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FOREWORD 
The A C S SYMPOSIUM SERIES was founded in 1974 to provide a 
medium for publishing symposia quickly in book form. The 
format of the Series parallels that of the continuing ADVANCES 
IN CHEMISTRY SERIES except that, in order to save time, the 
papers are not typese
by the authors in camera-read
the supervision of the Editors with the assistance of the Series 
Advisory Board and are selected to maintain the integrity of the 
symposia; however, verbatim reproductions of previously pub
lished papers are not accepted. Both reviews and reports of 
research are acceptable, because symposia may embrace both 
types of presentation. 
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PREFACE 

INTEREST IN THE CHEMISTRY OF REACTIVE OLIGOMERS is growing rapidly, 
and this book is a reflection of this interest. In fact, the symposium upon 
which this book is based generated so much attention that it was 
teleconferenced to several different sites throughout the country! This 
attraction is easy to understan
applications that can be  oligomers  example, 
several different oligomeric systems for composite, electronic, adhesive, and 
high-solid coating applications are described in this volume. Syntheses of 
several telechelic oligomers that should prove extremely useful in the 
preparation of block and graft copolymers are also included. In addition, for 
comparison purposes, several authors describe syntheses that employ 
cationic, anionic, free-radical, and step-growth polymerization techniques. 

Although the authors discuss a diversity of interests and chemical 
approaches, the chapters are connected by a common thread: All are 
concerned with the synthesis and/or reactions of well-defined low molecular 
weight compounds that are terminated with reactive functional groups. We 
believe that the information presented not only serves as an excellent 
introduction to the field, but also is of considerable value to those already 
working with these systems. 

FRANK W. HARRIS 
The University of Akron 
Akron, OH 44325 

HARRY J. SPINELLI 
Ε. I. du Pont de Nemours and Company 
Wilmington, DE 19898 

ix 

In Reactive Oligomers; Harris, F., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



1 
High Temperature Polymers from Thermally Curable 
Oligomers 

PAUL M. HERGENROTHER 

Langley Research Center, National Aeronautics and Space Administration, Hampton, VA 23665 

The synthesis, physical and mechanical properties of 
thermally curable oligomers primarily for use as high 
temperature composit
temperature in thi
usable mechanical properties at 177°C and higher. 

In the l a t e 1950's research was i n i t i a t e d on high temperature 
po lymers , p r i m a r i l y to meet the demand f o r f u n c t i o n a l and s t r u c t u r a l 
r e s i n s f o r advanced a i r c r a f t and weapon systems and the e l e c t r o n i c s 
i n d u s t r y . Many d i f f e r e n t polymers w i th remarkable thermal s t a b i l i t y 
evolved from t h i s e f f o r t . However, most of these high temperature 
polymers fo r s t r u c t u r a l a p p l i c a t i o n s e x h i b i t e d p rocess ing problems 
due to the e v o l u t i o n of v o l a t i l e s and/or poor f low and wet t ing even 
at temperatures of ~371°C and pressures - 1 . 3 8 MPa (200 p s i ) . In 
the l a t e 1 9 6 0 ' s , research was d i r e c t e d towards improving the 
p r o c e s s a b i l i t y of high temperature po lymers . The approaches 
p r i m a r i l y i n v o l v e d i n c o r p o r a t i n g more f l e x i b l e mo ie t ies w i t h i n the 
polymer backbone to permit p r o c e s s i n g as t h e r m o p l a s t i c s and p l a c i n g 
r e a c t i v e groups on the ends of o l igomers which cou ld be therma l l y 
reacted to chain ex tend . 

The r e a c t i v e o l igomer approach has served as an a t t r a c t i v e 
route to high performance/high temperature m a t e r i a l s f o r a v a r i e t y 
of a p p l i c a t i o n s . To p lace r e a c t i v e o l igomers i n proper p r o s p e c t i v e , 
the advantages and disadvantages are b r i e f l y rev iewed. The r e a c t i v e 
o l igomer route a l l e v i a t e s many shortcomings of the high molecu lar 
weight l i n e a r polymer route by p r o v i d i n g p rocessab le m a t e r i a l s w i th 
b e t t e r s o l u b i l i t y and w e t t a b i l i t y , lower melt or s o f t e n i n g tempera
t u r e and minimal v o l a t i l e e v o l u t i o n dur ing c u r e . It a l s o prov ides 
cured m a t e r i a l s w i th b e t t e r so l ven t and moisture r e s i s t a n c e and 
g e n e r a l l y h igher i n i t i a l e leva ted temperature mechanical p r o p e r 
t i e s . The d isadvantages are a p rocessab le form wi th s h o r t e r s h e l f -
l i f e and a cured mate r ia l w i th l e s s toughness and lower long term 
thermoox ida t i ve s t a b i l i t y . Th is paper reviews thermal l y curab le 
o l igomers that a f f o r d high performance/high temperature polymers 
p r i m a r i l y as l a m i n a t i n g r e s i n s and i s not intended t o be 

This chapter not subject to U.S. copyright. 
Published 1985, American Chemical Society 
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2 R E A C T I V E O L I G O M E R S 

comprehensive. High temperature i n t h i s context i s de f ined as 
having usable mechanical p r o p e r t i e s at 177°C and h i g h e r . 

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

Epoxies - The term " r e a c t i v e o l i gomer " i s r e l a t i v e l y new but 
the concept i s f a i r l y o l d . Th is concept has been used f o r many 
years wi th systems such as e p o x i e s , p h e n o l i c s , unsaturated e s t e r s , 
c y a n a t e s , i socyanates and many other c r o s s l i n k e d systems. An 
example of a 177°C c u r i n g epo*y system (Narmco's 5208) which was 
in t roduced i n t o the marketplace about 1971 i s shown i n Eq . U 

N-/CH0-CH-ChO 2 \ / 2 

V 0 I 

MY720(100 PARTS) 

CH
DD

A 
CH2-CH-CH2 

C H 2 - C H - C H 2 - 0 - ^ | _ ^ - 0 - C H 2 - C H - C H 2 

SOLUBLE TACKY OLIGOMER 

177-204°C 

CH3 

SU-8(8.2 PARTS) 

THERMOSET 

The t e t r a g l y c i d y l d e r i v a t i v e of 4 , 4 , - m e t h y l e n e d i a n i l i n e ( C i b a -
Ge igy ' s MY-720) and an epoxy novolac (Ce lanese 's SU-8) are p a r t i a l l y 
reacted wi th 4 , 4 ' - d i a m i nodi pheny lsu l fone (DDS) t o y i e l d a s o l u b l e 
tacky o l igomer ( 1 ) . This o l igomer i s used to melt impregnate a 
re inforcement sucfi as g lass or c a r b o n / g r a p h i t e . The r e s u l t i n g 
prepreg i s t a c k y , drapable and has nominal s h e l f l i f e at ambient 
temperature of two weeks. Composites f a b r i c a t e d wi th a f i n a l cure 
of 2 hr at 204°C under 0.34 MPa (50 p s i ) e x h i b i t good s t rength 
p r o p e r t i e s from -54°C to 177°C but poor ambient temperature damaqe 
t o l e r a n c e ( a b i l i t y to car ry a load a f t e r s u s t a i n i n g impact damage). 
There are many other 177°C epo*y systems a v a i l a b l e such as 
F i b e r i t e ' s 934 and 976, H e x c e l ' s 263, and Hercules 3501 and 3502. 
The composi t ion of these systems vary . Some employ a c a t a l y s t such 
as boron t r i f l u o r i d e monoethylamine w h i l e others use var ious other 
components ( e . g . g l y c i d y l e s t e r s ) to modify the f o r m u l a t i o n . 

Cyanates - Cyanate chemistry serves as another example where a 
r e a c t i v e o l igomer i s i n i t i a l l y formed and subsequent ly cured to a 
h i g h l y c r o s s l i n k e d r e s i n . The i n i t i a l repor t on cyanates as 
l a m i n a t i n g r e s i n s i n 1968 (2) i n v o l v e d the d icyanate of 2 , 2 ' - b i s ( 4 -
hydroxyphenyl)propane ( b i s p h e n o l - A ) . More recent work has i n v o l v e d 
other d icyanates i n c l u d i n g 1,3-d icyanatobenzene ( r e s o r c i n o l d i c y a n -
a t e ) , a whi te c r y s t a l l i n e s o l i d m e l t i ng at 80°C ( 3 ) . which i s t r a n s 
formed by heat ing to a tacky o l i g o m e r . This form has been used f o r 
melt impregnat ion of g lass or carbon/graph i te re inforcement to y i e l d 
a prepreg with room temperature tack and d rape . Carbon/graphi te 
r e i n f o r c e d composites e x h i b i t e d e x c e l l e n t mechanical p r o p e r t i e s at 
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1. H E R G E N R O T H E R Thermally Curable Oligomers 1 

26 t o 177°C (4·, 5 · ) . Cured neat r e s i n p r o p e r t i e s of r e s o r c i n o l 
d i cyanate are given i n Table I. 

Table I. R e s o r c i n o l Dicyanate Cured Res in P r o p e r t i e s 

Test Temp., °C 26 177 232 

T e n s i l e S t r e n g t h , 124 (18) 88.2 (12.8) 43.4 (6 .3 ) 
MPa ( K s i ) 

T e n s i l e Modulus, 4 .76 (690) 3 .93 (570) 3 .03 (440) 
GPa ( K s i ) 

E l o n g a t i o n , % 3.2 4.2 9.2 

F l e x u r a l S t r e n g t h , 22
MPa ( K s i ) 

F l e x u r a l Modulus, 5 .03 (730) 3.72 (540) 2.69 (390) 
GPa ( K s i ) 

Compressive Y i e l d 227 (33) 111.7 (16.2) 75.8 (11) 
S t r e n g t h , MPa ( K s i ) 

Compressive Modulus, 2 .90 (420) 1.93 (280) 1.52 (220) 
GPa ( K s i ) 

Izod Impact -Notched, 0 .35 
F t . l b . / i n 

Source: Reference 4 . 

Cyanamides - Cyanamides a l s o represent a c l a s s of m a t e r i a l s 
where r e a c t i v e o l igomers have been p repared . A r e p r e s e n t a t i v e 
example of the type of m o d i f i c a t i o n done t o cyanamides to moderate 
the i n i t i a l r e a c t i o n t o ob ta in l i n e a r s o l u b l e m e l t - p r o c e s s a b l e 
o l igomers i s shown i n E q . 2 . A b i s ( a r y l s u l f o n y l cyanamide) was 
i n i t i a l l y reacted w i th two moles of a b i s (cyanamide) t o y i e l d an 
o l i g o m e r i c mixture ( i d e a l l y represented i n E q . 2 as a s imple 
compound). These f i r e - r e s i s t a n t m a t e r i a l s have shown promis ing 
p r o p e r t i e s as composite r e s i n matr ices ( 6 ) . 

