c o u l d cyc l ize qui te 
easily to structure P 9 e because of the a hydrogens f r o m the d o u b l e b o n d . 

W i t h a l u m i n u m - c h l o r i d e catalysts, the p o l y m e r structure is 80% 
cyc lobutane units a n d about 5% cyc lopropane units , the remainder b e i n g 
polyene units . W i t h stannic chlor ide , w e do not observe any cyc lopro
pane units ; the p o l y m e r consists m a i n l y of cyc lobutane units (75%). 
T h e presence of m e t h y l groups on cyclohexane shows that the other 
units possess p a r t i a l l y i somer ized a n d c y c l i z e d polyene structures. 
W h e n u s i n g t i t a n i u m ch lor ide or e thy l a l u m i n u m c h l o r i d e w i t h traces 
of water as cocatalyst, the p o l y m e r consists m a i n l y of cyc lobutane 
uni ts—that is, 60%, the d e m a i n d e r b e i n g c y c l i z e d ; see E q u a t i o n 17. 

P O L Y M E R I Z A T I O N O F M E T H Y L E N E C Y C L O B U T A N E B Y T R A N S I T I O N - M E T A L 

C O M P L E X E S . V a r i o u s transi t ion meta l hal ides were u s e d : T i C l 4 , S n C l 4 , 
W C l o , V C 1 3 , etc., complexed w i t h organometal l ic compounds such as 
E t 3 A l , E t 2 A l C l , ( w o - B u ) s A l , a n d B u 3 S n H . 

I n the presence of E t 3 A l / T i C l 4 , p o l y m e r i z a t i o n of methylene cyc lo -
butane gives a p o l y m e r h a v i n g exomethylene units (P 9 b) representing 
about 40% of the structure, 60% b e i n g par t ia l ly c y c l i z e d . 

W i t h E t 2 A l C l / T i C l 4 , the p o l y m e r structures are different, d e p e n d i n g 
o n the react ion temperature. A t l o w temperatures, the p o l y m e r is a 
mixture of structures P 9 a , P 9 b, Pec, a n d P 9 d . In f rared spectrography re
veals the presence of P 9 a structures b y vibrat ions at 920 c m - 1 a n d 1240 
c m - 1 . T h e h o m o a l l y l i c structure Pç ) b is demonstrated b y a n absorpt ion 
b a n d at 890 c m - 1 . T h i s polyene structure is not alone, since character
istic absorptions of tr isubst i tuted double bonds P 9 d , R 1 R 2 C = C H R 3 , are 
v is ib le w i t h shoulders at 930 a n d 835-840 c m - 1 for the trans a n d cis 
forms, respect ively. 

N M R spectra show a massive peak at 8=4 .8 p p m , characterist ic of 
structure P 9 d . A t 8 = 5.2 p p m , a sl ight s ignal indicates structure P 9 d . 
T h e P 9 b un i t can become p a r t i a l l y c y c l i z e d to give structure P S e . W h e n 
the p o l y m e r is p r e p a r e d at l o w temperature, its b r o m i n e index is about 
54%, w h i c h corresponds to a m o n o c y c l i z e d structure P 9 e . A s the p o l y m 
er izat ion temperature increases, the intensity of the characterist ic s ig-

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
3 

| d
oi

: 1
0.

10
21

/b
a-

19
73

-0
12

9.
ch

01
0

In Polymerization Reactions and New Polymers; Platzer, N.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1973. 



158 P O L Y M E R I Z A T I O N R E A C T I O N S A N D N E W P O L Y M E R S 

n a l of m e t h y l groups on saturated carbon atoms goes u p , a n d that of 
a protons f r o m the d o u b l e bonds diminishes i n the same p r o p o r t i o n . 
T h e peak at 8 = 1.5 p p m becomes the most important (cyclohexane p r o 
tons ) . T h e saturated-carbon m e t h y l peak at 8 = 0.9 p p m , v i r t u a l l y n o n 
existent for low-temperature polymers , increases i n size. A s p o l y m e r i z a 
t ion temperature increases, the c y c l i z a t i o n degree increases, w h i l e the 
p r o p o r t i o n of carbon-carbon d o u b l e bonds decreases ( E q u a t i o n 17) . 

Var ious acetylacetonates have been used w i t h d i e t h y l a l u m i n u m 
c h l o r i d e as catalyst for the p o l y m e r i z a t i o n of methylene cyc lobutane . I n 
this case, the N M R spectra of the polymers are very s imple . Between 
8=4 .6 a n d 4.8 p p m lies a singlet corresponding to the resonance of 
v i n y l i d e n e protons. B e t w e e n 8 = 1.85 a n d 2.10 p p m , a s ignal reveals the 
protons of a methylene groups f r o m a d o u b l e b o n d , a n d at 8 = 1.25 p p m , 
a peak corresponds to protons of methylenic groups. T h e I R spectrum 
shows no absorpt ion at 920 c m 1 a n d 1240 c m - 1 , w h i c h excludes the 
presence of a cyc lobutane structure. T h e structure C H 2 — C R i R 2 is 
i n d i c a t e d b y v i b r a t i o n of the C - H bonds at 890 a n d 1640 c m - 1 for 
C = C stretching vibrat ions . A strong absorpt ion at 1450 c m - 1 corre
sponds to stretching vibrat ions of the C - H bonds of the methylene 
groups. T h e absorpt ion of m e t h y l groups at 1370 c m - 1 is very weak. 
A t 790 c m 1 , the C H 2 r o c k i n g v i b r a t i o n becomes apparent, thus con
f i r m i n g the succession of three - C H 2 - groups. N o characterist ic s igna l 
of cyc lopropane structure appears. So it m a y be c o n c l u d e d that p o l y m 
er izat ion b y this type of complex leads to the format ion of a p u r e 
" i sopoly isoprene" f o r m i n w h i c h the carbon-carbon d o u b l e b o n d is i n 
the exo posi t ion w i t h respect to the cha in . 

U n d e r a v a n a d i u m triacetylacetonate o r g a n o a l u m i n u m catalyst 
( C H 3 C O C H = C O - C H 3 ) 3 V - E t 2 A l C l , methylenecyc lobutane gives a p o l y 
mer i n w h i c h the isopolyisoprene structure ( P 9 b ) is p r e d o m i n a n t — t h a t is, 
85 to 95%. H o w e v e r , N M R spectra show characterist ic signals of cyc lo 
propane structures between 0 a n d 0.2 p p m . Integrat ion give a propor t ion 
of 5 to 15% of this type of structure. T h i s is conf i rmed b y i n f r a r e d 
bands at 3080 a n d 1015 c m " 1 . 

T e r n a r y catalysts, such as E t 2 A l C l / T i C l 4 / E t 3 N or E t 3 A l / T i C l 4 / P h 3 P 
have been used. A c c o r d i n g to the various proport ions of each c o m p o 
nent of the ternary catalyst, polymers of P 9 b , Pgd, a n d P 9 e structures are 
obta ined. H o w e v e r , i n some cases, especial ly w h e n the rat io P h 3 P / 
T i C l 4 = 1, methylenecyclobutane gives a p u r e a n d l inear " i sopoly isoprene" 
structure ( P 9 b ) , i n w h i c h c y c l i z e d type structures a n d cyc lopropanic 
groups are exc luded. 

P O L Y M E R I Z A T I O N O F B I C Y C L O P R O P Y L E . B i c y c l o p r o p y l e has a l ready 

been synthesized i n smal l y ie lds f r o m butadiene w i t h a methylene i o d i d e 
a n d a z i n c - c o p p e r couple (26, 27), a n d b y reduct ion of 2,2,2',2'-tetra-
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10. P I N A Z Z I E T A L . Opening of Carbon Rings 159 

h a l o b i c y c l o p r o p y l e (28, 29). B i c y c l o p r o p y l e also has been obta ined via 
a n e w route f r o m butadiene b y successive carbenations a n d reduct ions . 
T h e dichlorocarbene a d d e d to butadiene or v i n y l c y c l o p r o p a n e is ob
ta ined b y react ion of a strong base ( s o d i u m teramylate) w i t h chloro
f o r m , a n d r e d u c i n g the g e m - d i c h l o r o c y c l o p r o p y l b y a s o d i u m - h y d r a t e d 
methanol system. E q u a t i o n 18 depicts the synthesis. T h e overa l l y i e l d 
of the synthesis f r o m butadiene is about 20%. 

c i C I 
C H 2 C l - V ^ C l \ - _ 

/ / C C 1 2 \ / N a / C H 3 O H \7 

C H 2 C H 2 C H 2 

C C 1 2 
(18) 

M i , 

N a / C H 3 O H 

E l e c t r o n di f f rac t ion studies have s h o w n (30) that, i n its v a p o r 
phase, the b i c y c l o p r o p y l e molecule possesses t w o isomeric conformat ions : 
a n o n r i g i d s-trans f o r m ( A ) a n d a n o n r i g i d left f o r m ( B ) ( E q u a t i o n 19) 
able to oscil late respect ively f r o m ± 80° to ± 18° a r o u n d an e q u i l i b r i u m 
pos i t ion . 

B 

W e have conf i rmed this po int of v i e w b y test ing b i c y c l o p r o p y l e 
f r o m i n its l i q u i d phase b y N M R . T h e existence of the t w o conformers 
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is conf i rmed b y an important sp l i t t ing of the characterist ic signals of the 
four hydrogens H„ (8 = - 0 . 1 6 to 0.13 p p m ) ; the four hydrogens H f t 

(8 = 0.17 to 0.49 p p m ) ; a n d the four hydrogens H c (8 = 0.57 to 0.95 
p p m ) . 

W i t h suitable init iators , the t w o conformers m a y y i e l d polymers of 
different structures. T h e existence of a pseudoconjugat ion be tween the 
t w o cyclopropanes , w h i c h m a y be c o m p a r e d w i t h those of the butadiene 
orbitals , theoret ical ly favors a p o l y m e r i z a t i o n b y simultaneous o p e n i n g 
of the t w o conjugated orbitals . 

C A T I O N I C P O L Y M E R I Z A T I O N O F B I C Y C L O P R O P Y L E . P o l y m e r i z a t i o n of 

b i c y c l o p r o p y l e b y various L e w i s acids was carr ied out i n methylene 
ch lor ide w i t h a constant catalyst/monomer ratio to b r i n g out the effects 
of the other parameters—namely , the nature of the catalyst ( S n C l 4 -
A 1 C 1 3 ) , temperature ( - 7 8 ° to 1 2 0 ° C ) , a n d react ion t ime ( 3 to 24 
h o u r s ) . T h e highest convers ion (85%) was obta ined at a temperature 
be tween 70° a n d 80 °C , w i t h a l u m i n u m chlor ide as ini t iator . In f rared 
spectroscopy of the polymers obta ined shows no characterist ic s igna l for 
cyc lopropane groups at 860, 1020, 1040, a n d 3080 c m 1 , b u t gives a w e a k 
b r o a d b a n d between 1620 a n d 1700 c m 1 , i n d i c a t i n g the presence of 
tetra-substituted C = C bonds. N M R indicates the existence of t w o 
methyls (signals at 8 = 0.90 p p m ) , three methylenes, a n d a tert iary h y 
drogen (8 = 1.22 to 1.27 p p m ) si tuated i n the a pos i t ion f r o m a saturated 
carbon. It also indicates the presence of t w o methylenes (8 = 1.80 p p m ) 
a n d a m e t h y l (8 = 1.54 to 1.60 p p m ) si tuated i n the a pos i t ion f r o m 
tetrasubstituted d o u b l e bonds . 

These results show that p o l y m e r i z a t i o n occurs b y o p e n i n g of the 
t w o c y c l o p r o p y l groups, a n d the existence of a C = C b o n d for t w o 
m o n o m e r units suggests a c y c l i z a t i o n react ion. These l e a d to a p o l y m e r 
structure character ized b y substi tuted cyclohexene groups i n the c h a i n . 
T w o isomeric structures agree w i t h these assignments ( P i 0 a a n d P10b of 
E q u a t i o n 20 ) . Structure ( P 1 0 a ) is the most l i k e l y , b e i n g s imi lar to those 
obta ined b y intramolecular cyc l iza t ion of po ly- l , 4 - i soprene i n presence of 
E t 2 A l C l - H 2 0 . 

C H 3 C H 3 
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O s m o m e t r i c determinat ion of molecular weights was not possible 
because of the l o w so lubi l i ty of the p o l y m e r i n solvents at r o o m tempera
ture. H o w e v e r , N M R spectra c o u l d be obta ined b y s w e l l i n g the p o l y 
mer i n carbon tetrachloride. 

P O L Y M E R I Z A T I O N O F B I C Y C L O P R O P Y L E B Y T R A N S I T I O N M E T A L C O M 

P L E X E S . Heterogeneous-phase p o l y m e r i z a t i o n of b i c y c l o p r o p y l e w i t h Z i e g 
le r -Nat ta catalysts was carr ied out i n n-hexane between —30° a n d 1 2 0 ° C 
over 24 hours. These systems, i n decreasing order of react iv i ty give 
polymers h a v i n g spectral characterist ic s imi lar to those of polymers ob
ta ined b y cat ionic i n i t i a t i o n : S n C l 4 / E t A l C l 2 , S n C l 4 / E t 2 A l C l , S n C l 4 / E t 3 A l , 
T i C l 4 / E t 2 A l C l , W C l G / E t 3 A l . T h e same structures of cyclohexene mono
mer units separated b y three methylenes i n c h a i n are proposed (struc
tures Pioa a n d P 1 0 b of E q u a t i o n 20 ) . 

B y contrast, w e c o u l d give evidence for different structures w h e n 
the T i C l 4 - E t 3 A l complex is used ( T i / A l = l ) . In f rared spectra show, i n 
a d d i t i o n to the peaks a lready observed i n previous polymerizat ions , 
absorpt ion bands at 860, 1020, 1040, 1780, a n d 3080 c m 1 , characterist ic 
of cyc lopropanic groups, a n d bands at 770 a n d 780 c m 1 , w h i c h can be 
a t t r ibuted to b i m e t h y l e n i c blocks - C H 2 - C H 2 - N M R confirms these 
results. T h e cyc lopropane protons appear at δ =0.02 a n d 0.44 p p m , a n d 
methylenic hydrogens of a l inear c h a i n are character ized b y a s ignal at 
δ = 1.27 p p m . These spectrographic data a n d the s imilari t ies w i t h those 
of p o l y v i n y l c y c l o p r o p a n e (31) suggest that the c h a i n structure is c o m 
posed of units of undescr ibed l inear structure consist ing of methylene 
groups i n the m a i n c h a i n of cyc lopropane groups i n side cha in ( structure 
Pioc) . A study of this type of p o l y m e r i z a t i o n shows that over a w i d e 
range of react ion temperatures ( 2 0 ° to 1 2 0 ° C ) , the l inear f o r m p r e d o m i 
nates ( f r o m 55 to 70%), 40 to 30% b e i n g c y c l i z e d ( P 1 0 a , Pmb, Pioc) ; 
see E q u a t i o n 20. 

C a t i o n i c in i t ia t ion thus opens the t w o cyc lopropane structures to 
g ive polymers i n w h i c h the t r imethylcyclohexene rings are separated b y 
three methylenes i n the cha in . W i t h T i C l 4 - E t 3 A l , the p o l y m e r i z a t i o n 
process is different, a n d the react ion involves the o p e n i n g of one ring 
of the monomer . T h e p o l y m e r obta ined has a molecular w e i g h t of 
about 5000, a n d consists of blocks ident i ca l to the foregoing structures 
( P 1 0 a a n d Piob) a n d of blocks f o r m e d of monomer units w i t h pendant 
cyc lopropane groups ( P 1 0 c ) · 

T h e results obta ined w i t h b i c y c l o p r o p y l e are qui te different f r o m 
those obta ined w i t h spiropentane, w h i c h , whatever the type of catalyst 
used, y ie lds c y c l i z e d blocks s imi lar to those obta ined w i t h poly-1,4- or 
3,4-isoprene. 
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Polymerization of gem-Dihalocyclopropanic Systems 

T h e gem-diha locyc lopropane type of structure, considered h i g h l y 
stable, is at tacked b y certa in e lec trophi l ic reagents or s i m p l y b y heat ing, 
a n d rearranges b y r i n g opening . T h u s , w i t h L e w i s - a c i d catalysts, the 
d iha locyc lopropane der ivat ive opens w i t h format ion of a h a l o a l l y l i c car
b o cat ion (32) w h i c h , i n presence of a n u c l e o p h i l i c ion , gives either a 
h a l o a l l y l i c der ivat ive or a 1,3-diene. 

Pyrolysis of d ihalocyc lopropanes was s tudied a long w i t h the effects 
of e lec trophi l ic reagents, a n d confirms the foregoing results (33-37). I n 
m a n y cases, those authors observed that p o l y m e r i c residues, i n a d d i t i o n 
to a l l y l i c a n d diene-type products , were present at the end of pyrolys is . 
T h e format ion of these polymers confirms the hypothesis that the d i 
halocyclopropanes are monomers that can be p o l y m e r i z e d either b y 
cat ionic processes or b y the act ion of transi t ion-metal complex catalysts. 

X X ' 

1, l -d imethyl -2 ,2 -d ichlorocyc lopropane ( M u ) 

( R i = R2 = C H 3 ; R3 = H ; X = X ' = CI) 

1 ,1 ,3- tr imethyl-2 ,2-dichlorocyclopropane ( M i 2 ) 

( R i = R 2 = R 3 = C H 3 ; X = X ' = CI) 

1, l -d imethyl -2 -chloro-2-bromocyclopropane (M13) 

( R 1 = R 2 = C H 3 ; R 3 = H ; X = C l ; X ' = B r ) 

Polymerization of Alkyl gem-Dihalocyclopropanes. These mono
mers ( E q u a t i o n 21) are prepared b y a d d i n g dihalocarbenes to the cor
responding ethylenic c o m p o u n d s — t h a t is, isobutene for MX1 a n d M i 3 , 
a n d 2-methyl-2-butene for M12. T h e carbenes are p r o d u c e d b y basic 
a e l iminat ion of haloforms i n the presence of a strong base such as 
s o d i u m teramylate (15 ) , or b y basic a e l iminat ion of tr ichloroacet ic 
esters. Infrared data of these compounds show absorpt ion bands at 
3040 c m a n d 1020 c m 1 for c y c l o p r o p y l groups. N M R gives signals at 
1.2 a n d 1.3 p p m . 

C A T I O N I C P O L Y M E R I Z A T I O N . M o n o m e r s M n , M 1 2 , a n d M 13 were 
treated w i t h Lèwis-acid catalysts such as A1C1 3 , T i C l 4 , a n d S n C l 4 . The 
polymers obta ined give absorpt ion bands ( 1650 a n d 850 c m - 1 ) a n d N M R 

(21) 
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peaks (1.1 a n d 5.5 p p m ) , i n d i c a t i n g the presence of a ch lor inated d o u b l e 
b o n d a n d m e t h y l group protons o n a saturated carbon atom, respect ively. 
T h e in f rared bands corresponding to cyc lopropane have comple te ly dis
appeared. M i c r o a n a l y t i c a l determinations g ive a n e m p i r i c a l f o r m u l a 

CI CI 

M u 

C H 3 C l H 

Φ 

C H 3 
Η 

< > 

C H 3 C l H 

C H 3 

Φ 

Η 
(22) 

Η C l C H 3 Η C l C H 3 

H C H 3 

1 
H C l C H 3 

Φ 

C H 3 

C H 3 

P u 
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that indicates e l iminat ion of one h y d r o h a l i d e molecule per m o n o m e r 
u n i t of the cha in . These results suggest the o p e n i n g of a three-carbon 
r i n g a n d a dehydrohalogenat ion's o c c u r r i n g d u r i n g the p o l y m e r i z a t i o n . 

T h e f o l l o w i n g m e c h a n i s m m a y be proposed ( i n the case of Mlt): 
attack b y the cat ionic in i t ia tor involves the tr icentr ic r i n g opening . T h e 
carbo cat ion f o r m e d m a y be d r a w n i n several resonant forms. A t t a c k o n 
a further monomer molecule gives a p o l y m e r of structure P n , h a v i n g a 
chlor inated d o u b l e b o n d a n d a g e m - d i a l k y l group. T h i s structure is i n 
agreement w i t h the exper imenta l results ( E q u a t i o n 2 2 ) . 

H o w e v e r , the react ion m a y develop i n other ways . F o r example, 
deprotonat ion of a m e t h y l group i n the c h l o r o a l l y l i u m group can y i e l d 
2 -methyl -3-chloro- l ,3 -butadiene , w h i c h , under the exper imenta l c o n d i 
tions used, can easily p o l y m e r i z e to give several structures ( E q u a t i o n 
23) , d e p e n d i n g o n whether p o l y m e r i z a t i o n is of the 1,2,3,4, or 1,4 type. 
N M R spectrography makes it possible to e l iminate this eventual i ty be
cause of the absence of peaks corresponding to protons of an a m e t h y l 
group f r o m the d o u b l e b o n d a n d methylene group i n the c h a i n . 

R 3 X R i 

L (23) 

R 2 

P\\ ( R i — R2 = C H 3 ; R 3 = H j X = X ' = CI) 

P u ( R i = R 2 = C H 3 ; R 3 = H ; X = CI) 

T h e react ion temperature is qui te important . A t 20 ° C , there is 
prac t i ca l ly no react ion; at 8 0 ° C , the degree of convers ion is be tween 
15 a n d 20%. 

P O L Y M E R I Z A T I O N B Y T R A N S I T I O N - M E T A L C O M P L E X C A T A L Y S T S . M1U 

M 1 2 , a n d M 1 3 have been p o l y m e r i z e d b y E t 3 A l / T i C l 4 catalysts be tween 
50° a n d 8 0 ° C i n n-hexane, the react ion times r a n g i n g f r o m a f e w hours 
to several days. T h e polymers obta ined have the same structure as 
those obta ined b y cat ionic p o l y m e r i z a t i o n . B y analogy w i t h mechanisms 
proposed i n the l i terature (38, 39), the structure s h o w n i n E q u a t i o n 24 
m a y be proposed for the act ive center. 

T h e f o r m a t i o n of H X i n a s toichiometr ic amount w i t h respect to 
the monomer p r o b a b l y involves the disappearance of m a n y act ive cen
ters. T h i s explains the re lat ively large amount of catalyst r e q u i r e d for 
p o l y m e r i z a t i o n to take place . Fur thermore , the p o l y m e r i z a t i o n degree 
remains l o w , a n d the polymers obta ined have l o w molecular weights 
( for example, 1000 to 3000) . Temperature is s t i l l a decis ive factor. 
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C H 3 

CI T i 

CI 

R 
C H 3 

CI 

CI (24) 

A 
CI CI 

C o n v e r s i o n degrees become apprec iable above 5 0 ° C . I n a d d i t i o n , the 
convers ion degree increases as the amount of catalyst increases. 

I n summary , the p o l y m e r i z a b i l i t y of gera-dihalocyclopropanes de
creases f r o m M u to M i 2 , a n d becomes zero i n the case of 1,1,2,2-tetra-
methyl -3 ,3 -dichlorocyclopropane , w h i c h does not react i n the presence 
of the p o l y m e r i z a t i o n catalysts used. T h e type of subst i tut ion of cyc lo 
propane therefore seems to be an important factor. I n a l l cases, p o l y m 
er izat ion impl ies o p e n i n g of the three-carbon ring a n d d e h y d r o h a l o -
genation of each uni t . P o l y m e r i z a t i o n of these compounds is f a v o r e d 
b y h i g h temperatures, above 2 0 ° C , a n d catalyst concentrations m u c h 
h igher than i n olefin polymer izat ions . T h e molecular weights are of 
the order of 1000 to 3000, a n d the ol igomers, soluble i n the usua l organic 
solvents, are w h i t e powders m e l t i n g above 1 5 0 ° C . 

Polymerization of Dihalocyclopropane with an Adjacent Phenyl 
Group. T h e monomers s h o w n i n E q u a t i o n 25 are preparated b y adding 

X 

V H Mu (R = H ; X = H) 

H M 1 5 (R = C H 3 ; X = H) 

M 1 6 (R = C H 3 ; X = CI) 

CI CI 

2 - p h e n y l - l , 1-dichlorocyclopropane ( M i 4 ) 

( R = H ; X = H ) 

l - p h e n y l - l - m e t h y l - 2 , 2 - d i c h l o r o c y c l o p r o p a n e ( M i 5 ) 

( R = C H 3 ; X = H ) 

l -p -ch lorophenyl - l -methyl -2 ,2 -d ich lorocyc lopropane ( M i 6 ) 

( R = C H 3 ; X = C I ) 

(25) 
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dichlorocarbenes to styrene, α-methylstyrene, a n d p-chloro-a -methylsty-
rene. 

C A T I O N I C P O L Y M E R I Z A T I O N . In the compounds of E q u a t i o n 25, the 

pseudoconjugat ion be tween the p h e n y l a n d the cyc lopropane is m a x i 
m u m w h e n the t w o rings are p e r p e n d i c u l a r (40). P o l y m e r i z a t i o n , ca
t ionic or b y transi t ion-metal complex catalysts, indicates the p a r t i c i p a t i o n 
of the p h e n y l group. 

C a t i o n i c p o l y m e r i z a t i o n yields ol igomers that have a structure s i m i 
lar to that of the polymers previous ly descr ibed. Spectrographic studies 
a n d m i c r o a n a l y t i c a l results indicate the disappearance of the three-car
b o n r i n g a n d e l iminat ion of one molecule of H C 1 per molecule of mono
mer. These results agree w i t h a structure that w o u l d result f r o m a 
p o l y m e r i z a t i o n mechanism s imi lar to that proposed i n the previous case. 
H o w e v e r , the presence of an N M R peak (1.6 p p m ) indicates par t i c ipa t ion 
of the p h e n y l group d u r i n g p o l y m e r i z a t i o n i n para pos i t ion , g i v i n g the 
structure descr ibed i n E q u a t i o n 25. W i t h the same react ion condit ions 
as w i t h monomers M 6 a n d M 7 , m o n o m e r M 8 ( i n w h i c h the p a r a pos i t ion 
is subst i tuted b y a chlor ine atom ) does not give any polymer . 

P O L Y M E R I Z A T I O N B Y Z I E G L E R - N A T T A C A T A L Y S T S . U n d e r heteroge

neous Z i e g l e r - N a t t a type catalysis w i t h E t 3 A l - T i C l 4 , E t , A l - S n C l 4 , E t 2 A l C l -
T i C l 4 , E t o A l C l - S n C L , E t A l C l 2 - S n C l 4 , E t A l C l 2 - T i C l 4 , i - B u 3 A l - T i C l 4 , a n d 
i - B u 3 A l - S n C l 4 i n hexane, the polymers have the same characteristics as 
those obta ined w i t h cat ionic catalysts. T h e effects of various p o l y m e r i 
za t ion parameters were s tudied , ( concentrat ion of catalyst, A l / M rat io , 
temperature, p o l y m e r i z a t i o n t ime, etc.) Tempera ture is a factor that 
favors a n increase i n the convers ion degree, w i t h a m a x i m u m at 8 0 ° C . 
T h e polymers obta ined f r o m Ml4 are only s l ight ly soluble i n c o m m o n 
organic solvents, whereas polymers obta ined f r o m M 1 5 are h i g h l y soluble 
i n the same solvents. T h i s difference m a y be a t t r ibuted to in tercha in 
l inkages that cannot h a p p e n i n the case of M 7 because of the presence 
of m e t h y l groups. T h e molecular weights are l o w ; Mn ~ 2000 ( E q u a 
t i o n 26 ) . 

R R 
(26) 

Pu R H 

Pl5 R C H 3 
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10. P I N A Z Z I E T A L . Opening of Carbon Rings 1 6 7 

Polymerization of 2-Methyl-2-vinyl-l,l-dichlorocyclopropane. T h e 
case of v i n y l c y c l o p r o p a n e compounds is of par t i cu lar interest because 
of the conjugat ion be tween the cyc lopropane a n d the C = C d o u b l e b o n d , 
a n d the analogy between these compounds a n d 1,3-dienes (41, 42). T h e 
p o l y m e r i z a t i o n of 2 -methyl -2 -v inyl - 1 ,1-dichlorocyclopropane (M17) was 
therefore s tudied . T h i s monomer is prepared b y a d d i n g dichlorocarbene 
to isoprene. 

C A T I O N I C P O L Y M E R I Z A T I O N . Use of T i C l 4 , S n C l 4 , a n d W C 1 6 as 

catalysts yie lds ol igomers w i t h average molecular weights of about 5000. 
T h e convers ion degree is a f u n c t i o n of temperature, the m a x i m u m b e i n g 
at 8 0 ° C . Analys i s indicates an e m p i r i c a l f o r m u l a corresponding to the 
r e m o v a l of one molecule of H C 1 per monomer uni t , as i n the previous 
cases. Infrared spectroscopy a n d N M R conf i rm the disappearance of 
the cyc lopropane group. A 1,5-type of p o l y m e r i z a t i o n (43-46) can be 
e l iminated . O n the other h a n d , a 1 ,2-polymerizat ion of the d o u b l e b o n d 
alone cannot b e assumed since the g e m - d i c h l o r o c y c l o p r o p y l group has 
complete ly disappeared. T h i s is p r o v e d b y spectroscopic data . T h e 
polymers obta ined give in f rared absorpt ion bands at 1615 c m - 1 a n d 890 
c m - 1 , a n d N M R peaks at 0.95 a n d 1.2 p p m . 

I n fact, a c y c l o p r o p y l c a r b i n y l i o n is f o r m e d as the result of the 
attack b y the cat ionic ini t iator . T h i s carbo ca t ion m a y rearrange, t h r o u g h 
intermediate b i c y c l o b u t o n i u m ions, to give c y c l o b u t y l i u m or a l ly lcar -
b i n y l i o n . T h e basic units obta ined f r o m such rearrangements have a 
structure that is either cyc lobutenic or a l l y l i c . T h e p r e d o m i n a n t struc
tures of the polymers are Pna a n d Pub of E q u a t i o n s 28 a n d 29. 

P O L Y M E R I Z A T I O N B Y Z I E G L E R - N A T T A C A T A L Y S T S . P o l y m e r i z a t i o n b y 

t ransi t ion-metal complex catalysts gives ol igomers of the same structures 
as those obta ined cat ionica l ly , w i t h d is t inc t ly h igher conversion degrees 
( E q u a t i o n 2 9 ) . 

C H 3 

c i CI 

(27) 

M 1 7 
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10. P I N A Z Z I E T A L . Opening of Carbon Rings 1 6 9 

T h e react iv i ty of this v i n y l c y c l o p r o p a n e c o m p o u n d t o w a r d cat ionic 
or Z i e g l e r - N a t t a init iators is greater than that of p u r e l y cyc lopropane-
type monomers . T h i s stems f r o m the conjugation of the t w o unsaturated 
systems; the results obta ined agree w i t h w o r k carr ied out o n the p o l y m 
er izat ion of v i n y l cyc lopropane itself. 

Polymerization of gem-Dihalobicyclo[n.l.O]alkanes. These mono
mers are p r e p a r e d b y a d d i t i o n of d ichlorocarbene to the corresponding 
cyclenes ( M 1 8 to M 2 5 of E q u a t i o n 30 ) . T h e tr icentr ic r i n g - o p e n i n g reac
tions of the g e m - d i h a l o b i c y c l i c compounds has been s tudied b o t h b y us ing 
e lec trophi l ic reactants a n d b y pyrolys is . I n a l l cases, o p e n i n g of the 
three-carbon r i n g is m a d e b y r u p t u r e of the b o n d c o m m o n to b o t h r ings. 

CI CI 

( C H 2 ) , 

η = 4 Mis ( R = Η ) 

Μ 1 9 ( R = C H 3 ) 

η = 5 Μ 2 0 ( R = Η ) 

ΜΆ ( R = C H 3 ) 

η = 6 Μη ( R = Η ) 

Μη 
( R = C H 3 ) 

η = 7 Μ 2 4 ( R = Η ) 

Μ 2 5 ( R = C H 3 ) 

(30) 

C A T I O N I C P O L Y M E R I Z A T I O N S . Catalysts such as T i C l 4 , S n C l 4 , a n d 
A1C1 3 g ive polymers whose spectroscopic data show N M R signals at 0.9, 
1.6, a n d 2.1 p p m , corresponding respect ively to m e t h y l protons o n satu
rated carbon atom, to methylene protons o n the r i n g , a n d to one 
α -methylene group f r o m C ^ C d o u b l e b o n d . T h e integrat ion rat io gives 

η = 3 P i s 
η = 4 P u 

P20 
P21 

k ( C H 2 ) n 

η = 5 

η = 6 

η = 9 

η = 10 

Ρ22 

Ρ23 

ρ 2 5 

( R = Η ) 
( R = C H 3 ) 
( R = Η ) 
( R = C H 3 ) 
( R = H ) 
( R = C H 3 ) 

(31) 

( R = H ) 

( R = C H 3 ) 
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a p r o p o r t i o n of one m e t h y l group per m o n o m e r u n i t of p o l y m e r . 
M i c r o a n a l y t i c a l results give evidence of the loss of one H C 1 molecule 
per monomer uni t . A c c o r d i n g to these results, the structure of this 
p o l y m e r is as s h o w n i n E q u a t i o n 31. 

T h e importance of the size of the r i n g fused to the cyc lopropane 
is demonstrated b y systematic studies carr ied out w i t h a great n u m b e r 
of ini t iators . In par t icular , a l though the size of the r i n g does not appear 
to affect the convers ion degree, i t seems that the molecular w e i g h t of 
the p o l y m e r obta ined increases as r i n g size decreases. 

P O L Y M E R I Z A T I O N B Y Z I E G L E R - N A T T A C A T A L Y S T S . T h e Z i e g l e r - N a t t a 

catalysts have been used w i t h the same condit ions as those descr ibed 
above. Polymers obta ined u n d e r such condit ions present the same struc
tures as those of polymers obta ined b y cat ionic p o l y m e r i z a t i o n . 

P o l y m e r i z a t i o n of Bicyclo[6.1.0]non-4-ene a n d 9 ,9 -Diha lobicyc lo -
[6.1.0]non-4-ene. Bicyclo[6 .1 .0]non-4-ene a n d 9 ,9 -dihalobicyc lo [6.1.0]-
non-4-ene ( Λ ί 2 6 , E q u a t i o n 32) have the specia l feature of h a v i n g t w o 
unsaturated sites that can react separately or s imul taneous ly—that is, one 
C = C d o u b l e b o n d a n d a cyc lopropane (47-50) ; 9 ,9-dihalobicyclo[6 .1 .0] -
non-4-ene was synthesized b y a d d i n g dihalocarbene to 1,5-cyclooctadiene 
( y i e l d 56%). R e d u c t i o n of the d iha locyc lopropane group w i t h a N a / 
h y d r a t e d methanol system y i e l d e d bicyclo[6.1.0]non-4-ene ( y i e l d 85%). 

I n the presence of cat ionic init iators , these monomers p o l y m e r i z e 
via a transannular mechanism to give polymers of structures P 2 6 a i a n d 
P 2 6 B L for the bicyclo[6.1.0]non-4-ene, a n d dihalo-9,9-bicyclo[6.1 .0]non-4-
ene, respect ively ( E q u a t i o n 33 ) . 

I n the presence of Z i e g l e r - N a t t a catalysts, the t w o sites par t ic ipate 
i n the react ion, but the structures of the polymers obta ined are s l ight ly 
different : P 2 6 a 2 a n d P 2 6 b 2 , respect ively. 

H o w e v e r , i n presence of W C l 6 - E t A l C l 2 i n benzene at r o o m tempera
ture ( m o l a r rat io M / W = 800, m o l a r rat io A l / W = 8 ) , 50% convers ion 
polymers h a v i n g molecular weights between 2500 a n d 6500 were ob
ta ined. T h e N M R spectra of these polymers show some s imi lar i ty w i t h 
those of the monomer . I n b o t h cases, t w o signals at δ = 5.35 p p m a n d 
2.1 p p m indicate that a d o u b l e b o n d is s i tuated between t w o methylene 
groups: at 8 = 0.62 p p m a n d —0.26 p p m , t w o peaks appear correspond
i n g to cyc lopropane protons. T h e s ignal at 6 = 1.35 p p m can be g iven 
b y methylene a protons f r o m the cyc lopropane . I n the case of the 
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10. P I N A Z Z I E T A L . Opening of Carbon Rings 1 7 1 

C H 3 

(33) 

C H 3 

26bl 26b2 

monomer , because of the effect of the r i n g , this peak is d i v i d e d i n t w o 
at 8 = 2 . 1 p p m a n d 1.30 p p m . These results a n d the integrat ion of the 
p o l y m e r spectra suggest a 1 ,4-polybutadiene type structure Ρ : 2 6α3, i n 
w h i c h one out of t w o d o u b l e bonds is rep laced b y a cyc lopropane gro up 
( E q u a t i o n 34 ) . 

(34) 

X — H P 2 6a3 

X = C I , B r P M W 
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Infrared spectroscopy confirms this hypothesis . T h e cyc lopropane 
groups are c lear ly character ized b y peaks at 3070 c m a n d 1030 c m - 1 , a n d 
the 1,4-polybutadiene structure is ver i f ied b y bands at 1660, 1410, 1310, 
a n d 1080 c m " 1 . 

P o l y m e r i z a t i o n of 9 ,9-dichlorobicyclo[6.1 .0]non-4-ene gives a 30% 
convers ion p o l y m e r h a v i n g a molecular w e i g h t of 2000 (catalyst : W C 1 6 -
E t A l C L ; solvent : benzene; molar rat io M / W = 300, m o l a r rat io A l / W = 8 ) . 
T h e spectroscopic data m a y be c o m p a r e d w i t h those of the b icyc lo[6 .1 .0 ] -
non-4-ene polymers . T h e N M R spectra show t w o peaks at δ =5.45 p p m 
a n d 2.2 p p m , i n d i c a t i n g the existence of a d o u b l e b o n d b e t w e e n t w o 
methylene groups; a peak at δ = 1.5 p p m m a y be a t t r ibuted to methylene 
a protons f r o m a gem-diha locyc lopropane (51). T h e tert iary protons 
carr ied b y this group are character ized b y a shoulder at δ = 1.3 p p m . 
These results, together w i t h integrat ion of the spectra, suggest the exist
ence of structure P26b3 s imi lar to structure P 2 G a 3 i n E q u a t i o n 34. 

Fur thermore , microdeterminat ions of chlor ine ( C a l c d . , 37.12%; f o u n d , 
35.26%) a n d I R spectroscopy (characterist ic bands for cyc lopropane 
groups at 3070 a n d 1030 c m 1 a n d for C - C l at 805 c m " 1 ) conf i rm these 
conclusions. 

P o l y m e r i z a t i o n of bicyclo[6.1 .0]non-4-ene a n d 9 ,9 -dichlorobicyc lo 
[6.1.0]non-4-ene i n the presence of W C l e - E t A l C l 2 catalyst y ie lds m a i n l y 
polymers of 1 ,4-polybutadiene-type structures, whose m o n o m e r units are 
rigorously al ternat ing, conta in ing a d o u b l e b o n d a n d a cyc lopropane 
group separated b y t w o methylene groups l i n k e d together. T h e cyc lo-
propanes, w i t h or w i t h o u t substituents, take v i r t u a l l y no par t i n the 
p o l y m e r i z a t i o n process. M o r e in format ion has a lready been p u b l i s h e d 
(52-58) . 
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Polymerization of Pivalolactone 

N. R. M A Y N E 

Koninklijke/Shell-Laboratorium, Amsterdam, The Netherlands 

Pivalolactone (α,α-dimethyl-β-propiolactone) can be polym
erized via a "living" anionic mechanism to yield a linear 
polyester exhibiting properties suitable for use as a textile 
fiber or as an engineering plastic. Two process for the 
polymerization have been successfully developed by Shell 
to the pilot-plant stage. The first is a continuous melt-bulk 
process in which the monomer is rapidly polymerized in a 
gear-pump reactor under almost adiabatic conditions. The 
molten polymer is directly degassed, cooled, and cut into 
nibs. The second process involves polymerization in a 
slurry system with a heterogeneous initiator. The initiator 
is, in fact, "living" low-molecular-weight polymer, and 
yields a free-flowing powder with a high bulk density. 
Development and chemical background of these two proc
esses are described here and some typical mechanical prop
erties of the product are briefly discussed. 

T J i v a l o l a c t o n e (α,α -d imethyl -^-propiolac tone) is a colorless l i q u i d that 
can be prepared f r o m p i v a l i c a c i d via ch lor inat ion a n d subsequent 

r i n g closure of the s o d i u m salt of the ch loroac id . 

C H 3 

C H 3 

C H 3 

0 

O H 

C H 3 

I 
C H , C 

I 
C H 2 C 1 

Ν 

C l , 

O N a 

C H 3 

C H 3 

I 
•C ( 

I 
C H 2 C 1 

X 

ο 
O H 

C H 3 

I 
C H 3 — C C 

I I 
C H 2 — Ο 

1 7 5 
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Because of the h i g h l y s tra ined r i n g system, p o l y m e r i z a t i o n r e a d i l y 
occurs via r i n g opening , y i e l d i n g a l inear polyester that exhibits proper 
ties sui table for use as a textile f iber or as a n engineer ing plast ic . 

C H 3 

I 
η C H 3 — C C 

I I 
C H 2 - 0 

Ο 
C H 3 Ο 

/ I II \ 
- ^ C H 2 — C C — O - j -

I 
C H : 

T h e react ion is exothermic, w i t h a heat of p o l y m e r i z a t i o n of 77 
k j/mole (18.4 kcal/mole) . T h i s va lue inc ludes the heat of crysta l l izat ion 
of 12.1 k j/mole (2.9 k c a l / m o l e ) . 

Before discussing i n deta i l the t w o p o l y m e r i z a t i o n processes She l l 
has deve loped u p to the p i lo t -p lant stage, w e w i l l consider here the 
chemistry of the p o l y m e r i z a t i o n react ion. 

Polymerization Reaction 

T h e p o l y m e r i z a t i o n of p iva lo lac tone can b e in i t ia ted b y a v a r i 
ety of nucleophi les . F o r example, t r i b u t y l p h o s p h i n e ( T B P ) attacks 
the molecule exclusively at the beta pos i t ion , caus ing r i n g o p e n i n g a n d 
propagat ion via a carboxylate ion . T h e h i g h s tabi l i ty of this g r o w i n g 
m a c r o z w i t t e r i o n results i n a " l i v i n g " p o l y m e r i z a t i o n system. 

C η C 0 

r · · · τ, 1 <ϊ · Φ I II θ 
Initiation: Bu 3P\ C — C _ C ' • B u 3 P — C — C — C — Ο 

• c—o c 

c 0 
φ I 11 Θ 

Propagation: Bu3P — C — C — C — Ο 
I 
C 

Ο 
® II Θ 

Bu 3 FA/V\/\C—Ο 
E v i d e n c e for this m e c h a n i s m is obta ined f r o m the fact that phosphorus 
is c h e m i c a l l y b u i l t i n the p o l y m e r , a n d carboxylate ions (concentrat ion 
of w h i c h correlates w i t h the phosphorus content) are v i s ib le i n the 
in f rared spectrum. 

F u r t h e r support is obta ined f r o m experiments carr ied out b y other 
workers w i t h the parent lactone, β-propiolactone. F o r instance, N M R 
a n d c h e m i c a l evidence have been presented for the in i t ia t ion reactions 
w i t h t r ie thylphosphine ( I ) a n d t r imethylamine ( 2 ) . Studies (3 ) have 
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11. M A Y N E Polymerization of Pivalolactone 177 

also been p e r f o r m e d o n macrozwit ter ions p r e p a r e d b y i n i t i a t i o n w i t h 

the beta ine ( 0 Η 3 ) 3 Ν 0 Η 2 0 Ο Ο Θ . 

ο A) 

(CH,),N—CH2—C—Ο + , I 
CH 2-() 

Ο 0 0 
Il / Il ν II . 

ΉΊ)3Ν—CH2—C—Ο -Ç-CH 2-CH 2-C—Ο -j -CH 2 CH 2 C-0 
(C 

I n a d d i t i o n to in f rared a n d N M R data conf i rming the structure of 
the m a c r o z w i t t e r i o n , electrophoresis has s h o w n that quaternary a m m o 
n i u m cations a n d carboxylate anions are present i n the same p o l y m e r 
cha in . 

Object ions to the z w i t t e r i o n p o l y m e r i z a t i o n m e c h a n i s m because 
of the h i g h C o u l o m b i c energy of charge separation are not necessarily 
v a l i d because the propagat ing chains need not be l inear , w i t h increas ing 
distance be tween the t w o ion ic e n d groups. T h e y m a y be c y c l i z e d or 
p a i r e d w i t h another c h a i n throughout the p o l y m e r i z a t i o n . 

or ν \ Λ Θ θ^νν>ΛΛ/ΦΘ^/\/\/* 

U n l i k e m a n y other p o l y m e r i z a t i o n reactions, c h a i n transfer w i t h 
monomer cannot occur. H o w e v e r , m a n y compounds ( p r o t o n donors i n 
par t i cu lar ) f u n c t i o n as chain-transfer agents w h e n a d d e d to the system. 
I n general , the mechanism of the chain-transfer react ion c a n b e d e p i c t e d 
this w a y : 

ο ο 
Φ II θ Φ Η θ 

Bu3P</\/\/vC—Ο + RX ^=± Bu3P 'v/v/v* C—OR + Χ 

C n C O 
θ I ^ 1 II θ XU + C — C — C » X — C — C — C — 0 

I I I 

c—ο c 

I 0 I /s° « θ 

I l I 

c c—c 

θ θ II θ II 
R = H , X=RCOO, CeHB0, C H 3 — C — C H — C — OC 2H 6, etc. 
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A l t h o u g h the system can essentially be descr ibed as a " l i v i n g " 
p o l y m e r i z a t i o n system, terminat ion reactions are possible. These occur 
especial ly at h i g h temperatures under the condit ions encountered o n 
processing the plast ic i n an extruder. 

Ο 
II θ Θ 

' W / W f C — Ο P B u 3 / W -

0 

O B u + Ρ Β ^ π / ν / ν Λ 

Ο Ο 

II 
or Λ Λ Λ / C — B u + P B u 2 ' \ A / v r 

These reactions have been reported for p h o s p h o n i u m carboxylates 
(4, 5 ) . T h i s is, i n fact, one of the major factors c o n t r i b u t i n g to the 
h i g h thermal s tabi l i ty of polymers p r e p a r e d w i t h phosphines as i n i t i a 
tors. A c o m p e t i n g react ion is d e p o l y m e r i z a t i o n via an u n z i p p i n g 
react ion. 

Ο C O Ο 

II 1 II e II . θ 
o ^ r c r v A ^ c — Ο — C — C — C — Ο 

c 

• w v c — Ο 

+ 

c 

I / / 
c — c — c 

I I 
C — 0 

ο 
c o 2 + c = c 

T h e lactone monomer can be recovered f r o m the t h e r m a l degrada
t i o n react ion i f r e m o v e d q u i c k l y (6). A s other workers h a v e s h o w n 
( 7 ) , c y c l i c ol igomers are also evolved, b u t w e have f o u n d that these, i n 
turn , are decomposed into c a r b o n d i o x i d e a n d isobutene (via the lactone) 
w h e n carboxylate ions are present. W h e n meta l salts are used as i n i t i a 
tors, no terminat ion reactions are possible and , consequently, the p o l y 
mers have an extremely poor thermal s tabi l i ty . 

I n our search for a prac t i ca l a n d attractive c o m m e r c i a l process for 
the p o l y m e r i z a t i o n of pivalolactone , w e h a d to consider some constraints 
( T a b l e I ) . 

Table I. Process Constraints 

Monomer Polymer 

b.p . 160°C 
dec. > 250°C 
L o w viscos i ty 

m . p . 240°C 
AH = 77 k J/mole 

H i g h viscos i ty 
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I n p r i n c i p l e , the p o l y m e r i z a t i o n can be carr ied out either i n b u l k 
or w i t h a d i l u e n t present. F o r a b u l k process, the most attractive route 
w o u l d be one i n w h i c h the p o l y m e r is p r o d u c e d i n the mol ten state so 
that i t c o u l d be f e d direc t ly to an extruder. 

Melt-Bulk Polymerization Process 

C o n s i d e r i n g the process constraints i n T a b l e I, the des ign of a melt -
b u l k p o l y m e r i z a t i o n process (8 ) must take four factors into account : 

( a ) T o p r o d u c e p o l y m e r i n the mol ten state, the react ion tempera
ture s h o u l d be higher than 2 4 0 ° C . Pressure must then be 
a p p l i e d to prevent monomer loss b y evaporat ion. 

( b ) I n v i e w of apprec iable monomer decomposi t ion at these tem
peratures, i t is essential that the p o l y m e r i z a t i o n react ion p r o 
ceed extremely r a p i d l y . 

( c ) A r a p i d p o l y m e r i z a t i o n w o u l d m a k e heat r e m o v a l f r o m the 
viscous p o l y m e r mass dif f icult , l e a d i n g to an almost adiabat ic 
react ion. 

( d ) T h e adiabat ic temperature rise s h o u l d not b e so h i g h as to 
make the w h o l e process i m p r a c t i c a l because of excessive mono
mer decomposi t ion . 

It was, therefore, impor tant to k n o w the adiabat ic temperature rise 
expected for a 100% y i e l d . U s i n g the heat of p o l y m e r i z a t i o n a n d specific 
heat data , a v a l u e of about 3 3 0 ° C was ca lcula ted f r o m the re la t ion 
Δ Η = Cp · dT, a n d us ing measured a n d extrapolated values of Cp at di f 
ferent temperatures for b o t h monomer a n d p o l y m e r . T h i s 3 3 0 ° C figure 
was conf i rmed b y results obta ined f r o m adiabat ic b a t c h polymer iza t ions 

MASS TEMR °C 
400 r 

12 13 
TIME, min 

Figure 1. Adiabatic bulk polymerization of pivalolactone 
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carr ied out i n an autoclave; a m a x i m u m temperature of 3 5 0 ° C was re
c o r d e d ( F i g u r e 1 ) . T h e r e is a dramat i c increase i n p o l y m e r i z a t i o n rate 
at about 7 0 ° C , a n d the m a x i m u m temperature is reached w i t h i n one 
m i n u t e . 

T o obta in a continuous p o l y m e r i z a t i o n system, transport of the vis 
cous p o l y m e r is r e q u i r e d . F u r t h e r m o r e , the in i t ia ted m o n o m e r s h o u l d 
not p o l y m e r i z e upstream of the react ion zone. These requirements were 
met b y cont inuously in ject ing T B P - i n i t i a t e d monomer under pressure 
into a heated gear p u m p . T h e monomer r a p i d l y polymerizes be tween 
the teeth of the gear wheels , a n d the viscous p o l y m e r l e a v i n g the gear 
p u m p is passed into an extruder, where the volat i le decomposi t ion p r o d 
ucts are vented off. T h e p o l y m e r strands are then cooled a n d cut into 
nibs . A s impl i f i ed d i a g r a m of the system is s h o w n i n F i g u r e 2. 

MONOMER 

BOOSTER 

b ο 
TBP 

5 
REACTOR 

VENT GAS 

- 1 0 ° 

b ο 
1 

10-20 ATA 2 4 0 - 2 7 5 ° 
T= 10-20$ V 

EXTRUDER 
3 0 0 ° 

WATER BATH 

CUTTER 

[POLYMER NIBS| 

Figure 2. Melt-bulk polymerization process 

T h e total residence t ime i n the react ion zone is b e t w e n 10 a n d 20 
seconds. I n i t i a l experiments were carr ied out w i t h reactor p u m p s hav
i n g capacities of 1.2 m l a n d 20 m l per revolut ion , respect ively. F i g u r e 
3 shows the i n i t i a l laboratory setup of the reactor system. 

T h e i n i t i a t o r s concentrat ion determines the react ion rate, y i e l d , a n d 
molecular w e i g h t of the product . ( T h e l i m i t i n g viscosity number , L V N , 
i n b e n z y l a l cohol at 1 5 0 ° C is used as a measure for the molecular 
w e i g h t . ) A n impress ion of these relationships c a n be g a i n e d f r o m 
F igures 4 a n d 5. 

I n the systems tested, the heat losses were far too great for adiabat ic 
condit ions to be attained, a n d the reactors h a d to be heated externally. 
H o w e v e r ; a n increase i n reactor size c o u l d result i n a closer a p p r o a c h to 
the adiabat ic state, l e a d i n g perhaps to temperatures h igher than 300° C . 
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Figure 3. Melt-bulk process: initial laboratory setup 

INITIATOR (TBP) CONCENTRATION, %m ON LACTONE 
• O.OOl 
A 0.002 
ο 0.005 
Δ 0.01 
• 0.02 
7 0.04 
f 0.08 

YIELD, % 
100 ρ 
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LVN 
2.5 

2.0 

1.5 

1.0 

0.05 0.1 0.15 0.2 
TBP,%m 

Figure 5. Melt-bulk process: MW control 

A t these temperatures, the r e d u c t i o n i n y i e l d caused b y m o n o m e r de
compos i t ion m i g h t be considerable . T h i s p r o b l e m can be so lved b y 
u s i n g t w o reactors i n series. B y l i m i t i n g the convers ion i n the first 
reactor, the temperature can be kept l o w enough. C o n v e r s i o n can be 
comple ted i n the second reactor. E v e n i f the temperature i n the latter 
exceeds 3 0 0 ° C , decomposi t ion of the m o n o m e r w i l l be less of a p r o b l e m 
than i n a single reactor, as re la t ive ly m u c h less m o n o m e r is exposed to 
the h igher temperature. 

T o demonstrate this p r i n c i p l e , w e used a p i p e at tached to the outlet 
of the gear p u m p as the second reactor. T h e v o l u m e of this p i p e was 
t w i c e that of the gear p u m p , so that the residence t ime i n the latter was 
r e d u c e d b y two-thirds . T o s imulate the probable thermal s i tuat ion i n 
large-scale reactors, the temperature of the electr ical ly heated p i p e was 
raised to 3 5 0 ° C w h i l e the gear p u m p was m a i n t a i n e d at 2 4 5 ° C . T h e 
advantages of this arrangement over a single reactor are s h o w n i n T a b l e 
I I . 

T h e feas ib i l i ty of the mel t -bu lk process has been demonstrated o n a 
pi lo t -p lant scale. In a 100 ml/rev gear p u m p ( m a x i m u m capac i ty of 
60 kg/h) conected to a 14-mm p i p e reactor ( v o l u m e of 150 m l ) , fiber-
grade p o l y m e r ( L V N 0.9-1.0) was p r o d u c e d i n a continuous stable 
operat ion i n yie lds of over 90% on intake. 

W e have not s tudied i n deta i l the poss ib i l i ty of p r o d u c i n g h igher-
molecular -weight mater ia l ( L V N 1.5-2.0) for other appl icat ions ( such 
as a n engineer ing p l a s t i c ) . W i t h the h igher melt viscosities a n d the 
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Table II. Melt-Bulk Process: Single vs. Two-Stage Reactor 

Temperature, °C Residence time, s 
Yield, 

Pump Pipe Pump Pipe % 
LVN 

Single 245 
245 
305 
355 

5 
12 
12 
10 

75-80 
92 
8 8 . 5 
86 

1 .0 
0 .95 
0 .85 

Two-stage 245 
245 
245 

275 
305 
355 

5 
5 
5 

16 
16 
16 

93 
93 
93 

0 .99 
0 .99 
0 .95 

l o w e r in i t ia tor concentrations r e q u i r e d ( l e a d i n g to lower react ion rates ) , 
w e expect some difficulties i n a p p l y i n g the b u l k process to the m a n u 
facture of such mater ia l . 

T h e next section deals w i t h the deve lopment of our al ternat ive 
process, i n w h i c h the heat of p o l y m e r i z a t i o n is diss ipated i n a s lurry 
system b y the ref luxing di luent . A l t h o u g h this process m a y appear not 
to b e so economica l ly attract ive as the b u l k route, i t offers m u c h more 
flexibility i n the range of molecular weights that can be made . 

Slurry Polymerization Process (9) 

Po lyp iv a lo la c tone ( P P L ) is inso luble i n most solvents at tempera
tures b e l o w 1 0 0 ° C . W e therefore envisaged c o n d u c t i n g the p o l y m e r i 
za t ion i n an inert d i l u e n t f r o m w h i c h the p o l y m e r precipitates, a n d i n 
w h i c h the lactone monomer a n d ini t ia tor m a y or m a y not be soluble . 
T h e d i l u e n t s h o u l d be capable of d iss ipat ing the heat of p o l y m e r i z a t i o n , 
a n d the m o r p h o l o g y of the p r o d u c t ( b u l k density, p o w d e r flow, etc.) 
s h o u l d be as good as possible. I n a d d i t i o n , the react ion rates s h o u l d b e 
prac t i ca l , a n d the p o l y m e r s h o u l d f u l f i l l p r o d u c t requirements such as 
t h e r m a l s tabi l i ty . 

O n e approach w e t r ied was a suspension process. T h e lactone 
monomer conta in ing an ini t ia tor such as a phosphine was s t i rred at 
6 0 ° - 1 0 0 ° C i n a long-cha in h y d r o c a r b o n o i l ( "She l l O n d i n a " o i l 33) i n 
w h i c h i t was essentially insoluble . A l t h o u g h p o l y m e r w i t h a h i g h b u l k 
density was obta ined i n quant i ta t ive yie lds , the particles conta ined h y 
d r o c a r b o n o i l that h a d to b e r e m o v e d b y a hot organic w a s h (heptane) 
after recovery b y filtration. 

W e also invest igated the poss ib i l i ty of us ing a s lurry system i n 
w h i c h the monomer , d issolved i n a re f luxing h y d r o c a r b o n (hexane) , was 
p o l y m e r i z e d i n the presence of a soluble in i t ia tor such as T B P . It t u r n e d 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
3 

| d
oi

: 1
0.

10
21

/b
a-

19
73

-0
12

9.
ch

01
1

In Polymerization Reactions and New Polymers; Platzer, N.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1973. 



184 P O L Y M E R I Z A T I O N R E A C T I O N S A N D N E W P O L Y M E R S 

out that the react ion rates h a d to be kept l o w on account of heat trans
fer problems, a n d the p r o d u c t was obta ined as a very fine p o w d e r w i t h 
a l o w b u l k density. These factors consequently l i m i t e d the m a x i m u m 
s lurry concentrat ion to 10-13 % w / w . 

H o w e v e r , w e f o u n d that products w i t h h i g h b u l k densities (0.4-0.5) 
can easily be prepared b y isolat ing the prec ip i ta ted p o l y m e r at l o w 
conversion, a n d subsequently u s i n g it as in i t ia tor i n a separate p o l y m e r i 
za t ion react ion. T h i s concept of us ing " l i v i n g " l o w - m o l e c u l a r - w e i g h t 
po lypiva lo lac tone ( p r e p o l y m e r ) as a heterogeneous ini t ia tor l e d to the 
successful development of a s l u r r y - p o l y m e r i z a t i o n process. A l t h o u g h 
meta l salts such as potass ium pivalate can also be used as heterogeneous 
init iators to give h i g h - b u l k density mater ia l , the thermal s tabi l i ty of the 
p o l y m e r d u r i n g processing is at an unacceptab ly l o w level , as a lready 
descr ibed. A compar ison of the various processes w i t h d i l u e n t is g iven 
i n T a b l e I I I . 

Table III. Polymerizations in Diluents 

Type of process 

Suspension 

S l u r r y 
Homogeneous 

I n i t i a t o r 

S l u r r y 
Heterogeneous 

In i t ia tor 

Initiator 

Phosphine 

Phosphine 

M e t a l Sal t 

Phosphine 
P r e p o l y m e r 

Limitations 

H o t E x t r a c t i o n Step Necessary 

L o w R e a c t i o n R a t e 
L o w B u l k D e n s i t y 
L o w M a x i m u m S l u r r y C o n c e n t r a t i o n 

Unacceptable 
T h e r m a l S t a b i l i t y 

T h e structure of the p r e p o l y m e r a n d its r e c o m m e n d e d characteris
tics are s h o w n i n F i g u r e 6 . 

C Ο Ο 

B u 3 P 
/ I II \ ι Ν € 
f - C — C — C — 0 4 - C — C — C — Ο 

Γ ι Λ - , ι 
Figure 6. Slurry process: prepolymer structure 

Molecular weight: 2-7 X 10s (n = 18-68) 

Particle size: 10-177 μ 

T h e p r e p o l y m e r is p r e p a r e d i n a separate process step b y a d d i n g 
the lactone to a solut ion of T B P i n ref luxing pentane. T h e part ic le size 
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11. M A Y N E Polymerization of Pivalolactone 185 

is governed b y the s t i r r ing rate a n d the molecu lar w e i g h t b y the lactone/ 
phosphine molar rat io ( F i g u r e 7 ). 

A feature of the s lurry p o l y m e r i z a t i o n is that the react iv i ty of the 
carboxylate i o n t o w a r d the lactone r i n g is m u c h h igher than that of the 
phosphine . It has been est imated that u n d e r the condit ions of p r e p o l y 
mer preparat ion , the propagat ion rate is at least 600 times h igher than 
the in i t i a t ion rate. A n o t h e r aspect of the system is the stabi l i ty of the 
" l i v i n g " p o l y m e r c h a i n ; a l though terminat ion reactions can take place , 
p r e p o l y m e r remains act ive almost indef ini te ly w h e n stored at r o o m tem
perature. 

T h e m a i n p o l y m e r i z a t i o n react ion is done b y a d d i n g lactone to a 
st irred s lurry of p r e p o l y m e r i n ref luxing hexane. A chain-transfer agent 

MWxIO 

0 4 8 12 16 20 
LACTONE/TBP MOLAR RATIO 

Figure 7. Slurry process: prepolymer preparation 

Table IV. Slurry-Process Data 

P r e p o l y m e r 
Chain- t ransfer agent ( E A A ) 
D i l u e n t 
R e a c t i o n temperature 
M o n o m e r a d d i t i o n 
T o t a l react ion t ime 
S l u r r y cone. 
P o l y m e r recovery 
Y i e l d 
B u l k densi ty 

0 . 5 % w o n lactone 
0 . 1 - 0 . 2 % m o n lactone 
hexane 
69 °C 
4 hours 
7 hours 
4 3 % w / w 
f i l t r a t ion 
1 0 0 % 
0.5 
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such as e thyl acetoacetate ( Ε A A ) is a d d e d either to the m o n o m e r or to 
the solvent. T a b l e I V presents preparat ive data for a t y p i c a l p o l y m e r i 
za t ion . 

T h e amount of chain-transfer agent r e q u i r e d to obta in a g i v e n molec
u lar we ight depends to a certain extent o n the monomer's p u r i t y . A n 
i n d i c a t i o n of the re lat ionship between L V N a n d the concentrat ion of 
e t h y l acetoactate that s h o u l d be a d d e d to the solvent is g iven i n F i g u r e 
8. 

LVN 
5.0 r 

4.0 

3.0 

2.0 

0' 1 1 1 1 

0.05 0.10 0.15 0.20 
ΕΑΔ, %m 

Figure 8. Slurry process: MW control 

T h e m o r p h o l o g y of the final p o w d e r depends m a i n l y o n that of the 
p r e p o l y m e r ; u n d e r o p t i m a l condit ions , the p r o d u c t is a large-scale r e p l i c a 
of the p r e p o l y m e r particles. F i g u r e 9 shows a t y p i c a l p r o d u c t w i t h a 
h i g h b u l k densi ty (0.5) a n d a good f low caused b y the spher ica l shape 
of the particles . 

T h e s lurry p o l y m e r i z a t i o n process w i t h p r e p o l y m e r has been scaled 
u p f r o m bench-scale (100 grams) to p i lo t -p lant operat ion (0.5-ton 
batches) w i t h o u t major diff icult ies. A n impor tant aspect of this process 
is the absence of reactor f o u l i n g . 
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11. M A Y N E Polymerization of Pivalolactone 187 

Figure 9. Slurry process: morphology of product (2.8 calibration 
spaces=100 n) 

Properties of Polypivalolactone (PPL) 

A major evaluat ion, i n c l u d i n g consumer testing, has been car r ied 
out on the p o l y m e r to determine its su i tab i l i ty for use as a textile fiber. 
Processing comprises melt s p i n n i n g at 2 8 0 ° - 2 9 0 ° C f o l l o w e d b y stretching 
b y u s u a l procedures . In most m e c h a n i c a l properties , P P L is interme
diate be tween polyethylene terephthalate ( P E T ) a n d nylon-6 . Its 
u n i q u e properties are its excellent elastic behavior , h i g h e longat ion (6 
g/denier at 80% e longat ion) , a n d whiteness retention. T a b l e V q u a l i t a 
t ive ly compares the three fibers. 

Table V . Mechanical Properties α 

PPL Nylon-6 PET 

T e n a c i t y + + + 
Stiffness + ± + + K n o t strength + + + 
E l a s t i c i t y + + + ± 
C o l o r retent ion + + ± + D y e a b i l i t y + + + 

a + = good; db = fair; — = poor 
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As expected f r o m its c h e m i c a l structure P P L is h i g h l y resistant to 
chemicals , heat, a n d U V l ight , as s h o w n i n T a b l e V I . 