B ismale imides - B ismale imides r e s i n s were f i r s t in t roduced i n t o 
the market i n the e a r l y 1970*s. As w i th other r e s i n systems, there 
are many v a r i a t i o n s of b i s m a l e i m i d e s . The Kermid and K i n e l 
b ismale imide products as marketed i n the U. S . by Rhodia are 
r e p r e s e n t a t i v e examples. B ismale imide chemistry i s represented i n 
E q . 3 where c u r i n g can be accompl ished therma l l y through the u n s a t u -
r a t i o n i n the mal e i mi de or by way of the Michael React ion where 
an a p p r o p r i a t e c u r i n g agent such as aromat ic diamine adds across the 
a c t i v a t e d double bond. In most i n s t a n c e s , a combinat ion of c u r i n g 
the rma l l y through the double bond and v i a an aromat ic diamine i s 
used i n a c t u a l p r a c t i c e . B ismale imides are f r e q u e n t l y fo rmulated 
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4 REACTIVE OLIGOMERS 

NC-N 
„ - ® C H 2 - t ^ - C N 7 N C - N H ® c H 2 i o r 

I 2 1 

Φ 

NH-CN 

S 0 9 

I ' 
Φ 

f 
NH NH 

NC-HN 

\ ù I ί 

φ φ 

NH-CN 

SOLUBLE OLIGOMER IC MIXTURE 

Y 
' n i THERMOSET CONTAINING 

W | S-TRIAZINE MOIETIES 

a 

wi th other m a t e r i a l s to o b t a i n the proper combinat ion of p r o p e r 
t i e s . As an example, m a t e r i a l s known as the BT r e s i n s (B stands f o r 
b ismale imide and Τ means t r i a z i n e ) are blends of va r ious amounts of 
a b ismale imide and a d icyanate (bisphenol A d icyanate ) (2)· One 
form of the BT r e s i n i s thought to be the p r i n c i p a l component i n a 
l a m i n a t i n g r e s i n system known as 5245-C (&) which has d i s p l a y e d 
e x c e l l e n t t r a n s l a t i o n of f i b e r p r o p e r t i e s i n compos i tes . In 
g e n e r a l , b ismale imide fo rmu la t ions o f f e r a h igher use temperature 
than epo*y systems. 

SuIfones - Al though thermosets as e x e m p l i f i e d by the cured 
e p o x i e s , cyanates and b ismale imides are high modulus m a t e r i a l s , they 
are b r i t t l e when vo id of toughening agents ( e . g . rubbers or thermo-
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1. H E R G E N R O T H E R Thermally Curable Oligomers 5 

p l a s t i c s ) . In a d d i t i o n , these m a t e r i a l s absorb mois ture which 
lowers t h e i r use temperature and s t i f f n e s s . This i s e s p e c i a l l y 
apparent i n the compression s t reng th at e l e v a t e d temperature of 
composites which have been exposed to hot/humid env i ronments . In an 
attempt to develop a composite mat r i x r e s i n w i th improved moisture 
r e s i s t a n c e , a s i g n i f i c a n t e f f o r t has been devoted to the s yn thes i s 
and p o l y m e r i z a t i o n of b i s ( 3 - e t h y n y l p h e n o x y - 4 - p h e n y l ) s u l f o n e , common
ly r e f e r r e d to as a c e t y l e n e - t e r m i n a t e d s u l f o n e (ATS). Several 
d i f f e r e n t forms of ATS, c o n t a i n i n g var ious amounts of o l i g o m e r s , 
have been eva luated ( 9 - 1 2 ) . The presence of o l igomers i s advanta 
geous s i n c e they depress the m e l t i n g po in t t o p rov ide a tacky 
mate r ia l at room temperature ( d e s i r a b l e f o r melt impregnat ion and 
tack and drape i n p r e p r e g ) . The most recent s y n t h e t i c route (12) t o 
ATS i s shown i n Eq . 4 . Neat r e s i n moldings cured f o r 1 hr eacfTat 

177 and 204°C and 18 hr at 218°C gave the p r o p e r t i e s i n Table I I . 
Room temperature p r o p e r t i e s of u n i d i r e c t i o n a l AS-4 g raph i te f i b e r 
laminates (cured 2 hr each at 177 and 250°C) i n c l u d e d f l e x u r a l 
s t reng th of 1.56 GPa (226,000 p s i ) , f l e x u r a l modulus of 117.2 GPa 
(17 ,000,000 p s i ) and shor t beam shear s t reng th of 79.3 MPa (11,500 
p s i ) ( 1 3 ) . Laminate p r o p e r t i e s were a l s o repor ted to be good at 
177°C a f t e r exposure t o hot/humid environment ( 9 ) . U n f o r t u n a t e l y , 
the b r i t t l e n e s s of cured ATS as i n d i c a t e d by f r a c t u r e energy of 35 
J/M 2 l i m i t s i t s use i n composite a p p l i c a t i o n s . M a t e r i a l s w i th low 
toughness and only moderate s t i f f n e s s e x h i b i t low l e v e l s of impact 

Table I I . Neat Resin P r o p e r t i e s of ATS 

T e n s i l e S t r e n g t h , MPa (Ks i ) 48 .9 (7 .1) 
T e n s i l e Modulus, MPa ( K s i ) 3619.4 (525) 
E l o n g a t i o n , % 1.4 
Glass T r a n s i t i o n Temperature (Tg) , °C 300 
F r a c t u r e Energy ( G I c ) , J/M 2 3 5 2 

1. Source: Reference 1 3 . 
2 . Source: Reference 14 . 
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6 R E A C T I V E O L I G O M E R S 

r e s i s t a n c e . In a d d i t i o n , m i c r o c r a c k i n g of the r e s i n i n a composite 
i s f r e q u e n t l y encountered . 

Other a c e t y l e n e - t e r m i n a t e d r e s i n s (ATR) s i m i l a r to ATS as 
shown i n Eq. 5 have a l s o been prepared (13 , 1 5 ) . The cured 

Η 0 - » Γ - „ „ . Β Γ φ Β Γ _ ^ Β ^ - , , - O ^ B r 

I HCEC-C(ChL)OH J Pd cat. V \ 

CH3 CH3 

HCEC^O/O-Ar-O-T^CECH ^ H0-C-C = C ^ ^ 0 - A r - 0 ^ V c - C - C - 0 H 

HERE 

A r = ^ T o i s o i ^ , ^

AND 
' (5) 

CH0 

a c e t y l e n e - t e r m i n a t e d r e s i n based upon b isphenol A was reported to 
absorb s i g n i f i c a n t l y l e s s moisture under hot/humid environment than 
ATS ( 1 3 ) . The cured hexa f luo ropropy l idene c o n t a i n i n g r e s i n 
e x h i b i t e d the lowest weight l o s s upon aging at 316°C f o r 200 hr i n 
a i r . More work w i l l undoubtedly be for thcoming on these ATR which 
w i l l i n c l u d e toughening and more comprehensive e v a l u a t i o n as 
composite r e s i n m a t r i c e s . 

P r i o r to the ATS work, mal e i mi de - te rminated su l fones (16) were 
prepared as dep ic ted i n Eq . 6. A f t e r c u r i n g the m a l e i m i d e - t e r m i n a t 
ed s u l f o n e s t r u c t u r e where η = 1 at 275°C f o r 0 .5 h r , the shear 
modulus was 1.2 χ 1 0 1 0 dyne/cm 2 (173,880 p s i ) and the Tg = 239°C. 
When η = 2, the shear modulus and Tg dropped to 1.0 χ 10 1 T Î dyne/cm 2 

(144,900 p s i ) and 185°C r e s p e c t i v e l y . A r e s i n to be used as a 
composite mat r i x should have a high shear modulus to prevent 
m i c r o b u c k l i n g of the f i b e r s under a compression l o a d . The shear 
modulus i s r e l a t e d t o the Young's modulus by the equat ion G = E/2 (1 
+ v) where G = shear modulus, Ε = Young's modulus and ν - P o i s s o n ' s 
r a t i o . A cured r e s i n w i th a Young's modulus of - 3 . 4 4 GPa (500,000 
p s i ) and a f r a c t u r e energy of - 5 0 0 0 J / M 2 i s d e s i r e d f o r use as a 
composite r e s i n matr i x ( 1 7 ) . U n i d i r e c t i o n a l carbon/graphi te f i b e r 
( e . g . Hercules AS-4) refnTorced composites should have a minimum 
compressive s t reng th at room temperature of - 1 . 3 8 GPa (200,000 
p s i ) and at 82°C a f t e r moisture s a t u r a t i o n of - 1 . 0 3 GPa (150,000 
p s i ) f o r use i n commercial a i r p l a n e s . 

Nadimi de - te rminated p o l y s u l f o n e s (norbornene - te rminated) , as 
shown i n Eq . 7 where the l i n e a r su l fone segment had a number average 
molecu lar weight (M n) of -20,000g/mole were f i r s t reported i n 
1980 ( 1 8 ) . This work was performed i n an attempt t o develop a tough 
so lvent r e s i s t a n t r e s i n f o r use i n compos i tes . The the rma l l y 
induced r e a c t i o n of the nadimi de te rm ina l groups invo l ves a 
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0 M ~ 20,000 g/mole 0 

combinat ion of r e a c t i o n s of the nadimide and ma le im ide/cyc lopen ta -
diene formed from a r e t r o D i e l s - A d l e r r e a c t i o n . Graph i te f a b r i c 
( T -300 , 8-Harness s a t i n ) r e i n f o r c e d composites gave RT f l e x u r a l 
s t reng th of 0 .63 GPa (91,900 p s i ) and RT f l e x u r a l s t rength a f t e r 28 
days i n methylene c h l o r i d e of 0.12 GPa (17,000 p s i ) (19 ) . I t was 
not s u r p r i s i n g tha t a c r o s s l i n k e d polymer w i th a l i n e a r s u l f o n e 
segment of M n of -20,000g/mole was found t o be s e n s i t i v e t o 
methylene c h l o r i d e , a p r i n c i p a l component i n p a i n t s t r i p p e r s , and an 
extremely aggress ive so l vent f o r p o l y s u l f o n e s . 

E t h y n y l - t e r m i n a t e d s u l f o n e o l igomers (ETS) were prepared by 
end-capp ing hydroxy - te rminated su l fone o l igomers w i th 
4 -e thyny lbenzoy l c h l o r i d e as i n d i c a t e d i n Eq . 8 ( 2 0 ) . The 

In Reactive Oligomers; Harris, F., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



8 R E A C T I V E O L I G O M E R S 

(8) 

CHAIN EXTENSION, BRANCHING, CROSSLINKING 

n=~7 TO-5

t h e r m a l l y cured ETS e x h i b i t e d h igher T g ' s , b e t t e r so l ven t r e s i s t 
ance ; and s l i g h t l y b e t t e r adhesive and composite p r o p e r t i e s at 177°C 
than a comparable l i n e a r p o l y s u l f o n e (Union C a r b i d e ' s UDEL-P1700, 
from the r e a c t i o n of b i spheno l -A and 4 , 4 ' - d i c h l o r o d i p h e n y l s u l f o n e ) 
( 2 1 ) · The p r o p e r t i e s of ETS where the s u l f o n e segment had M n of 
4TJÏT0, 8000 and 12000g/mole are presented i n Table I I I . 

Table I I I . P r o p e r t i e s of Cured Ethyny l -Terminated Su l fones 

M n , g/mole of s u l f o n e segment 
Tg, °C (250°C cure) 

4000 8000 12000 M n , g/mole of s u l f o n e segment 
Tg, °C (250°C cure) 202 200 196 
F i l m S w e l l i n g i n c h l o r o f o r m , % < 10 - 20 - 55 
G i c , J/M 2 790 1300 2100 
RT Thin F i l m T e n s i l e S t r e n g t h , — — 83.4 (12.1) 

MPa ( K s i ) 
RT Thin F i l m T e n s i l e Modulus, — — 2.45 (355) 

GPa ( K s i ) 
2.45 (355) 

RT Thin F i l m E l o n g a t i o n , % — — 4.6 

Source: Reference 2 2 . 