Table VI . Chemical Resistance a 

PPL Nylon-6 PET 

A l k a l i + + ± 
A c i d + ± + 
Solvents + + + 
H e a t + + — + 
U V l ight + + ± 

a + = good; =b = fair; — = poor 

F o r plast ic appl icat ions , P P L can b e inject ion m o l d e d at 2 8 0 ° C . 
( N u c l e a t i n g agent s h o u l d be a d d e d . ) Processing is easy because of 
good flow, h i g h stabi l i ty , a n d absence of c a r b o n i z i n g or cross l inking 
reactions. Its outs tanding proper ty as a potent ia l engineer ing plast ic 
is its h i g h heat resistance (stable for 1000 hours at 2 0 0 ° C , or one year 
at 1 5 0 ° C ) . 

The Future 

T h e c o m m e r c i a l future of po lypiva lo lac tone is dif f icult to pred ic t 
at the moment . T h e problems of i n t r o d u c i n g a n e w plast ic or fiber a n d 
compet ing against wel l -es tabl ished materials are numerous . T h i s is 
especial ly true i n the present economic s i tuat ion. W e bel ieve, however , 
that there is a place for po lypiva lo lac tone i n the thermoplast ics field 
a n d , as w e have demonstrated, the technology a n d expertise n o w exists 
to prepare i t on a c o m m e r c i a l scale. 
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Radiation-Induced Copolymerization of 

Hexafluoroacetone with α-Olefins 

YONEHO TABATA, WATARU ITO, and KEICHI OSHIMA 

University of Tokyo, Japan 

YASUNOBU YAMAMOTO 

Aishin Chemical Co., Kariya, Nagoya, Japan 

Radiation induced copolymerization of hexafluoroacetone 
with α-olefins has been done over a broad temperature range. 
From these experiments, it was confirmed that ethylene 
can be copolymerized below its critical temperature to 
give an alternating copolymer. A radical mechanism is 
involved at relatively high temperatures; below —10°C, the 
mechanism has been confirmed to be ionic and may be 
cationic. Propylene can be copolymerized in a way similar 
to that of ethylene; however, the rate of copolymerization 
was much slower. Isobutylene did not copolymerize with 
hexafluoroacetone at 0°C. A 1:2 adduct compound was 
obtained as the main product. At low temperatures, co
polymerization proceeds to some extent. 

T } ree-radical reactions of hexafluoroacetone have been s tudied (J, 2, 3, 4), 
a n d copolymer iza t ion of hexafluoroacetone w i t h α-olefins at re la t ive ly 

h i g h temperatures has been reported recently (5,6). T h e c o p o l y m e r i z a 
t ion proceeds b y a r a d i c a l mechanism, g i v i n g a c o p o l y m e r i n c l u d i n g 
s m a l l amounts of hexafluoroacetone. I n this w o r k , the c o p o l y m e r i z a t i o n 
has been done at re lat ively l o w temperatures b y g a m m a i r radia t ion f r o m 
a cobalt-60 source. 

Experimental 

Stainless-steel autoclaves of 10-ml capaci ty were used for this experi 
ment ( F i g u r e 1 ) . C o m m e r c i a l C F 8 C O C F 3 was used as the monomer . 
T h e monomer was 99.5% pure , w i t h trace amounts of H F , H C 1 , a n d S 0 2 

as the impuri t ies . C o m m e r c i a l - g r a d e ethylene, propylene , a n d i sobuty l 
ene w e r e used as the comonomers. 

190 
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•4û 

Τ " 
-7Λ ̂ 3h 

I 

Figure 1. Stainless-steel autoclave was used 
at relatively high temperatures (0° to 100°C) 

under pressure 

T h e monomers were charged into the autoclave, a n d trace amounts 
of oxygen p u r g e d b y the freeze-thaw technique. I r radia t ion was carr ied 
out w i t h g a m m a rays f r o m a < } n C o source at various temperatures. 
C H C 1 3 , C H 2 C 1 2 , d i m e t h y l f o r m a m i d e ( D M F ) , t r i e thy lamime ( T E A ) , a n d 
p-benzoquinone were used as addit ives i n the p o l y m e r i z a t i o n systems. 
Viscos i ty of the copolymers obta ined was measured i n F r e o n 113 at 3 5 ° C . 
In f rared spectra a n d x-ray di f f ract ion patterns of the sample w e r e also 
obta ined. N M R measurements of ( p r o t o n a n d fluorine) were also done. 

Results and Discussion 

C o p o l y m e r i z a t i o n of E t h y l e n e w i t h Hexaf luoroacetone . C o n v e r s i o n 
curves at — 7 8 ° C for three different i n i t i a l monomer composit ions are 
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s h o w n i n F i g u r e 2. T h e conversion increases l inear ly w i t h i r rad ia t ion 
dose for h igher concentrations of ethylene i n the monomer mixture . 

50 ι , 

5 10 15 20 25 30 35 AO 
Irradiation Time (hr) 

Figure 2. Conversions as a function of irradiation time for various initial 
monomer compositions at —78°C 

T h e dependence of the c o p o l y m e r i z a t i o n on temperature is s h o w n i n 
F i g u r e 3. T h e p o l y m e r i z a t i o n rate decreases w i t h a decreasing tempera
ture f r o m 0 ° C to - 9 ° C ; however , f r o m - 9 ° C to - 1 0 0 ° C the rate 
increases w i t h decreasing p o l y m e r i z a t i o n temperature. T h e existence of 
a m i n i m u m c o p o l y m e r i z a t i o n rate a r o u n d — 1 0 ° C m a y be supported b y 
previous exper imental results ( i , 2, 3) i n w h i c h the c o p o l y m e r i z a t i o n of 

50, 1 

5 10 15 20 25 30 35 

Irradiation Time (hr) 

Figure 3. Conversions as a function of irradiation time at differ
ent temperatures for an equimolar monomer mixture 
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12. T A B A T A E T A L . Radiation Copolymerization 193 

ethylene w i t h hexafluoroacetone i n d u c e d b y r a d i c a l init iators has been 
observed to be r a p i d at re lat ively h i g h temperatures. 

A n A r r h e n i u s p lo t of the c o p o l y m e r i z a t i o n is s h o w n i n F i g u r e 4. 
T h e result indicates that the p o l y m e r i z a t i o n mechanism is different be
tween the higher- temperature a n d lower- temperature region. A n act iva
t ion energy of —0.8 kcal/mole was obta ined for the reg ion b e l o w — 9 ° C . 
A b o v e — 9 ° C , the act ivat ion energy is about 2 kcal/mole . 

P o l y m e r i z a t i o n proceeds i n a l i q u i d a n d homogeneous phase. T h e 
negative act ivat ion energy of the c o p o l y m e r i z a t i o n i n the low-tempera-

0.3 

0.2 

0.1 

α rr cn ο 

-0.2' 

E/HFA=1/1 mole ratio 

^ H 0 0 ° C 

/ ° - 7 8 ° C 
Ε = - 0 . 8 Kcal/mole 

Ε - 2 Kcal/mole 

b o ° c y 

ι ι 

-35°C 

I 1 1 1 
35 40 45 5.0 5.5 6.0 

1/T (x10 3) 

Figure 4. Arrhenius plot of the copolymerization of ethylene-
hexafluoroacetone 

40 

30 

c ο 
</> 20 
l_ 
Φ > 
C 
Ο 
ο 10 

M/ S = 1/1 mole ratio 
E/HFA=1/1 mole ratio 
-35°C 

Ο CHCtg 
Δ CH2CI2 / ' Δ 

_ • DMF / 
A OfeC^p-BQ Δ 

Δ 

I - Λ h — A Q 1 
10 20 30 40 50 

Irradiadiation Time (hr) 
60 

Figure 5. Effect of additives on the copolymerization of 
ethylene hexafluoroacetone 
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ture reg ion suggests that the copolymer iza t ion proceeds via an i o n i c 
mechanism. 

T h e effect of addit ives on the c o p o l y m e r i z a t i o n was examined at 
— 3 5 ° C . T h e results are s h o w n i n F i g u r e 5. U n d e r the condit ions 
g iven , a l l of these addit ives are dissolved complete ly i n the m o n o m e r 
mixture , a n d the c o p o l y m e r i z a t i o n proceeds homogeneously d u r i n g the 
early stages of the react ion. H o w e v e r , the react ion system g r a d u a l l y be
comes inhomogeneous d u r i n g the copolymer iza t ion . I n the presence of 
T E A , only trace amounts of b r o w n i s h , o i ly products were f o r m e d , a n d 
no p o l y m e r i z a t i o n was observed. 

T h e results show that D M F inhibi ts the c o p o l y m e r i z a t i o n complete ly . 
H o w e v e r , C H C 1 3 and C H X 1 L accelerate the copolymer iza t ion . It is 
k n o w n that halogenated hydrocarbons ( R X ) capture elctrons via dis
sociative electron attachment a n d s tabi l ize monomer cat ion M * + . 

M W l W v > Μ · + e 

R X + e > R * + X " 

T h e l i fe t ime of monomer cat ion should be lengthened, a n d a cat ionic 
p o l y m e r i z a t i o n is then favored to proceed under such circumstances. 

H o w e v e r , amine compounds are k n o w n as cat ion scavengers, ac
c o r d i n g to this scheme. 

M — > Μ · ~ + E 

N R + M - > N R H + + M » ( - H ) 

M o n o m e r cations are usual ly q u e n c h e d effectively. 
p - B e n z o q u i n o n e inhibi ts r a d i c a l polymer izat ions , a n d monomer 

cat ion radicals Μ · + can also b e at tacked w i t h the r a d i c a l inh ib i tor . 
A l t h o u g h the i n h i b i t i o n mechanism of the cat ionic react ion b y p-benzo-
q u i n o n e is not clear, the react ivi ty of the monomer cat ion is expected to 
be changed b y its react ion w i t h the r a d i c a l inhib i tor . 

T h e fact that the c o p o l y m e r i z a t i o n is i n h i b i t e d b y the a d d i t i o n of 
T E A indicates that the c o p o l y m e r i z a t i o n proceeds via a cat ionic mecha
n i s m . T h e results g iven here s h o w : 

( a ) A p p a r e n t negative act ivat ion of the p o l y m e r i z a t i o n at l o w tem
peratures. 

( b ) E n h a n c e m e n t of the copolymer iza t ion rate i n the ch lor inated 
h y d r o c a r b o n solvents. 

( c ) I n h i b i t i o n of the copolymer iza t ion i n the amine solvent. 
Thus , a cat ionic p o l y m e r i z a t i o n is strongly supported for the c o p o l y m e r i 
za t ion i n the low-temperature region. 
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Inf rared spectra of a c o p o l y m e r a n d of a polyethylene are s h o w n 
i n F i g u r e 6. T h e spectrum of the c o p o l y m e r is qui te different f r o m that 
of polyethylene . Since the h o m o p o l y m e r i z a t i o n of hexafluoroacetone is 
diff icult to achieve, the p r o d u c t obta ined s h o u l d be a copolymer . Since 
the absorpt ion ar is ing f r o m consecutive ethylene units is not observed, 

I ι ι ι ι 1 1—I 
2 4 6 8 10 12 14 

Wavelength (μ ) 

Figure 6. Infrared spectra of copolymers 
and polyethylene 

0 20 AO 60 80 
Concentration of HFA in 

Monomers (moleVo) 

Figure 7. Composition curve in the copoly
merization of ethylene hexafluoroacetone 
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there is l i t t le poss ib i l i ty of sequences of ethylene units . Therefore , the 
copolymer m a y be an al ternat ing one. 

A composi t ion curve of the c o p o l y m e r i z a t i o n is s h o w n i n F i g u r e 7. 
T h e composi t ion of one component i n copolymers is exactly 50 mole % 
over a w i d e range of monomer concentrat ion of the component i n mono
mer mixtures. These results strongly indicate that an al ternat ing copoly
mer iza t ion takes place i n the ethylene-hexafluoroacetone system. 

Tempera ture dependency of the composi t ion i n copolymers was also 

O c *20 0 -20 -AO -60 -80 -100 

Irradiation Temperature (°C) 

Figure 8. Effect of polymerization temperature on 
the composition of copolymers for equimolar mono

mer mixture systems 

E/HFA = 1/1 mole ratio 

Ο Ο •Ο 

0.3 

ο 
CO 

O.I 

Figure 9. Viscosity measurement of ethyl
ene hexafluoroacetone copolymers in Freon 

113 at 35°C 
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ppppi III II 

6.0 7?0 

Figure 10. Proton NMR spectrum of a copolymer 
obtained at —78°C; the measurement was made in 

Freon 113 at 50°C 

examined, w i t h the results s h o w n i n F i g u r e 8. T h e composi t ion is not 
inf luenced at a l l b y the copolymer iza t ion temperature, and an equimolar 
composi t ion is a lways obta ined. 

Viscosit ies of the copolymers were measured i n F r e o n 113 at 3 5 ° C 
( F i g u r e 9 ) . F o r copolymers of hexafluoroacetone a n d ethylene, the 
intr insic viscosity is m u c h h igher at — 7 8 ° C than at 0 ° C . A s imi lar 
t rend has been observed for the ternary system of ethylene-tetraf luoro-
ethylene-hexafluoroacetone (7). 

T h e l i fe t ime of p r o p a g a t i n g p o l y m e r i o n increases w i t h decreasing 
temperature; therefore, the higher molecular w e i g h t at the lower p o l y 
mer iza t ion temperature m a y be reasonably expla ined. T h i s is a d d i t i o n a l 
support for the ionic p o l y m e r i z a t i o n mechanism i n the c o p o l y m e r i z a t i o n 
at l o w temperatures. 

T h e p r o t o n N M R spectrum of a copolymer obta ined at — 7 8 ° C is 
s h o w n i n F i g u r e 10. T w o triplets of equal intensity centered at 5.93 a n d 
7.62r were observed. T h e r e is n o other resonance for this sample. O n 
the basis of proton N M R spectra of m o d e l compounds ( 5 ) , these t w o 
triplets m a y be assigned to two C H 2 groups, as s h o w n b e l o w . 

( C F 3 ) 2 - C — C H 2 ( C F 3 ) 2 — C — C H C H ; 

0 — C — C H 3 a n d 0 — C H 

H 

7.55r 5.63r 
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T h e sp l i t t ing of 7 cps i n the t r iplet is a reasonable va lue for the 
v i c i n a l H H c o u p l i n g , s trongly i n d i c a t i n g that ethylene units i n the 
copolymer are isolated f r o m each other. There are no continuous seg
ments of ethylene units i n the copolymer . F o r polymers obta ined at 
re lat ively h i g h temperatures, a d d i t i o n a l broadened resonances a r o u n d 
8.0 were observed. These may be a t t r ibuted to methylene hydrogens i n 
continuous p o l y m e r i c units of ethylene a n d other structures. 

It has been reported that hexafluoroacetone units are incorporated 
i n copolymers r a n d o m l y i n lower concentrations than 50 mole % under 
h i g h pressure at h i g h temperatures ( 5 ). O u r results suggest that dev ia 
t ion i n the structure of copolymer f r o m the al ternat ing one increases 
w i t h increasing p o l y m e r i z a t i o n temperature. A t l o w temperatures, h o w 
ever, it is possible to obta in an al ternat ing copolymer via a r a d i c a l 
process. 

A sharp singlet at 72.3 p p m f r o m standard of C C 1 : , F was observed 
for copolymers obta ined at — 7 8 ° C . This is a t t r ibuted to per f luoromethyl 
fluorine atoms in this c o p o l y m e r : 

C F 3 

I 
— C H 2 C — 0 — C H 2 

I 
C F 3 

A n a d d i t i o n a l weak resonance at 77.2 p p m was observed for samples 
obta ined at re lat ively h i g h temperature. T h i s m a y be at t r ibuted to 
fluorine atoms of: 

C F 3 

I 
- C H 2 - C — O H 

I 
C F 3 

T h e in format ion f r o m resonance patterns of bo th h y d r o g e n a n d 
fluorine atoms completes the structure of copolymers . 

A n x-ray di f f ract ion pattern of a copolymer obta ined at — 7 8 ° C is 
s h o w n i n F i g u r e 11. T h e copolymer is crystal l ine. M a i n di f f ract ion 
peaks at 16 .3° , 17 .9° , a n d 27.8° for 2 θ were observed. T h e regular 
a l ternat ing structure is the preferred one for crysta l izat ion. 

C o p o l y m e r i z a t i o n of P r o p y l e n e w i t h Hexaf luoroacetone . T h e con
vers ion curves of the copolymer iza t ion are shown i n F i g u r e 12 as a func
t i o n of i r rad ia t ion t ime for equimolar monomer mixtures at 0 ° , —35° , 
a n d — 7 8 ° C . T h e copolymer iza t ion rate is m u c h slower than that of the 
copolymer iza t ion of ethylene a n d hexafluoroacetone. W e have data at 
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Figure 11. X-ray diffraction of a copolymer of C2H/>-(CF\)2 

CO 

5 

g 
to 

î 2 

_ P/HFA=1/1 mole ratio 

- o°c 

- -78°C 

• 

1 

35 °C 

ι 1 
10 20 30 AO 50 60 

Irradiation Time (hr) 

Figure 12. Conversions as a function of irradiation time at differ
ent temperatures in the copolymerization of propylene-hexafluoro-

acetone 
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only three temperatures, but i t is obvious that there is a s i m i l a r tempera
ture dependency i n the c o p o l y m e r i z a t i o n to that i n ethylene-hexafluoro-
acetone c o p o l y m e r i z a t i o n . T h e rate of c o p o l y m e r i z a t i o n increases w i t h 
increasing p o l y m e r i z a t i o n temperature above about — 3 8 ° C , w h i l e the 
rate increases w i t h decreasing p o l y m e r i z a t i o n temperature b e l o w that 
temperature. These results suggest that a p o l y m e r i z a t i o n m e c h a n i s m 
s imi lar to that of ethylene-hexafluoroacetone is operat ive i n the copoly
mer iza t ion of propylene a n d hexafluoroacetone. 

c 
ο 
ω 

c ο 
u 

Ah 

3h 

2h 

1h 

_0 P/HFA=1/1rrole ratio 
Δ • 1/3 
• * 3/1 

-78°C 

-
• 

Ο ^ ^ ^ ^ ^ ^ ^ 

rr^^^x ι ι ι ι ι 1 
10 20 30 40 50 60 70 

Irradiation Time (hr) 

80 90 100 

Figure 13. Conversions as a function of irradiation time for various initial 
monomer compositions at —78°C 

T h e effect of i n i t i a l composi t ion of the m o n o m e r mixture the 
copolymer iza t ion rate is s h o w n i n F i g u r e 13. A m a x i m u m rate was ob
served at the e q u i m o l a r monomer mixture . T h i s fact suggests that a n 
alternative tendency exists i n the copolymer iza t ion . 

Reaction of Isobutylene with Hexafluoroacetone. C o n v e r s i o n curves 
of the react ion p r o d u c t appear i n F i g u r e 14. T h e shape of the conver
s ion curve at 0 ° C is different f r o m curves at - 3 5 ° C a n d - 7 8 ° C . T h e 
effect of i n i t i a l monomer concentrat ion on the react ion is s h o w n i n F i g u r e 
15. 

A different type of react ion f r o m those at l o w e r temperatures is 
expected for the react ion at 0 ° C . A c c o r d i n g to in f rared spectra of the 
products obta ined at 0 ° C a n d — 7 8 ° C , there are major differences be
tween the two . Fur thermore , the products are qui te different f r o m each 
other—that is, the former is a w h i t e p o w d e r p r o d u c t a n d the latter is a 
r u b b e r l i k e mater ia l . T h e former seems to be a l o w - m o l e c u l a r - w e i g h t 
adduct , a n d the latter is certa inly a p o l y m e r i c product . 
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AO 

~ 30 

C 
ο 
£ 20 
c ο ο 

10 

iso-B/HFA = 1/1 mole ratio 

0eC 

Δ 

ί τ ι ι 

-78 eC 

ι ι 

-35eC 

« 

10 20 30 A0 50 60 
Irradiation Time (hr) 

Figure 14. Conversions as a function of irradiation time at three 
different temperatures in the copolymerization of isobutylene-

hexafluoroacetone 

20 

c 1 5 

ο 

in 

C 10 
ο ο 

α U 

-78 °C 
/ iso-B/HFA=3/1 mole ratio 

-
/ l / 1 

-
/ Δ 

o 
— / Θ / 

φ 1 1 I 

10 20 30 AO 50 60 
Irradiation Time (hr) 

70 

Figure 15. Conversions as a function of irradiation time 
in the copolymerization of isobutylene hexafluoroacetone 
for different initial monomer compositions at —78°C. 

T h e p r o t o n N M R spectrum of the p r o d u c t obta ined at 0°C is s h o w n 
i n F i g u r e 16. M a i n resonances are a doublet 7.90τ and t w o singlets at 
6.52T a n d 4.25τ. T h e i r intensity rat io was 3:2:1. W e a k resonances were 
observed at 7.56τ, 6.77τ a n d 4.64τ. T h e fluorine N M R spec t rum of the 
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ÇFi ÇHi ÇfS 
HO-C-ÇH=C-Ç±W-C-OH 

CFf 

• ι I 

• ... ; 33 67 

Figure 16. Proton NMR spectrum of the product ob
tained at 0°C; the measurement was done in pyridine at 

50°C 

same p r o d u c t shows t w o singlets h a v i n g e q u a l intensity ( F i g u r e 17) . 
F r o m the N M R spectra, it is c o n c l u d e d the m a i n p r o d u c t is this 

a d d u c t : 

C F 3 C H 3 C F 3 

I I I 
H O - C — C H = C — C H 2 — C — O H 

I I 
C F 3 C F 3 

T h i s result is consistent w i t h the e lemental analysis of the product . 
T h e r e has been no ( o r o n l y a l i t t l e ) 1:1 adduct observed i n previous 
w o r k ( 2 ) . 

C F 3 

I 
C H 2 = C — C H 2 — C — O H 

I I 
C H , C F , 

T h e m e l t i n g p o i n t of the p r o d u c t was 145° C , corresponding to that 
of the former product . 
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F r o m these results, i t can b e c o n c l u d e d that the m a i n react ion at 
0 ° C is not a copolymer iza t ion b u t an adduct format ion of t w o monomers 
i n the rat io of 1:2. T h e m a i n react ion at — 7 8 ° C m a y be either co-
p o l y m e r i z a t i o n of t w o monomers or b o t h c o p o l y m e r i z a t i o n a n d h o m o -
p o l y m e r i z a t i o n of isobutylene. 

S m a l l amounts of hexafluoroacetone are incorporated i n the p o l y m e r 
cha in . A n i o n i c mechanism is p r o b a b l y operat ive i n the p o l y m e r i z a 
t ion at - 7 8 ° C . 

Polymerization Mechanism 

T h e electronic arrangement of the c a r b o n y l f u n c t i o n i n fluoroketones 
more closely resembles the double b o n d of w e a k l y p o l a r i z e d olefins t h a n 
it does the c a r b o n y l group i n n o r m a l h y d r o c a r b o n ketones, a n d fluoro
ketones m a y therefore undergo free-radical reactions more readi ly than 
their h y d r o c a r b o n counterparts ( 3 ) . 

A c c o r d i n g to studies on the react ivi ty of hexafluoroacetone, these 
c a r b o n y l groups are very react ive to radicals . T h e r e are t w o possi
bi l i t ies for the a d d i t i o n of R radicals to fluorocarbonyl groups : 

C F 3 

I 
R · + C = 0 

I 
C F 3 

C F 3 

R — C — Ο (A) 

C F 3 

C F 3 

I 
> R — Ο — Ο · (B) 

C F 3 

B o t h possibi l i t ies give oxy a n d ether compounds . 
It is be l i eved that the intermediate Β s h o u l d be more stable than 

A . T h e intermediate s tabi l i ty a n d steric h indrance suggest that a d d i t i o n 
to oxygen should be the preferred mode of a d d i t i o n of free radicals to 
fluoroketones : 

C F 3 C F 3 

I I 
R . + C O < > R — Ο — C · 

C F 3 C F 3 
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I n our p o l y m e r i z a t i o n at re lat ively l o w temperatures ( 0 ° a n d — 9 ° ) , 
r a d i c a l reactions m a y take place to give polymers . T h e m a i n p o l y m e r i z a 
t ion process is considered to be : 

C H 2 = C H 2 

C F 3 , • V W W > R 

Initiation < 
C F 3 

C F 3 

\ ;c==o 

\ 
R » + C = 0 

C F 3 

Vs. 

r 
C F 3 

I 
R—0—C- + C H 2 = C H 2 

1 
C F 3 

C F 3 

I 
R — 0 — C -

Propagation < 

C F 3 

C F 3 

! 
R - 0 - C - C H 2 - C H 2 - (P) 

I 
C F 3 

C F 3 C F 3 

I 
R - O - C — C H 2 — C H 2 - + C = 0 

C F 3 CF ; 

C F 3 

R _ 0 - C - C H 2 — C H 2 — 0 — C - (P-
I I 

C F 3 C F 3 

r 

Termination < 

Pn1' + Pm-

+ Pi 

P„l
+m or Pi + Pm 

-> Pn\ro or Pn
2 + Yl 

+ Pm -> PlZ or Pi + 
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H o m o p o l y m e r i z a t i o n of ethylene is extremely l o w under the c o n d i 
tions ment ioned above ( 8 ) . Therefore , b y these p o l y m e r i z a t i o n mecha
n ism, an al ternat ing copolymer iza t ion has been d e d u c e d . T h i s mecha
n i s m is very different f r o m that for copolymerizat ions carr ied out at 
re lat ively h i g h temperatures under h i g h pressures. I n the latter case, 
s m a l l amounts of hexafluoroacetone were incorporated i n copolymers . 
Fur thermore , at re lat ively h i g h temperatures, ( A ) type of react ion m a y 
increase a n d a hydrogen-transfer type of react ion m a y occur, f o l l o w i n g 
the a d d i t i o n react ion, to give h y d r o x y l groups. 
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• 

•-CFVC00H 
ÇF, φ* 

•Ç-OH -C^VÇ-OH 
r e PC 

" ' j 
1 

! • · 

...... . . —J J L „ : 
1 i 

« 5 

Figure 17. Fluorine NMR spectrum of the 
product; the measurement was made in 

dioxane at 80°C 

A smal l c o n t r i b u t i o n of this type of react ion cannot be r u l e d out i n our 
p o l y m e r i z a t i o n system because smal l amounts of h y d r o x y l i n copolymers 
have been observed b y in f rared measurements of the samples. 

I n the p o l y m e r i z a t i o n b e l o w — 3 5 ° C , another k i n d of p o l y m e r i z a t i o n 
must be at w o r k because negative act ivat ion energy has been observed 
i n the temperature region. U s u a l l y , the react iv i ty of radicals ( p a r t i c u 
l a r l y i n r a d i c a l c h a i n reactions ) s h o u l d be very l o w or negl ig ib le at l o w 
temperatures. O n the contrary, however , the react ion takes place m u c h 
faster at the lowest temperature ( — 1 0 0 ° C ) than do reactions at other 
temperatures. T h i s result s trongly suggests that the p o l y m e r i z a t i o n takes 
p lace via an ionic mechanism. 

T h e effect of addit ives o n the low-temperature p o l y m e r i z a t i o n sup
ports the idea that the p o l y m e r i z a t i o n proceeds via a cat ionic mecha
n i s m . T h e f o l l o w i n g p o l y m e r i z a t i o n mechanism m a y be proposed ten
ta t ive ly : 

Θ 
M VWVW > Μ · + e 

I n i t i a t i o n 

I C F 3
 C F i » 

V + i = 0 , . M - o J * 

I I 
CF3 CF3 
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ί C F . 
' ι 

' w v C + C H 2 = C H 2 

I 
C F 3 

C F 3 

I 
• ~ v > - C — C H 2 — C H 2 

I 
C F 3 

© 

P r o p a g a t i o n < 

C F 3 C F 3 

1 Θ 1 

< w \ C — C H 2 — C H 2
U + C = 0 

I I 
C F 3 C F 3 

C F 3 

l e 
C H 2 — C H 2 — 0 — C 

I 
\ ^ C F 3 

T e r m i n a t i o n < 

Α Λ Λ . Ο Η 2 - C H 2 ® + M - o r e ~ w . C H 2 — C H 2 - + M 

» 
C F 3 C F 3 

I© ι 
Λ Λ Λ - 0 - C + M " o r e / v / w O — G - + M 

I I 
C F 3 C F 3 

T h e format ion of a 1:1 charge transfer complex or molecular c o m 
plex a n d its contr ibut ion to the c o p o l y m e r i z a t i o n can be easily expected. 
H o w e v e r , there is no direct evidence at present. T h e s tudy is c o n t i n u i n g 
to c la r i fy the p o l y m e r i z a t i o n mechanism. 
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Donor-Acceptor Complexes in 

Copolymerization 

XXXI. Alternating Copolymer Graft Copolymers 
VI. Synthesis in the Absence and Presence of 

Complexing Agents 

NORMAN G. GAYLORD 

Gaylord Research Institute Inc., New Providence, N.J. 07974 

Graft copolymers containing alternating copolymer branches 
were prepared by copolymerizing monomers that form al
ternating copolymers under conditions necessary for for
mation of the specific alternating copolymer—i.e., with or 
without a complexing agent, in either case with or without 
a radical catalyst, and in the presence of polymers contain
ing labile or active hydrogen atoms. Alternating graft 
copolymers of styrene-maleic anhydride, isoprene-maleic 
anhydride, styrene-methyl methacrylate, and styrene-acry-
lonitrile were prepared in bulk, solution, or aqueous me
dium on one or more of these polymers: polystyrene, poly
(butyl acrylate), high- and low-density polyethylene, atactic 
and isotactic polypropylene, EPR, nitrile rubber, cis-1,4
-polybutadiene, ABS, PVC, and cellulose. 

' " p h e c o p o l y m e r i z a t i o n of a strong donor m o n o m e r a n d a strong accep-
tor monomer—e.g. , styrene a n d male ic a n h y d r i d e — l e a d s to the 

f o r m a t i o n of an e q u i m o l a r a l ternat ing c o p o l y m e r over a w i d e range of 
m o n o m e r feed ratios. A l t h o u g h the p o l y m e r i z a t i o n m a y occur spon
taneously at e levated temperatures, the a d d i t i o n of a f ree-radical pre
cursor increases the y i e l d of a l ternat ing copolymer , independent of 
monomer charge ( 1 ). 

T h e c o p o l y m e r i z a t i o n of a donor m o n o m e r w i t h a weaker acceptor 
monomer , such as m e t h y l methacrylate or acry loni t r i le , i n the presence 
of a c o m p l e x i n g agent ( a meta l h a l i d e or an o r g a n o a l u m i n u m h a l i d e ) 
y ie lds an equimolar , a l ternat ing copolymer , regardless of i n i t i a l m o n o m e r 
charge a n d w i t h or w i t h o u t f ree-radical precursor ( 1 ). 

209 
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Polymerization of Donor-Acceptor Comonomer Complexes 

T h e format ion of a l ternat ing c o p o l y m e r is a t t r ibuted to the homo-
p o l y m e r i z a t i o n of a comonomer charge-transfer complex . T h e latter is 
f o r m e d spontaneously, subject to e q u i l i b r i u m considerations, w i t h the 
interact ion of a strong donor monomer a n d a strong acceptor monomer . 

D + A ^ ± [D >A] 

T h e format ion of the charge-transfer complex is enhanced b y c o m -
p l e x i n g an acceptor monomer w i t h a meta l ha l ide , as a consequence of 
the increased ab i l i ty of the c o m p l e x e d monomer to accept electrons. 

A + M X > A . . . M X 

D + A . . . M X ;=± [D >A . . . M X ] 

Spontaneous p o l y m e r i z a t i o n occurs w h e n the e q u i l i b r i u m concen
trat ion of the complex is h i g h enough. L o w e r temperatures favor 
complex format ion , w h i l e p o l y m e r i z a t i o n m a y require t h e r m a l or cataly
t ic act ivat ion. Since the p o l y m e r i z a t i o n w i t h a n d w i t h o u t the r a d i c a l 
catalyst fo l lows the same course, the comonomer complex is considered 
to be the p o l y m e r i z a b l e species i n either case. 

A l t h o u g h the format ion of the ground-state comonomer charge-
transfer complex occurs spontaneously, i t has been suggested (2, 13) 
that p o l y m e r i z a t i o n involves the excited-state complex ( e x c i p l e x ) . 

[D >A] ^ [D+. - A ] > — ( D A ) X — 

[D >A . . . M X ] ^± [D+. - A . . . M X ] > — ( D A ) X — + M X 

T h e exciplex is apparent ly generated spontaneously w h e n the concen
trat ion of ground-state complexes is h i g h enough, p r o b a b l y because of 
co l l i s ion . T h e effect of thermal ac t ivat ion is to increase the n u m b e r 
of col l is ions. 