I mi des - Po ly imides (PI) have been c o n v e n t i o n a l l y prepared by 
t h e chemical or thermal c yc lodehydra t ion of polyamic ac ids formed 
from the s o l u t i o n r e a c t i o n of aromat ic t e t r a c a r b o x y l i c d ianhydr ides 
and aromat ic d iamines . The e a r l y PI were i n s o l u b l e and r e l a t i v e l y 
i n t r a c t a b l e . The polyamic a c i d was the p rocessab le i n t e r m e d i a t e . 
However, the polyamic a c i d p recursor has two major shor tcomings , 
h y d r o l y t i c i n s t a b i l i t y and the e v o l u t i o n of v o l a t i l e s dur ing the 
thermal convers ion t o P I . In a d d i t i o n , r e s i d u a l so l ven t was l e f t i n 
adhesive tapes and prepregs to ob ta in t a c k , drape and f l o w . Dur ing 
the f a b r i c a t i o n of components, the e v o l u t i o n of v o l a t i l e s caused 
p r o c e s s i n g problems and led t o p o r o s i t y i n the p a r t . As work 
progressed on P I , o ther s y n t h e t i c routes were i n v e s t i g a t e d ( e . g . 
r e a c t i o n of e s t e r s of aromat ic t e t r a c a r b o x y l i c ac id s wi th diamines 

In Reactive Oligomers; Harris, F., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



1. HERGENROTHER Thermally Curable Oligomers 9 

and r e a c t i o n of aromat ic d i i s o c y a n a t e s w i th aromat ic t e t r a c a r b o x y l i c 
d ianhydr ides ). In format ion on s t r u c t u r e / p r o p e r t y r e l a t i o n s h i p s 
permi t ted the design of t h e r m o p l a s t i c P I . However, u n t i l r e c e n t l y , 
l i t t l e work was done t o op t im ize the molecu lar w e i g h t / p r o c e s s a b i l -
i t y/mechan ica l p r o p e r t i e s of t h e r m o p l a s t i c P I . G e n e r a l l y , tempera
tu res 80 t o 120°C h igher than the g lass t r a n s i t i o n temperature (Tg) 
and pressure > 1.38 MPa were requ i red i n compression mo ld ing . In 
most i n s t a n c e s , p rocessab le PI were obta ined by compromising the use 
temperature . 

To improve the p r o c e s s a b i l i t y of PI and t o a l l e v i a t e or e l i m i n 
ate v o l a t i l e s , work began i n the l a t e 1960's under NASA Lewis 
sponsorsh ip (23 ) , t o end-cap o l igomers w i th r e a c t i v e groups. The 
f i r s t repor t i n v o l v e d the use of 3 , 6 - e n d o m e t h y l e n e - l , 2 , 3 , 6 - t e t r a h y -
d r o p h t h a l i c anhydri de ( 5 - n o r b o r n e n e - 2 , 3 - d i carboxy1i c anhydri de , 
nadic anhydr ide) and a l k y l d e r i v a t i v e s the reo f ( e . g . c i t r a c o n i c 
anhydr ide) and 1 , 2 , 3 , 4 - t e t r a h y d r o p h t h a l i c anhydr ide (4 - c yc lohexene -
1 , 2 - d i c a r b o x y l i c anhydr ide) as the r e a c t i v e end group on imide 
o l igomers ( 2 3 - 2 5 ) . Th i
P13N [wi th Ύ f o r p o l y i m i d e , 13 f o r M n of ~1300g/mole and Ν f o r 
nadic end cap] whose s t r u c t u r e i s shown below. 

The amic a c i d o l igomer cou ld be t h e r m a l l y cyc lodehydrated t o y i e l d 
the nadimi de - te rminated o l igomer which e x h i b i t e d poor f low at 
temperature < 275°C. The end-groups begin t o react at a moderate 
ra te at ~275°C w i th the e v o l u t i o n of a smal l amount (1-2%) of 
c y c l o p e n t a d i e n e . The thermal cha in e x t e n s i o n , r e f e r r e d t o as 
p y r o l y t i c p o l y m e r i z a t i o n , occurs through a combinat ion of a d d i t i o n 
r e a c t i o n s i n v o l v i n g the u n s a t u r a t i o n of the nadimide moiety and 
male imide/cyc lopentad iene formed from a reverse D i e l s - A l d e r r e a c 
t i o n . Th is route prov ided an improvement i n p r o c e s s i n g over the 
l i n e a r polyamic ac ids and ester/ami ne de r i ved po ly imides but the 
cured P13N r e s i n was b r i t t l e . E a r l y work reported good high temper
a ture p r o p e r t i e s f o r smal l dense g lass r e i n f o r c e d composites ( 2 5 ) . 
Problems ( e . g . p o r o s i t y and m ic roc rack ing ) were encountered in~~the 
f a b r i c a t i o n of l a rge composites and f i l l e d moldings apparent l y due 
to the e v o l u t i o n of water (from incomplete i m i d i z a t i o n ) , r e s i d u a l 
so l ven t ( Ν , Ν - d i m e t h y l f o r m a m i d e , DMF) and c y c l o p e n t a d i e n e , poor r e s i n 
f low and r e s i n s h r i n k a g e . In a d d i t i o n , v a r i a b i l i t y i n the s t a b i l i t y 
of the amic a c i d s o l u t i o n was a problem. 

To reso l ve these shor tcomings , work was i n i t i a t e d at NASA Lewis 
Research Center which l e d t o the development of PMR-15 (with PMR 
meaning the i n - s i t u p o l y m e r i z a t i o n of monomeric reac tants and 15 f o r 
an average M n l i n e a r segment of -1500 g/mole) (26, 2 7 ) . The 
e a r l y work invo l ved the dimethyl e s t e r of S ^ ' ^ V - b e n z o p h e n o n e t e -
t r a c a r b o * y l i c a c i d , 4 , 4 ' - m e t h y l e n e d i a n i l i n e and the monomethyl e s t e r 
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of 5 -no rbo rnene -2 ,3 -d i ca rbo )^y l i c a c i d where the s t o i c h i o m e t r y was 
ad jus ted t o prov ide an o l igomer w i th M n of -1500g/mole. A 
methanol s o l u t i o n of these monomers was used to impregnate the 
r e i n f o r c e m e n t . Res idual so l ven t (-11%) was requ i red to prov ide 
tack and drape t o the p repreg . In the f a b r i c a t i o n of compos i tes , 
the cure c y c l e was programmed to f i r s t remove the r e s i d u a l s o l v e n t 
and then most of the v o l a t i l e s (water and methanol) from thermal 
c y c l i z a t i o n to the i m i d e . This c y c l e i s commonly c a l l e d B - s t a g i n g . 
As the temperature was i n c r e a s e d , the B-staged r e s i n s t i l l had 
s u f f i c i e n t f low under pressure to compact f u r t h e r and thereby 
p rov ide dense (low vo id content ) compos i tes . In ac tua l p r a c t i c e , 
complete convers ion to imide p r i o r to p o l y m e r i z a t i o n through the 
norbornenyl end-group may not o c c u r . Th is i s only of academic 
concern s i n c e dense composites w i th e x c e l l e n t mechanical p r o p e r t i e s 
have been f a b r i c a t e d (28, 2 9 ) . PMR-15 composites have a s i g n i f i c a n t 
data base and are being used i n a v a r i e t y of high performance, h igh 
temperature a p p l i c a t i o n s
from severa l major prepre

To ob ta in tack and drape i n the prepreg wi thout the use of 
r e s i d u a l s o l v e n t , the P13N and PMR-15 technology was f u r t h e r mod i 
f i e d at NASA Langley Research Center . The h a l f - e t h y l e s t e r s of 
3 , 3 ' , 4 , 4 ' - b e n z o p h e n o n e t e t r a c a r b o x y l i c a c i d and nadic a c i d were 
blended w i th a l i q u i d e u t e c t i c amine m i x t u r e , Jef fami ne AP-22 or 
Ancamine-DL (homologs and isomers of m e t h y l e n e d i a n i l i n e ) , w i th the 
s t o i c h i o m e t r y ad justed to prov ide an o l igomer w i th M n of ~1600g/ 
mole ( 3 0 ) . This mate r ia l was c a l l e d LARC-160. The v iscous mono-
meric mixture i s amenable to melt impregnat ion t o p rov ide prepreg 
w i th tack and drape wi thout excess i ve r e s i d u a l s o l v e n t . As w i th 
PMR-15, the prepreg i s B-staged t o remove condensat ion v o l a t i l e s and 
subsequent ly cured t o y i e l d dense composites w i th good high 
temperature p r o p e r t i e s . LARC-160 i s a l s o a v a i l a b l e from severa l 
p rep reggers . 

Nadic anhydr ide was a l s o used to te rminate an amic a c i d 
o l igomer prepared from the r e a c t i o n of 3 , 3 * , 4 , 4 ' - b e n z o p h e n o n e t e t r a -
c a r b o x y l i c d ianhydr ide and 3 , 3 ' - m e t h y l e n e d i a n i l i n e where the 
s t o i c h i o m e t r y was ad justed to y i e l d a nadimi de - te rmina ted imide 
o l igomer w i th M n ~1300g/mole. This mate r ia l has been r e f e r r e d 
t o as LARC-13 and has been eva luated as a high temperature adhesive 
( 3 1 ) . A high tenpera tu re adhesive (BXR10214-151C) s i m i l a r to PMR-15 
i s commercia l l y a v a i l a b l e ( 3 2 ) . 

About 1970, research was i n i t i a t e d under A i r Force funding on 
a c e t y l e n e - t e r m i n a t e d imide o l igomers (ATI) which cou ld be the rma l l y 
chain extended through the a c e t y l e n i c end-groups (33, 3 4 ) . Th is 
e f f o r t r e s u l t e d i n the development of HR-600 (Eq. 9) and subsequent 
c o m m e r c i a l i z a t i o n by Gul f O i l Chemicals Company i n the form of Ther -
mid - 6 0 0 . Neat r e s i n p r o p e r t i e s of HR-600 are presented i n Table IV 
w h i l e p r e l i m i n a r y composite p r o p e r t i e s are g iven i n Table V. 