T h e proposed p o l y m e r i z a t i o n m e c h a n i s m ( 1 ) involves in i t i a t ion b y 
a head-to-head react ion of t w o exci ted complexes; d u r i n g the react ion, 
h y d r o g e n abstract ion a n d transfer occurs through a s ix -membered cyc l i c 
transi t ion state to generate a p o l y m e r c h a i n w i t h an at tached te rmina l 
complex . T h e propagat ion react ion is head-to-tai l a n d involves the 
a d d i t i o n of exci ted complexes to the c h a i n end through h y d r o g e n trans
fer via a s ix-membered cyc l i c t ransi t ion state to regenerate the complex 
c h a i n end. 

T h e role of the free-radical in i t ia tor was earl ier cons idered to i n 
vo lve h y d r o g e n abstraction ( I ) . H o w e v e r , decomposi t ion of the free-
r a d i c a l precursor m a y also result i n excitat ion of the ground-state c o m 
plexes ( 2 ) . 
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C h l o r i n e is v i r t u a l l y absent i n the c o p o l y m e r p r o d u c e d i n the 
azobis isobutyroni tr i le ( A I B N ) ca ta lyzed c o p o l y m e r i z a t i o n of styrene a n d 
male ic a n h y d r i d e i n the presence of c h l o r o f o r m or carbon tetrachlor ide 
(3, 4 ) , or of p-dioxene a n d male ic a n h y d r i d e i n the presence of acry-
loni t r i le i n c h l o r o f o r m ( 5 ) . T h i s absence indicates that t r i c h l o r o m e t h y l 
radicals generated b y the react ion of the ch lor ina ted hydrocarbons w i t h 
the radicals f r o m A I B N are not incorporated into the p o l y m e r c h a i n . 
S i m i l a r l y , there is l i t t le or no cn lor ine i n the a l ternat ing c o p o l y m e r that 
is f o r m e d i n the c o p o l y m e r i z a t i o n of styrene a n d m e t h y l methacrylate i n 
the presence of e t h y l a l u m i n u m sesquichlor ide ( E A S C ) i n the presence 
of c h l o r o f o r m a n d carbon tetrachloride, a n d w i t h or w i t h o u t a peroxide 
in i t ia tor ( 6 ) . 

T h e fa i lure to incorporate moieties ar is ing f r o m r a d i c a l attack on 
the solvent into the a l ternat ing copolymers , c o u p l e d w i t h the v i r t u a l 
absence of catalyst residues i n the copolymer w h e n the c o p o l y m e r i z a t i o n 
of styrene a n d male ic a n h y d r i d e is in i t i a ted b y A I B N (3, 4), indicates 
that r a d i c a l species m a y ini t iate the p o l y m e r i z a t i o n of comonomer 
charge-transfer complexes, but they are not incorporated into the p o l y 
m e r cha in . 

T h e absence of ch lor ine i n the copolymers , as w e l l as the format ion 
of h igh-molecu lar -weight copolymers i n reactions carr ied out i n chloro
f o r m or carbon tetrachloride, indicates that the propagat ing chains do 
not part ic ipate i n chain-transfer reactions that result i n abstract ion of 
h y d r o g e n or chlor ine atoms. H i g h - m o l e c u l a r - w e i g h t a l ternat ing copoly
mers are also obta ined i n the radica l -ca ta lyzed copolymer iza t ion of pro 
pylene a n d male ic a n h y d r i d e i n l i q u i d propylene ( 7 ) , a n d i n the spon
taneous copolymer iza t ion of propylene a n d other α-olefins w i t h acry-
loni t r i le i n the presence of an o r g a n o a l u m i n u m ha l ide ( 8 ) . T h i s is 
further evidence that the propagat ing c h a i n i n the h o m o p o l y m e r i z a t i o n 
of comonomer charge-transfer complexes does not abstract labi le h y d r o 
gen atoms even f r o m α-olefins, w h i c h usual ly undergo degradat ive c h a i n 
transfer i n the presence of free radicals . 

Grafting of Alternating Copolymers 

D e s p i t e the absence of b o t h c h a i n transfer b y the propagat ing c h a i n 
a n d the in i t i a t ing r a d i c a l i n the c o p o l y m e r cha in , graft copolymers con
t a i n i n g a l ternat ing copolymer branches can be prepared b y c o p o l y m e r i z -
i n g monomers that f o r m al ternat ing copolymers i n the presence of p o l y 
mers conta in ing lab i le or act ive h y d r o g e n atoms—e.g., tert iary or a l l y l i c 
c a r b o n atoms a n d a ldehyde groups (9). 

O n e proposal ( I ) holds that the propagat ing c h a i n e n d i n the 
h o m o p o l y m e r i z a t i o n of a comonomer complex is a complex , a n d that 
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b i m o l e c u l a r te rminat ion involves p o l y m e r - p o l y m e r or p o l y m e r - c o m p l e x 
interact ion through carbene format ion . It is reasonable to propose that 
w h e n the comonomers are p o l y m e r i z e d i n the presence of a po lymer , 
gra f t ing occurs b y terminat ion of a propagat ing a l ternat ing c o p o l y m e r 
c h a i n on a lab i le C - H of the substrate p o l y m e r , i.e., b y insert ion of the 
p o l y m e r i c carbene into the lab i le C - H of the substrate. 

H 
H C -

X C Y 
V 

\ 

m ; 

\ 
R — C + 

H 

H 
+ C — R 

•'"\ 
H C H 

ι 

Y C X 

/ 
: C H 

Η 

Η 
H C • 

/ 
X C Y 

Η 

Ρ — Ο 

\ 
R — C 

Η 

Η 

• C — R 

\ 
H C H 

Y C X 

/ 
• C H 

Η 

Η 

ι 
Ρ C H 

I 
R — C H 

I 
H C H 

I 
Y C X 
\ 

H C H 
I 

R — C H 
I 

H C H 
I 

Y C X 
H 

Grafting in the Absence of Complexing Agents 

T h e gra f t ing of an a l ternat ing c o p o l y m e r on a substrate p o l y m e r 
occurs w h e n the al ternat ing c o p o l y m e r is prepared u n d e r condit ions 
n o r m a l l y used w i t h o u t the substrate po lymer . W h e n comonomers that 
are subject to spontaneous or t h e r m a l in i t i a t ion are p o l y m e r i z e d i n the 
presence of a suitable po lymer , graft copolymers are f o r m e d despite the 
absence of a r a d i c a l catalyst (10). 
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Table I. Graft Copolymerization of Poly ( styrene-alt-maleic anhydride ) 
onto Polystyrene 

S - M A n h / P S w t rat io 0 . 5 1 .0 1 .0 9 . 0 
P o l y s t y r e n e (PS) , grams 5 . 0 2 . 0 2 0 . 0 1 .0 

Mv 10,800 10,800 40 ,500 40 ,500 
S / M A n h (1/1 m ) , grams 1.29/ 1.03/ 10 .3/ 4 . 6 3 / 

1.21 0 .97 9 . 7 4 . 3 6 
Benzene, m l 7 . 5 3 . 0 30 0 
T e m p / T i m e , °C/hr 60/3 60/3 80/1 60/3 
M o n o m e r conversion, % 26 .4 4 0 . 8 7 0 . 8 4 5 . 8 
F r a c t i o n a t i o n " 

Po lys tyrene , % 0 .7 0 . 2 23 .7 0 .8 
G r a f t copolymers 

Benzene soluble, % 9 1 . 9 73 .8 4 3 . 8 0 . 0 
P S / S - M A n h , mole % 83/17 87/13 94/6 — 

Benzene insoluble, % 7 .4 25 .9 3 2 . 5 9 9 . 2 
P S / S - M A n h , mole % 7/93 0/100 8/92 3/97 

α Precipitation in 1:2 benzene-petroleum ether from MEK solution. 

T y p i c a l results i n the graft p o l y m e r i z a t i o n of p o l y (styrene-alt -maleic 
a n h y d r i d e ) onto polystyrene i n so lut ion w i t h o u t a r a d i c a l catalyst are 
s h o w n i n T a b l e I. Ana logous results are obta ined i n the presence of a 
r a d i c a l catalyst. 

T h e molecu lar w e i g h t of an a l ternat ing c o p o l y m e r depends o n the 
concentrat ion of p o l y m e r i z a b l e species, the comonomer charge-transfer 
complex , w h i c h i n t u r n depends on the react ion temperature. A t ele
vated temperatures, the copolymer iza t ion rate is r a p i d a n d the molecular 
w e i g h t of the a l ternat ing c o p o l y m e r is l o w . W h e n the p o l y m e r i z a t i o n 
is c a r r i e d out u n d e r those condit ions i n the presence of a p o l y m e r , the 
graf ted a l ternat ing c o p o l y m e r is present as m u l t i p l e short branches. 

Spontaneous c o p o l y m e r i z a t i o n of styrene a n d male ic a n h y d r i d e i n 
the presence of a mol ten p o l y m e r or a b u l k p o l y m e r u n d e r g o i n g defor
m a t i o n at e levated temperatures is a r a p i d a n d convenient route for 
carboxyla t ing polymers . T h e react ion is car r ied out o n the b u l k p o l y 
m e r at 120° to 2 0 0 ° C . ( d e p e n d i n g u p o n the softening or m e l t i n g po in t 
of the p o l y m e r ) b y in ject ing an e q u i m o l a r solut ion of male ic a n h y d r i d e 
i n styrene into the mol ten p o l y m e r (11,12). 

T h e react ion is done i n e q u i p m e n t such as a Brabender Plas t icorder 
or extruder; i t can be a ba tch or a continuous process. M a l e i c anhy
d r i d e is dissolved i n styrene at 6 0 ° C , a n d the solut ion ( s t i l l at 6 0 ° C ) is 
injected into the mol ten p o l y m e r w h i c h is b e i n g fluxed or m i x e d at the 
des ired temperature. S ince the p o l y m e r i z a t i o n a n d graf t ing reactions 
are just about instantaneous, n o react ion t ime is needed after m o n o m e r 
a d d i t i o n is finished. 
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W h e n the graf t ing react ion is done i n the B r a b e n d e r Plast icorder , 
the p o l y m e r is fluxed for t w o minutes . T h e m o n o m e r mixture is con
t inuously injected into the mol ten mass over one minute , a n d the 
react ion mixture then discharged f r o m the Plast icorder . 

W h e n the react ion is done i n an extruder, the rate of m o n o m e r 
a d d i t i o n , general ly through a vent into the barre l , is adjusted d e p e n d 
i n g u p o n the rate of throughput of the mol ten p o l y m e r . T h e carbox-
y l a t e d p o l y m e r m a y be extruded as r i b b o n , w h i c h is then f o r m e d into 
pellets or as a fiber or film. 

T a b l e I I shows t y p i c a l results obta ined i n the carboxyla t ion of 
low-dens i ty polyethylene i n the Plast icorder at 1 5 0 ° C . E x t r a c t i o n of the 
react ion p r o d u c t w i t h acetone at 2 5 ° C for 24 hours removes unreacted 
monomers a n d ungraf ted styrene-maleic a n h y d r i d e copolymer . 

T a b l e I I . C a r b o x y l a t i o n of L o w - D e n s i t y P o l y e t h y l e n e at 1 5 0 ° C α 

M o n o m e r s S / M A n h S / A A S / A A M A n h 

W e i g h t , grams 2 .7/6 .2 2 .7/1 .9 2 .7/3 .8 2 . 6 
M o l e rat io 1/1 1/1 1/2 — 

L D P E , grams 4 0 . 0 4 0 . 0 4 0 . 0 4 0 . 0 
R e c o v e r y , grams 44 .9 41 .9 4 3 . 2 4 1 . 5 
M o n o m e r C o n v e r s i o n , % 92 .4 4 1 . 3 4 9 . 2 57 .7 
A c e t o n e - E x t r a c t i o n 

Soluble , % 0 .4 0 .6 0 .8 1 .8 
Insoluble , % 9 9 . 6 99 .4 9 9 . 2 9 8 . 2 

A c i d V a l u e , m g K O H / g 
Before E x t r a c t i o n 35 .4 11 .2 10.9 19 .7 

(70.8) (39.4) 
A f t e r E x t r a c t i o n 31 .9 6 . 2 5 . 6 2 . 2 

(63.8) (4.4) 

a Two min in Brabender Plasticorder. 

T h e a c i d value is obta ined b y ref luxing the p r o d u c t w i t h xylene to 
convert carboxyl ic a c i d groups ( f o r m e d b y exposure of the p r o d u c t to 
a i r ) into a n h y d r i d e groups, f o l l o w e d b y ref luxing w i t h anhydrous 
methanol ic K O H . T h e cooled mixture is then t i trated w i t h 2-propanol ic 
H C 1 u s i n g phenolphtha le in as the indicator . T h e a c i d va lue s h o w n i n 
T a b l e II is the actual t i t rat ion value . H o w e v e r , since methanol converts 
the a n h y d r i d e to the hal f ester, the true a c i d value, s h o w n i n paren
theses, is d o u b l e the t i t ra t ion value . 

T h e effectiveness of the react ion w i t h styrene-maleic a n h y d r i d e is 
clear w h e n the results are c o m p a r e d w i t h those o b t a i n e d — u n d e r the 
same condit ions w i t h o u t a r a d i c a l ca ta lys t—using a 1:1 molar mix ture 
of styrene a n d acryl ic a c i d , a 1:2 molar mixture of styrene a n d acry l i c 
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Table III. Carboxylation of High-Density Polyethylene α 

Temperature , °C 150 170 

S / M A n h (1/1 m ) , grams 2 .7/2.6 2 .7/2 .6 
H D P E , grams 4 0 . 0 4 0 . 0 
R e c o v e r y , grams 44 .1 43 .4 
M o n o m e r C o n v e r s i o n , % 77 .4 64 .2 
Acetone E x t r a c t i o n 

Soluble, % 3 . 2 3 . 2 
Insoluble, % 9 6 . 8 9 6 . 8 

A c i d V a l u e , m g K O H / g 
Before E x t r a c t i o n 3 2 . 2 (64.4) 3 4 . 0 (68.0) 
A f t e r E x t r a c t i o n 2 0 . 0 (40.0) 23 .7 (47.4) 

" Two min in Brabender Plasticorder. 

Table IV. Carboxylation of Atactic Polypropylene at 1 5 0 ° C a 

S / M A n h (1/1 m ) , grams 1 .4/1.3 2 .7/2.6 
A P P , grams 4 0 . 0 4 0 . 0 
Acetone E x t r a c t i o n 

Soluble, % 9 . 8 5 . 8 
Insoluble, % 9 1 . 8 9 4 . 2 

A c i d V a l u e , m g K O H / g 
Before E x t r a c t i o n 2 4 . 3 (48.6) 5 9 . 6 (119.2 
A f t e r E x t r a c t i o n 2 1 . 3 (42.6) 3 2 . 5 (65.0) 

° Two min in Brabender Plasticorder. 

a c i d (to give the same n u m b e r of c a r b o x y l groups as are avai lable i n 
male ic a n h y d r i d e ) , a n d maleic a n h y d r i d e alone ( T a b l e I I ) . 

T h e m o n o m e r convers ion us ing the mixture of styrene a n d male i c 
a n h y d r i d e is m u c h h igher than i n the other cases. T h i s va lue does not 
t ru ly represent m o n o m e r conversion but , instead, the amount of mono
mer not lost d u r i n g treatment. T h u s , b o t h reacted monomers a n d n o n -
v o l a t i l i z e d monomers are present i n the reported value . T h e values 
obta ined w i t h male ic a n h y d r i d e alone represent a large amount of u n -
reacted male ic a n h y d r i d e , as i n d i c a t e d b y the amount extracted a n d the 
a c i d va lue of the p o l y m e r after extraction. In any event, the recovery 
w i t h styrene-maleic a n h y d r i d e is considerably h igher than i n a l l the 
other cases. 

T h e acetone-soluble f ract ion representing unreacted a n d reacted 
monomers that d i d not react w i t h the substrate p o l y m e r is also far 
smaller w i t h the styrene-maleic a n h y d r i d e mixture . 

T h e a c i d values, b o t h before a n d after extract ion w i t h acetone, are 
at least five times h igher w i t h styrene-maleic a n h y d r i d e than w i t h any 
of the other mixtures. T h e differences are even more dramat ic w h e n the 
a c i d values are d o u b l e d for styrene-maleic a n h y d r i d e . 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
3 

| d
oi

: 1
0.

10
21

/b
a-

19
73

-0
12

9.
ch

01
3

In Polymerization Reactions and New Polymers; Platzer, N.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1973. 



216 P O L Y M E R I Z A T I O N R E A C T I O N S A N D N E W P O L Y M E R S 

T h e results obta ined b y carboxyla t ing h igh-densi ty polyethylene are 
s h o w n i n T a b l e I I I . T h e tert iary carbon atoms at b r a n c h points are 
gra f t ing sites. T h e h i g h a c i d values m a y also indicate that the graf ted 
styrene-maleic a n h y d r i d e c o p o l y m e r chains are of h igher molecular 
w e i g h t than i n the case of low-dens i ty polyethylene . 

T h e presence of a great n u m b e r of graf t ing sites is s h o w n i n the 
carboxyla t ion of atactic p o l y p r o p y l e n e at 1 5 0 ° C ( T a b l e I V ) . Isotactic 
p o l y p r o p y l e n e requires a temperature of 1 7 0 ° C for effective carboxyla
t i o n ( T a b l e V ) . T h e re la t ive ly greater amount of extractable mater ia l 
i n the case of atactic p o l y p r o p y l e n e indicate the acetone so lubi l i ty of the 
p o l y p r o p y l e n e or the l i g h t l y graf ted po lymer , or both . 

C o m p a r i s o n of the carboxylat ion procedures u s i n g acry l i c a c i d i n 
l i eu of male ic a n h y d r i d e is even more s t r ik ing w i t h isotactic p o l y p r o p y l 
ene ( T a b l e V ) t h a n w i t h polyethylene . 

Table V . C a r b o x y l a t i o n of Isotactic Polypropylene at 1 7 0 ° C α 

M o n o m e r s S / M A n h S / A A S / A A M A n h 

W e i g h t , grams 2 .7/2.6 2 .7/1 .9 2 .7/3.8 2 . 6 
M o l e R a t i o 1/1 1/1 1/2 — 

I P P , grams 4 0 . 0 4 0 . 0 4 0 . 0 4 0 . 0 
R e c o v e r y , grams 4 4 . 2 42 .4 4 2 . 8 4 1 . 4 
M o n o m e r C o n v e r s i o n , % 79 .2 52 .2 43 .1 53 .8 
Acetone E x t r a c t i o n 

Soluble , % 1.4 2 . 2 3 . 2 2 . 6 
Insoluble, % 9 8 . 6 9 7 . 8 9 6 . 8 97 .4 

A c i d V a l u e , m g K O H / g 
Before E x t r a c t i o n 27 .9 7 .4 6 .8 24 .1 

(55.8) (48.2) 
A f t e r E x t r a c t i o n 15.9 1.3 2 .1 1 .9 

(31.8) (3.8) 
a Two min in Brabender Plasticorder. 

Table VI . Carboxylation of Ethylene-Propylene Rubber a 

Temperature , ° C 100 150 170 
S / M A n h (1/1 m) , grams 3 .6/3.4 3 .6/3.4 3 .6/3 .4 
E P R , grams 3 5 . 0 3 5 . 0 3 5 . 0 
Acetone E x t r a c t i o n 

Soluble, % 8 . 0 2 . 5 3 . 8 
Insoluble, % 9 2 . 0 9 7 . 5 9 6 . 2 

A c i d V a l u e , m g K O H / g 
A f t e r E x t r a c t i o n 8 . 5 (17.0) 3 8 . 0 (76.0) 12 .5 (25.0) 

a Ten min in Brabender Plasticorder. 
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Table V I I . Carboxylation of A B S , B / A N and cis-l,4-Polybutadiene a 

P o l y m e r (35 grams) A B S B / A N B u t a d i e n e 
(75/25) 

S / M A n h (1/1 m ) , grams 3 .6/3.4 3 .6/3.4 5 .4/5.1 
Temperature , °C 150 150 120 
Acetone E x t r a c t i o n 

Soluble, % 6 .8 9 . 8 14.8 
Insoluble, % 9 3 . 2 9 0 . 2 8 5 . 2 

A c i d V a l u e , m g K O H / g 
A f t e r E x t r a c t i o n 15 .5 (31.0) 2 8 . 0 (56.0) 8 . 0 (16.0) 

α Ten min in Brabender Plasticorder. 

Table V I I I . Carboxylation of Poly (vinyl chloride) at 1 8 0 ° C a 

S / M A n h (1/1 m ) , grams 
P V C ( 1 % T h e r m o l i t e 31), grams 
Recovery , grams 
M o n o m e r C o n v e r s i o n , % 
Acetone E x t r a c t i o n 

Soluble , % 
Insoluble, % 

A c i d V a l u e , m g K O H / g 
Before E x t r a c t i o n 
A f t e r E x t r a c t i o n 

a Two min in Brabender Plasticorder. 

1.4/1.3 2 .7/2 .6 
4 0 . 0 4 0 . 0 
41 .6 44 .1 
59 .3 77 .4 

3 5 . 2 3 4 . 2 
64 .8 65 .8 

34 .4 (68.8) 54 .4 (108.8) 
17.1 (34.2) 27 .7 (55.4) 

T h e carboxyla t ion of E P R is s u m m a r i z e d i n T a b l e V I , w h i l e the 
carboxylat ions of A B S , n i t r i l e rubber , a n d d s - l , 4 - p o l y b u t a d i e n e are 
s h o w n i n T a b l e V I I . 

T h e presence of s tabi l izer has l i t t le effect o n p o l y ( v i n y l c h l o r i d e ) 
carboxyla t ion ( T a b l e V I I I ) . S ince the other polymers w e r e also sub
jected to the carboxyla t ion process w i t h o u t r e m o v i n g c o m m e r c i a l a d d i 
tives such as antioxidants, U V a n d t h e r m a l stabil izers, a n t i b l o c k i n g 
agents, etc.—the addit ives i n h i b i t neither the p o l y m e r i z a t i o n of the sty
rene-maleic a n h y d r i d e complex nor the graf t ing react ion. 

Polystyrene, acry l i c ester homopolymers a n d copolymers , a n d other 
polymers conta in ing tert iary or a l l y l i c h y d r o g e n atoms have also been 
readi ly carboxyla ted b y the in situ p o l y m e r i z a t i o n of the styrene-maleic 
a n h y d r i d e complex at 120 to 1 8 0 ° C . 

R a d i c a l - c a t a l y z e d graft c o p o l y m e r i z a t i o n is general ly ac c o mpanie d 
b y cross l inking or scission ( or b o t h ) of the substrate p o l y m e r . G e l per
meat ion chromatographic analysis of p o l y m e r carboxyla ted b y the in situ 
c o p o l y m e r i z a t i o n of styrene a n d male ic a n h y d r i d e w i t h o u t a r a d i c a l 
catalyst shows that the molecular size d i s t r ibut ion of the carboxyla ted 
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p o l y m e r is s imi lar to that of the o r i g i n a l substrate p o l y m e r ; this finding 
is consistent w i t h the absence of r a d i c a l species. 

A l t h o u g h a r a d i c a l catalyst is not necessary for graft p o l y m e r i z a t i o n 
w h e n the al ternat ing c o p o l y m e r forms spontaneously, a r a d i c a l catalyst 
is r e q u i r e d w h e n al ternat ing c o p o l y m e r format ion requires r a d i c a l i n i 
t ia t ion ( 1 0 ) . 

T h e thermal react ion of a conjugated diene a n d male ic a n h y d r i d e 
yie lds the c y c l i c D i e l s - A l d e r adduct . H o w e v e r , a l ternat ing copolymers 
are readi ly f o r m e d w h e n the react ion is c a r r i e d out i n the presence of a 
free-radical precursor at a temperature w h e r e the catalyst ha l f - l i fe is one 
h o u r or less, or the catalyst a d d i t i o n t ime is less than one h o u r (2, 13). 

T h e radica l - ca ta lyzed c o p o l y m e r i z a t i o n of isoprene a n d male i c anhy
d r i d e i n the presence of polystyrene gives the corresponding a l ternat ing 
c o p o l y m e r graft c o p o l y m e r ( T a b l e I X ) . S i m i l a r results are obta ined 
w i t h other dienes a n d appropriate substrate polymers . 

Table IX. Graft Copolymerization of Poly(isoprene-alt-maleic 
anhydride ) onto Polystyrene α 

I - M A n h / P S w t rat io 1.7 4 . 1 8 . 3 
Po lys tyrene (PS) , grams 10.0 10 .0 2 . 0 

Mv 10,800 10,800 40 ,500 
I / M A n h (1/1 m ) , grams 0 .68/0.98 1.7/2.45 6 .8/9.8 
tert-BPP (75%), grams 0 . 5 1 .2 4 . 8 
M o n o m e r C o n v e r s i o n , % 54 89 90 
F r a c t i o n a t i o n (Benzene) 

P ( I - M A n h ) , % 0 16 71 
G r a f t C o p o l y m e r , % 100 84 29 

P S / I - M A n h , mole % 89/11 87/13 28/72 
atert-BPP in I added over 15 min to PS + MAnh in 25 ml dioxane at 65-75°C; 

total reaction time, two hr 

Grafting in the Presence of Metal Halide Complexing Agents 

A l t e r n a t i n g copolymer graft copolymers are also p r o d u c e d w h e n 
comonomers that y i e l d a l ternat ing copolymers w i t h but not w i t h o u t a 
c o m p l e x i n g agent are c o p o l y m e r i z e d i n the presence of a c o m p l e x i n g 
agent a n d a suitable po lymer , either w i t h or w i t h o u t a free-radical 
precursor (14). 

G r a f t i n g occurs w h e n the al ternat ing c o p o l y m e r is p r e p a r e d u n d e r 
condit ions n o r m a l l y used i n the absence of a substrate po lymer . Pres
ence of a r a d i c a l catalyst is therefore not necessary w h e n the react ion 
is car r i ed out i n b u l k or i n an organic m e d i u m , so l o n g as concentrat ion 
of the complex is h i g h enough. T h e concentrat ion of c o m p l e x i n g agent 
is 5 to 50 mole %, based on the concentrat ion of the acceptor monomer . 
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Solvent concentrat ion is kept at a l eve l that ensures efficient s t i r r ing b u t 
l o w enough to a v o i d d i l u t i o n ; the temperature is general ly kept b e l o w 
6 0 ° C . 

T a b l e X shows the results obta ined w h e n polystyrene is d isso lved 
i n styrene monomer, f o l l o w e d b y the a d d i t i o n of m e t h y l methacrylate 
a n d E A S C . D e p e n d i n g u p o n m o n o m e r concentrat ion a n d after the 
i n d i c a t e d react ion p e r i o d , the react ion mix ture is conver ted to a h i g h l y 
swol len ge l or so l id product . T h e a l ternat ing a n d e q u i m o l a r compos i 
t ion of the products was conf i rmed b y N M R a n d elementary analyses, 
respect ively. 

T a b l e X . G r a f t C o p o l y m e r i z a t i o n of P o l y ( s t y r e n e - a l t - m e t h y l 
methacry la te ) onto Polys tyrene i n B u l k 

P S , grams 3 . 0 3 . 0 3 . 0 3 . 0 
S / M M A , mmoles 30/30 90/30 30/90 30/30 
E A S C , mmoles 15 15 45 15 
T e m p / T i m e , °C/hr 20/3 20/3 20/3 60/1.67 
M o n o m e r C o n v e r s i o n % 8 1 . 9 8 8 . 2 9 5 . 3 55 .7 
F r a c t i o n a t i o n (Cyclohexane) 

Soluble , % 32 32 29 38 
P S / S - M M A , weight % 93/7 87/13 94/6 95/5 

Insoluble, % 68 68 71 62 
P S / S - M M A , weight % 13/87 12/88 10/90 14/86 

T a b l e X I . G r a f t C o p o l y m e r i z a t i o n of Po ly (s tyrene-a l t -acry lon i t r i l e ) 
onto P o l y ( b u t y l acry la te ) 

P B A , grams 8 . 0 (Solid) 8 . 0 (Latex) 
S / A N , mmoles 125/125 125/125 
Z n C U , mmoles 6 .25 31 .25 
A N / Z n C l 2 mole rat io 20/1 4/1 
M e d i u m , m l Toluene , 60 water, 10 .8 
C a t a l y s t tert-BPP, 0 . 5 m l K P S , 0 . 4 g 
T e m p / T i m e , °C/hr 30/20 25/20 
M o n o m e r C o n v e r s i o n , % 4 0 . 8 51 .0 
F r a c t i o n a t i o n (Acetone) 

Soluble , % 18 25 
P B A / S - A N , weight % 4/96 0/100 

Insoluble, % 82 75 
P B A / S - A N , weight % 44/56 48/52 

T h e use of a r a d i c a l catalyst increases p o l y m e r i z a t i o n rate a n d the 
extent of graf t ing . W h e n the react ion is done i n an aqueous m e d i u m , 
as w h e n the substrate p o l y m e r is charged as a latex, a water-soluble 
catalyst is necessary, as previous ly observed for the preparat ion of alter
n a t i n g copolymers i n an aqueous m e d i u m (15). A l t h o u g h the latex 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
3 

| d
oi

: 1
0.

10
21

/b
a-

19
73

-0
12

9.
ch

01
3

In Polymerization Reactions and New Polymers; Platzer, N.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1973. 



220 P O L Y M E R I Z A T I O N R E A C T I O N S A N D N E W P O L Y M E R S 

coagulates w h e n the c o m p l e x i n g agent is a d d e d , efficient s t i r r ing of 
the mixture gives a smooth react ion. 

T h e ca ta lyzed graft copo lymer iza t ion of po ly(s tyrene-a l t -acry loni -
t r i le ) onto p o l y ( b u t y l acrylate) i n the presence of z inc ch lor ide , i n 
solut ion, a n d i n an aqueous m e d i u m , is s u m m a r i z e d i n T a b l e X L 

T h e ca ta lyzed graft copolymer iza t ion of s tyrene-methyl methacry-
l a t e - E A S C a n d α-methylstyrene-methacrylonitri le-EASC onto n i t r i l e r u b 
ber i n solut ion is s h o w n i n T a b l e X I I . I n a d d i t i o n , graf t ing has been 
done on ethylene-propylene copolymers , po lybutadiene , acry l i c ester 
copolymers , a n d other polymers conta in ing lab i le h y d r o g e n atoms. 

Table X I I . Graft Copolymerization onto Nitrile Rubber 
( B / A N = 70/30) 

P ( B / A N ) , grams 
M o n o m e r s 

M o l e s 
E A S C , mmoles 
M e d i u m , m l 
C a t a l y s t , grams 
T e m p / T i m e , °C/hr 
M o n o m e r C o n v e r s i o n , % 
F r a c t i o n a t i o n (Acetone) 

Soluble , % 
P ( B / A N ) , weight % 
A l t , weight % 

Insoluble, % 
P ( B / A N ) , weight % 
A l t , weight % 

5 . 6 
S / M M A 

125/125 
10 

Benzene, 55 
B P , 0 .25 

40/4 
8 . 6 

44 
90 

S / M M A 10 
56 
58 

S / M M A 42 

5 . 6 
M S / M A N 

125/125 
25 

Toluene , 55 
B P , 0 .25 

40/4 
7 . 5 

40 
80 

M S / M A N 20 
60 
74 

M S / M A N 26 

W h e n the p o l y m e r i z a t i o n is car r ied out b e l o w 6 0 ° C , the graf ted 
c o p o l y m e r branches have an equimolar composi t ion . A b o v e 6 0 ° C , a n d 
either w i t h or w i t h o u t a r a d i c a l catalyst, l i t t le or no gra f t ing occurs a n d 
n o n e q u i m o l a r ungraf ted copolymer is o b t a i n e d — p a r t i c u l a r l y w h e n the 
p o l y m e r i z i n g composi t ion is s t y r e n e - a c r y l o n i t r i l e - E A S C . E a r l i e r w o r k 
(16) has s h o w n that this composi t ion yie lds r a d i c a l rather than alternat
i n g copolymer at elevated temperatures. W h e n the p o l y m e r i z i n g compo
s i t ion is s tyrene-acryloni tr i le -z inc chlor ide , temperatures above 6 0 ° C give 
graf ted c o p o l y m e r r i c h i n acryloni t r i le . A c r y l o n i t r i l e - r i c h copolymers 
have been obta ined at e levated temperatures because of p o l y m e r i z a t i o n 
of the A N - A N - Z n C l 2 complex (17). 

H i g h e r levels of graf t ing are obta ined on polymers conta in ing p o l a r 
funct ional i ty—e .g . , ester or n i t r i l e g r o u p — w h e n such polymers are c o m -
plexed before a d d i n g the comonomers a n d free-radical catalyst (18). 

T h e c o m p l e x i n g agent is a d d e d to the po lymer , either i n solut ion 
or dispersed or emuls i f ied i n a nonsolvent. Reac t ion t ime varies f r o m 
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five minutes to 48 hours, d e p e n d i n g u p o n the specific f u n c t i o n a l group, 
its concentrat ion a n d accessibi l i ty, a n d the react ion m e d i u m . T h e 
comonomers a n d the free-radical precursor are then a d d e d . I n a heter
ogeneous system such as a p o l y m e r latex, the f ree-radica l catalyst is 
usual ly a d d e d after the monomers have h a d a chance to diffuse into the 
p r e c o m p l e x e d p o l y m e r . 

T h e temperature at w h i c h the complex is f o r m e d m a y be the same 
or different f r o m that used for the c o p o l y m e r i z a t i o n of the monomer . 

T h e results s h o w n i n T a b l e X I I I were obta ined w h e n s o l i d z inc 
ch lor ide was m i x e d w i t h so l id p o l y ( b u t y l acrylate) a n d the mixture 
s t i rred or h o m o g e n i z e d v igorous ly for one hour at 5 0 ° C ( u n t i l a trans
parent y e l l o w - b r o w n gel was o b t a i n e d ) . T h e gel was dissolved i n 50 
m l of toluene a n d the mixture st irred at 5 0 ° C for six hours. T h e sty-
rene-acryloni tr i le mixture was a d d e d at 2 5 ° C , f o l l o w e d b y the organic 
peroxide catalyst. T h i s react ion was car r ied out at 2 5 ° C for three 
hours. A f t e r prec ip i ta t ion w i t h methanol , the p r o d u c t was fract ionated 
b y Soxhlet extraction, as s u m m a r i z e d i n T a b l e X I I I . 

T a b l e X I I I . G r a f t C o p o l m e r i z a t i o n of Poly(styrene-al t -acrylonitr i le) 
onto P r e c o m p l e x e d P o l y ( b u t y l acrylate ) - Z n C l 2 

Precomplexation 

P B A , grams (mmoles) 6 . 5 (50) 
Z n C l 2 , grams (mmoles) 3 .4 (25) 
T e m p / T i m e , °C/hr 50/1 
Toluene, m l 50 
T e m p / T i m e , °C/hr 50/6 

Polymerization 

A N , grams (mmoles) 
S, grams (mmoles) 

M P P (50%), m l 
T e m p / T i m e , °C/hr 

M o n o m e r C o n v e r s i o n 5 3 . 0 % 

6 .6 (125) 
13.0 (125) 

0 . 5 
25/3 

Fractionation 

BA/S/AN Mole S/AN Mole 
Solvent % Ratio Ratio 

H e x a n e 2 0 . 0 100/0/0 — 
E t h y l Aceta te 7 . 5 32/36/32 52/48 
Res idue 7 2 . 5 11/44.5/44.5 50/50 

T h e results i n T a b l e X I V were obta ined b y a d d i n g an aqueous z i n c 
c h l o r i d e solut ion to a p o l y ( b u t y l acrylate) latex. A f t e r precomplexat ion 
at 3 0 ° C , the m o n o m e r mix ture a n d the redox catalyst w e r e a d d e d , a n d 
the p o l y m e r i z a t i o n was carr ied out at 3 0 ° C . Because of the hetero
geneity of the react ion mitxure , a large amount of a l ternat ing copolymer 
a c c o m p a n i e d the al ternat ing copolymer graft copolymer . 
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Table XIV. Graft Copolymerization of Poly(styrene-alt-acrylonitrile) 
onto Precomplexed Poly (butyl acrylate)-ZnCl 2 Latex 

Precomplexation Polymerization 

A N , grams (mmoles) 6 . 6 (125) 
18.8 

S, grams (mmoles) 13 .0 (125) 
8 . 0 (62.5) 

K 2 S 2 0 8 / N a 2 S 2 0 3 , 
1 . 7 0 ( 1 2 . 5 ) grams 0 .27/0.19 

30/24 T e m p / T i m e , °C/hr 30/3 

M o n o m e r C o n v e r s i o n 6 9 . 5 % 

Fractionation 

P B A L a t e x (42.5%), 
grams 

P B A , grams 
(mmoles) 

Z n C l 2 , grams 
(mmoles) 

T e m p / T i m e , °C/hr 

Solvent 

H e x a n e 
Acetone 
Res idue 

BA/S/AN Mole 
% Ratio 

7 .1 100/0/0 
47 .1 2/49/49 
4 5 . 8 64/18/18 

S/AN Mole 
Ratio 

50/50 
50/50 

Table X V . Graft Copolymerization of Poly(styrene-alt-acrylonitrile) 
onto Precomplexed Poly (butyl acrylate)—ZnCl 2 Latex 

Precomplexation Polymerization 

P B A latex (42.5%) 
grams 

P B A , grams 
(mmoles) 

Styrene, grams 
(mmoles) 

T e m p / T i m e , °C/hr 
Z n C l 2 , grams 

(mmoles) 
T e m p / T i m e , °C/hr 

A N , grams (mmoles) 6 . 6 (125) 

K 2 S 2 0 8 , grams 0 .4 

T e m p / T i m e , °C/hr 50/20 

18.8 

8 . 0 (62.5) 

13.0 (125) 
30/24 

4 . 2 6 (31.25) 
42/5 

M o n o m e r conversion 8 8 . 4 % 

Fractionation 

BA/S/AN Mole S/AN Mole 
Solvent % Ratio Ratio 

H e x a n e 8 . 7 100/0/0 — 
Acetone 7 .3 1/46.5/52.5 47/53 
Res idue 8 4 . 0 25/40/35 53/47 
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T h e y i e l d of graft c o p o l y m e r was increased b y m i x i n g the latex w i t h 
styrene for 24 hours before a d d i n g so l id z inc ch lor ide . T h i s p e r m i t t e d 
easier di f fus ion of the latter i n the po lymer . A s a result (see T a b l e X V ) , 
m o n o m e r convers ion was increased, y i e l d of ungraf ted al ternat ing co
p o l y m e r was reduced , a n d y i e l d of graft c o p o l y m e r was increased. 

Precomplexat ion is not as effective i n a homogeneous system, w h e r e 
the c o m p l e x i n g agent has an oppor tun i ty to diffuse a w a y f r o m the p o l y 
mer a n d complex w i t h the acceptor monomer . T h i s is par t i cu lar ly true 
w h e n precomplexat ion t ime is short ( T a b l e X V I ) . 

T a b l e X V I . G r a f t C o p o l y m e r i z a t i o n of Poly(styrene-al t -acrylonitr i le) 
onto P r e c o m p l e x e d P o l y ( b u t y l a c r y l a t e ) — E A S C 

Precomplexation Polymerization 

P B A , grams (mmoles) 8 . 0 (62.5) A N , grams (mmoles) 6 .6 (125) 
E A S C , m l (mmoles) 3 . 5 (15.7) S, grams (mmoles) 13.0 (125) 
Toluene , m l 50 M P P (50%), m l 0 . 5 
T e m p / T i m e , °C/hr 25/0.5 T e m p / T i m e , °C/hr 22/3 

M o n o m e r conversion 5 5 . 6 % 

Fractionation 

B A /S/AN Mole S/AN Mole 
Solvent % Ratio Ratio 

Hexane 3 . 6 100/0/0 — 
E t h y l acetate 64 .9 2/52.5/45.5 54/46 
Res idue 31 . 5 67/18/15 54/46 

T a b l e X V I I shows the graf t ing of p o l y ( styrene-al t -acrylonitr i le ) o n 
ni t r i le r u b b e r precomplexed w i t h E A S C . T h i s system is heterogeneous 
since a d d i t i o n of E A S C to the p o l y m e r solut ion causes the p o l y m e r to 
agglomerate or precipi tate . 

A n effective m e t h o d of p r e p a r i n g precomplexed p o l y m e r is to h o m o -
p o l y m e r i z e a polar monomer i n the presence of a c o m p l e x i n g agent 
us ing l ight , a smal l amount of oxygen, or a free-radical catalyst for 
in i t ia t ion . T h e h o m o p o l y m e r contains c o m p l e x e d c o m p l e x i n g agent. 
W h e n a mixture of comonomers is a d d e d to the complexed po lymer , 
f o l l o w e d b y a d d i t i o n of a free-radical catalyst ( i f necessary) , a l ternat ing 
c o p o l y m e r a n d graft copolymer are obta ined. 

S i m i l a r l y , an al ternat ing copolymer conta in ing complexed c o m p l e x i n g 
agent m a y be prepared f r o m a comonomer mixture a n d then m i x e d 
w i t h different comonomers to f o r m an al ternat ing c o p o l y m e r graft 
copolymer . 
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Table XVII . Graft Copolymerization of Poly(styrene-alt-acrylonitrile) 
onto Precomplexed Nitrile R u b b e r - E A S C 

Precomplexation Polymerization 

P ( B / A N ) (70:30), grams 4 . 0 
E A S C , mmoles 22 
Toluene, m l 40 
T e m p / T i m e , °C/hr 40/1 

A N , grams (mmoles) 
S, grams (mmoles) 
B e n z o y l Peroxide , grams 
T e m p / T i m e , °C/hr 

M o n o m e r conversion 8 7 % 

Fractionation 

4 . 1 (77) 
8 . 0 (77) 

0 .36 
40/5 

Solvent 

Benzene 
Acetone 
Res idue 

% 
19 
12 
69 

B/AN/S Mole 
Ratio 

64/27/9 
0/50/50 
40/39/21 

S/AN Mole 
Ratio 

9/0 
50/50 
49/51 

Grafting on Cellulose and Polyvinyl Alcohol 

F o r m a t i o n of a l ternat ing c o p o l y m e r graft copolymers f r o m b i n a r y 
m o n o m e r mixtures suggests that cel lulose acts as a matr ix a n d promotes 
the format ion of comonomer charge transfer complexes (19). T h i s is i n 
spite of the fact that graft c o p o l y m e r i z a t i o n of acry l i c monomers on 
cel lulose i n aqueous suspension, either w i t h o u t a catalyst, u n d e r i r r a 
d ia t ion , or i n the presence of o x i d i z i n g agents is considered to i n v o l v e a 
r a d i c a l m e c h a n i s m c o m p l i c a t e d b y di f fus ion effects s temming f r o m the 
react ion mixture's heterogeneity a n d h i g h viscosity. 

T h e c o p o l y m e r i z a t i o n of styrene a n d m e t h y l methacrylate (90/10 
m o l a r rat io) i n the presence of w o o d p u l p at 9 0 ° C u s i n g N a C 1 0 2 as 
catalyst gives equimolar graf ted a n d ungraf ted copolymers at a l o w 
convers ion. H o w e v e r , w h i l e the graf ted c o p o l y m e r compos i t ion is s t i l l 
e q u i m o l a r at a h igher conversion, the ungraf ted c o p o l y m e r compos i t ion 
approaches that expected f r o m the comonomer charge i n accordance 
w i t h a r a d i c a l mechanism (20). 

W h e n a mixture of butadiene a n d m e t h y l methacrylate is heated at 
90 ° C w i t h an aqueous suspension of kraft w o o d p u l p conta in ing a s m a l l 
amount of nonionic surfactant a n d i n the absence of a catalyst, essen
t i a l l y e q u i m o l a r a l ternat ing butadiene-methyl methacrylate c o p o l y m e r is 
graf ted o n the cel lulose w h e n the monomer charge contains 20-50 mole % 
m e t h y l methacrylate (21). 

T h e m u t u a l γ-irradiation of viscose r a y o n i m m e r s e d i n a m e t h a n o l 
so lut ion conta in ing butadiene a n d acry loni t r i le at 30° C yie lds ungraf ted 
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copolymers h a v i n g the composit ions expected for a n o r m a l r a d i c a l co
p o l y m e r i z a t i o n over a w i d e range of m o n o m e r charge ratios. H o w e v e r , 
the graf ted copolymers are essentially e q u i m o l a r w h e n the acry loni t r i l e 
content i n the m o n o m e r charge is f r o m 30 to 90 mole % (22). 

U n d e r s imi lar condit ions , graft p o l y m e r i z a t i o n of a mixture of sty
rene a n d acry loni t r i l e on viscose rayon yie lds e q u i m o l a r graf ted copoly
mers a n d ungra f ted copolymers w i t h a r a d i c a l compos i t ion w h e n the 
m o n o m e r charge contains 25 to 70 mole % acryloni t r i le . 

S i m i l a r results are obta ined i n the r a d i a t i o n - i n d u c e d graft copo ly 
m e r i z a t i o n of butadiene-acry loni t r i le a n d styrene-acrylonitr i le onto p o l y 
v i n y l a l c o h o l fibers (22). 

Cel lu lose -water m a y act as a matr ix a n d promote the development 
of arrays of comonomer charge transfer complexes (19). T h e cel lulose 
acts not on ly as a substrate for such a l ignment b u t also as a c o m p l e x i n g 
agent. T h e matr ix of complexes m a y be represented as s h o w n i n I 
( s tyrene-methyl methacrylate) a n d II (butad iene -acry lon i t r i l e ) . T h e 
radica l - , thermal- , a n d r a d i a t i o n - i n d u c e d graft polymer izat ions i n v o l v e 
h o m o p o l y m e r i z a t i o n of comonomer complexes rather than c o p o l y m e r i z a 
t ion of u n c o m p l e x e d monomers . 

H H H H 
φ—C+-CH2 φ—C+-CH2 φ—C+-CH2 φ—C+-CH2 

I l I I I I I I 
H 2 C - - C C H 3 H 2 C - C C H 3 H 2 C - C C H 3 H 2 C - C C H 3 

I I I I 
C — O C H 3 C — O C H 3 C — O C H 3 C — O C H 3 X X X X 

H H . H H 

Ο 

H - C H H - C H 

cellulose cellulose 
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H 2 C + H 2 C + 

/ / 
H C ~ C H 2 

II 1 
H C -

II 
II 1 

H C C H 
II 

H C ι / 1 / 

H 2 C + H 2 C + 

/ / 
C ~ C H 2 H C 

/ 
H 2 C - C H 2 C - C ^ H 2 C - C H 2 C - C 

Ν 

Η Η Η Η 

υ 

Η - C H 

cellulose 

Η - C H 

cellulose 

I I 

W h e n the c o p o l y m e r i z a t i o n of styrene a n d acry loni t r i le i n the pres
ence of z in c ch lor ide is carr ied out at 4 0 ° - 5 0 ° C i n the presence of 
cel lulose under condit ions that n o r m a l l y y i e l d an a l ternat ing copolymer 
(i.e., i n a n aqueous system i n the presence of potass ium persulfate or a 
persulfate-bisulf i te redox system) , the a l ternat ing c o p o l y m e r is accom
p a n i e d b y cel lulose graft copolymer i n w h i c h the graf ted chains h a v e an 
equimolar , a l ternat ing structure. T h e m o n o m e r convers ion is h igher 
than w h e n the react ion is car r ied out w i t h o u t cel lulose, a n d both 
ungraf ted a n d graf ted copolymers (60-80% of the total c o p o l y m e r ) are of 
very h i g h molecular we ight ( T a b l e X V I I I ) . W h e n the react ion i n the 
presence of cel lulose is conducted above 6 0 ° C , n o r m a l r a d i c a l copolymer 
is p r o d u c e d (23). 

T h e comonomer complexes m a y be anchored on the cel lulose, ana
logous to structures I a n d II, or through the interact ion of z inc ch lor ide 
a n d the cel lulosic h y d r o x y l groups; aqueous solutions of the meta l h a l i d e 
are k n o w n to break the h y d r o g e n bonds i n cel lulose a n d reduce crystal -
l i n i t y . A l t h o u g h radicals generated on the cel lulose as the result of 
react ion w i t h the catalyst m a y init iate p o l y m e r i z a t i o n of the comonomer 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
3 

| d
oi

: 1
0.

10
21

/b
a-

19
73

-0
12

9.
ch

01
3

In Polymerization Reactions and New Polymers; Platzer, N.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1973. 



13. G A Y L O R D Donor-Acceptor Complexes 227 

T a b l e X V I I I . C o p o l y m e r i z a t i o n of Styrene a n d A c r y l o n i t r i l e i n 
Presence of Z n C l 2 a n d C e l l u l o s e 

Temperature , °C 40 40 50 
T i m e , hr 3 5 1 
M o n o m e r C o n v e r s i o n , % 22 32 16 
A d d - o n , % 221 353 146 
G r a f t e d copolymer 

% of T o t a l 63 .9 66 .7 5 8 . 6 
A N , mole % 50 .0 4 9 . 0 50 .2 
M d l / g 5 .4 5 . 3 5 . 2 

U n g r a f t e d C o p o l y m e r 
% of T o t a l 36 .1 3 3 . 3 41 .4 
A N , mole % 50 .0 50 .2 52 .0 
M d l / g 5 . 1 4 . 3 3 . 2 

[S] = [AN] = 1.0 mole; [ZnCl2] = 0.5 mole; [K2S20sl = 0.05 mole; H20, 157 grams; 
wood pulp, 10 grams; [η] DMF, 30°C. 

charge-transfer complexes, they are not the sites for the attachment of 
grafted a l ternat ing c o p o l y m e r chains. 

T h e r e is a m a x i m u m of one graf ted c h a i n per cel lulose or p o l y v i n y l 
a lcohol molecule , independent of the in i t ia t ion m e t h o d (24). A re la
t ionship between the a ldehyde content a n d the extent of graf t ing has 
also been demonstrated (19). 

It is therefore reasonable to assume that graf t ing occurs b y termina
t ion of a propagat ing a l ternat ing c o p o l y m e r c h a i n on the substrate 

C H 2 O H C H 2 O H 

H O H Η O H 

C H 2 O H 

Η O H 
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H 
~ C H 2 C H C H 2 C H — C H C H 2 C H 2 C H ~ ~ C H 2 C H C H 2 C H + . C C H 2 C H 2 C H ~ 

I I I I — * I II I I 
OH OH OH OH OH 0 OH OH 

PMX* 

Ψ 
~ C H 2 C H C H 2 C — M X P 

I II 
OH Ο 

polymer , presumably b y insert ion of the generated t e r m i n a l carbene 
into the C - H of an a ldehyde group. I n cel lulose, the latter is apparent ly 
a t e r m i n a l g r o u p generated b y cleavage of the t e r m i n a l hemiaceta l 
groups. I n p o l y v i n y l a lcohol , the a ldehyde is a t e r m i n a l group gen
erated b y cleavage of the v i c i n a l g l y c o l resul t ing f r o m head-to-head 
a d d i t i o n . A l t h o u g h a ldehyde groups are also generated b y cleavage of 
the v i c i n a l g l y c o l i n the anhydroglucose units of cel lulose, these groups 
are re lat ively inaccessible a n d are b u r i e d i n the crystal l ine h y d r o g e n -
b o n d e d cel lulose, c o m p a r e d w i t h the te rmina l a ldehydes w h i c h are 
p r o b a b l y i n d isordered areas. T h e al ternat ing c o p o l y m e r graft copoly
mers on cel lulose a n d p o l y v i n y l a l cohol are thus actual ly a l ternat ing 
c o p o l y m e r b l o c k copolymers . 
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New Block Copolymers from Macroradicals 

RAYMOND B. SEYMOUR, PATRICK D. KINCAID, 
and DONALD R. OWEN 

University of Houston, Houston, Tex. 77004 

New macroradicals have been obtained by proper solvent 
selection for the homopolymerization of styrene, methyl 
methacrylate, ethyl acrylate, acrylonitrile, and vinyl ace
tate, and by the copolymerization of maleic anhydride with 
vinyl acetate, vinyl isobutyl ether, or methyl methacrylate. 
These macroradicals and those prepared by the addition 
to them of other monomers were stable provided they were 
insoluble in the solvent. Since it does not add to maleic 
anhydride chain ends, acrylonitrile formed a block copoly
mer with only half of the styrene-maleic anhydride macro-
radicals. However, this monomer gave excellent yields of 
block polymer when it was added to a macroradical ob
tained by the addition of limited quantities of styrene to 
the original macroradical. Because of poor diffusion, 
styrene did not add to acrylonitrile macroradicals, but 
block copolymers formed when an equimolar mixture of 
styrene and maleic anhydride was added. 

T t has previous ly been s h o w n that the rate of the free-radica l - in i t ia ted 
c o p o l y m e r i z a t i o n of male ic a n h y d r i d e a n d v i n y l monomers is faster 

i n poor solvents than i n g o o d solvents, a n d that the c o p o l y m e r i z a t i o n 
rates i n these poor solvents decrease as the difference i n the so lubi l i ty 
parameter values be tween that of the c o p o l y m e r a n d the solvent i n 
creases (6, 10). O t h e r investigators have suggested that this free-
r a d i c a l i n i t i a t i o n involves h y d r o g e n abstraction, a n d that the free-radical 
precursor increases the y i e l d of the al ternat ing c o p o l y m e r regardless of 
the m o n o m e r charge ( 3 ) . 

T h e tendency for these monomers to p r o d u c e an al ternat ing co
p o l y m e r is also supported b y their react iv i ty rat ios—0 for male ic a n h y d r i d e 
a n d 0.02 for styrene. It has also been suggested that a strong donor 
m o n o m e r such as male ic a n h y d r i d e a n d a strong acceptor m o n o m e r 

230 
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14. S E Y M O U R E T A L . Copolymers from Macroradicals 231 

such as styrene p r o d u c e a comonomer charge-transfer c o m p l e x w h i c h , 
i n its exci ted state, is the p o l y m e r i z a b l e specie (4,5). 

W h i l e i t is assumed that t e rminat ion b y c o u p l i n g takes p lace w h e n 
male ic a n h y d r i d e a n d styrene are c o p o l y m e r i z e d i n a g o o d solvent such 
as acetone, insoluble macroradicals prec ipi tate w h e n these monomers 
are c o p o l y m e r i z e d i n a poor solvent such as benzene ( 7 ) . Insoluble 
macroradicals ob ta ined b y b u l k p o l y m e r i z a t i o n of acry loni t r i le (1, 11) 
a n d the solut ion c o p o l y m e r i z a t i o n of male ic a n h y d r i d e a n d styrene i n 
benzene (7 ) have been used as seeds for the prepara t ion of b l o c k co
polymers . 

A l s o , i t has been reported that poly(s tyrene-co-male ic a n h y d r i d e -
b-styrene) c o u l d be obta ined either b y a d d i t i o n of styrene monomer 
to the styrene-maleic a n h y d r i d e macroradicals or b y the free-radical -
in i t ia ted c o p o l y m e r i z a t i o n of male ic a n h y d r i d e w i t h more than a n 
e q u i m o l a r p r o p o r t i o n of styrene i n benzene solut ion ( 7 ) . H o w e v e r , the 
m a x i m u m amount of styrene present i n these b l o c k copolymers was less 
than 35% of the w e i g h t of the o r i g i n a l m a c r o r a d i c a l . T h i s l i m i t a t i o n 
o n the y i e l d of the b l o c k c o p o l y m e r is n o w assumed to be related to 
the increased so lub i l i ty of the styrene b l o c k i n the benzene solvent, 
w h i c h permits te rminat ion of the n e w macroradicals b y c o u p l i n g . 

Block Copolymers from Styrene-Maleic Anhydride 
Copolymer Macroradicals 

N o p r o d u c t was obta ined w h e n e q u i m o l a r mixtures of male ic 
a n h y d r i d e a n d styrene i n a benzene solut ion w e r e heated at 50 ° C either 
w i t h o u t oxygen or w i t h large amounts of oxygen. H o w e v e r , a benzene-
insoluble p r o d u c t was obta ined w h e n air was not r e m o v e d f r o m these 
solutions, a n d the sealed containers i n the presence of a moderate amount 
of oxygen w e r e heated at 5 0 ° C . 

Y i e l d s i n excess of 98% of macroradicals w e r e obta ined i n less than 
t w o hours w h e n e q u i m o l a r oxygen-free mixtures of male ic a n h y d r i d e 
a n d styrene were heated at 5 0 ° C i n the presence of 2.5% a, a '-azobisiso-
butyroni t r i l e ( A I B N ) . These macroradicals c o u l d be isolated b y filter
i n g i n a n inert atmosphere a n d r e m o v i n g res idual solvent b y a p p l y i n g a 
v a c u u m at 0 ° C . T h e macroradicals re ta ined their ab i l i ty to f o r m b l o c k 
copolymers after b e i n g stored for seven days i n the absence of oxygen 
at 0 ° C . 

F i g u r e 1 shows that the w e i g h t of these macroradicals increases b y 
about 35% w h e n they are heated for 50 hours w i t h re la t ive ly large 
amounts of styrene i n a benzene solut ion at 5 0 ° C . H o w e v e r , a w e i g h t 
increase of more than 300% was n o t e d w h e n the macroradicals w e r e 
heated w i t h a n e q u i m o l a r mixture of male ic a n h y d r i d e a n d styrene i n 
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a benzene solut ion at 5 0 ° C . T h e presence of macroradicals was con
f i rmed b y the format ion of h i g h y ie lds of b l o c k copolymers w h e n 
acry loni t r i l e was a d d e d to the macroradicals at 5 0 ° C ( 9 ) . H o w e v e r , 
no increase i n w e i g h t was noted w h e n either a m i x t u r e of male ic 
a n h y d r i d e a n d styrene or acry loni t r i le was a d d e d to the b l o c k copolymer 
obta ined b y the a d d i t i o n of at least 35% styrene. 

40 60 100 120 140 160 180 200 220 240 
TIME, hours 

Figure 1. Rate of addition of styrene monomer to a styrene-maleic 
anhydride macroradical in benzene at 50°C 

B l o c k copolymers i n good y i e l d were obta ined w h e n the styrene-
male ic a n h y d r i d e macroradicals were heated w i t h m e t h y l methacrylate 
i n benzene at 5 0 ° C . (see F i g u r e 2 ) . U n l i k e w h a t h a p p e n e d w h e n 
styrene m o n o m e r was a d d e d , the y i e l d of the poly(s tyrene-co-male ic 
a n h y d r i d e - b - m e t h y l methacrylate) cont inued to increase w i t h t ime u p 
to 180 hours. T h e relat ive areas of the styrene a n d m e t h y l methacrylate 
pyrolys is gas-chromatographic ( P G C ) peaks w e r e 0.53 a n d 0.24 for the 
b l o c k copolymers conta in ing 17 a n d 35% m e t h y l methacrylate , respec
t ive ly . 

T h e rate of b lock copolymer format ion i n a poor solvent is inversely 
re lated to the difference be tween the so lubi l i ty parameters of the macro-
r a d i c a l a n d the monomer used to f o r m the b lock . T h u s , w h e n these 
so lub i l i ty parameter values are s imi lar—as w i t h the a d d i t i o n of styrene 
a n d male ic a n h y d r i d e to the styrene-maleic a n h y d r i d e m a c r o r a d i c a l — a 
100% w e i g h t increase is observed i n a f e w hours. 

S o l u b i l i t y parameters are a measure of po lar i ty that g ive a q u a n t i 
tative measurement to " l i k e dissolves l ike/' T h e y vary f r o m 6 for n o n -
p o l a r a l iphat i c hydrocarbons to 23.2 for water . T h i s w e l l - k n o w n p a r a m 
eter is adequately descr ibed i n other publ ica t ions (2,8). 

W h e n the difference i n the so lub i l i ty parameters is greater than 2 
h i l d e b r a n d units , as i n the case w i t h m e t h y l methacrylate a n d the 
styrene-maleic a n h y d r i d e macroradica l , the rate of format ion of b l o c k 
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4 0 -
3 8 -

Ï I I I I I I 1 1 1 
0 20 40 60 80 100 120 140 160 180 

TIME, hours 

Figure 2. Rate of addition of methyl methacrylate monomer to 
styrene-maleic anhydride macroradicals in benzene at 50°C 

copolymers is s lower. T h u s , as s h o w n i n F i g u r e 2, o n l y 11 parts b y 
weight of this m o n o m e r are a d d e d to the 100 parts of the macroradica l 
d u r i n g 24 hours. 

T h e difference be tween the so lub i l i ty parameters of styrene a n d 
these macroradicals is 1.7 h i l d e b r a n d units . T h e w e i g h t of the macro-
r a d i c a l thus increased b y 30 percent i n 24 hours i n the presence of 
styrene ( F i g u r e 1 ) . 

T h e difference be tween the so lubi l i ty parameter of acry loni t r i le a n d 
the styrene-maleic a n h y d r i d e m a c r o r a d i c a l is 0.5 h i l d e b r a n d uni t . T h e 
f o r m a t i o n of b l o c k c o p o l y m e r was thus r a p i d , a n d the w e i g h t of these 
macroradica ls increased b y 86 percent i n 24 hours i n the presence of 
acry loni t r i l e ( F i g u r e 3 ) . 

A n increase i n w e i g h t was noted w h e n a n e q u i m o l a r mix ture of 
styrene a n d male i c a n h y d r i d e was a d d e d to these acry loni t r i l e b l o c k 
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macroradicals . T h e relat ive areas of the styrene/acrylonitr i le peaks of 
the m a c r o r a d i c a l a n d the c o p o l y m e r w i t h the styrene-co-maleic anhy
d r i d e b l o c k w e r e 5.82 a n d 6.45, respect ively. 

70 90 
TIME, hours 

Figure 3. Rate of addition of acrylonitrile monomer to a styrene-
maleic anhydride macroradical in benzene at 50°C 

A c r y l o n i t r i l e was also a d d e d to a mixture of benzene a n d m a c r o r a d i 
cals obta ined f r o m a m o n o m e r mixture conta in ing equimolar amounts of 
male ic a n h y d r i d e a n d styrene. C o m p a r e d w i t h the data a lready c i t e d 
for styrene-r ich macroradicals , on ly 50% of the macroradicals obta ined 
f r o m the e q u i m o l a r mixture p r o d u c e d acetone-insoluble b l o c k copolymers . 
Since a mixture of male ic a n h y d r i d e a n d acryloni t r i le d i d not f o r m a 
copolymer w h e n heated w i t h A I B N i n benzene, i t was c o n c l u d e d that 
ha l f of these o r i g i n a l macroradicals h a d male ic a n h y d r i d e t e r m i n a l 
groups. 

D e a d copolymers , as noted, were obta ined w h e n large amounts of 
styrene monomer were a d d e d to styrene-maleic a n h y d r i d e macroradicals . 
H o w e v e r , macroradicals were obta ined w h e n the amount of styrene 
a d d e d equa l led less than 30% of the weight of the macroradica l . F o r 
example, b l o c k copolymers were obta ined w h e n styrene a n d male ic 
a n h y d r i d e or acry loni t r i le were a d d e d to styrene-co-maleic a n h y d r i d e - b -
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styrene macroradicals i n w h i c h the rat io of the w e i g h t of the styrene 
b l o c k to that of the o r i g i n a l m a c r o r a d i c a l was 27/100. Po ly(s tyrene-co-
male ic anhydr ide-b-s tyrene-b-v iny l acetate) was also obta ined. 

Block Copolymers from Other Macroradicals Obtained from 
Maleic Anhydride and Vinyl Monomers 

M a c r o r a d i c a l s were also p r e p a r e d b y the c o p o l y m e r i z a t i o n of male ic 
a n h y d r i d e a n d v i n y l acetate i n benzene i n the presence of 2.5% A I B N . 
Because of the so lub i l i ty of the v i n y l acetate b l o c k i n benzene, the 
m a x i m u m rat io of the we ight of the v i n y l acetate to the m a c r o r a d i c a l i n 
p o l y ( v i n y l acetate-co-maleic a n h y d r i d e - b - v i n y l acetate) was 26/100. B y 
contrast, since the acry loni t r i le b lock was insoluble i n benzene, excellent 
y ie lds of p o l y ( v i n y l acetate-co-maleic anhydr ide-b -acry lon i t r i l e ) w e r e 
obta ined. F o r example, the rat io of the w e i g h t of the acry loni t r i l e to 
that of the m a c r o r a d i c a l after 10 days i n benzene at 5 0 ° C was 131/100. 
M a c r o r a d i c a l s were also p r e p a r e d b y the c o p o l y m e r i z a t i o n of male ic 
a n h y d r i d e a n d v i n y l i sobuty l ether i n benzene w i t h 2.5% A I B N . 

S ince the react iv i ty ratios of male ic a n h y d r i d e a n d m e t h y l metha
crylate are 0.03 a n d 3.5, respectively, there is less tendency for the f o r m a -

MA-* 

MMA 

J 

MA 

MMA 

A Β 

Figure 4. Chromatograms of pyrolyzates from copolymers 
of methyl methacrylate (MMA) with equimolar concen
tration of maleic anhydride (MA) [A] and with fourfold 

molar excess of MA [B] 
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t i o n of an a l ternat ing c o p o l y m e r than i n the previous case w i t h styrene. 
T h u s , w h e n equimolar ratios of male ic a n h y d r i d e a n d m e t h y l metha
crylate were c o p o l y m e r i z e d i n benzene i n the presence of 2.5% A I B N at 
5 0 ° C , a dead-soluble r a n d o m copolymer conta in ing m u c h less than 50% 
male ic a n h y d r i d e was obta ined. 