Al though HR-600/Thermid-600 prov ided promis ing neat r e s i n and 
composite p r o p e r t i e s , major p r o c e s s i n g problems have plagued these 
as we l l as other a c e t y l e n e - t e r m i n a t e d o l i g o m e r s . Res in f low and 
wet t ing i s i n h i b i t e d due to the r e a c t i o n of the te rmina l ethyny l 
groups p r i o r to the format ion of a complete melt or s o f t s t a t e . 
This becomes even more severe due to heat t r a n s f e r problems as 
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Table IV. Cured Acety lene -Terminated Imide 

(HR-600) P r o p e r t i e s 1 * 2 

T e n s i l e S t r e n g t h , MPa ( K s i ) 96 .5 (14) 
T e n s i l e Modulus, GPa ( K s i ) 3.79 (550) 
E l o n g a t i o n , % 2.6 
F l e x u r a l S t r e n g t h , MPa ( K s i ) 124.1 (18) 
F l e x u r a l Modulus, GPa ( K s i ) 4 .48 (650) 
Compressive S t r e n g t h , MPa ( K s i ) 213.7 (31) 
Barco l Hardness 45 
Tg , °C ( a f t e r 48 hr @ 370°C) 350 

i n a i r 

2 Source: Reference 3 5 . 

l a r g e r components a r e f a b r i c a t e d . Because of the poor s o l u b i l i t y 
and p r o c e s s a b i l i t y of HR-600/Thermid-600 m a t e r i a l s , work s h i f t e d t o 
the chemical convers ion of the a c e t y l e n e - t e r m i n a t e d amic a c i d 
o l igomer t o the a c e t y l e n e - t e r m i n a t e d i s o i mi de o l igomer ( s t r u c t u r e 
shown be low) . The i s o i mi de o l igomer was reported to have b e t t e r 

II II II II 
0 0 0 0 

AND ISOMERS 
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Table V. - Thermid - 6 0 0 / U n i d i r e c t i o n a l HT-S Graph i te 
F i b e r Laminate P r o p e r t i e s 

Test C o n d i t i o n 

26°C 
260°C a f t e r 500 hr 

@ 260°C 
288°C a f t e r 500 hr 

@ 288°C 
316°C a f t e r 500 hr 

@ 316°C 

F l e x u r a l S t r e n g t h , 
GPa (Ksi ) 

1.28 (185) 
1.17 (169) 

0 .93 (144) 

1.04 (151) 

Short Beam 
Shear S t r e n g t h , 

MPa ( K s i ) 

83 .4 (12.1) 
60.0 (8 .7 ) 

51.0 

41.4 

(7 .4 ) 

(6 .0 ) 

Source: Reference 3 6 . 

s o l u b i l i t y and p r o c e s s a b i l i t y than ATI ( 3 7 ) . At high temperatures 
( e . g . 300°C), the i s o i m i d e rearranges t o i m i d e . Var ious forms of 
the a c e t y l e n e - t e r m i n a t e d imi des and i s o i mi des are a v a i l a b l e from 
Nat iona l S ta rch C o r p o r a t i o n . 

Imide o l igomers c o n t a i n i n g other r e a c t i v e end groups such as 
v i n y l ( 3 8 ) , cyano (39, 40) phenyl a c e t y l e n e , phenyl v i n y l a c e t y l e n e 
(H 5 C 6 -C r f^H-C=C- ) (40; pT i iny ld iacety lene (H 5 C 6 -C=C-C=C-) (41) and 
propargy l (42) have been r e p o r t e d . 

Pheny lqu inoxa l ines - Po l ypheny lqu inoxa l ines (PPQ) prepared from 
the r e a c t i o n of aromat ic b i s ( o - d i a m i n e s ) and aromat ic b i s ( p h e n y l - a -
d ike tones ) are high temperature t h e r m o p l a s t i c s . They are p r o c e s s -
ab le w i th l i t t l e or no v o l a t i l e e v o l u t i o n at r e l a t i v e l y high temper
atures (> 316°C) and pressure ( - 1 . 3 8 MPa) by v i r t u e of t h e i r 
t h e r m o p l a s t i c i t y . L i k e other t h e r m o p l a s t i c s , the p r o c e s s a b i l i t y i s 
governed p r i m a r i l y by the chemical s t r u c t u r e , molecu lar weight and 
molecu la r weight d i s t r i b u t i o n . 

To improve the p r o c e s s a b i l i t y of PPQ, a p p r o p r i a t e pheny lqu inox -
a l i n e o l igomers were end-capped w i th a c e t y l e n i c groups u s i n g 
3 - (3 ,4 -d iaminophenoxy )pheny lacety lene (43) or 4 - ( 3 - and 4 - e t h y n y l -
phenoxy)benzi l (44, 45) (Eq. 1 0 ) . The p r o c e s s a b i l i t y was improved 
but at the s a c r i f i c e of the thermoox idat i ve s t a b i l i t y . In g e n e r a l , 
cured a c e t y l e n e - t e r m i n a t e d h e t e r o c y c l i c polymers are l e s s s t a b l e i n 
a thermoox idat i ve environment than the parent l i n e a r polymer. 

A t h i n molding of an a c e t y l e n e - t e r m i n a t e d p h e n y l q u i n o x a l i n e , 
f a b r i c a t e d by compression molding at 316°C f o r 26 hr and at 371 °C 
f o r 5 h r , gave t e n s i l e s t reng th of 103 MPa (15,000 p s i ) , t e n s i l e 
modulus of 2 .62 GPa (380,000 p s i ) and e l o n g a t i o n of 5% ( 4 6 ) . 
P r e l i m i n a r y u n i d i r e c t i o n a l g raph i te f i b e r laminate p r o p e r t i e s are 
repor ted i n Table V I . 

Pheny lqu inoxa l ine o l igomers have a l s o been end-capped w i th 
4 , 4 ' - d i v i n y l b e n z i l ( 4 8 ) . The te rm ina l v i n y l groups underwent a 
t h e r m a l l y induced c r o s s l i n k i n g r e a c t i o n to y i e l d m a t e r i a l s w i th high 
TgS (~390°C) but poor thermoox idat i ve s t a b i l i t y . 

Other R e a c t i v e Oligomers - In the mid 1 9 6 0 ' s , a r e a c t i v e 
o l i g o m e r i c p recu r so r t o a po l ybenz imidazo le (PBI) was a v a i l a b l e as 
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Table VI - U n i d i r e c t i o n a
Laminate P r o p e r t i e

Pheny lqu inoxa l ine R e s i n 1 * 2 

Short Beam 
F l e x u r a l S t . , GPa F l e x u r a l M o d . , Shear S t . , 

Test C o n d i t i o n ( K s i ) GPa (msi) MPa ( K s i ) 

26°C 1.65 (239) 133.1 (19.3) 100.7 (14.6) 
232°C a f t e r 2000 1.37 (199) 126.8 (18.4) 51.7 (7 .5) 

hr at 232°C 
260°C a f t e r 500 1.30 (188) 126.2 (18.3) 4 2 . 1 (6 .1) 

hr 260°C 

1 Cured at 316°C under 1.38 MPa (200 p s i ) f o r 4 hr 
Source: Reference 47 · 

I m i d i t e 850 from Narmco M a t e r i a l s I n c . The o l i g o m e r i c form was 
prepared from the p a r t i a l r e a c t i o n of S ^ U ^ ' - t e t r a a m i n o b i p h e n y l 
and d ipheny l i s o p h t h a l a t e . React i ve o l i g o m e r i c forms of PBI are 
s t i l l under e v a l u a t i o n as l a m i n a t i n g r e s i n s f o r use i n high 
temperature composite a p p l i c a t i o n s . Exper imental q u a n t i t i e s of 
a c e t y l e n e - t e r m i n a t e d phenylene o l igomers were in t roduced by Hercules 
i n the e a r l y 1970'$ under the name of H-Resins ( 4 9 ) . Cure takes 
p l a c e i n the 200-300°C range to y i e l d h i gh l y c r o s s l i n k e d r e s i n s . 
These m a t e r i a l s were contemplated f o r use as c o a t i n g s , c o m p o s i t e s , 
and mo ld ings . Apparent ly due t o an unfavorab le combinat ion of 
p r i c e , p r o c e s s a b i l i t y and performance, H - r e s i n s were not 
c o m m e r c i a l i z e d . 

Cured e t h y n y l - t e r m i n a t e d e s t e r o l igomers prepared from the 
r e a c t i o n of hydroxy - te rminated e s t e r o l igomers w i th 4 -e thyny lbenzoy l 
c h l o r i d e e x h i b i t e d h igher T g s and b e t t e r so l ven t r e s i s t a n c e than 
comparable unendcapped polymers ( 5 0 ) . B iphenylene end-caps have 
been p laced on imide (40, 51 ) , quTnol ine (52, 53) and q u i n o x a l i n e 
(53) o l i g o m e r s . High temperatures (> 316°CT are requ i red to cure 
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ol igomers w i th biphenylene* end-caps even i n the presence of 
c a t a l y s t s (n i cke l and rhodium compounds). P r e l i m i n a r y composite 
p r o p e r t i e s of biphenylene end-capped imide and q u i n o l i n e o l igomers 
have been reported ( 5 3 ) . A c e t y l e n e - t e r m i n a t e d p h e n y l - a s - t r i a z i n e 
o l igomers have a l s o been prepared (54 ) . 

Conc lus ions 

Research on therma l l y curab le o l igomers dur ing the past 15 years 
have produced the f o l l o w i n g s i g n i f i c a n t advances: (1) o l igomers 
w i th good p r o c e s s a b i l i t y tha t thermal l y cured w i th minimal v o l a t i l e 
e v o l u t i o n , (2) cured r e s i n s w i th a t t r a c t i v e p h y s i c a l and mechanical 
p r o p e r t i e s w i th good moisture and s o l v e n t r e s i s t a n c e and (3) a 
technology which can c u s t o m - t a i l o r molecules to prov ide a broad 
scope of r e s i n s f o r var ious a p p l i c a t i o n s . The review presented 
here in e l u c i d a t e s the types of chemistry which have been s t u d i e d . 
Cons ide rab le research an
combinat ion of p r i c e ,
a t t a i n e d , the rma l l y cu rab le o l igomers as p recurso rs t o high 
temperature polymers w i l l f i n d wide acceptance i n i n d u s t r y . 

The use of t rade names of manufacturers does not c o n s t i t u t e an 
o f f i c i a l endorsement of such products or manufac ture rs , e i t h e r 
expressed or i m p l i e d , by the Nat iona l Ae ronaut i cs and Space 
A d m i n i s t r a t i o n . 
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Synthesis of Bisphenol-Based Acetylene Terminated 
Thermosetting Resins 

J. S. WALLACE1, F. E. ARNOLD1, and W. A. F E L D 2 

1Air Force Wright Aeronautical Laboratories, AFWAL/MLBP, Wright-Patterson Air Force Base, 
OH 45433 

2Department of Chemistry, Wright State University, Dayton, OH 45435 

A series of
range) bis-pheno
resins were synthesized by reacting fou  moles of 
4,4'-dihalodiphenylsulfone (chloro and fluoro) with 
one mole of a bis-phenol (4,4'-isopropylidinedi
phenol, 4,4'-thiodiphenol, p,p'-biphenol, and 
resorcinol were used), end-capping the resulting 
halo-terminated products with 4-(m-hydroxyphenyl)-
2-methyl-3-butyn-2-ol, and caustically cleaving the 
terminal acetone protecting groups to give free 
ethynyl functionalities. This synthesis produces a 
mixture of monomer and oligomer AT-products which 
were separated by column chromatography. Pure 
AT-monomers and the monomer/oligomer mixtures 
produced by the outlined stoichiometry were cured at 
288°C (550°F) for 8 h in air. Glass transition 
temperatures (Tgs) of the cured (by thermomechanical 
analysis) and uncured (by differential scanning 
calorimetry) AT-systems were measured. 
Thermo-oxidative stability of the resins was 
evaluated by isothermal aging (ITA) in air at 315°C 
(600°F) for 200 h. 

In recent years acetylene terminated resins (AT-resins) have 
shown promise in the area of high temperature applications and are 
possible replacements for state-of-the-art epoxy resin systems 
where humidity exposure i s expected. Acetylene terminated resins 
have two important advantages over previously developed systems: 
1) cured products have high thermal s t a b i l i t y and exhibit good 
mechanical properties after exposure to humidity, and 2) the resins 
are cured through an addition reaction so no volatile by-products 
are evolved giving a voidless f i n a l matrix. (Ĵ) 

These properties make AT-resins especially attractive for 
advanced aircraft and aerospace vehicles where material weight i s a 
c r i t i c a l factor and high temperatures as well as humidity are 
lik e l y to be encountered. 

0097-6156/85/0282-0017$06.00/0 
© 1985 American Chemical Society 

In Reactive Oligomers; Harris, F., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



18 R E A C T I V E O L I G O M E R S 

In an effort to optimize mechanical and processing properties, 
many different molecular systems have been inserted between 
terminal acetylene groups, with each system imparting i t s own 
unique properties to the f i n a l resin. The f i r s t of these systems 
to demonstrate good mechanical properties were the quinoxalines. 
These systems, with their large flexible molecular structures, did 
not however meet epoxy processing standards (i.e., melt 
processability and room temperature tack and drape)(2) because of a 
high i n i t i a l Tg.(3) Two approaches were taken to resolve this 
problem. The f i r s t approach, which i s presently s t i l l under 
investigation, was to incorporate reactive plasticizers into the 
quinoxaline resins. Preliminary data shows that this has the 
effect of lowering the i n i t i a l Tg, but further study i s required 
before effects on mechanical properties can be completely 
evaluated.(4) The second approach involves the substitution of 
aromatic diol and bis-diol groups (resulting in a group of 
compounds called phenylen
tried, the diphenyl sulfon
as ATS) with good processing properties but which were b r i t t l e in 
nature. (_1) A factor which has been associated with resin toughness 
i s crosslink density of the matrix. This density can be controlled 
by increasing or decreasing the molecular weight of the monomer and 
oligomer molecules which make up the resin. Reducing the crosslink 
density in a matrix has been shown to yield improved toughness.(5) 
In an effort to improve the mechanical properties of AT resins, 
monomers and oligomers of higher molecular weight, with various 
phenylene R backbones, are being evaluated. This work i s centered 
at the Materials Laboratory of the Air Force Wright Aeronautical 
Laboratories and i s the basis for the research presented here. The 
combination of a semiflexible backbone and lower crosslink density 
should provide an AT-resin with superior mechanical properties. 
The objectives of this research therefore were: 

1. The synthesis of higher molecular weight (750-950 amu 
range), semi-rigid AT-resins, with the general formula 1_ (Figure 1) 
with the potential of improved mechanical properties. The di o l and 
bis-diols used in these systems were chosen because of their low 
cost and ready availab i l i t y . Meta- rather than para-AT end capped 
systems were synthesized because the former generally have lower 
uncured Tgs which are desirable for easy processing. 

2. Development of a new acetylene terminating procedure to 
fa c i l i t a t e the synthesis of the aforementioned systems. 

Experimental 

Synthesis of the End-Capping Agent 
4-(m-Hydroxyphenyl)-2-methyl-3-butyn-2-ol I_ 

A three-necked 500mL round-bottom flask was fi t t e d with a 
reflux condenser, magnetic s t i r bar, stopper, and gas inlet/outlet 
adapters. Under dry nitrogen the flask was charged with 
m-bromophenol (10.Og, 57.8 mmol), 2-methyl-3-butyn-2-ol (5.0g, 59.4 
mmol) and 250 mL of d i s t i l l e d triethylamine resulting in a pale 
yellow solution. The mixture was heated at reflux for 15 min while 
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a nitrogen atmosphere was maintained. After the reflux period the 
catalyst system consisting of dichlorobis(triphenylphosphine) 
palladium II (0.1g), triphenylphosphine (0.2g) and cuprous iodide 
(O.lg) was added. Addition of the catalyst system caused the 
reaction mixture color to deepen to yellow-orange. After heating 
at reflux for 25 h, light-colored salts formed. Reaction progress 
was followed by gas chromatography (GC) using phenol as a standard. 
After cooling to 25°C, the reaction mixture was f i l t e r e d under 
nitrogen through a glass f r i t packed with celite. The remaining 
light gray precipitate was rinsed with additional triethylamine and 
the f i l t r a t e s combined, concentrated (rotary evaporator) and the 
resulting yellow o i l dissolved in 200 mL of toluene and then washed 
with 120 mL of 8% hydrochloric acid. The hydrochloric acid washing 
was extracted with three 50 mL portions of ethyl acetate which were 
combined, concentrated (rotary evaporator) and the resulting 
residue dissolved in 25 mL of toluene. The toluene fractions were 
combined and dried (magnesiu
was treated with ethylen
heating (50-60°C) under nitrogen for 15 min which resulted in a 
blue precipitate. After cooling to room temperature, the solution 
was f i l t e r e d to remove the precipitate and the f i l t r a t e was 
extracted with 250 mL of d i s t i l l e d water and three 125 mL portions 
of 10% potassium carbonate. The base extract was stirred in an 
ice/water bath and neutralized with 6N hydrochloric acid (addition 
was continued u n t i l the pH was slightly acidic). The aqueous 
solution was extracted with one 250 mL and three 125 mL portions of 
ethyl acetate which were combined, dried and evaporated. The 
resulting dark yellow-orange o i l was induced to crystallize by 
dissolving i t in methylene chloride, adding n-hexane u n t i l slightly 
cloudy, seeding and cooling by refrigeration for 24 h. The 
resulting solid was recrystallized from n-hexane/methylene chloride 
(2/3) to yield 4.lg (41%) of a white solid: mp 94-95°C; IR (KBr) 
3380, 3160 cm (0-H). 3000, 1575 cm (aromatic), 2930 cm 
(aliphatic), 2210 cm (C C), 1215, 940 cm (C-OH). 

Anal. Calcd. for C n H 1 9 0 : C, 74.91; H, 6.81. 
i iFouna: C, 74.52; H, 6.96. 

Cu and Pd Analysis: Cu, 3ppm; Pd, 3ppm. 

Example Procedure for Preparation of Halo-Terminated 
Intermediate Monomer/Oligomer Mixtures 

1,1 1-(1-Methylethylidene)bis[4-[4-[(4-fluoropheny1)sulf onyl] 
phenoxy]benzene] II 

and 
-[4-[l-[4-[4-[(4-Fluoropheny1)sulf onyl]phenoxy]phenyl]-1-methy1-

ethy1]phenyl]- -[4-[(4-fluoropheny1)sulfonyl]phenoxy]poly[oxy-1, 
4-phenylenesulfonyl-1,4-phenyleneoxy-l,4-phenylene(1-methyl 
ethylidene)-l,4-phenylene] III 

A three-necked 250 mL round-bottom flask, was equipped with a 
magnetic s t i r bar, reflux condenser, Dean-Stark trap, and a gas 
inlet/outlet adapter. The following mixture was added: 
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4,4 f-isopropylidenediphenol (3g, 13.2 mmol), difluorodiphenyl 
suIfone (13.43g, 52.8 mmol), anhydrous potassium carbonate (1.91g, 
13.8 mmol), 25 mL of freshly d i s t i l l e d N-methyl-2-pyrrolidone and 
25 mL of benzene. The reaction mixture was heated at reflux 
(100°C) and stirred rapidly under dry nitrogen u n t i l a l l water (a 
reaction side product) was removed by azeotropic d i s t i l l a t i o n with 
benzene. The reaction (dark purple color) temperature was then 
raised and maintained at 135°C for 5h. The mixture darkened during 
this period. After cooling to room temperature, the reaction 
mixture was diluted with 100 mL of methylene chloride and washed 
with three 200 mL portions of 10% hydrochloric acid, one 200 mL 
portion of d i s t i l l e d water, dried (magnesium sulfate) and fi l t e r e d . 
The f i l t r a t e was concentrated (rotary evaporator) and 
chromatographed on a quartz column f i l l e d with activated s i l i c a gel 
(460g). Unreacted difluorodiphenyl sulfone was eluted with 
methylene chloride/petroleum ether (*s), monomer II was eluted with 
methylene chloride/petroleu  (h)
crystalline solid: mp 120-122°C
(aromatic), 1230 cm"1 (ArF), 1320, 1145 cm (SO ), 1095 cm" 
(ArOAr); 
Anal. Calcd. for C q QH F S? 0,: C,67.23; H,4.34; S,9.20; F,5.45. 

Found: C,67.21; H,4.58; S,9.05; F,5.44. 
Oligomer III was eluted with methylene chloride to yield 1.39g of a 
clear viscous o i l : IR (NaCl film) 3070, 1570, 1475 cm" (ArF), 
1320, 1150 cm" (SOJ, 1100 cm"1 (ArOAr). 
Total yield was 8.00g (87.3%, i f based on pure monomer theoretical 
yield). 

Example Procedure for Preparation of Acetone 
Protected AT-Products 

Monomer Product 

4,41-[(1-Methylethylidene)bis(4,l-phenyleneoxy-4,1-phenylene-
sulfonyl-4,l-phenyleneoxy-3,1-phenylene)]bis[2-methyl-3-butyn-2-ol] 
IV 

To a 50 mL, three-necked, round-bottom flask equipped with 
magnetic s t i r bar and nitrogen inlet/outlet was added 40 mL of dry 
DMSO. While st i r r i n g under nitrogen, 4-(m-hydroxyphenyl)-
2-methyl-3-butyn-2-ol I_ (1.67g, 9.48 mmol) and potassium methoxide 
(0.67g, 9.48 mmol) were added. The mixture was stirred at 40°C for 
1 h to complete generation of the potassium salt. A 250 mL 
three-necked round-bottom flask, equipped with a gas inlet/outlet, 
addition funnel, and magnetic s t i r bar was charged with II (3.0g, 
4.31 mmol) dissolved in 40 mL of dry DMSO. Under nitrogen, the 
solution was heated to 90°C with s t i r r i n g . The potassium salt of 
4-(m-hydroxyphenyl)-2-methyl-3-butyn-2-ol 1̂  was transferred (under 
nitrogen) to the addition funnel and added to the solution of II 
over a period of lh. After addition was complete, the reaction 
mixture was maintained at 90°C for an additional 3 h, cooled to 
room temperature and diluted with 150 mL of methylene chloride 
and was washed with three 200 mL portions of 10% hydrochloric acid 
and one 300 mL portion of d i s t i l l e d water. The methylene 
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chloride solution was dried (magnesium sulfate), f i l t e r e d , and 
concentrated (rotary evaporator) to yield a pale brown product. 
The crude product was chromatographed on a quartz column f i l l e d 
with activated s i l i c a gel (160g). The product was eluted with 
hexanes/ethyl acetate (3/1) to.yield 3.82g (87.9%) of white solid: 
mp 179-181°C; IR(KBr) 3480.cm (COH), 3060, 1570, 1475 cm" 
(aromatic), 1380, 1360 cm (gem dimethyl), 1315, 1145 cm" (SOJ, 
1100 cm" (ArOAr); 

Anal. Calcd. for C,.H-^O.n: C, 72.70; H. 5.21; S, 6.35. 
b A ^Found: C, 72.14; H, 5.49; S. 6.01. 