H o w e v e r , an active benzene- insoluble m e t h y l methacrylate-male ic 
a n h y d r i d e m a c r o r a d i c a l was obta ined w h e n the molar ratio of the male ic 
a n h y d r i d e to m e t h y l methacrylate was 4 to 1. T h i s r a n d o m m a c r o r a d i c a l 
conta ined about 50% male ic a n h y d r i d e . E x c e l l e n t yie lds of b l o c k copoly
mers were obta ined w h e n mixtures of male ic a n h y d r i d e a n d styrene or 
v i n y l acetate were a d d e d to these macroradica ls . F o r example, the ratios 
of the w e i g h t of the styrene-maleic a n h y d r i d e a n d the v i n y l acetate-
male ic a n h y d r i d e blocks to the w e i g h t of the m a c r o r a d i c a l w e r e 790/100 
a n d 627/100, respectively, after the mixtures of the monomers a n d the 
macroradicals were heated i n benzene for three days at 5 0 ° C . 

T h e re lat ive areas of the G C chromatograms obta ined f r o m the 
pyrolyzates f r o m the d e a d m e t h y l methacrylate-male ic a n h y d r i d e copoly
mer a n d the corresponding m a c r o r a d i c a l are s h o w n i n F i g u r e 4. 

Preparation of Block Copolymers from Homomacroradicals 

M a c r o r a d i c a l s were obta ined b y the p o l y m e r i z a t i o n of e t h y l acrylate 
i n cyclohexane, styrene i n hexane, v i n y l acetate i n decane, a n d m e t h y l 
methacrylate i n hexane. Because of the so lubi l i ty of the v i n y l acetate 
b lock i n hexane, the rat io of the w e i g h t of v i n y l acetate to that of the 
m a c r o r a d i c a l i n p o l y ( m e t h y l methacry la te -b -v iny l acetate) after heat ing 
at 5 0 ° C for three days was only 30/100. B y contrast, because of the 
i n s o l u b i l i t y of the acry loni t r i le b lock i n hexane, good yie lds of m e t h y l 
methacrylate-b-acryloni tr i le macroradicals were obta ined. T h e ratio of 
the w e i g h t of the acryloni t r i le b lock to that of the m a c r o r a d i c a l was thus 
90/100 after heat ing the mixture for three days at 5 0 ° C i n hexane. 

G o o d yie lds of acry loni t r i le macroradicals were obta ined w h e n a 
benzene solut ion of this monomer was heated at 5 0 ° C w i t h 2.5% A I B N . 
T h e difference between the so lubi l i ty parameters of these macroradicals 
a n d styrene, 3.2 h i l d e b r a n d units , was too great to p e r m i t d i f fus ion of the 
styrene monomer i n the acry loni t r i le m a c r o r a d i c a l a n d therefore, no b l o c k 
copolymer was p r o d u c e d w i t h this monomer . 

H o w e v e r , the difference between the so lubi l i ty parameters of an 
e q u i m o l a r mixture of styrene a n d male ic a n h y d r i d e a n d the acry loni t r i le 
m a c r o r a d i c a l is only 1.1 h i l d e b r a n d units . T h u s , a b lock c o p o l y m e r w i t h 
a rat io b y w e i g h t of styrene a n d male ic a n h y d r i d e to that of the acrylo
n i t r i le m a c r o r a d i c a l of 41/100 was obta ined w h e n a mixture of these 
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monomers a n d the macroradicals w e r e heated i n benzene at 50° C for 
24 hours. 

T h e f o r m a t i o n of b l o c k copolymers was demonstrated b y an increase 
i n w e i g h t that d i d not take place either w i t h homogeneous solut ion 
polymers or w i t h heterogeneous solut ion polymers i n the presence of 
oxygen. T h a t these h i g h - y i e l d products were not mixtures of h o m o -
polymers was obvious f r o m their so lub i l i ty characteristics. H o w e v e r , 
this conc lus ion was also ver i f ied b y solvent extract ion a n d pyrolysis of 
the solvent fractions. T h e presence of more than one monomer i n the 
pyro lyzate was demonstrated b y characterist ic gas-chromatographic re
tent ion times. 

F o r example, the styrene-maleic a n h y d r i d e c o p o l y m e r is soluble i n 
acetone, a n d p o l y a c r y l o n i t r i l e is insoluble i n acetone b u t so luble i n 
d i m e t h y l f o r m a m i d e . Yet , the b l o c k c o p o l y m e r obta ined b y a d d i t i o n of 
acryloni t r i le to the styrene-maleic a n h y d r i d e m a c r o r a d i c a l is so luble 
neither i n acetone nor i n d i m e t h y l f o r m a m i d e . Pyrolys is gas-chromatog-
raphy, though, shows that this acetone a n d d i m e t h y l f o r m a m i d e - i n s o l u b l e 
p r o d u c t contains styrene, male ic a n h y d r i d e , a n d acryloni t r i le . T h e rela
t ive area of the acry loni t r i le peak was re la ted to the amount of acry lo
n i t r i l e a d d e d to the or ig ina l macroradica l . 

Experimental 

M a l e i c a n h y d r i d e was crys ta l l ized f r o m s o d i u m - d r i e d , th iophene-
free benzene. T h e azobis isobutyroni tr i le was crys ta l l ized f r o m a m i x e d 
solvent conta in ing equa l volumes of benzene a n d toluene. T h e l i q u i d 
monomers were pur i f i ed b y d is t i l la t ion under reduced pressure. 

T o prepare the copolymers , enough solvent was a d d e d to 0.5 g r a m 
of e q u i m o l a r quantit ies of male ic a n h y d r i d e a n d v i n y l monomer a n d 
0.0125 gram azobis isobutyroni tr i le to make a tota l v o l u m e of 5 m l . T h e 
copolymerizat ions were c o n d u c t e d i n sealed glass containers i n the 
absence of oxygen. T h e prec ipi tate was r e m o v e d f r o m heterogeneous 
systems, washed w e l l w i t h fresh solvent after filtration, a n d d r i e d u n d e r 
a v a c u u m at 0 ° C . 

T h e homopolymers were p r e p a r e d s i m i l a r l y , u s i n g solvents i n w h i c h 
the polymers were insoluble . T h e b lock copolymers were p r o d u c e d b y 
a d d i n g appropr ia te monomers to the mixture of the macroradicals a n d 
benzene, a n d heat ing the mixture i n an inert atmosphere at 5 0 ° C . 

Pyrolys is gas-chromatographic investigations w e r e made u s i n g a 
W i l k i n s m o d e l A 1 0 0 C A e r o g r a p h e q u i p p e d w i t h a Servo-Rit ter II Texas 
Instruments recorder; h e l i u m was the carrier gas. T h e 10-foot b y ^ - i n c h 
diameter c o l u m n was p a c k e d w i t h ac id-washed C h r o m o s o r b W (Johns 
M a n v i l l e ) w i t h 20% SE-20 ( G e n e r a l E l e c t r i c ) . 

A r h e n i u m tungsten p y r o l y z i n g c o i l ( code 13-002) obta ined f r o m 
G o w - M a c Instrument was used. Solutions of the samples were p l a c e d 
on the coils a n d the solvent a l l o w e d to evaporate before the res idual film 
was p y r o l y z e d for about five seconds. 
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Conclusions 

M a c r o r a d i c a l s can be prepared b y free-radical - in i t ia ted solut ion 
p o l y m e r i z a t i o n of monomers i n poor solvents. M o n o m e r s w i t h so lub i l i ty 
parameters s imi lar to those of the macroradicals may f o r m b l o c k copoly
mers i n solvents that are poor solvents for b o t h the m a c r o r a d i c a l a n d the 
block. T h e a b i l i t y of a b lock m a c r o r a d i c a l to a d d a n a d d i t i o n a l b lock 
is governed b y the so lubi l i ty parameter of the i n i t i a l c h a i n i n the macro-
r a d i c a l , a n d not b y the so lubi l i ty parameter of the end block . F o r the 
format ion of macroradicals , i t is essential that the so lubi l i ty parameters 
of the monomer a n d p o l y m e r differ b y at least 1 . 8 h i l d e b r a n d units . F o r 
the format ion of b lock copolymers , it is essential that the difference i n 
so lubi l i ty parameters of the monomer a n d macroradica l be less than 3 . 2 
h i l d e b r a n d units . 
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Polystyrene—Polydimethylsiloxane 

Multiblock Copolymers 

JOHN C. SAAM, ANDREW H. WARD and F. W. GORDON FEARON 

Dow Corning Corp., Midland, Mich., 48640 

The title block copolymers with characteristics ranging 
from thermoplastic elastomers to polyethylene-like thermo
plastics are obtained from ring opening polymerization of 
hexamethylcyclotrisiloxane with "living" α,ω-dilithiopoly-
styrene. Chain scissions and oligomerizations which 
usually complicate siloxane polymerization are avoided, and 
molecular parameters regulating physical and mechanical 
properties are conveniently controlled to provide a unique 
family of thermoplastic materials. 

j D l o c k copolymers of po lydimethyls i loxane a n d various thermoplast ics 
offer combinat ions of properties w h i c h have i n t r i g u e d numerous i n 

vestigators. T h e interest generated b y the earl ier c o p o l y m e r systems as 
w e l l as those of the present invest igat ion stems i n large part f r o m the 
u n i q u e features i m p a r t e d b y the polydimethyls i loxane blocks. A m o n g 
these are retention of flexibility at l o w temperature, excellent e lectr ical 
properties, ozone resistance, d u r a b i l i t y towards weather ing , a n d a h i g h 
degree of permeabi l i ty towards gases. Thermoplas t i c blocks reported 
to be incorporated i n such thermoplast ic elastomers so far i n c l u d e 
s i lphenylene-s i loxane ( I ) , p o l y ( b i s p h e n o l - A - c a r b o n a t e ) ( 2 ) , polystyrene 
(3, 4), a n d polyarylsulfones ( 5 ) . I n each case the r u b b e r y part of the 
b l o c k c o p o l y m e r is po lydimethyls i loxane . A l l show interest ing a n d 
u n i q u e proper ty profiles, b u t the only b lock copolymers w h i c h seem 
economica l ly sui ted for v o l u m e manufac ture are those where the 
" h a r d " b locks are composed of polystyrene or its derivat ives. 

T h e most p r o m i s i n g a p p r o a c h for p r e p a r i n g b l o c k copolymers of 
polystyrene ( A ) a n d polydimethyls i loxane ( B ) involves p o l y m e r i z a t i o n 
of cyclosi loxane monomers w i t h " l i v i n g " «,ω-polystyrene anions ( 6 ) . 
T h e o r i g i n a l approach , however , gives materials contaminated w i t h the 
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component homopolymers w h i c h are ruinous to mechanica l properties. 
T h e present effort shows that var ia t ion of the o r i g i n a l anionic p o l y m e r 
i z a t i o n of cyclosiloxanes w i t h l i v i n g polystyrene (7 ) c i rcumvents these 
difficulties a n d provides an effective route to a range of useful materials . 

Synthesis 

T h e key to synthesiz ing w e l l def ined b l o c k copolymers successfully 
is the anionic r ing-opening p o l y m e r i z a t i o n of hexamethylcyclotr is i loxane, 
D s , f r o m the " l i v i n g " ends of «,ω-dilithiopolystyrene. T h i s gives a B A B 
b l o c k copolymer terminated w i t h l i t h i u m silanolate ends. T h e ends are 
then c o u p l e d w i t h d i a l k y l d i c h l o r o s i l a n e to give ( B A B ) * m u l t i b l o c k co
polymers essentially free of homopolymers a n d b y - p r o d u c t cyclosi loxanes. 
T h e siloxane p o l y m e r i z a t i o n is r u n i n solut ion i n the presence of pro
m o t i n g solvents such as T H F or the glymes. C o n t r a r y to t y p i c a l anionic 
cyclosi loxane polymer izat ions w h e r e potass ium silanolates are usual ly 
e m p l o y e d , l i t t le or no concomitant c h a i n scission or e q u i l i b r a t i o n is 
observed w h e n l i t h i u m is the counter ion. T h i s has been demonstrated 
i n m o d e l experiments w h e r e b u t y l l i t h i u m rather than " l i v i n g " p o l y 
styrene was used to p o l y m e r i z e ΌΆ u n d e r comparable condit ions . These 
gave l i t t le of the b y - p r o d u c t cyclodimethyls i loxanes usual ly f o u n d i n 
anionic siloxane r i n g - o p e n i n g polymerizat ions done i n solut ion. H i g h 
conversions to po lydimethyls i loxane w i t h narrow molecular w e i g h t dis
t r ibut ion were also obta ined. T h e molecular weight corresponded closely 
to that ca lcu la ted f r o m the amount of catalyst a n d the w e i g h t of D 3 used 
p r o v i d e d the system was scrupulous ly p u r g e d of moisture a n d other 
prot i c impuri t ies . Thus , as i n " l i v i n g " styrene polymerizat ions the 
molecular we ight of the si loxane blocks can be closely regulated. T h i s 
procedure al lows contro l of b l o c k size a n d relative amount of the blocks 
i n the copolymer system. T h e precise nature of the p o l y m e r i z a t i o n a n d 
the ab i l i ty to contro l molecular variables were then used to synthesize 
po lys tyrene-po lydimethyls i loxane A B b l o c k copolymers ( 8 ) . Reac t ion 
1 outlines the synthesis of the m u l t i b l o c k copolymers . 

L i [ C H 2 C H ( C 6 H 5 ) ] n L i + 2 / 3 M ( M e 2 S i O ) 3 + (polar solvent) -> 

L i ( O M e 2 S i ) m [ C H 2 C H ( C 6 H 5 ) ] n ( S i M e 2 0 ) w L i (1) 

|R 2SiX 2 

[ ( O M e 2 S i ) m ( C H 2 — C H ( C e H e ) ) n ( S i M e , 0 ) J , 

T h e exper imental condit ions were essentially those a lready reported for 
the synthesis of the corresponding A B b lock copolymers . T h e only 
differences were the d i f u n c t i o n a l in i t ia tor (9) a n d the use of a d i f u n c -
t iona l rather than m o n o f u n c t i o n a l chlorosi lane for react ion w i t h the 
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l i t h i u m si loxanolate terminated p o l y m e r . A t least 18 hours were a l l o w e d 
for the latter step to ensure complete react ion. Absence of h o m o p o l y -
mer was assessed b y the prev ious ly descr ibed procedure of d e t e r m i n i n g 
so lubi l i ty i n selective solvents (8) a n d i n t w o examples b y frac t ional 
prec ip i ta t ion of 1% toluene solutions of b l o c k copolymer u s i n g methanol 
as a prec ipi tant . T h e composit ions of each f rac t ion as d e t e r m i n e d b y 
s i l i con analysis w e r e constant w i t h i n exper imental error over the range 
of m o l e c u l a r weights obta ined ( g i v e n i n F igures 1 a n d 2.) Gross 
variat ions i n s i l i con content f r o m one fract ion to another w o u l d be ex
pected for either the c o p o l y m e r r i c h i n po lydimethyls i loxane or the 
c o p o l y m e r r i c h i n polystyrene i f significant amounts of either homo-
p o l y m e r w e r e present. 

Table I. Effect of Free P o l y d i m e t h y l s i l o x a n e a on Mechanical 
Properties of a Compression Molded (BAB)^ Block Copolymer 

with 50 wt % P o l y s t y r e n e 6 

{MeiSiO)n Tensile at Break, psi, Elongation at Break, %, 
Added, wt % (Break) (Break) 

° Molecular weight 22,800. 
6 Molecular weight of polystyrene blocks, 23,500; overall molecular weight 107,000. 

M o i s t u r e a n d oxygen must be r igorously exc luded f r o m the system 
if the synthesis is to be successful. Inadvertant in t roduct ion of trace 
prot i c impur i t ies of meta l oxides d u r i n g the synthesis leads to the f o r m a 
t ion of po lydimethyls i l ioxane h o m o p o l y m e r . T h i s mater ia l , present i n 
even s m a l l amounts, is det r imenta l to the mechanica l properties of the 
final b l o c k copolymer . T h i s effect can be i l lustrated b y del iberate ly 
i n c l u d i n g k n o w n amounts of po lydimethyls i loxane i n a b l o c k c o p o l y m e r 
of demonstrated m e c h a n i c a l strength. These effects are s u m m a r i z e d i n 
T a b l e I . 

Structure-Property Relationships 

T h e characteristics of the copolymers , w h i c h range f r o m elastomers 
to l o w m o d u l u s thermoplastics of v a r y i n g mechanica l a n d rheologica l 
properties , d e p e n d o n molecular parameters that can be predetermined 
i n the synthesis b y the relat ive amounts of monomers , ini t iator , a n d 
c o u p l i n g reagent ( R 2 S i X 2 ) used. These parameters are overa l l molec
u lar weight , the relat ive a n d absolute sizes of the component b locks , 
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a n d the glass transit ion temperature of the " h a r d " b locks . T h e influence 
of each of these on properties is considered separately. 

T h e effect of overa l l molecu lar w e i g h t on m e c h a n i c a l a n d rheologica l 
properties was de termined b y measur ing properties o n samples obta ined 
b y f ract ional prec ip i ta t ion of t w o different ( B A B ) * b l o c k copolymers . 
O n e c o p o l y m e r conta in ing 30 w t % polystyrene gave seven fractions 
w h e r e χ v a r i e d f r o m 1.6 to 60. T h e s i l icone content was near ly ident i 
ca l be tween fractions. A second c o p o l y m e r conta in ing 50 w t % p o l y 
styrene gave five fractions. Tens i le properties w e r e measured o n solu
t ion cast films f r o m the first series. T h e data s h o w e d that χ must be 
greater than 2 for the films to show any signif icant mechanica l strength. 
Tens i le strength increases sharply w i t h molecu lar w e i g h t u n t i l χ reaches 
8 to 10, after w h i c h l i t t le further increase is seen. T h e general shape 
of the stress-strain curve is essentially the same for each f ract ion . T h e 
envelope of the stress-strain curves a n d points of fa i lure are s h o w n i n 
F i g u r e 1. 

TENSILE STRENGTH (PSI) 

2500 

2000 

1500 — 

1000 — 

500 

5 10 
EXTENTION RATIO 

KEY M N Χ 10*5 

Ο 30.9 
€ 25.8 
Q 19.3 
Φ 12.9 
© 4.0 

1.6 • 
ι 

0.71 

ι 
15 

Figure 1. Effect of molecular weight on tensile properties 
of fractionaly precipitated samples of (BAB)X which contain 

30 wt % polystyrene and MA = 13,500 

T h e effect of overa l l molecular w e i g h t or the n u m b e r of blocks 
o n rheologica l properties for the samples f r o m the second fract ionat ion 
c a n be i l lustrated as a plot of r e d u c e d viscosity vs. a func t io n propor
t iona l to the p r i n c i p a l m o l e c u l a r relaxat ion t ime ( F i g u r e 2 ) . T h i s 
func t ion inc ludes the variables of zero shear viscosity, shear rate, γ, a n d 
absolute temperature, T, i n a d d i t i o n to molecular weight , a n d al lows the 
data to be expressed as a single master curve (10). A l l b u t one of the 
fractions f r o m the c o p o l y m e r conta in ing 50% polystyrene f a l l o n this 
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5 + LOG τ?Α?0 

5.0 Κ— 

Figure 2. Effect of molecular weight on reduced bulk viscosity ex
pressed as a master curve for fractionally precipitated samples of (BAB)X 

which contain 50 wt % polystyrene and MA = 13,500. T = 463°K. 

curve . T h e except ion is the f rac t ion of lowest molecu lar w e i g h t w h i c h 
contains a h i g h p r o p o r t i o n of the species ( B A B ) ^ w h e r e χ = 1. T h e 
va lue of —0.99 for the l i m i t i n g slope of the master curve i n F i g u r e 2 
is u n u s u a l . T h i s is substantial ly h igher than the v a l u e of —0.82 pre
d i c t e d f r o m theoret ical considerations a n d the values observed for 
polystyrene a n d po lydimethyls i loxane (11). 

T h e molecular w e i g h t of the polystyrene blocks is d e t e r m i n e d b y 
the rat io of m o n o m e r to in i t ia tor used i n the synthesis a n d is c r i t i c a l i n 
d e t e r m i n i n g m e c h a n i c a l a n d rheologica l properties. T h e data i n T a b l e 
I I indicate that a b l o c k size of about 8000 is r e q u i r e d to obta in use fu l 

T a b l e I I . E f fec t of Polystyrene B l o c k Size o n M e c h a n i c a l Propert ies 
of C o m p r e s s i o n M o l d e d P o l y s t y r e n e - P o l y d i m e t h y l s i l o x a n e B l o c k 

C o p o l y m e r s C o n t a i n i n g 30% Polystyrene 

Mn Polystyrene Degree of Ultimate Stress, Ultimate 
Block Condensation, χ psi Strain, % 

4 ,000 3 . 3 240 120 
7 ,700 3 . 6 700 260 

11,100 3 . 9 950 550 
12,300 3 . 5 1,020 350 
13,550 3 . 3 1,030 480 
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m e c h a n i c a l properties a n d that a molecular w e i g h t greater than 12,000 
gives l i t t le further improvement . 

M e l t viscosity increases as the molecular we ight of the polystyrene 
blocks is increased, but the effect tends to d i m i n i s h as the rate of shear 
is increased. T h e influence of b lock size is expressed as a f a m i l y of 
converg ing viscosi ty—shear rate curves for three copolymers of d i f fer ing 
b l o c k size, ( F i g u r e 3 ) . These curves also i l lustrate the n o n - N e w t o n i a n 
character of the po lys tyrene-po lydimethy ls i loxane b l o c k copolymers . 
T h e effect of c h a n g i n g b lock size cannot be expressed as a single master 
curve as i n the case of overal l molecu lar weight . S u c h master curves 
must be based on polymers of constant b l o c k size. 

τ?ν (POISE) 

(SEC-1) 

Figure 3. Effect of size of polystyrene blocks on true ap
parent viscosity at 190°C for a multiblock copolymer con
taining 40 wt % polystyrene; overall molecular weight= 

130 ± 10 X 10"; MA = 9.5 X 10*. 

T h e relat ive amounts of the t w o monomers used i n the synthesis 
determine the relat ive size of the t w o blocks or the composi t ion of 
( B A B ) X . T h i s i n turn determines whether mechanica l behavior re
sembles that of thermoplastics or thermoplast ic elastomers. T h e greater 
the polystyrene content, the greater the i n i t i a l m o d u l u s a n d y i e l d po in t 
of the b l o c k copolymer . O v e r a l l composi t ion thus tends to dominate 
the parameters discussed above. A t a g iven leve l of polystyrene the 
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STRESS (PSI) 

EXTENTION RATIO 

Figure 4. Effect of polystyrene content on 
tensile properties of polystyrene-polydimethyl-

siloxane multiblock copolymers 

other parameters change ul t imate m e c h a n i c a l properties b u t effect o n l y 
m i n o r alterations i n the general shape of the stress-strain curve. E n 
velopes of stress-strain curves where overa l l molecular weights a n d the 
size of polystyrene blocks change b r o a d l y at three g i v e n contents of 
polystyrene are i l lus tra ted i n F i g u r e 4. 

T h e amount of polystyrene also influences the p e r m e a b i l i t y of the 
b l o c k copolymers to gases. T h u s , a compression m o l d e d f i l m of thermo
plast ic elastomer conta in ing 20 w t % polystyrene shows a p e r m e a b i l i t y 
towards oxygen t y p i c a l of a s i l i ca- f i l led si l icone elastomer, 49.2 Χ 10" 9 

cm 3 - cm/cm 2 - sec , c m H g at 2 5 ° C . T h e p e r m e a b i l i t y of films w i t h i n 
creasing amounts of polystyrene r a p i d l y decreases l inear ly to an inflec
t ion po int at 50 w t % polystyrene w h e r e the p e r m e a b i l i t y is 3.6 X 10r9 

cm 3 - cm/cm 2 - sec , c m H g . A s imi lar t rend is noted w i t h n i t rogen a n d 
C 0 2 . T h e inf lect ion point at 50 w t % m i g h t be a consequence of the 
m u c h less permeable polystyrene p r e d o m i n a t i n g i n the continuous phase 
of the microdisperse two-phase system ( 3 ) . T h e m e t h o d of fabr ica t ion 
can also be an be an important factor i n d e t e r m i n i n g permeabi l i ty . 

B l o c k copolymers const i tuted so that the h a r d A blocks show i n 
creased glass temperatures m i g h t be expected to show better u l t imate 
tensile properties than comparab le b l o c k copolymers of a lower Tg i n the 
glassy phase (12). T h i s is demonstrated i n the present system b y 
subst i tut ing the major por t ion of the polystyrene i n the present system 
for po ly (« -methyls tyrene) . A short length of polystyrene is i n c l u d e d 
at each c h a i n e n d of the h a r d b l o c k to faci l i tate the second step of the 
synthesis a n d to give a more stable p o l y m e r . T h e effect of r e p l a c i n g 
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DYNAMIC STORAGE 
MODULUS DYNES/CM' 

TEMPERATURE ° C 

Figure 5. Effect of T0 in the glassy block on thermo-
mechanical properties of (BAB)X containing 40 wt % "Α'; 
curve A , " A " block is poly(a-methylstyrene); curve B, "A" 

block is polystyrene. 

Table III. Effect of T9 of the Hard " A " Block on Tensile Properties 
of (BAB), Containing 40 wt % of A 

A = Polystyrene A = Poly(a-methylstyrene) 

Temperature, Tensile at Elongation Tensile at Elongation 
°C Break, psi at Break, % Break, psi at Break, % 

25 1550 800 2400 700 
50 1080 1000 — — 

100 90 300 870 800 
130 — — 300 1160 
150 — — 90 1100 

polystyrene w i t h poly(«-methyls tyrene) i n the A blocks on thermo-
m e c h a n i c a l properties is s u m m a r i z e d i n F i g u r e 5 a n d T a b l e III. F i g u r e 
5 shows that the modulus of the mater ia l based on p o l y ( α-methylstyrene ) 
is reta ined to temperatures 70° greater than a corresponding mater ia l 
based on polystyrene. T a b l e III shows a s ignif icantly greater tensile 
strength at a g i v e n . temperature for copolymers based o n po ly (a -
methyls tyrene) . 
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M u l t i b l o c k copolymers based o n po ly (a -methy ls tyrene) also show 
signif icantly better oxidat ive t h e r m a l s tabi l i ty than the b l o c k copolymers 
based on polystyrene. T h u s , p o l y s t y r e n e - p o l y d i m e t h y l d i s i l o x a n e m u l t i -
b l o c k copolymers lose half of their tensile strength after 80 hours w i t h 
considerable y e l l o w i n g at 150 ° C i n air, b u t corresponding materials 
based o n p o l y ( a - m e t h y l s t y r e n e ) show no discolorat ion or loss i n tensile 
properties under the same condit ions . 
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Cationic Polymerization of Cyclic Ethers 

Initiated by Macromolecular Dioxolenium Salts 

YUYA YAMASHITA 

Nagoya University, Nagoya, Japan 

Cationic polymerization of tetrahydrofuran (THF) with 
2-methyl-1,3-dioxolenium perchlorate occurs without chain 
transfer and termination, and the initiation reaction pro
ceeds by bonding. Polystyrene with terminal dioxolenium 
groups was synthesized from polystyrene anion using 
ethylene oxide, adipoyl chloride, ethylene bromohydrin, 
and silver perchlorate. Polymerization of THF by poly
styrene dioxolenium salt in 1-nitropropane yielded a block 
copolymer of styrene and THF. In addition, poly-THF 
with terminal dioxolenium groups was synthesized from 
polytetramethylene glycol. Polymerization of 3,3-bischlo-
romethyloxetane with poly-THF yielded a block copoly
mer; no chain transfer but some termination took place. 
Polymerization of 7-oxa[2.2.1]bicycloheptane, also with 
poly-THF, yielded homopolymer as well as a block copoly
mer; significant chain transfer was observed. Polymeriza
tion of dioxolane and tetraoxane by the same initiator 
yielded no block copolymer, showing the different mecha
nism of the initiation reaction with cyclic formals. 

Τ η recent years, several act ive catalysts have been reported for the 
cat ionic p o l y m e r i z a t i o n of te t rahydrofuran ( T H F ) ; the react ion was 

s h o w n to proceed w i t h l i t t le terminat ion or c h a i n transfer ( 3 ) . Several 
attempts have been made to prepare b l o c k copolymers b y us ing the 
" l i v i n g nature" of the cat ionic p o l y m e r i z a t i o n of T H F (1, 2, 4, 5). 
P o l y m e r i z a t i o n of T H F a n d other c y c l i c ethers b y macromolecu lar i n i 
tiators can p r o v i d e an interest ing procedure for synthes iz ing b l o c k 
copolymers consist ing of wel l - charac ter ized sequences. A l t h o u g h p o l y 
mers h a v i n g t e r m i n a l groups such as a c y l h a l i d e or epoxide can ini t iate 
T H F p o l y m e r i z a t i o n i n the presence of a L e w i s a c i d , some transfer or 
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terminat ion reactions occur l e a d i n g to insufficient b l o c k copolymers ( 7 ) . 
T h e 2-substituted d i o x o l e n i u m group w i t h perchlorate a n i o n has been 
s h o w n to have excellent i n i t i a t i n g efficiency, a n d prac t i ca l ly n o transfer 
or te rminat ion react ion was observed i n the p o l y m e r i z a t i o n of T H F ( 7 ) . 
T h i s paper describes the preparat ion of polystyrene a n d p o l y - T H F w i t h 
d i o x o l e n i u m e n d groups. T h e p o l y m e r i z a t i o n of T H F a n d other c y c l i c 
ethers was s tudied i n a h i g h - v a c u u m system. 

Experimental 

A l l reagents a n d solvents were d r i e d a n d d i s t i l l ed or recrys ta l l ized 
i n a v a c u u m system. 

P r e p a r a t i o n of M a c r o m o l e c u l a r D i o x o l e n i u m Salts. " L i v i n g " p o l y 
styrene prepared b y the p o l y m e r i z a t i o n of styrene i n T H F w i t h 
tt-methylstyrene tetramer d i a n i o n reacted w i t h a 2.1-molar amount of 
ethylene oxide for three hours at r o o m temperature; a 6.6-molar amount 
of a d i p o y l ch lor ide was a d d e d , a n d the mixture was s t i rred for 20 hours ; 
a 20-molar amount of e t h y l e n e b r o m o h y d r i n was a d d e d . T h i s mix ture 
was s t i rred for 44 hours. T h e bromoethy la ted polystyrene was p r e c i p i 
tated i n excess methanol a n d f reeze-dr ied f r o m benzene i n a v a c u u m 
system. A 1-nitropropane solut ion of polystyrene d i o x o l e n i u m salt was 
p r e p a r e d b y react ion of bromoethyla ted polystyrene w i t h s i lver per
chlorate i n 1-nitropropane. S i lver b r o m i d e was r e m o v e d f r o m the reac
t ion mixture b y f i l trat ion. M o l e c u l a r w e i g h t of the p r o d u c t was meas
u r e d b y a vapor-pressure osmometer; it was 1910 for " l i v i n g " polystyrene 
a n d 5190 for the bromoethyla ted polystyrene. B r o m i n e analysis of the 
bromoethyla ted polystyrene s h o w e d 67.9$ of the ca lculated value . 

Polytetramethylene g l y c o l of molecu lar we ight 2000 was freeze-
d r i e d f r o m benzene i n a v a c u u m . T h e bromoethyla ted p r e p o l y m e r 
was obta ined b y react ion of the g l y c o l , first w i t h a d i p o y l ch lor ide , then 
w i t h ethylene b r o m o h y d r i n ( T a b l e I I ) a n d prec ip i ta t ion i n water a n d 
n-hexane. N i t r o m e t h a n e solut ion of the p o l y - T H F d i o x o l e n i u m salt was 
p r e p a r e d after filtration of s i lver b r o m i d e f r o m the react ion p r o d u c t of 
bromoethyla ted p o l y - T H F w i t h s i lver perchlorate i n ni tromethane. 

P o l y m e r i z a t i o n P r o c e d u r e a n d C h a r a c t e r i z a t i o n . C y c l i c ethers a n d 
formais were p o l y m e r i z e d b y a d d i n g a measured amount of m o n o m e r 
into the in i t ia tor solut ion at 0 ° C . T h e p o l y m e r was prec ip i ta ted w i t h 
methanol or e thy l ether a n d freeze-dr ied f r o m benzene or f ract ionated 
b y ch loro form. T h e b lock c o p o l y m e r of styrene a n d te t rahydrofuran 
was dissolved i n 1-butanol a n d ref luxed for 12 hours w i t h s o d i u m 
metal . T h e solut ion was w a s h e d w i t h water , and the 1-butanol was 
d i s t i l l e d off. T h e res idual p o l y m e r was f reeze-dr ied f r o m benzene, a n d 
p o l y - T H F was extracted w i t h 2 -propanol i n a Soxhlet apparatus. 

Results and Discussion 

P o l y m e r i z a t i o n of T H F b y Polys tyrene D i o x o l e n i u m Salt . P o l y 
styrene w i t h t e r m i n a l d i o x o l e n i u m salt groups was p r e p a r e d b y the 
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scheme s h o w n here, where PSt means polystyrene segment conta in ing 
t w o e n d groups : 

CH2—CH2 

0 C 1 C 0 ( C H 2 ) 4 C 0 C 1 
+ N a - P S t - N a + > P S t ( C H 2 C H 2 O H ) 2 - -> 

H O C H 2 C H 2 B r 
P S t [ C H 2 C H 2 O C O ( C H , ) 4 C 0 C 1 ] 2 

P S t [ C H 2 C H 2 O C O ( C H , ) 4 C O O C H 2 C H 2 B r ] 2 

(I) 
+ 0 — C H 2 

AgC104 

>PSt [ C H 2 C H 2 O C O ( C H , ) 4 C 
•CIO 

0 — C H 2 

12 
4 

T h e p o l y m e r i z a t i o n of T H F w i t h polystyrene d i o x o l e n i u m salt was 
carr ied out i n 1-nitropropane at 0 ° C . T a b l e I shows the increase i n 
m o l e c u l a r w e i g h t w i t h convers ion. T h e resul t ing c o p o l y m e r was a 

Table I. Polymerization of T H F by PSt-dioxolenium Salt 

Number 1 2 8 4 δ 

In i t i a tor α (grams) 1.663 1.298 0 .995 0 .558 0.291 
T H F (ml) 6 6 . 3 51 .7 39 .7 21 .4 11 .6 
1-Nitropropane (ml) 14 .6 11.4 8 . 7 4 . 7 2 . 6 
P o l y m e r i z a t i o n t ime 6 

(hr) 22 38 57 77 162 
P o l y m e r (grams) 6 .90 9 .31 8 .81 6 .32 5 .50 
C o n v e r s i o n of 

T H F (%) 8 . 9 17 .5 2 2 . 2 3 0 . 5 50 .7 

Mn Χ Ι Ο " 3 observed 6 3 . 8 109 161 191 437 

Mn Χ Ι Ο - 3 of p o l y - T H F 
after alcoholysis 
Observed 54 68 103 125 219 
C a l c u l a t e d 12.1 23 .7 30 .1 4 1 . 2 68 .4 

α Initiator concentration = 2.65 Χ ΙΟ"3 moles/liter 
*> At 0°C, [THF] = 10.1 moles/liter 

b l o c k c o p o l y m e r of the T H F - S t - T H F type, a n d free f r o m homopolymers . 
T h e p o l y - T H F segment of the b l o c k copolymer was isolated b y alco
holysis . Decrease of the molecular w e i g h t b y c h a i n cleavage p r o v e d 
format ion of the b l o c k copolymer . H o w e v e r , the molecular w e i g h t of 
the p o l y - T H F segment was h igher than the ca lcula ted va lue based on 
the assumption of the format ion of one p o l y m e r c h a i n f r o m every dioxo-
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l e n i u m group, thus s h o w i n g the s low in i t ia t ion f r o m the stable dioxo
l e n i u m group. 

P o l y m e r i z a t i o n of T H F b y P o l y - T H F D i o x o l e n i u m Salt . P o l y - T H F 
w i t h t e r m i n a l d i o x o l e n i u m salt groups was prepared b y this scheme, 
w h e r e P T H F means po ly te t rahydrofuran segment conta in ing t w o e n d 
groups : 

C 1 C 0 ( C H 2 ) 4 C 0 C 1 
H O [ ( C H 2 ) 4 0 ] n H > 

H O C H 2 C H 2 B r 
P T H F [ O C O ( C H 2 ) 4 C 0 C 1 ] 2 > 

A g C 1 0 4 

P T H F [ O C O ( C H 2 ) 4 C O O C H 2 C H 2 B r ] 2 

(II) + 0 — C H 2 

P T H F [ O C O ( C H 2 ) 4 C 

0 — C H 2 

• c i o - ] 2 

T h e bromoethyla ted p r e p o l y m e r ( I I ) was prepared a n d a n a l y z e d 
( T a b l e I I ) . T h e p r e p o l y m e r reacted w i t h s i lver perchlorate i n ni t ro
methane. T h e prec ip i ta ted s i lver b r o m i d e was w e i g h e d to measure 
c o m p l e t i o n of the react ion. 

Table I I . Preparation of Prepolymer [II] from P T G 
B r C H 2 C H 2 O C O ( C H 2 ) 4 C 0 [ 0 ( C H 2 ) 4 ] 2 7 6 O C O ( C H 2 ) 4 C O O C H 2 C H 2 B r 

Number 2 8 4 

Reagents a 

P T G 2000 (10- 3 mole) 2 .94 2 .17 5 .10 
A d i p o y l chloride (10~ 3 mole) 9 .02 5 .96 12 .5 

Reagents a 

E t h y l e n e b r o m o h y d r i n ( 1 0 - 3 mole) 10.08 7 .04 13.1 
So lvent (ml) T H F 20 E D C 2 0 E D C 50 
P y r i d i n e (ml) 1 .5 1 .0 — 

Prepolymer 
Mn 

Observed 2510 — 1900 
C a l c u l a t e d 2470 — 2470 

N u m b e r of ester groups 
per p o l y m e r c h a i n 6 4 . 1 9 3 . 9 3 3 . 5 6 

a Reaction of PTG and adipoyl chloride was carried out for 12 hours at room tempera
ture; further reaction with ethylene bromohydrin was for 12 hours. 

b The calculated number of ester groups per polymer chain was four; the observed 
value was measured from IR spectra (7). 
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T h e p o l y m e r i z a t i o n of T H F w i t h p o l y - T H F d i o x o l e n i u m salt was 
carr ied out i n ni tromethane at 0 ° C . T h e results are s h o w n i n T a b l e III . 
T h e agreement of the observed Mn w i t h the ca lcu la ted value f r o m con
version, assuming the format ion of " l i v i n g " p o l y m e r was fa i r ly good. 
T h e n u m b e r of ester groups per p o l y m e r c h a i n a n a l y z e d f r o m I R spectra 
(7) remains four , as s h o w n i n T a b l e I I I ; the values are s imi lar to those 
i n T a b l e II . These results substantiate the format ion of macromolecular 
d i o x o l e n i u m salt at bo th ends of P T H F . 

T a b l e I I I . P o l y m e r i z a t i o n of T H F b y P T H F - D i o x o l e n i u m Salt 

Number 4-1 2-1 

P r e p o l y m e r [II] (10~ 4 mole) 9 .63 11.63 
C H 3 N 0 2

a ( m l ) 4 .57 9 .05 
T H F ( ΙΟ" 2 mole) 6 .10 12.08 
P o l y m e r i z a t i o n t i m e 6 (hr) 12 15 
P o l y m e r (grams) 2 .99 5 .82 
C o n v e r s i o n of T H F (%) 26 .4 21 .8 

Mn 

Observed 3400 3500 
C a l c u l a t e d c 3100 3700 

N u m b e r of ester groups 
per p o l y m e r chain d 3 .86 3 .70 

a The initiator was prepared by reaction of the prepolymer (Table I) with silver per
chlorate for three hours at 0°C in CH3N02. 

b At 0°C 
c From conversion 
d From IR spectra (7) 

P o l y m e r i z a t i o n of C y c l i c E thers a n d F o r m a i s b y P o l y - T H F D i o x 
o l e n i u m Salt . T h e p o l y m e r i z a t i o n of cyc l i c ethers a n d formais b y 
P T H F - d i o x o l e n i u m salt was carr ied out to c lar i fy the presence of ter
m i n a t i o n or transfer reactions. T h e results are s h o w n i n T a b l e I V . I n 
the p o l y m e r i z a t i o n of 3 ,3-bischloromethyloxetane ( B C M O ) , b l o c k co
p o l y m e r soluble i n c h l o r o f o r m a n d h a v i n g the expected molecular we ight 
was f o r m e d ; the h o m o p o l y m e r of B C M O insoluble i n c h l o r o f o r m was 
not observed. T h e b lock c o p o l y m e r s h o w e d crystal l ine bands of B C M O 
at 700, 860, a n d 890 c m 1 , suggesting the format ion of A B A block . 

T h e p o l y m e r i z a t i o n of B C M O b y d i o x o l e n i u m salt seems to invo lve 
the in i t i a t ion b y b o n d i n g a n d the " l i v i n g " nature of the propagat ion 
w i t h o u t cha in transfer. H o w e v e r , a t tempted p o l y m e r i z a t i o n of B C M O 
b y l o w concentrations of in i t ia tor (10 5 M ) stopped at l o w conversion of 
B C M O after several days, s h o w i n g the importance of the terminat ion 
react ion ( 6 ) . 

I n the p o l y m e r i z a t i o n of 7-oxa[2.2.1]bicycloheptane ( O B H ) , the 
format ion of b l o c k copolymer soluble i n ch loro form a n d h o m o p o l y m e r 
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T a b l e I V . P o l y m e r i z a t i o n of C y c l i c E thers a n d F o r m a i s 
b y P T H F - d i o x o l e n i u m Salt 

Number 4-2 4-3 2-2 4-4 8-1 

C o m o n o m e r B C M O O B H O B H T E X D O L 
P T G in i t ia tor (10" 4 mole) 9 . 9 5 9 .37 10.40 10.05 5 .04 
C o m o n o m e r ( 1 0 - 2 mole) 2 .99 4 . 4 5 6 .67 3 .17 10 .9 
C H 3 N 0 2 (ml) 8 . 1 0 4 . 3 6 6 .98 2 1 . 9 10 .0 
P o l y m e r i z a t i o n t ime a (hr) 14 .5 0 .67 24 0 .17 1 
B l o c k C o p o l y m e r b (grams) 2 .99 1.06 5 .61 — 1 . 6 5 c 

M e O H - S o l u b l e P o l y m e r 
(grams) 0 .185 0 .143 0 .05 1 .80 

C H C l 3 - I n s o l u b l e P o l y m e r 
(grams) 0 1 .52 2 .21 1.03 2 .09 d 

C o n v e r s i o n of C o m o n o m e r 
(%) 2 5 . 6 21 .6 4 6 . 0 3 8 . 2 

B l o c k C o p o l y m e r 
Mn 

Observed 3500 1500 2650 — 2600 
C a l c u l a t e d 3100 — — — — 

C o m o n o m e r content 
(mole %) 4 2 . 0 — 21 .6 — 29 .7 

« At 0°C 
b MeOH-insoluble, CHCl3-soluble part 
c Soluble in hot petroleum ether 
d Insoluble in hot petroleum ether, soluble in CHC13 and benzene, DOL homopolymer 

of O B H insoluble i n ch loro form was observed. Thus , a l though dioxo
l e n i u m salt can ini t iate O B H p o l y m e r i z a t i o n b y b o n d i n g , considerable 
c h a i n transfer to monomer seems unavoidable . 

I n the p o l y m e r i z a t i o n of tetraoxane ( T E X ) , w e d i d not observe the 
f o r m a t i o n of b l o c k copolymer , thus s h o w i n g a different m e c h a n i s m i n 
the in t ia t ion react ion. T h i s is also true for the p o l y m e r i z a t i o n of 1,3-
dioxolane ( D O L ) . T h e format ion of D O L h o m o p o l y m e r suggests the 
presence of a chain-transfer react ion. A l s o , the presence of h o m o p o l y 
mer mixtures suggests that in i t i a t ion b y b o n d i n g was not complete . 

Conclusions 

P o l y m e r i z a t i o n of cyc l i c ethers b y macromolecular d i o x o l e n i u m salt 
y i e l d e d b l o c k copolymers . N o terminat ion or cha in transfer was ob
served w i t h T H F , b u t some terminat ion w i t h B C M O a n d considerable 
c h a i n transfer w i t h O B H occurred . C y c l i c formais such as T E X or 
D O L do not f o r m b lock copolymers , s h o w i n g that the in i t ia t ion mecha
n i s m is not via b o n d i n g . 
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Photopolymerization in the Organic 

Crystalline State 

G. WEGNER 

Institut für Physikalische Chemie der Universität Mainz, II Ordinariat, 
Mainz, Germany 

Organic solid state photopolymerizations have become a 
powerful method of polymer synthesis and are interesting 
for substantiating optical data. Recent advances are de
scribed under several aspects. One is the increasing under
standing of the relationship between molecular structure, 
monomer packing properties, and lattice-controlled photo-
reactivity (topochemistry). Examples are taken from 
Hasegawa's four-center type photopolymerization and from 
the topochemical polymerizations of monomers with con
jugated triple bonds. Solid state reactions are considered 
to be influenced by the phase properties of monomer
-polymer systems and by lattice defects. These reactions 
can be treated kinetically as special solid-solid transforma
tions. The four-center type photopolymerization seems to 
be a two-phase reaction; diacetylene polymerization is one
-phase. Both types proceed via addition of photoexited 
monomer molecules to chain ends. 

r | " v h e te rm "molecular eng ineer ing" has been used to character ize the 
- 1- recent advances i n so l id state photochemistry ( I ). T h i s r a p i d l y grow

i n g area is interest ing because of the inherent possibi l i t ies for u s i n g 
organic s o l i d state reactions as a means of reversible or non-reversible 
data fixation. T h i s is obvious f r o m the fact that w e k n o w of numerous 
examples of organic molecular crystals w h i c h undergo lat t ice-control led 
photoreactions or photopolymer izat ions . A l t h o u g h the search for n e w 
systems for substant iat ing o p t i c a l i n f o r m a t i o n m a y be a major d r i v i n g 
force i n this area, one m a y not forget that lat t ice-control led photoreac
tions were d e v e l o p e d f r o m a mere scientific curiosi ty to a p r o m i s i n g tool 
of preparat ive p o l y m e r chemistry. 

255 
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General Scope of Solid State Photoreactions 

T h e term latt ice contro l describes the fact that the monomer mole
cules are already arranged w i t h i n the latt ice of the organic photoreact ive 
crystal in a geometry w h i c h favors a special a d d i t i o n or p o l y m e r i z a t i o n . 
I n i d e a l cases, adjacent molecules are a lready arranged w i t h respect to 
each other so as to p r e f o r m the geometry of the act ivated complex of a b i -
molecular photoreact ion. O n the other h a n d , a w e a l t h of data on the 
relat ionship between molecular structure a n d p a c k i n g properties of or
ganic molecules is at our disposal m a i n l y through the w o r k of K i t a i -
gorodski i (2 ) a n d G . M . J . S c h m i d t ( 3 ) . T h i s enables us—at least i n 
p r i n c i p l e — t o " d e s i g n " lattices of photoreact ive molecules, thus p r o v i d i n g 
an extremely selective m e t h o d of photoreact ion b y latt ice control . T h i s 
is the basic idea b e h i n d organic topochemistry. 

A l t h o u g h this concept looks fa i r ly s t ra ight forward a n d has been 
successfully a p p l i e d (1, 4), the kinetics of these so l id state reactions 
impose severe restrictions w h e n general ly a p p l i e d . F i rs t , latt ice defects 
a n d crystal texture obvious ly p l a y a very important role either as loca
tions where the reactions start or finish or as centers where cha in trans
fer or i rregular reactions m a y occur. ( 5 ) . Secondly, d u r i n g the reac
t ion a second type of molecule is f o r m e d — n a m e l y the p h o t o p o l y m e r 
w h i c h has a different molecular structure a n d therefore, i n general , has 
different p a c k i n g properties. A s a result, phase separation m a y take 
place accord ing to the react ion temperature to an extent w h i c h is g iven 
b y the phase d i a g r a m of the b i n a r y system m o n o m e r - p o l y m e r (6). D e 
p e n d i n g on the type of phase d i a g r a m , a l i q u i d m o n o m e r - p o l y m e r m i x 
ture w i l l b e f o r m e d , thus destroying the o r i g i n a l lattice. E v e n i f no 
phase separation takes place, relaxation processes of the n e w l y f o r m e d 
macromolecules m a y take p lace because of a misfit be tween the m o l e c u 
lar geometry of the photopolymer a n d the m o n o m e r latt ice; this i n 
creases the n u m b e r of defects i n the m o n o m e r latt ice a n d the p r o b a b i l i t y 
for u n w a n t e d side reactions such as cross l inking ( 7 ) . Sometimes these 
difficulties can be c i r c u m v e n t e d b y l o w e r i n g the react ion temperature so 
that the reaction p r o d u c t is f rozen i n a n d no phase separation or relax
at ion can take p lace because of the lack of molecular m o b i l i t y . O n e 
other m e t h o d is to attach side groups to the photoreact ive system w h i c h 
do not change the basic geometry of the latt ice but on ly serve to increase 
the s tabi l i ty of the lat t ice—that is to increase the m e l t i n g point of the 
system. 

Molecular Structure and Solid State Reactivity 

T o show solid-state react iv i ty the molecular structure must b e such 
as to a l l o w p a c k i n g of the molecules w i t h close contact be tween the 
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17. W E G N E R Photopolymerization 257 

photoreact ive groups. A c c o r d i n g to G . M . J . S c h m i d t (8) a m i n i m u m 
distance of 4 A is r e q u i r e d to achieve a four-center type p h o t o a d d i t i o n 
of d o u b l e bonds i n the so l id state, a n d it seems that this is a general ru le 
for a l l k inds of so l id state photoreactions. 

A m o n g the numerous examples of organic so l id state p h o t o p o l y m e r i 
zations (e.g., 9-12) on ly t w o systems have been thoroughly s tudied w i t h 
regard to the relat ionship be tween crystal a n d molecular structure. T h e 
first is the so c a l l e d four-center type p h o t o p o l y m e r i z a t i o n ( R e a c t i o n 1) 
w h i c h was invest igated b y H a s e g a w a a n d co-workers (13); this is a 
s t ra ight forward translat ion of the w o r k of G . M . J . S c h m i d t (3) a n d his 
students o n the photodimer iza t ion of c i n n a m i c acids i n the crystal l ine 
state into p o l y m e r chemistry. 

R' R" 

R": H, CN 

T h e second system is the topochemica l p o l y m e r i z a t i o n of monomers 
w i t h conjugated t r ip le bonds accord ing to Reac t ion 2 (4,14). 

R—C=C—C=C—R - > 
solid state 

R " ' R " ' 

\ = C = C = c / < > \-C^C-C^ 

R: e.g., —CH 2OH, —CH2OCONHPh 

- C H 2 O S O , - < r ^ ) _ c H a , 

NHCOCH, 
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A c c o r d i n g to the rules deve loped b y S c h m i d t t w o types of photo
reactive arrangements of trans-substituted olefins are possible i n the 
so l id state. A head-to-tai l arangement of the monomers ( i n crystals 
w i t h a center of s y m m e t r y ) leads always to dimers w i t h a stereochemical 
arrangement at the cyc lobutane r i n g corresponding to a- t ruxi l l i c a c i d 
i n the case of d i m e r i z a t i o n of c i n n a m i c a c i d . T h i s type of p o l y m e r i z a 
t ion occurs w i t h crystals of 2 ,5 -dis tyrylpyrazine ( I ) ( 15 ) , l,4-bis[/?-
p y r i d y l - ( 2 ) - v i n y l ] b e n z e n e ( I I I ) (16) a n d p-phenylene d i a c r y l i c a c i d 
d i m e t h y l ester ( I V ) (17) as demonstrated b y x-ray analysis of the cor
responding monomer a n d p o l y m e r lattices. Polymers of very h i g h 
molecular we ight are obta ined accord ing to Reac t ion 3. T y p e II 
polymers exhibi t one cyc lobutane r i n g per base un i t w i t h 1,3-trans con
figuration of the substituents. Such polymers cannot be obta ined b y the 
usua l synthetic methods of p o l y m e r chemistry i n solut ion. 

(3) 

Ο Ο 
IV 
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17. W E G N E R Photopolymerization 259 

T h e second type of photoreact ive arrangement of m o n o m e r mole
cules i n crystals w i t h m i r r o r symmetry leads to polymers w i t h a stereo
chemistry at the cyc lobutane r i n g corresponding to β-truxinic a c i d as 
s h o w n i n Reac t ion 4. So far, crysta l lographic evidence for this type of 
p o l y m e r i z a t i o n is l a c k i n g b u t s h o u l d be c o m i n g i n near future . 

Recent w o r k of G r e e n a n d S c h m i d t ( 1 ) shows h o w the p a c k i n g can 
be inf luenced to obta in either of the t w o react ion products . A s they 
have reported, derivatives of 2 ,4 -d ichloroc innamic a c i d a lways pack i n 
a head-to-head arrangement, g i v i n g rise to derivat ives of / M r u x i n i c a c i d . 
T h u s , polymers w i t h the same stereochemistry as V ( R e a c t i o n 4) s h o u l d 
be p r o d u c e d b y u s i n g the 2 ,4 -d ich lorophenyl residue as the g u i d i n g 
group. 

V 

F u r t h e r speculat ion a long these lines l e d to the p r e d i c t i o n that i t s h o u l d 
be possible to p r o d u c e o p t i c a l l y act ive polymers b y the four-center type 
react ion if one uses a type V I m o n o m e r w h e r e R φ R ' ; i f one succeeds, 
this monomer w i l l crysta l l ize i n a space group w i t h po lar axis ( e.g., P I ) 
to g ive a p o l y m e r of type V I I ( R e a c t i o n 5) f r o m enant iomorphous cry-
tals. I n fact, the p r o d u c t i o n of opt i ca l ly act ive react ion products b y 
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T h e topochemica l p o l y m e r i z a t i o n of monomers w i t h conjugated 
t r ip le bonds is an interest ing example of the re lat ionship b e t w e e n pack
i n g properties a n d react ivi ty i n the s o l i d state. F o r so l id state p o l y m e r -
i z a b i l i t y the m o n o m e r molecules must b e arranged i n a herr ingbone- l ike 
structure a c c o r d i n g to F i g u r e 1 so that on ly one nearest distance be tween 
the t r ip le bonds of adjacent molecules of 3 to 4 A is affected. T o 

Figure 1. Scheme of the topochemical polymerization of monomers with 
conjugated triple bonds 
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17. W E G N E R Photopolymerization 261 

achieve that, adjacent molecules must b e related b y a m o n c l i n i c displace
ment ( 2 ) . T h e amount of m o n o c l i n i c displacement is governed b y the 
substituents at the conjugated t r ip le bonds w h i c h also s tabi l ize the lat
t ice a n d prevent phase separation d u r i n g p o l y m e r i z a t i o n . T h e best re
sults are obta ined w i t h substituents ready to f o r m h y d r o g e n bonds . 
H y d r o g e n b o n d i n g leads to d i rec t iona l b o n d i n g w i t h m o n o c l i n i c dis
p lacement a n d also provides for very r i g i d lattices. T h e react ion is 
c a l l e d a shear ing react ion because the type of molecular m o b i l i t y w h i c h 
is needed to b r i n g about p o l y m e r i z a t i o n is s imi lar to a shear ing act ion 
(14, 22, 25). 

C r y s t a l l o g r a p h i c analysis conf i rmed (18, 19, 20, 25) that i n the case 
of the t o p o c h e m i c a l polymer izat ions accord ing to F i g u r e 1 m o n o m e r 
a n d p o l y m e r latt ice are essentially isomorphous, a n d polymers are 
f o r m e d w i t h polycon jugated b a c k b o n e a n d substituents i n the trans 
posi t ion w i t h respect to the d o u b l e b o n d . 

Recent w o r k i n our laboratory s h o w e d that the react ion c a n be ex
t e n d e d to h igher conjugated acetylenes. T h e r e is substant ial ev idence to 
assume that the so l id state p h o t o p o l y m e r i z a t i o n of o c t a t r i i n - l , 6 - d i o l 
( V I I I ) leads not to p o l y m e r I X w i t h a polycon jugated backbone a n d t w o 
conjugated t r ip le bonds per base u n i t b u t to the " n o r m a l " p o l y m e r i z a t i o n 
p r o d u c t X (22). 

H O — C H 2 — ( C = C ) 3 — C H 2 — O H 

V I I I 

H O H 2 C 

\ // 
C — C s C — c = c — c 

y / \ 
C H 2 O H 

I X 
H O H 2 C 

\ * 
c — c = c — c * \ 

C = C — C H 2 O H 

X 

Kinetics of Solid State Photopolymerizations 

K i n e t i c s of Phase C h a n g e . T w o p r i n c i p a l l y different mechanisms 
of s o l i d state reactions m a y b e v i s u a l i z e d i f one treats these reactions as 
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specia l s o l i d - s o l i d transitions. T h e first mechanism often encountered i n 
h i g h energy r a d i a t i o n - i n d u c e d as w e l l as i n l i g h t - i n d u c e d polymer izat ions 
is a two-phase mechanism. T h e first step of the react ion is the format ion 
of n u c l e i of the p o l y m e r phase, a n d p o l y m e r c h a i n g r o w t h is in t imate ly 
connected w i t h the g r o w t h of the second phase as a m o r p h o l o g i c a l a n d 
crysta l lographic entity. O n e obtains domaines of p o l y m e r or o l igomer 
molecules at first a n d s m a l l p o l y m e r crystallites at h igher convers ion 
w h i c h are or iented w i t h i n the monomer crystal matr ix . T h i s s i tuat ion is 
i l lustrated i n F i g u r e 2a. T h e general shape of the m o n o m e r crysta l m a y 
be re ta ined at h igher conversion, b u t fibrillization takes p lace i f there 
are considerable differences i n latt ice parameters be tween m o n o m e r a n d 
p o l y m e r phase. T h i s is true i n m a n y cases for H a s e g a w a s four-center 
type p h o t o p o l y m e r i z a t i o n ( J5 , 16, 23, 24, 25). T h e f o r m a t i o n of the 
second phase c a n be convenient ly f o l l o w e d b y x-ray methods f r o m the 

Figure 2. Two mechanisms of the transition from 
monomer to polymer phase; (a) heterogeneous, (b) 

homogeneous growth of polymer chains. 
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17. W E G N E R Photopolymerization 263 

appearance of n e w reflections f r o m the b e g i n n i n g (20, 26) or b y polar 
i z i n g microscopy because monomer a n d p o l y m e r phase show different 
opt i ca l properties . O f t e n , the w h o l e monomer crystal is b r o k e n d o w n 
into numerous s m a l l crystallites w h i c h seem to be misor iented w i t h 
respect to each other a n d the former latt ice. T h i s general ly occurs i n 
the s o l i d state d i m e r i z a t i o n of c i n n a m i c a c i d derivat ives . 

It is important to recognize that i n such cases the rate l a w of 
p o l y m e r i z a t i o n as obta ined b y determinat ion of the p o l y m e r y i e l d re
flects the g r o w t h of m o r p h o l o g i c a l entities rather then the format ion 
of molecular intermediates a n d m a y b e de termined b y the rate of 
nucleat ion a n d b y the rate of di f fusion of the monomer molecules across 
the interphase between monomer a n d p o l y m e r lattice. T h i s is w e l l 
established i n the somewhat related case of r a d i a t i o n - i n d u c e d p o l y m e r i 
zat ion of crystal l ine trioxane ( 27, 28 ). 

T h e second mechanism of phase change is that of a one-phase re
act ion. T h e p o l y m e r chains are f o r m e d at r a n d o m w i t h i n the m o n o m e r 
lat t ice—that is, arrays of monomer molecules are t ransformed into s ingle 
p o l y m e r chains as s h o w n i n F i g u r e 2b. P o l y m e r i z a t i o n is a k i n d of 
isomorphous replacement of monomer units b y p o l y m e r chains. There
fore, at any degree of convers ion the p o l y m e r i z i n g crystal is a type of 
s o l i d so lut ion of p o l y m e r chains extended a long definite crysta l lographic 
axis a n d start ing f r o m points d i s t r ibuted at r a n d o m throughout the 
monomer latt ice. I t is a k ine t i ca l ly forced i somorphism of monomer 
a n d p o l y m e r i n the same lattice. 

T h e latter m e c h a n i s m is observed i n the p o l y m e r i z a t i o n of d iace ty l -
enes, a n d i t is the true reason w h y large s ingle crystals w i t h extended 
c h a i n m o r p h o l o g y can be obta ined f r o m these monomers . E x p e r i 
mental ly , evidence for the one-phase m e c h a n i s m is s h o w n b y x-ray scat
ter ing f r o m the fact that n e w layer lines or n e w reflections do not 
appear d u r i n g p o l y m e r i z a t i o n of a s ingle crysta l a n d that the latt ice 
parameters of monomer a n d p o l y m e r are essentially the same (20, 25, 
29). I n a d d i t i o n , a p o l y m e r i z i n g single crystal a lways behaves as a 
s ingle crystal over the w h o l e range of convers ion w i t h respect to polar 
i z e d l ight . I n some cases re laxat ion of the n e w l y f o r m e d macromolecules 
were observed. D u r i n g these relaxations the m o n o m e r - p o l y m e r latt ice 
was destroyed, a n d p o l y m e r i z a t i o n s topped at about 20-40% conversion. 
Recent ly , R. H . B a u g h m a n (25) has s tudied these relaxat ion processes 
o c c u r i n g d u r i n g p o l y m e r i z a t i o n b y deta i led x-ray measurements o n 2,4-
h e x a d i i n d i o l . S i m i l a r w o r k was done i n our laboratory us ing modi f i ca 
t i o n I I of the b i s ( p h e n y l u r e t h a n e ) of 2 ,4 -hexadi indiol (7, 20, 29). 
M o s t of the diacetylenes occur i n different crystal l ine modif icat ions ex
h i b i t i n g different so l id state react ivi ty . T h i s was invest igated i n more 
d e t a i l for three different modif icat ions of the bis ( phenylurethane ) of 
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2 ,4-hexadi indiol . A n interest ing type of molecu lar "eng ineer ing" is pos
s ible w i t h these modif icat ions. X - r a y w o r k s h o w e d that the polymers 
f o r m e d f r o m the three different modif icat ions have the same ident i ty 
p e r i o d i n one c h a i n d i rec t ion (c ax i s ) . T h u s , the same c h e m i c a l struc
ture of the m a i n c h a i n is formed, a n d the polymers differ on ly i n their 
p a c k i n g of side chains as is w e l l k n o w n for other polymers s h o w i n g 
p o l y m o r p h i s m . 

T h e different modif icat ions are interconvert ib le b y t h e r m a l treat
ment. F o r example, modi f i ca t ion II ( as obta ined b y crysta l l izat ion f r o m 
anisole) is converted to modi f i ca t ion I I I b y anneal ing at 1 3 0 ° C . T h i s 
is a n o r m a l change i n modi f i ca t ion , a n d polycrys ta l l ine mater ia l of m o d i 
fication III ( m p . 1 7 2 ° C ) is obta ined f r o m a s ingle crystal of modi f i ca t ion 
II . H o w e v e r , i f a s ingle crystal of modi f i ca t ion I I is p h o t o p o l y m e r i z e d 
to less than 1% convers ion before anneal ing, modi f i ca t ion I I I is ob ta ined 
after anneal ing, h i g h l y or iented w i t h respect to the p h o t o p o l y m e r a n d 
the latt ice of modi f i ca t ion II . T h e po in t is that the p h o t o p o l y m e r of 
modi f i ca t ion II serves as the site of nuc leat ion for the format ion of the 
other modif ica t ion . 

M e c h a n i s m of C h a i n G r o w t h . D u r i n g s o l i d state p h o t o p o l y m e r i z a 
t i o n not m u c h is k n o w n about the mechanism of excitat ion, the fate 
of the photoexi ted molecule , a n d the c h e m i c a l transformations f o l l o w i n g 
the p h o t o c h e m i c a l event. G . M . J . S c h m i d t established that the latt ice 
geometry a n d the p a c k i n g properties of the molecules p l a y an important 
role, b u t o n l y recently have data become avai lable w h i c h a l l o w a better 
descr ipt ion of c h a i n g r o w t h i n the crystal l ine lattice. F r o m the w o r k 
of H a s e g a w a a n d co-workers i t became clear that the four-center type 
p h o t o p o l y m e r i z a t i o n is a step react ion. D e p e n d i n g somewhat o n w a v e 
length of i r radia t ion , dimers are f o r m e d first w h i c h then become 
oligomers a n d so o n (26, 30) a c c o r d i n g to R e a c t i o n 6. E a c h step is a n 
elementary p h o t o c h e m i c a l react ion so that the q u a n t u m y i e l d of the 
overa l l p o l y m e r i z a t i o n is rather low—ca . 0.04-1.20, d e p e n d i n g on m o n 
omer structure (16). 