Example Procedure for Cleavage of AT-Product 
Acetone Protecting Groups 

Monomer Product 

1,1'-(l-Methylethylidene)bis[4-[4-[[4-(3-ethynylphenoxy)phenyl
sulfonyl]phenoxy]benzene

A solution of IV (2.0g, 2.0 mmol) i n 150 mL of dry toluene was 
formed with heating under nitrogen i n a three-necked, 250 mL, 
round-bottom flask which was equipped with a Dean-Stark trap, 
reflux condenser, magnetic s t i r bar and a gas inlet/outlet adapter. 
Dry, powdered potassium hydroxide (2.0g) was added and the mixture 
was stirred and heated at reflux for 1 h. Acetone formed as the 
reaction progressed was removed by azeotropic d i s t i l l a t i o n with 
toluene. The toluene was replaced and the d i s t i l l a t i o n procedure 
repeated two more times. The progress of the reaction was followed 
by TLC on s i l i c a gel (methylene chloride). After 3 h the reaction 
mixture was cooled to room temperature, f i l t e r e d through celite and 
washed with three 200 mL portions of d i s t i l l e d water, dried 
(magnesium sulfate), and fi l t e r e d . The f i l t r a t e was concentrated 
(rotary evaporator) and chromatographed on a quartz column f i l l e d 
with activated s i l i c a gel (160g). The product was eluted with 
hexanes/methylene chloride (3/1) to.yield 1.56g (83%) of a white 
solid: mp 80-82°C; IR(KBr) 3300 cm" (C CH), 3050, 1570, 1475 . 
(aromatic), 1380, 1360 (gem di-methyl), 1315, 1340 (SOJ, 1100 cm 
(ArOAr) H NMR 6.86-8.20 (m, aromatic, 32H), 3.15 (s, acetylene, 
2H), 1.71 (s, methyl, 6H); 

Anal. Calcd. for C^JL.^S^O'. C, 74.00; H, 4.53; S. 7.18. 
Found: C, 74.36; H, 4.83; S, 7.02. 

Results and Discussion 

End-Capping Agent _I 

In previously employed end-capping schemes a palladium 
catalyst was used to directly connect a protected ethynyl group 
(2-methyl-3-butyn-2-ol) to a bulky intermediate. This procedure 
results in the entrapment of catalyst metals which must be 
laboriously removed from the f i n a l AT-product. If these metals are 
not removed, premature curing of the system occurs which narrows 
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the processing window. In extreme cases where large quantities 
(>100ppm) of palladium remain, curing in the reaction vessel during 
the cleavage of the acetone protecting group has been observed.(6) 
The end-capping agent 4-(m-hydroxyphenyl)-2-methyl-3-butyn-2-ol 1̂  
eliminates this problem. The synthesis of I is accomplished by 
using a palladium catalyst to replace the bromine atom of 
m-bromophenol with 2-methyl-3-butyn-2-ol, a protected ethynyl 
group. This route results in the preparation of a substituted 
phenolic acetylene which can be completely isolated from the 
catalyst metals by an ethylenediamine treatment (Figure 2). 

The u t i l i t y of a palladium catalyst in the synthesis of 
substituted aryl acetylenes i s well established.(7,8,9,10) The 
end-capping agent 1̂  was produced by using a standard catalyst 
system, dichlorobis(triphenylphosphine)palladium (II)/copper (I) 
iodide/triphenylphosphine mixture, which has been employed in 
previously developed ethynylation procedures.(10) The copper (I) 
iodide i s believed to ac
(II) complex to the activ
shown in Figure 3 (diethylamine i s the solvent).(11) 
Sonogashira has proposed a catalytic cycle (Figure 4) which shows: 
1) the reduction of the palladium complex, 2) coordination of the 
aryl halide and acetylene with the palladium (0) complex and 3) the 
reductive elimination of the substituted aryl acetylene and 
regeneration of the active catalyst.(10) 
The use of a basic solvent (in this case diethylamine) i s important 
to stabilize acetylenic anions.(9) The third catalyst system 
component, triphenyl phosphine, i s presumably added to help replace 
lost triphenyl phosphine ligands on the palladium complex and thus 
prevent metal agglomeration. 

Triethylamine, because of i t s basic properties was chosen as 
the solvent for the end-capper 1̂  synthesis. Reactions were run at 
reflux for times ranging from 2 to 30 hours. Reaction progress was 
followed by gas chromatography (GC) using phenol as a standard. 
A l l reactions were run under a dry nitrogen atmosphere. Yields 
rapidly increased with time up to 12 hours, slowly increased with 
time up to 24 hours, and showed a slow decline thereafter. The 
reaction never appears to go to completion regardless of reaction 
time, and there i s always residual m-bromophenol remaining 
(detected by GC and TLC). Dieck and Heck state that the major 
limitation of substituted aryl acetylene preparation i s that aryl 
halides with strongly electron-donating substitutents have 
relatively low reactivity toward oxidative addition.(9) The 
failure of the end-capper reaction to go to completion i s most 
li k e l y associated with the inductive electron-donating effect of 
the hydroxy group of m-bromophenol. This leads to the unproven 
hypothesis that the palladium catalyst i s involved with a competing 
deactivation reaction with a relatively fast rate. Thus, a portion 
of the catalyst i s deactivated or destroyed before i t can react 
with m-bromophenol. The acetylenic starting material, 
2-methyl-3-butyn-2-ol was used in slight excess because i t was 
known that some would be lost to side reaction products.(9) 
Increasing the excess had no observable effect on reaction yield 
(consistently 40%). 
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(03P) aPdCl 2(I I) 
^ - H C s C R 

Cul/Eta NH 

V*(E t 2NH2)*cr 

R - ARYL, ALKYL, H 

Figure 4. Catalytic Cycle Proposed by Sonogashira. 
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The general approach used to synthesize the AT-monomer and 
AT-monomer/oligomer products consists of three synthetic steps: 1) 
synthesis of halo-terminated intermediates, 2) end-capping of the 
intermediates with end-capping agent 1, and 3) cleavage of the 
acetone protecting groups to produce the f i n a l AT-product. 
Production of both monomeric and oligomeric products i s an inherent 
part of this synthetic route (Figure 5). Purification by column 
chromatography i s required after each synthetic step. 

A procedure similar to that developed by McGrath, et.al., was 
used to produce halo-terminated products.(12) The use of both 
4,4'-difluoro and 4,4 l-dichlorodiphenyl sulfone (chosen for the 
sulfone 1s a b i l i t y to activate the displacement of the terminal halo 
groups) to end-cap several bis-phenols were evaluated. In an 
effort to produce primarily monomer products, dihalodiphenyl 
sulfone was used in a 4:
bis-phenols (the four differen
4,4'-thiodiphenol; p,p -biphenol; and resorcinol). e 
stoichiometry outlined above produced monomer/oligomer ratios 
ranging from 100/0 to 60/40 depending on the bis-phenol reactant 
used. Yields of the products ranged between 75 and 90% with the 
fluoro-terminated products generally about 10% higher than 
chloro-terminated products (only two of the bis-phenols were 
reacted with 4,4 ,-dichlorodiphenyl sulfone). A l l reactions were 
run in N-methyl-2-pyrrolidone (NMP) under nitrogen using potassium 
carbonate as a base. Typical reaction time was 4 hours with 
reaction progress followed by TLC. A higher reaction temperature 
was required for chloro displacement (150°C for chloro vs. 100°C 
for fluoro). Before end-capping, monomer was separated from 
oligomeric products by column chromatography. Monomer/oligomer 
ratios were determined by weighing each component after separation. 

In the next step, acetylene end-capping in DMSO, an unexpected 
problem was encountered with the chloro terminated intermediates. 
As in the f i r s t step a high temperature (150°C) was required for 
chloro displacement. The combination of high temperature and basic 
conditions (potassium methoxide was used) produced interestingly, 
the f i n a l unprotected AT-monomer and AT-monomer/oligomer systems in 
low yield (20-40%). Evaluation of the sta b i l i t y of the potassium 
salt of 1̂  (using sodium nitroprusside as an indicator for acetone) 
showed i t was losing i t s acetone protecting group at approximately 
130°C in DMSO. This loss occurred below the 150°C temperature 
required for chloro displacement. Weaker bases such as potassium 
carbonate were tried, but gave similar results. Reaction of the 
fluoro terminated systems with I_ went smoothly and gave good yields 
(70-80%) of the protected AT-systems. Displacement of the fluoro 
atoms was accomplished at 85-90°C and remained completely intact. 
Caustic cleavage of the protecting groups gave AT-monomer and 
AT-monomer/oligomer mixtures in yields ranging from 80 to 85%. 
Overall synthetic yields for this procedure ranged between 50 and 
60% depending on the bis-phenol used. 
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X = F, Cl 

Figure 5 . AT-Monomer/Oligomer Synthetic Route. 
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After f i n a l chromatographic purification, samples of the 
AT-systems were cured in a i r at 288°C (550°F) for eight hours. 
Samples chosen for curing included pure monomers, monomer/oligomer 
mixtures produced by the stoichiometry outlined in the previous 
section, and in one case (the bisphenol-A based resin) pure 
oligomer. This set of samples was selected to provide data showing 
the effect of oligomer concentration on thermomechanical 
properties. 

Differential scanning calorimetry (DSC) and thermomechanical 
analysis (TMA) were used to measure the glass transition 
temperatures (Tgs) of the uncured and cured AT-resins respectively 
(Figure 6). 

For composite applications and a 350°F use temperature, cured 
resins must exhibit a minimum Tg of 220°C. A review of the cured 
Tg values shows that onl
this c r i t e r i a . For eas
required; this gives the uncured resin the necessary tack and drape 
for practical handling. I n i t i a l Tgs for the synthesized resins 
f a l l between 45 and 55°C which i s too high for conventional 
processing techniques. The ρ,ρ'-biphenol based resin has, in 
addition to a high i n i t i a l Tg, a Tm (melt temperature) of 180°C 
(Figure 7). Most AT-systems cure rapidly at temperatures over 
175°C. As soon as the ρ,ρ'-biphenol system melts, rapid curing 
begins and no time i s available for processing. The lack of a 
processing window makes this system almost impossible to handle by 
standard methods. The most attractive AT-systems seem to be the 
4,4'-thiodiphenol and resorcinol based resins. Even though these 
systems have i n i t i a l Tgs of ̂ »50°C, they a l l show adequate cured Tgs 
and have wide processing windows (Figures 6 and 7)· 

Thermo-oxidative s t a b i l i t y of the resins was evaluated by 
isothermal aging (ITA) in a i r at 315°C for 200 hours. A l l the 
systems showed good thermal s t a b i l i t y with weight losses ranging 
from 20 to 38% after 200 hours. The comparable monomer/oligomer 
mixtures of the resins generally showed slightly greater weight 
losses. 

Conclusions 

The use of 4-(m-hydroxyphenyl)-2-methyl-3-butyn-2-ol 1̂  as an 
acetylene end-capping agent has the significant advantage of 
simplifying the task of catalyst metals removal which i s a 
d i f f i c u l t y encountered with other end-capping approaches. Further 
study is required to improve the synthetic yield of 1̂. An effort 
directed at achieving a better yield would be best focused on the 
development of a recoverable polymer supported palladium catalyst 
for ethynylation of bromophenol. In addition to improving the 
yield, such a system would lower the synthetic cost and make large 
scale reactions possible. 

A l l the AT-resins synthesized by the new procedure showed good 
thermal s t a b i l i t y and several exhibited excellent cured Tgs. The 
high i n i t i a l Tgs of the systems remain a problem. Recent 
investigation of an AT-reactive diluent which can be added to the 
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HCHCiOr0^G^|"0(°"R~o^^"|^^oTQrCSCH 

Ratio a b e 
Monomer/Oligomer Tg I n i t i a l (°C) Tg Cured (°C) 

100/0 55 191 
80/20 55 168 
0/100 46 140 

100/0 54 232 
60/40 50 240 

100/0 53 269 
70/30 45 246 

a) Determined by DSC (10°C/min). 
b) Determined by TMA (10°C/min). 
c) Cured at 550°F, 8H, in air. 

Figure 6 . AT-Resin I n i t i a l and Cured Glass Transition 
Temperatures (Tgs). 

Ratio of Tpoly Tpoly 
R Mono./Olig. Tm (°C)a Onset(°C)a Max (°C)a 

-^T^C-^T^S- 100/0 80 160 
lu*-* 80/20 77 160 

250 
C H ,—, 80/20 77 160 245 

' 0/100 110 270 

\ >/-s-4 /h 100/0 — 145 240 
V—/ 60/40 -- 150 230 

1 0 0 / 0 1 8 0 1 8 5 2 3 0 

100/0 70 130 230 
70/30 — 135 235 

a) Determined by DSC (10°C/min). 

Figure 7. Onset and Peak of AT-Resin Polymerization. 
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new systems gave promising results and might provide a solution to 
this problem. What effect the addition of this diluent might have 
on the synthesized resins' mechanical properties remains to be 
seen. Scale-up of the resins to the 50g level would provide 
material for mechanical properties characterization and determine 
i f these increased molecular weight systems have improved 
toughness. 
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Acetylene terminated (AT) oligomeri  arylethe
sulfones which upo
weight between crosslink
have been synthesized via a four step reaction 
sequence. The increase in chain length between 
reactive sites was obtained by synthesis of higher 
molecular weight diols using the nucleophilic 
aromatic substitution reaction of 
4,4'-dichlorodiphenyl sulfone with various diols, 
including resorcinol, hydroquinone, bisphenol A, 
4,4'-dihydroxybiphenyl and 4,4'-thiodiphenol. The 
higher molecular weight diols were reacted with 
excess dibromobenzene through the Ullmann ether 
reaction to produce bromo endcapped arylether 
sulfones. The final stages of the sequence involve 
replacement of bromine with acetylene groups to get 
AT oligomers which were evaluated to determine Tg's 
before and after cure. 

A substantial effort i n our laboratory has been directed toward the 
synthesis and characterization of acetylene-terminated (AT) matrix 
resins. The most significant feature and driving force for the 
effort i s that the thermal induced addition reaction provides a 
moisture insensitive cured product. This technology offers a wide 
variety of thermoset resins for various high temperature 
applications. Backbone structural design for use temperature 
capabilities, processing characteristics and mechanical performance 
has demonstrated the versa t i l i t y of the AT type systems. 

A variety of aromatic and aromatic heterocyclic oligomers with 
terminal acetylene units have been synthesized and reported ( 1 - 3 ) 
i n recent years. Long term use temperatures for these materials 
are i n the range of 250-550°F with short term usage at 600-650°F 
depending on the specific molecular structure between acetylene 
cure sites. These materials can be classified into r i g i d (high Tg) 
and flexible (low Tg) systems. For higher use temperatures, the 
ri g i d aromatic heterocyclic backbones are employed to exhibit 
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higher Tg's after cure. Materials which process similarly to the 
state-of-the-art epoxides require the more flexible phenylene R 
type systems, where R refers to the functional group which imparts 
the f l e x i b i l i t y to the oligomeric backbone. 

The r i g i d high Tg systems are prepared by the formation of a 
heterocyclic low molecular weight oligomeric species followed by 
endcapping with an appropriate aromatic acetylene. These 
heterocyclic systems which have been prepared include the 
quinoxalines (4-6), imides (7) and N-phenylbenzimidazoles (8). The 
formation of the heterocycle i s generally a polymer forming 
polycondensation reaction i n which the molecular weight of the 
oligomer can be controlled by adjusting the stoichiometry of the 
reactants. 

The most convenient method of preparing the flexible (low Tg) 
system i s to employ the Ullmann ether reaction of dibromobenzene 
and aromatic bis-diols followed by catalytic replacement of the 
bromine atoms by termina
available bis-diols hav
and para dibromobenzene. Low Tg arylether oligomers have been 
prepared containing sulfone, sulfide, carbonyl, isopropyl and 
perfluoroisopropyl groups i n the backbone (9). 

These flexible systems do offer the advantages of epoxy-type 
processing; however, the mechanical properties, in particular the 
lack of toughness of the resulting resins, were drawbacks. Work 
with the quinoxaline series (10) had shown that the toughness of AT 
systems could be affected by decreasing the crosslink density i n 
the polymer network. This was done by increasing the chain length 
of the units between terminal acetylenes. In an effort to 
determine whether this finding with the r i g i d quinoxalines would 
also apply to the flexible systems, work was undertaken to 
synthesize higher molecular weight monomer/oligomer systems of the 
Phenylene R type shown below. 

The approach used involved a four step sequence to obtain the 
desired product. A number of low cost diols and bis-diols were 
studied, including bisphenol A, resorcinol and hydroquinone. 
An Ullmann ether condensation was used i n the reaction sequence i n 
an effort to obtain very flexible systems which would have low 
i n i t i a l Tg's for ease of processing. 

The objectives of this work were to synthesize a series of 
arylether sulfone oligomers with an increased chain length between 
reactive sites by the proposed synthetic route. In addition, i t 
was to be determined i f the products obtained by this route would 
have i n i t i a l glass transition temperatures near or below room 
temperature while having cured Tg's i n the 300-350°F range of 
epoxides· 

HC=C C=CH 
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Results and Discussion 

The reaction sequence used to synthesize these flexible systems 
involved four steps which are outlined i n Figure 1. The f i r s t of 
these was an aromatic nucleophilic substitution, a polymer forming 
reaction i n which 4,4 ,-dichlorodiphenyl sulfone reacts with various 
diols. The second step, an Ullmann ether reaction, gives bromine 
terminated products i n which the bromines can be replaced by 
ethynyl end groups in the f i n a l stages. 

Both the substitution and Ullmann reactions provide sources of 
oligomers, making the f i n a l product a mixture of monomeric and 
oligomeric species. While this was desirable for the overall 
objective of the work, increasing chain length between crosslink 
sites, the presence of oligomers did complicate characterization of 
the products obtained from the various reactions. For this reason, 
a reaction scheme which would give a pure monomeric product was 
formulated and used fo
evaluations. 

Monomer Systems. The f i r s t step in the synthesis of the model 
monomeric systems required formation of a mono(bromophenoxy)phenol 
(I) system by the Ullmann reaction outlined i n Figure 2. Here, 
meta or para dibromobenzene was reacted with the appropriate d i o l 
under either of two sets of Ullmann conditions. The f i r s t method 
involved using pyridine, potassium carbonate and cuprous iodide, 
while the second entailed using 2,4,6-collidine and cuprous oxide. 
Both of these syntheses w i l l give a small amount of dibrominated 
material as well as the desired product since two hydroxy linkages 
are present i n the d i o l , but by controlling the stoichiometry of 
the reaction the predominant product can be directed toward the 
mono-bromo material. This Ullmann reaction was done without regard 
to yield or to optimize conditions, but rather to get enough of the 
mono(bromophenoxy)phenol product to continue on i n the sequence. 

Through the use of one of the methods outlined above, a l l five 
of the diols shown in Figure 2 were reacted with an isomer of 
dibromobenzene. The products obtained from this reaction were 
carried through the sequence shown i n Figure 3. The 
mono(bromophenoxy)phenol was reacted with 4,4'-dichlorodiphenyl 
sulfone in a nucleophilic aromatic substitution using 
l-methyl-2-pyrrolidinone (NMP) as a solvent and potassium carbonate 
as base. The reaction was run using a 2:1 ratio of bromo compound 
to sulfone, and since the substitution i s a polymer forming 
reaction under normal circumstances, good conversion to the dibromo 
product was observed with no oligomer formation. 

The second and third steps i n the monomer synthesis involve 
the replacement of bromine with an acetylene protected by an 
acetone adduct, followed by cleavage of the adduct. These steps 
w i l l be discussed in more depth later as they are the same for 
systems containing only monomer or a monomer/oligomer mixture. 

Evaluation of Monomers. Following the completion of this sequence 
of reactions, the monomeric models (III) for a l l of the d i o l 
systems were formed. The products were then evaluated for i n i t i a l 
and f i n a l Tg's and the results compiled i n Figure 4. 
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2HIHHH + α*©-·-φ α 
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Figure 2 . Synthesis of mono(bromophenoxy)phenols. 
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Figure 3 . Synthesis of model monomer systems. 

In Reactive Oligomers; Harris, F., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



36 R E A C T I V E O L I G O M E R S 

AR m/p ι b 
AT • ISOMER Tg INITIAL Tg CURED 

« 3 

271 °C 

Τ0Γ 

33° σ«ι=74 βΟ 1 7 4 ° C 

20°C 2 4 0 ° C 

1 2 ° C 185eC 

59°C 230°C 

2 4 1 ° C 

a . DETERMINED DY DSC (10*C/MIN) 

b. DETERMINED 8Y TMA (KPC/MIN) 

c . CURED AT 55C*F, 8HR 

Figure 4. Evaluation of monomeric AT arylether sulfones. 

The i n i t i a l Tg's found i n column three of the table were 
determined by differential scanning calorimetry at a scan rate of 
10°C/min. Final Tg's were determined by TMA on samples which had 
been cured in air at 550°F for 8 h. No residual exotherm was found 
in any of the samples when scanned by DSC following this cure 
cycle. 

The second column in the table indicates whether the 
dibromobenzene used was the meta or the para isomer. In order to 
provide more f l e x i b i l i t y for the r i g i d diols, 
4,41-dihydroxybiphenyl and hydroquinone, the meta isomer of 
dibromobenzene was used in preference to para. It was postulated 
that the meta isomer would increase the free volume of the chain 
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thus lowering the i n i t i a l Tg. The hydroquinone system was 
synthesized with both para and meta dibromobenzene isomers to 
provide a comparison between the effects of the variation i n 
structure. 

The variation in the i n i t i a l Tg fs show the effect on 
processability of the structures of the dio l and the 
dibromobenzene. Two of the systems, those based on thiodiphenol 
and dihydroxybiphenyl, gave crystalline products which could not be 
made amorphous upon heat treatment. The effect on chain 
f l e x i b i l i t y of dibromobenzene structure could be seen with the two 
hydroquinone systems. In this case, the meta isomer gave an 
i n i t i a l Tg of 12°C while the more ri g i d para system had a Tg of 
59°C. Variation of d i o l structure shows a parallel effect as shown 
with the resorcinol/j)-dibromobenzene system. This material has a 
softening temperature of 20°C. 

A similar trend was postulated for f i n a l Tg's of the cured 
materials. This result wa
hydroquinone systems wher
significantly lower f i n a l Tg. The highest cured Tg's were seen i n 
the bisphenol A, dihydroxybiphenyl and resorcinol systems. The 
lowest f i n a l Tg was observed with the thiodiphenol product, at 
174°C, less than 350°F. 

The fact that the incorporation of thiodiphenol into the 
backbone produced both undesired cr y s t a l l i n i t y and a low f i n a l Tg 
led to a decision not to synthesize the monomer/oligomer mixture 
for this system. 

Monomer/Oligomer Synthesis. The f i r s t two steps i n the four step 
reaction sequence of Figure 1 are capable of producing both monomer 
and oligomer. The f i r s t step, aromatic nucleophilic substitution, 
i s a polymer forming reaction under the correct stoichiometric 
conditions. In order to favor the formation of monomer with a 
small amount of oligomer, the substitution was carried out at a 4:1 
ratio of d i o l to dichlorodiphenyl sulfone. This led to a 
predominantly monomeric product (IV) with only the requirement that 
the excess d i o l be removed from the product to eliminate the 
potential presence of low molecular weight species i n later 
reactions. 