\> 400 nm 340 nm 
DSP (I) DSP-Oligomers (XI) DSP-Polymer (II) 

Monomer (6) 

Ph Ph 
Ν 

Ph—CH=CH- :H=CH—Ph η = 0,1,2 

Ph Ph η 

XI 
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17. W E G N E R Photopolymerization 265 

I n contrast, p h o t o p o l y m e r i z a t i o n of diacetylenes seems to b e a con
t inuous g r o w t h of p o l y m e r chains b y a d d i t i o n of photoexi ted monomer 
molecules to act ive c h a i n ends. T h e nature of the g r o w i n g c h a i n ends 
is not yet k n o w n , b u t interest ing i n f o r m a t i o n can p r o b a b l y be d r a w n 
f r o m spectral data o n p o l y m e r i z i n g single crystals of the three different 
modif icat ions of 2 ,4-hexadi indiolbis ( phenylurethane ) ment ioned above. 
T y p i c a l data are g iven i n F i g u r e 3, s h o w i n g the var ia t ion of the crysta l 
spectra w i t h t ime o n i r rad ia t ion at 330 n m (monochromat i c l i g h t ) . 

3H 

2H 

H 

ο 

0.5· 

CD 

Ω 
Ο 

2.0H 

Ι.0Η 

Λ 
/ V-7 min 
ι \ 
ι \ 

\ ! \ 

30 min 

/<-—— 

min 

I mm 

30 min 
20 min 

s " 15 min 
10 min 
5 min 
3min 
I min 

I mm 
0.5 min 

400 500 600 λ [nm] 

Figure 3. Spectra of single crystals of 2,4-hexadiindol-
bis(phenylurethane) depending on irradiation time at 
25°C. (a) Modification I (crystallized from dioxane 
water) irradiated at 330 nm with monochromatic light, 
(b) Modification II (crystallized from anisol) irradiated 
at 310 nm. (c) Modification III (from Modification II 

at 130°C) irradiated at 330 nm. 
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F i g u r e 3a shows the spectra of a p o l y m e r i z i n g crystal of modi f i ca t ion 
I. A t short i r r a d i a t i o n times a strong absorpt ion b a n d w i t h m a x i m u m 
ext inct ion at 600 n m is f o r m e d . Soon after an absorpt ion w i t h very 
h i g h ext inct ion coefficient at 560 n m is f o r m e d w i t h a simultaneous de
crease of the 600-nm peak. F i n a l l y , the absorpt ion peak of the p o l y m e r 
w i t h a m a x i m u m at 490 n m is f o r m e d w i t h a simultaneous decrease of 
the 560-nm peak. 

1 1 1 
400 S00 600 χ Qnnt) 

Figure 4. Spectra of a single crystal of Modification I of 2,4-hexadiindiolbis 
(phenylurethane) . .·. . before extraction —·— after extraction Conversion 

ca. 2%. 

S i m i l a r behavior b u t w i t h different rates of f o r m a t i o n a n d intercon
vers ion of the various absorptions are f o u n d for the other t w o modi f i ca 
tions of the same m o n o m e r (cf. F i g u r e 3 b , c ) ( 3 1 ) . E x t r a c t i o n of 
p a r t i a l l y p o l y m e r i z e d crystals w i t h a m a x i m u m absorpt ion at either 600 
or 560 n m leads to the i m m e d i a t e disappearance of these absorptions 
w i t h on ly a smal l p o l y m e r absorpt ion r e m a i n i n g ( A m a x 490 n m ) w h i c h 
corresponds to less than 2% conversion (cf. F i g u r e 4 ) . It must b e as
s u m e d that the aforement ioned absorptions result f r o m the g r o w i n g 
c h a i n ends since the o n l y products obta ined after p h o t o p o l y m e r i z a t i o n 
are a p o l y m e r of h i g h viscosity a n d u n c h a n g e d monomer . N o i n d i c a 
t i o n was f o u n d for the presence of l o w molecular w e i g h t intermediates 
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17. W E G N E R Photopolymerization 267 

as c h e c k e d b y thin- layer chromatography. T h e p o l y m e r c h a i n ends m a y 
exist as either " d e a d " ends ( A m a x 490 n m ) or as " l i v i n g " c h a i n ends w i t h 
a r a d i c a l or carbene-l ike structure g i v i n g rise to the strong extinctions 
at 600 a n d 560 n m . It m a y be fur ther assumed that the species absorb
i n g at the three different wavelengths are re lated b y the f o l l o w i n g 
k inet ic scheme. 

hv 
M o n o m e r > Intermediate A —> Intermediate Β —> " d e a d " p o l y m e r 

330 n m ( X m a x 6 0 0 nm) ( X m a x 5 6 0 nm) ( X m a x 4 9 0 nm) 

F u r t h e r w o r k to establish quant i ta t ive ly the c h e m i c a l nature of the i n 
termediates a n d the q u a n t u m y i e l d of the react ion is i n progress. 
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Photopolymerization of Urethane-Modified 

Methacrylates for Insulating Magnet Wire 

EUGENE D. FEIT 

Bell Laboratories, Murray Hill, N. J. 07974 

Magnet wire possessing good electrical insulation can be 
made by photopolymerizing urethane-modified methacry-
lates. Insulated wire has been produced photochemically 
in a laboratory-scale reactor at a production rate that can 
be easily extrapolated to production speeds. Mixtures of 
the monomers—in this work, monourethane monometha-
crylate and diurethane dimethacrylate—are solventless, 
free-flowing materials with low vapor pressures at room 
temperature, and they polymerize rapidly in the specially 
designed apparatus. The films formed exhibit a usable 
range of mechanical properties and high electrical resist
ance values. 

r p h e B e l l System uses mi l l ions of pounds of magnet w i r e annual ly i n 
the fabr i ca t ion of e lectromechanical relays. T h e need for magnet 

w i r e is expected to increase throughout the decade. Before expanding 
capaci ty for p r o d u c i n g magnet w i r e , W e s t e r n E l e c t r i c requested B e l l 
Laborator ies to evaluate n e w materials a n d techniques as possible alter
natives to the current B e l l System pract ice . I t was h o p e d that a change 
i n mater ia l or technique w o u l d reduce operat ing costs, give i m p r o v e d 
properties , a n d m i n i m i z e air p o l l u t i o n i n the c u r i n g step. 

T h e paper describes a process for the insulat ion of magnet w i r e b y 
direct p h o t o p o l y m e r i z a t i o n of m o d i f i e d methacrylates. A modi f i ed p o l y -
methacrylate insulat ion is attractive for several reasons : 

( 1 ) Methacrylates p o l y m e r i z e b y a f ree-radica l process that is c o m 
p a t i b l e w i t h h i g h p r o d u c t i o n speeds. 

( 2 ) F r e e - r a d i c a l p o l y m e r i z a t i o n can be in i t ia ted b y a w i d e range of 
energy sources. I n p r i n c i p l e , methacrylates can b e c u r e d not o n l y b y 
t h e r m a l act ivat ion, b u t also b y ul t raviole t a n d electron radia t ion . 

(3 ) H i g h - e n e r g y radia t ion permits operat ion of the coat ing e q u i p 
ment near ambient temperatures. L o w - t e m p e r a t u r e operat ion leads to 
l o w e r v a p o r losses than at h i g h temperature. 

269 
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(4 ) H i g h - e n e r g y r a d i a t i o n can incorporate reactive solvent mole 
cules into the final film. T h u s , systems i n w h i c h total p o l y m e r i z a t i o n 
of the a p p l i e d mater ia l occurs are possible. 

(5 ) P o l y a l k y l methacrylates decompose at temperatures accessible 
to r a p i d so lder ing techniques. 

Polymer System 

Urethane-modi f i ed acrylates a n d methacrylates are k n o w n f r o m the 
l i terature ( I , 2 ) . These monomers are h i g h b o i l i n g a n d viscous enough 
to be suitable for solventless appl icat ions . T w o interest ing monomers 
of this type have been p r e p a r e d f r o m readi ly avai lable c o m m e r c i a l m a 
terials. C o m p o u n d I is a monourethane monomethacrylate ; i t is a l i q u i d 
w i t h a viscosity of 40 cps at 2 8 ° C . C o m p o u n d II is a d iurethane d i m e t h -
acrylate ; i t is a w h i t e , w a x y so l id that melts a round 6 5 ° C . Several other 
monomers of this type have been examined, but these t w o f o r m the basis 
of this work . 

Ο Ο 
Il II 

C H 3 C H 2 C H 2 C H 2 N H C O C H 2 C H 2 O C C = C H 2 

I 
C H 3 

I 

ο ο 
Il II 

( - C H 2 C H 2 C H 2 N H C O C H 2 C H 2 O C C = C H 2 ) 2 

I 
C H 3 

I I 

M i x t u r e s of I, II , a n d 1% of b e n z o i n m e t h y l ether (3) ( B M E ) w e r e 
p o l y m e r i z e d w i t h U V radia t ion of 3.2 m W c m 2 intensity. A s s h o w n i n 
F i g u r e 1, the in f rared absorbance at 6.1 μ is reduced b y 80% after 15 
seconds and is undetectable after 30 seconds of exposure. 

A film of a 5 :1 ( I : I I ) c o p o l y m e r is strong (tensile strength = 2700 
p s i ) a n d 53% extended at break ( T a b l e I ). A film of a 1:1 copolymer is 
strong b u t shows less extensibi l i ty than the previous film. T h e h o m o 
p o l y m e r of II is excessively br i t t le . 

F l e x i b i l i t y was evaluated b y p o l y m e r i z i n g the mater ia l o n 5 - m i l 
th ick copper f o i l a n d subject ing the f o i l to a Ye" m a n d r e l b e n d . M i x 
ture of I w i t h u p to 40% of II shows no c r a c k i n g of the p o l y m e r film 
after 10 bends. 
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100% 

— I 1— 

60 90 

TIME (SEC) 

120 

Figure I . Rate of polymerization intensity, 3.2 
mW/cm2 

Table I. Tensile Properties of Urethane Modified Polymethacrylates a 

1% 

82 
50 

0 

17 
50 
99 

Tensile 
Strength, psib 

2700 
6100 
5400 

Elongation, %b 

53 
10 

3 
α Films were formed by UV radiation of the samples (4 mils thick) held between 

borosilicate glass plates. The photoinitiator was BME at ^1 % by weight. 
b The entries represent the value at break 

These copper strips w e r e soldered for five seconds or less at 4 0 0 ° C . 
F i g u r e 2 shows the effect of the solder d i p on a c o p o l y m e r of I a n d I I . 
T h e results are t y p i c a l of a range of variat ions. T h e strips show that 
the solder removes the insula t ion a n d that there is l i t t le shr inkage of the 
insulat ion above the solder front. 

Insulat ion resistance measurements of p o l y m e r films of these mono
mers were made o n substrates conta in ing inter leaved copper -comb pat
terns. T h e mater ia l was kept at 30° C , 90% h u m i d i t y , a n d constant vol t 
age. Insulat ion resistance values w e r e greater than 10 δ megohms. 

I n summary , films f o r m e d f r o m these materials show a usable range 
of mechanica l properties a n d h i g h electrical-resistance values. M i x t u r e s 
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Figure 2. Solder test specimens; two-inch immersion for five 
seconds. 

of the monomers are solventless, f ree- f lowing materials w i t h l o w v a p o r 
pressure at r o o m temperature, a n d they p o l y m e r i z e at r a p i d rates. 

Apparatus 

T h e eva luat ion of these materials as w i r e enamels must be m a d e o n 
the basis of tests p e r f o r m e d on insulated w i r e . A laboratory enamel ing 
machine has been b u i l t that can p r o d u c e hundreds of feet of enameled 
w i r e suitable for testing. 

T h e p r i n c i p l e components of the apparatus are s h o w n i n F i g u r e 3. 
Br ie f ly , the w i r e pays-off into an appl ica tor a n d then into a ver t i ca l 
photoreactor. T h e d r i v e a n d take-up assemblies are s i tuated b e h i n d the 
reactor a n d are des igned to m i n i m i z e tension on the w i r e . T h e photo-
reactor is the core of the apparatus a n d is discussed extensively here. 

R E C Y C L I N G 

D E V I C E 

P A Y - O F F 

S P O O L 
A P P L I C A T O R R E A C T O R 

D R I V E a 

T A K E - U P 

C O N T R O L 

T A K E - U P 

S P O O L 

Figure 3. Schematic of apparatus 
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18. F E i T Photopolymerization for Magnet Wire 273 

T h e reactor consists bas ica l ly of t w o hemicy l inders h i n g e d together 
o n a ver t i ca l side. T h e w i r e enters the reactor t h r o u g h a s m a l l aperture 
i n the base a n d leaves the reactor t h r o u g h a s imi lar aperture i n the top. 
Six low-pressure m e r c u r y lamps ( Southern N e w E n g l a n d U l t r a v i o l e t C o . ) 
are m o u n t e d ver t i ca l ly a n d symmetr i ca l ly ins ide the reactor. T h e p r i n 
c i p a l emission (^80%) f r o m these lamps occurs at 254 n m . A p r i n c i p a l 
emission at 300 or 350 n m is avai lable f r o m lamps constructed w i t h the 
appropr ia te phosphors ( F i g u r e 4 ) . T h e ins ide wal ls of the reactor are 
m a d e ref lect ing to U V radia t ion b y flexible, f ront -s ided mirrors . T h e 

100 

90 

80 

70 

60 

50 

40 

30 

20 

10 

SPECTRAL OUTPUT 

254 nm LAMPS 

300 nm LAMPS 

350 nm LAMPS 

(DATA FROM MANUFACTURER 
THE SOUTHERN NEW ENGLAND 
ULTRAVIOLET CO. ) 

250 300 

ι ιΛ 

_ U i _ 350 400 450 500 550 
WAVELENGTH (nm) 

Figure 4. Spectral output of fomps used in the photo-
reactor. 

mirrors reflect 75-85% of the r a d i a t i o n be tween 220-300 n m as p r o d u c e d 
( D e n t o n V a c u u m ) a n d , after 100 hours of use, they s h o w l i t t le loss of 
reflectance. T h e intensity of rad ia t ion i n the reactor was measured w i t h 
a ca l ibra ted E p p l e y thermopi le . I n the o p e n reactor, the r a d i a t i o n inten
sity f r o m three lamps w i t h 254 n m p r i n c i p a l emission was 2.0 ± 0.5 
m W / c m 2 a long 90% of the ver t i ca l axis. I n the closed reactor, the inten
sity at the same positions f r o m six lamps rose to 4-5 m W / c m 2 . T h e 
values of these last measurements are affected somewhat b y the s h a d o w 
cast b y the large mass of the thermopi le . T h e U V intensities f r o m the 
lamps w i t h p r i n c i p l e emissions at 300 a n d 350 n m are s imi lar to the in ten-
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sity f r o m the 254-nm lamps. T h i s result is not surpr i s ing i n v i e w of the 
efficiency of the phosphors. ( 4 ) . 

T h e atmosphere i n the reactor can be contro l led b y inlets at top a n d 
bot tom. T h e reactor is sealed w i t h a flexible, se l f - forming gasket. T h e 
temperature ins ide the closed reactor w i t h the 254-nm lamps operat ing 
a n d w i t h n i t rogen flowing at 0.5 c u b i c feet per m i n u t e was stable at 
7 2 ° C . T h i s temperature rise is expected to increase s l ight ly the l a m p 
intensities recorded i n the p r e c e d i n g p a r a g r a p h ( 5 ) . T h e w i r e is routed 
ins ide the reactor b y a set of pul leys m o u n t e d o n the top a n d bot tom 
ins ide plates of the reactor. T h i s s imple arrangement increases the 
exposure t ime at a fixed w i r e speed w i t h o u t increas ing the size of the 
reactor. T h e appl ica tor consists of a tank to h o l d the resin, a grooved 
w h e e l to guide the w i r e through the resin, a n d a w i p e r to smooth the 
resin before i t polymerizes . F r i c t i o n be tween the d r i v e assembly a n d the 
w i r e is p r o v i d e d b y a w e i g h t e d p i v o t a r m . T h e p i v o t of the a r m is 
c o u p l e d to a transducer that controls the speed of the take-up assembly. 

Operation 

I n ac tual operat ion, w i r e pays-off into a furnace for c lean ing a n d 
anneal ing a n d then into a tank of resin. T h e resin is transferred to the 
w i r e b y d i p coat ing, smoothed, a n d p h o t o c h e m i c a l l y p o l y m e r i z e d i n a 
sealed reactor. T h e exposure t ime i n the reactor can v a r y f r o m 10 
seconds to 52 minutes, d e p e n d i n g on capstan speed a n d the n u m b e r of 
pul leys inside the reactor. 

T a b l e I I . D e f e c t C o u n t as a F u n c t i o n of N i t r o g e n F l o w 

Flow Rate (CFM) a Defect Count (per 100 feet) 

0 . 5 0 6 0 , 0 e 

0 .43 0 , 0 , 0 
0 .36 0 , 0 , 0 
0 .30 29,24 
0 .25 463,424 

α Inlet pressure is 2 psi of nitrogen 
b Partial pressure of oxygen ~2 torr 
c Entries are the number of discontinuities in insulation counted per 100 feet of 

continuously produced and tested magnet wire. 

O n c e i t has left the reactor, the w i r e m a y be either col lec ted d i rec t ly 
o n the take-up via the d r i v e assembly or re turned to the resin tank for 
a p p l i c a t i o n of another layer of insulat ion via the p u l l e y i n F i g u r e 3. 
T h r e e layers of insula t ion are usual ly a p p l i e d to the w i r e before take-up. 
T y p i c a l formulat ions for the experiments conta in about 1% of a process
i n g aid—e.g., Nuosperse 657 ( N u o d e x Products C o . ) . W i t h o u t the 
processing a i d , the formulat ions w e t copper p o o r l y a n d b e a d o n the 
w i r e . T h e processing a i d is used to smooth the resin a n d f u r n i s h a 
u n i f o r m thickness of insula t ion . Surface contaminants on the conductor 
affect the cont inui ty of the insulat ion. A forced , hot-air furnace serves 
as a s imple m e t h o d of pretreatment. T h e resin polymerizes i n the photo-
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c h e m i c a l reactor. A flow of p u r e n i t rogen ( < 10 p p m of oxygen) into 
the reactor is necessary because the p o l y m e r i z a t i o n is i n h i b i t e d b y 
oxygen. 

Var ia t ions i n operat ional parameters are j u d g e d b y their effect o n 
the cont inui ty of insulat ion o n the w i r e . A cont inui ty test—sometimes 
c a l l e d a " p i n h o l e " test—is a n A S T M test (6 ) p e r f o r m e d o n c o m m e r c i a l l y 
avai lable e q u i p m e n t ( H y p o t r o n i c , I n c . ) . I n the test, a defect i n the 
insulat ion is counted each t ime current flows between a 1- inch section 
of the insulated w i r e a n d a m e r c u r y b a t h t h r o u g h w h i c h the w i r e travels. 
A t ime constant (25 msec) is associated w i t h the recovery of the count
i n g device i n such a w a y that a s ingle, p r o l o n g e d defect is counted m a n y 
times as a series of shorter (0 .5- inch) defects. T h e dependence of 
defect count o n flow rate for continuous p r o d u c t i o n of insulated w i r e is 
g iven i n T a b l e II . "Defec t - f ree" w i r e is p r o d u c e d at 4 ft/ m i n at a 
p a r t i a l pressure of oxygen ^ 2 torr. T h i s p a r t i a l pressure is obta ined 
at a n i t rogen flow of 0.5 cub ic feet per minute . T h e flow rate r e q u i r e d 
depends on the des ign of the reactor. T h e p a r t i a l pressure of oxygen 
is a f u n d a m e n t a l parameter . 

T a b l e III. D e f e c t C o u n t as a F u n c t i o n of W i r e Speed 

Speed Exposure Defect Count 
(Jt/miri) (seconds) (per 100 feet) 

4 . 0 45 0 , 3 " 
4 . 5 40 0 , 0 , 1 
5 . 0 36 3 , 1 , 0 , 0 
5 . 5 33 0 , 3 , 1 , 0 , 0 
6 . 0 30 2 9 , 1 4 , 1 5 

° Entries are the number of discontinuities in insulation counted per 100 feet of 
continuously produced and tested magnet wire. 

A residence t ime i n the reactor of 12-15 seconds sufficiently hardens 
the resin to a l l o w rerout ing Lhe coated w i r e ins ide the reactor for longer, 
total exposure. T h e dependence of defect count o n w i r e speed a n d 
total exposure is s h o w n i n T a b l e I I I . 

Production of Insulated Wire 

T w e l v e thousand feet of w i r e were cont inuously insulated i n the 
apparatus at 4 f t / m i n w i t h three layers of insulat ion . D e f e c t counts 
were recorded for every 50-foot section of w i r e . T h e f requency of 
occurrence of a count is p lo t ted against the count i n F i g u r e 5. Defec t -
free, 50-foot sections predominate . T h e average defect count per 100 
feet is 0.6. 

A n a d d i t i o n a l 16,000 feet of w i r e were insulated, a n d 1600 feet w e r e 
r a n d o m l y selected for testing. N o defects were counted, i n d i c a t i n g that 
defects w h e n they do occur tend to occur i n clusters a n d at the start of 
the operat ion. T h i s observation is consistent w i t h data f r o m the first 
12,000 feet. D . C . b r e a k d o w n values for the insulated w i r e were 
measured as 2.52, 2.22, 0.88, 2.00 a n d 2.36 k V ( 6 ) . 
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200 

304 

20-

DEFECT COUNT PER 50 FT 

Figure 5. Frequency of defect counts 

Summary 

I n summary , then, magnet w i r e w i t h good a n d continuous electr ical 
insulat ion can be p r o d u c e d b y p h o t o p o l y m e r i z a t i o n of urethane-modif ied 
methacrylates. Insulated w i r e is p r o d u c e d photochemica l ly i n the labor
atory scale reactor at 4 f t / m i n . T h i s p r o d u c t i o n rate can easily be 
extrapolated to p r o d u c t i o n speeds. T h e length of the reactor can be 
extended s ix fo ld . R a d i a t i o n intensity can be increased ten times or 
more w i t h high-pressure arcs. If p r o d u c t i o n rates are p r o p o r t i o n a l even 
to the hal f p o w e r of the intensity, the rate w i l l be t r i p l e d or more. 
O p e r a t i n g at a higher ambient temperature i n the reactor a n d o p t i m i z 
i n g the photochemica l sensit ivity of the resin can d o u b l e or t r ip le i m 
provement i n rate. A final rate of p r o d u c t i o n of 150-200 f t / m i n , then, 
is w i t h i n the range of the final process w i t h this resin. 
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Phosphines as initiators 178 
Photopolymerization 269 

of diacetylenes 265 
four-center 257 
in the organic crystalline state . 255 

Photoreactions, solid state 256 
Photoreactor 272 
Physical properties of polyarylsul-

fone resins 135 
Pivalolactone, polymerization of . . 175 
Plastic, engineering 176 
Plastics from hydrogénation of sty

rene polymers, novel heat re
sistant 27 

Plastics, transparent 37 
PMVE and TFE, terpolymers of . . 19 
Polar solvents 4 
Polyalkylene ether glycols 39 
Polyamides " 129 
Poly(arylene polysulfides) 92 

adhesive properties of 102 
Polyarylsulfone 

heat resistant 131 
resins, apparent viscosity data 

of 136 
physical properties of 135 

thermoplastic 131 
cis- 1,4-Polybutadiene 217 
Poly(butyl acrylate) 219,221 
Poiychloroprene 1 
Polydimethylsiloxane multiblock 

copolymers, polystyrene- . . . . 239 
Polyester(s) 129 

linear 176 
thermoplastic elastomers, seg

mented 39 
Polyethylene 195 

carboxylation of 214,215 
Polyether ester 42 

copolymers, morphology of . . . . 50 
Polyethylene terephthalate 39 
Poly(hexamethylene dithiol tere

phthalate) 106 
Polyimide polymers 66 
Polyimide, tensile strength of 

fluorocarbon 68 

Polyisocyanurates 61 
Poiymer(s) 

chemical modification of 27 
fast crystallizing 57 
hydrogenated styrene-diene . . . 34 
imide and isocyanurate-linked 

fluorocarbon 61 
isocyanurate 65 
mechanical properties 51 
molecular weight 44 
novel heat resistant plastics from 

hydrogénation of styrene . . 27 
optically active 259 
polyimide 66 
precomplexed 223 
properties, raw 21 
slow crystallizing 57 
styrene-butadiene block 30 
styrene-butadiene-styrene 

block 30 
synthesis, styrene block 31 
sulfur containing 93,111 
transition from monomer to . . . . 262 

Polymeric acid disulfides 122 
Poly ( mercapto acids ) 107-115 
Polymerization 239 

anionically initiated 4 
of bicyclo ( η. 1.0 ) alkanes and 

spiro (2.n) alkanes 144 
of bicyclo ( 6.1.0)non-4-ene . . . . 170 
of bicyclopropyle 152 
cationic 144, 162,194 
condensation 107 
of cyanoprene, radical 5 
of cyclic bisarylene tetrasulfides 92 
of cyclic ethers and formais . . 248, 253 
of cyclopropane 141 
of cyclopropanic systems 143 
of gera-dihalobicyclo(n.l.O) 

alkanes 160 
of dihalocyclopropane 165 
of gem-dihalocyclopropanic sys

tems 162 
in diluents 184 
of donor-acceptor comonomer 

complexes 210 
emulsion 122 
free radical 93, 100, 110 
of hexamethylcyclotrisiloxane . . 240 
by irradiation 98 
Macallum 93 
mechanism 203 
of methylenecyclobutane, 

cationic 155 
of 2-methyl-2-vinyl-1,1 -dichloro-

cyclopropane 167 
of monomers with conjugated 

triple bonds, topochemical . 257 
by opening of small carbon rings 141 
of pivaloclactone 175 
melt-bulk 179 
slurry 183,4 
of spiranes 149 
of spiropentane, 152 
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Polymerization ( Continued ) 
system, "living" 176 
temperature 200 
topochemical 261 
of THF 249 
by Ziegler-Natta catalysts 166 

Polymerizing crystal, spectra of a 266 
Polymethacrylates, tensile proper

ties of modified 271 
Poly ( α-methylstyrene ) 247 
Poly(phenylene sulfide) 93 

applications for 90 
coatings 88 

properties of 80 
compounds, electrical properties 87 
preparation of 80 
thermogravimetric analysis of . . 83 

Polypivalolactone, properties of . . 187 
Polypropylene, carboxylation of . . 215 
Polystyrene 29, 213, 245, 249 

dioxolenium salt 249 
hydrogenated amorphous 28 
polydimethylsiloxane multiblock 

copolymers 239 
standards 138 

Polysulfides, aromatic 97 
Polytetramethylene ether glycol . . 42, 43 
Poly( ε-thiocaprolactone) 106 
Poly(thioglycolides) 109 
Poly(thiolactides) 110 
Poly (thiol esters) 105, 117 

crystallinity of 127 
from dibasic acids and dimer-

capatans 114 
preparation of 113 
solubility of 127 
spectra of 128 
stability of 127 

Polyvinyl alcohol, grafting on cel
lulose and 224 

Poly (vinyl chloride), carboxylation 
of 217 

Poly( vinylcyclohexane) 28 
Potassium, diphenylphosphine- . . . 7 
Precomplexed polymer 223 
Prepolymer 184 
Properties 

of 2-cyano-l,3-butadiene 3 
fiber-forming 123 
of injection molding composi

tions, mechanical 87 
mechanical 41, 187 
of modified polymethacrylates, 

tensile 271 
of poly ( arylene polysulfides ), ad

hesive 102 
of polyarylsulfone resins, physical 135 
polymer mechanical 51 
of polyphenylene sulfide coat

ings 80 
electrical 87 

of polypivalolactone 187 
raw polymer 21 

Property relationships, structure- . 241 

Propylene with hexafluoroacetone, 
copolymerization of 198 

Propylene rubber, ethylene- 216 
Proton NMR spectrum of a copo

lymer 197 
Pyrolysis gas chromatography . . . . 237 

R 

Radiation-induced copolymeriza
tion of hexafluoroacetone with 
α-olefins 190 

Radical 
catalyst 219 
copolymerization 10 
inhibitor 194 
initiated homopolymerization . . 4 
polymerizations of cyanoprene . 5 

Rate of copolymerization 200 
Raw polymer properties 21 
Reaction of isobutylene with hexa

fluoroacetone 200 
Reaction, termination 252 
Reactor fouling 186 
Reactor, single vs. two-stage . . . . 183 
Reactions, termination 178 
Reactivity, molecular structure and 

srlid state 256 
Reactivity ratios 230 
Relaxation 263 
Resins 

apparent viscosity data of poly-
arysulfone 136 

injection molding 84 
Teflon fluorocarbon 25 

Resistance, chemical 83 
Resistance, heat 188 
Ring opening polymerization of 

hexamethylcyclotrisiloxane, an
ionic 240 

Rubber, ethylene-propylene 216 

S 
Salt, dioxolenium 248,249 
Segmented polyester thermoplastic 

elastomers 39 
Shear rate 136 
Short chain aliphatic diols 39 
Single vs. two-stage reactor 183 
Slurry polymerization 183, 184 
Solid state photoreactions 256 
Solid state reactivity, molecular 

structure and 256 
Solubility parameters 232 
Solubility of poly (thiol esters) . . . 127 
Solvents, inert 4 
Solvents, polar 4 
Spectra of a polymerizing crystal. 266 
Spectra of poly( thiol esters ) . . . . 128 
Spectroscopy, infrared 145 
Spinning, melt 187 
Spiranes, polymerization of 149 
Spiro(2.n) alkanes, polymerization 

of 144 
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Spiropentane, polymerization of . . 152 
Spray coatings applications 89 
Stability of poly (thiol esters) 127 
Stress-strain curves 44, 245 
Structure-property relationships . . 241 
Structure and solid state reactivity, 

molecular 256 
Styrene 31,236 

and acrylonitrile, copolymeriza
tion of 227 

block polymer synthesis 31 
-butadiene block polymers . . . . 30 
-butadiene-styrene block poly

mers 30 
-diene polymers, hydrogenated. 34 
-maleic anhydride copolymer 

macroradicals 231 
and maleic anhydride, copoly

merization of 123 
polymers, novel heat resistant 

plastics from hydrogénation 
of 27 

and THF, block copolymer of. . 248 
Sulfur analogs of paracyclophane. 95 
Sulfur containing polymers 93, 111 
Sulfur rank 98 
Synthesis, styrene block polymer. . 31 

Τ 

TEA 194 
Tear resistance 52, 56 
Teflon fluorocarbon resin 25 
Temperature 

for aromatic polysulfides, glass 
transition 97 

glass 245 
transition 7,41,49 

heat distortion 36 
polymerization 200 

Tensile 
properties of modified polymeth

acrylates 271 
properties, effect of molecular 

weight on 242 
strength 34,56,83 

of fluorocarbon polymide . . . . 68 
Termination by coupling 231 
Termination reactions 178, 252 
Ternary catalysts 158 
Terpolymers 46 

of cure site monomers 13 
of PMVE and TFE 19 

Terpolymers (Continued) 
of tetrafluoroethylene 13 

Tetrahydrofuran (THF) 31 
Textile fiber 176 
TFE, terpolymers of PMVE and . 19 
Thermal stability 90, 131 
Thermogravimetric analysis of pol-

yphenylene sulfide 83 
Thermoplastic(s) 241 

elastomers, segmented polyester 39 
polyarysulfone 131 

THF 4,6 
block copolymer of styrene and. 248 
polymerization of 249 

Tire-cord adhesive 103 
Topochemical polymerizations . . . 261 

of monomers with conjugated 
triple bonds 257 

Transesterification 114 
Transition-metal complexes 157 
Transition-metal complex catalysts 164 
Transition from monomer to poly

mer 262 
Transparent plastics 37 
Two-stage reactor, single vs 183 

U 
Urethane-modified methacrylates. . 269 

V 
Vinyl acetate 236 

copolymerization of maleic an
hydride and 235 

Vinyl monomers 235 
Viscosity 41,96,196 

of copolymers 197 
data of polyarylsulfone resins, 

apparent 136 
effect of molecular weight on 

bulk 243 
inherent 128 
melt 244 

Vulcanizate, gum 25 
W 

Water matrix, cellulose— 225 
Wire, insulated magnet . . .269, 272, 275 

Ζ 
Ziegler-Natta catalysts 9 

polymerization by 166 
ZnCl2 latex 222 
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