It should be noted that one of these diols, the hydroquinone, 
did not provide any oligomer in the f i r s t step. This was due to 
the formation of the quinone structure which made i t impossible to 
use hydroquinone directly i n the substitution reaction. An 
alternate method was used to overcome this problem which involved 
the use of 4-methoxyphenol to obtain the sulfone product, followed 
by cleavage of the methyl ether to the d i o l (VIII) with boron 
tribromide. This set of reactions i s outlined i n Figure 5. 

A l l of the sulfone diols were able to form oligomers i n the 
second step of the reaction sequence, the Ullmann ether synthesis. 
As with the synthesis of the mono(bromophenoxy)phenol products, two 
methods were used to form the dibromo materials. Method A used 
pyridine, potassium carbonate and cuprous iodide, while Method Β 
employed collidine and cuprous oxide with the dibromobenzene and 
higher molecular weight d i o l (IV). The major difference between 
the syntheses of the mono(bromophenoxy)phenols described earlier 
and these l i e s i n the stoichiometry of the reactions. In order to 
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obtain bromo endcapped product and to allow formation of 
predominantly monomeric species, the reactions were run at a 10:1 
ratio of dibromobenzene to d i o l . This ratio has been found (11) to 
form monomer as the major product, while also affording a 
reasonable amount of higher molecular weight products (V). 

The monomer/oligomer mixtures were used in the third step of 
the reaction sequence, the replacement of bromine with 
2-methyl-3-butyn-2-ol by use of the bis(triphenylphosphine) 
palladium chloride catalyst system. This reaction used a 
triethylamine/pyridine solvent system to replace the bromines on 
the ether sulfone with ethynyl groups protected by acetone adducts. 
The acetone protecting groups were then removed i n a 
toluene/methanol/potassium hydroxide solvent system. 

Evaluation of Oligomeri
reactions gave the five
evaluated i n Figure 6. The third column of the table contains 
monomer/oligomer ratios for the various systems. These ratios were 
determined by a column chromatography separation of products, and 
were based on a weight percent ratio of the amount of monomer to 
oligomer. The variation i n these ratios i n the five systems i s 
extreme, ranging from 60% monomer with dihydroxybiphenyl to 95% 
monomer with hydroquinone/p-dibromobenzene. Some of the variation 
i s attributable to the use of 4-methoxyphenol i n the aromatic 
nucleophilic substitution reaction of the hydroquinone products 
which precludes the formation of oligomers in this step. The 
remaining diols are capable of forming oligomers in both the f i r s t 
and second steps of the synthesis. Though the ratios of reactants 
used i n these steps are the same for each system, a variation of 
60-85% monomer can s t i l l be observed from dihydroxybiphenyl to 
resorciuol. The structure of the d i o l used obviously influences 
the formation of monomer and oligomer i n the f i r s t steps of the 
reaction sequence. The effect of either meta or para 
dibromobenzene isomers i s seen with the two hydroquinone products, 
where the meta isomer forms more oligomer than the para. 

The difference between the two dibromobenzene isomers which 
was noted i n the monomeric systems with regards to i n i t i a l Tg also 
holds true for the oligomers. The meta system s t i l l has a lower 
i n i t i a l Tg with the resorcinol system as an intermediate between 
the two hydroquinone products. The other i n i t i a l glass transitions 
are higher than the hydroquinone systems. The dihydroxybiphenyl 
material exhibits a melting point at 135°C, and though lower than 
the pure monomer i t i s s t i l l high for the desired room temperature 
processability. Cured Tg's of a l l of the systems studied were 
above 350°F. 

Isothermal aging of the samples at was done at 600°F i n a i r . 
A weight loss of 20-30% was observed for a l l of the systems over 
200 h. There i s l i t t l e difference between the various products 
since the controlling factor of the thermoxidative s t a b i l i t y , the 
sulfone linkage, i s common to each of them. 
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Conclusions 

The synthesis of phenylene R type systems via the proposed 
route afforded two materials which had both f i n a l Tg's above the 
350°F limit and i n i t i a l Tg's which were at or below room 
temperature. The two systems which offered the most desirable 
properties were those based on resorcinol/£-dibromobenzene and 
hydroquinone/m-dibromobenzene. Of the two, the hydroquinone system 
offered a lower i n i t i a l softening temperature while also providing 
a cured Tg above 200°C. For this reason the product from 
hydroquinone and m-dibromobenzene was chosen as the candidate 
system for future work. 

A scale-up of the reaction sequence to obtain enough of the 
material for mechanical testing i s in progress. Following 
completion of the synthetic work, evaluation of the mechanical 
properties of the chosen system w i l l be carried out to determine 
whether increasing chai
bring an improvement i
R systems. 

Experimental 

Mono(bromophenoxy)phenol (I). The mono(bromophenoxy)phenols 
required for the monomeric models were synthesized by two methods. 
Method A: A mixture of pyridine (90mL), d i o l (60 mmol), 
dibromobenzene (56.4g, 240 mmol), anhydrous potassium carbonate 
(33.3g, 250 mmol) and cuprous iodide (1.62g, 9 mmol) was heated at 
reflux under nitrogen for 20h. After cooling to room temperature, 
the reaction mixture was acidified with IN HC1 and the product 
extracted with chloroform. The chloroform was evaporated and the 
residue extracted with 10% aq. NaOH. The aqueous phase was 
acidified, extracted with chloroform, and reduced in volume to an 
o i l that was stirred with 20% aq NaOH to afford the sodium salt of 
the product. The salt was isolated and dried to give a white 
solid. The solid was acidified to pH 1 in water, and the freed 
mono(bromophenoxy)phenol was washed with water and dried. C-H 
analysis for products was satisfactory. 

Method B: A mixture of di o l (50 mmol), dibromobenzene (47.Og, 
200 mmol), cuprous oxide (1.97g, 15 mmol) and 2,4,6-collidine 
(lOOmL) was heated to reflux under nitrogen for 20h. The product 
was isolated as in Method A. 

1,11-Sulfonylbis[4-[mono(bromophenoxy)phenoxy]benzene] Monomer 
(11). A mixture of dry l-methyl-2-pyrrolidinone (45mL), benzene 
(25mL), I (52.8 mmol), 4,4 f-dichlorodiphenyl sulfone (7.58g, 26.4 
mmol) and anhydrous potassium carbonate (3.83g, 27.7 mmol) was 
purged with nitrogen for 15 minutes. The mixture was heated to 
reflux and the benzene azeotrope collected between 80°C and 150°C. 
When most of the benzene had been removed, the reaction was heated 
at 165°C for 7h. After cooling to room temperature, the mixture 
was poured into 350mL 10% sulfuric acid and was extracted with 
chloroform. The organic phase was washed f i r s t with 25% sulfuric 
acid, then with d i s t i l l e d water. After drying over MgSÔ , the 
chloroform solution was evaporated to dryness affording a 75-85% 
yield of the monomeric sulfone. 
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1,1*-Suifonylbis[4-(phenolphenoxy)benzene] Monomer and oligomer 
(IV). A mixture of dry l-methyl-2-pyrrolidinone (40mL), benzene 
(20mL), dio l (95 mmol), 4,4»-dichlorodiphenyl sulfone (6.79g, 23.7 
mmol) and anhydrous potassium carbonate (3.43 g, 24.8 mmol) was 
purged with nitrogen for 15 minutes. The mixture was heated to 
reflux and the benzene azeotrope collected u n t i l the reaction 
temperature reached 190°C. When most of the benzene was removed, 
the reaction was heated at 190°C for 7h. After cooling to room 
temperature, the reaction was poured into 400mL 10% HC1. A dark, 
gummy solid separated and the aqueous solution was decanted from 
the gum. This solid was dissolved in lOOmL glacial acetic acid, 
and the acid solution was precipitated into 1200mL ice water to 
give a light solid. The precipitate was dissolved i n diethyl ether 
and f i l t e r e d over a bed of s i l i c a gel to remove a dark impurity. 
The ether solution was dried giving a light amorphous solid in 
75-85% yield. 

Brominated Monomer/Oligome
sulfone monomer/oligomer mixtures were prepared by two different 
methods. Method A: A mixture of pyridine (70mL), IV (11.5 mmol), 
dibromobenzene (26.96g, 115 mmol), anhydrous potassium carbonate 
(7.94g, 57.5 mmol) and cuprous iodide (0.13g, 0.7 mmol) was heated 
at reflux under nitrogen for 24h. After cooling to room 
temperature, the reaction mixture was acidified with IN HC1 and the 
aqueous solution extracted with ether. The organic phase was 
reduced in volume to a brown gum which was washed several times 
with hexane and then dried to give a 75-95% yield of the dibromo 
product. 

Method B: After combining 2,4,6-collidine (9mL), IV (10.25 
mmol), dibromobenzene (24.2g, 102.5 mmol) and cuprous oxide (2.95g, 
20.51 mmol), the reaction mixture was heated at reflux under 
nitrogen for 24h. When the reaction had cooled to approx. 80°C, 
the mixture was f i l t e r e d , then diluted with chloroform. The 
organic phase was warmed to 60°C with lOOmL cone. HC1, washed with 
water and then was f i l t e r e d through a short bed of s i l i c a gel. The 
product, a light amorphous solid, was obtained in 75-90% yield. 

Acetone Protected Acetylene Monomer/Oligomer From V (VI). A 
solution of V (5.5 mmol), 2-methyl-3-butyn-2-ol (2.76g, 32.9mmol), 
pyridine (15mL), triethylamine (30mL), bis(triphenylphosphine) 
palladium chloride (0.10g), cuprous iodide (0.10g) and 
triphenylphosphine (0.20g) was degassed with nitrogen for 15 
minutes. The reaction was heated at reflux for 24h, cooled and 
f i l t e r e d , then acidified with IN HC1. The product was extracted 
with toluene. The organic phase was washed with IN HC1 and then 
was heated for ih at 60°C with ethylene diamine. After washing 
well with water, the toluene solution was dried over MgSÔ  and 
chromatographed on s i l i c a gel using chloroform as eluent. The 
chloroform was removed to give a light, amorphous solid i n 70-85% 
yield. 

Ethynyl Terminated Monomer/Oligomer Mixtures from VI (VII). A 
mixture of the bis-butynol adduct, VI (3.9 mmol), toluene (40mL) 
and 10% methanolic KOH (40mL) was heated to reflux under nitrogen. 
The methanol and toluene were removed by d i s t i l l a t i o n , adding more 
toluene as needed to maintain the reaction volume at 40mL. After 
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4h, the reaction was cooled to room temperature and filtered over a 
bed of packed Celite. The toluene solution was washed with water, 
dried over MgSO,, and reduced in volume to give the ethynyl product 
(VII) a light colored solid, in 80-95% yield. Monomer/oligomer 
ratios were determined by column chromatography as weight % 
monomer: weight % oligomer. 

4,4'-[Sulfonylbis(4,1-phenyleneoxy)]bis[phenol] (VIII). A dry 
flask containing 1,1*-Sulfonylbis[4-(4-methoxyphenoxy)benzene] 
(10.Og, 22 mmol) was cooled in a dry ice - acetone bath for 15 
minutes. After cooling, a 1.0M solution of Boron tribromide in 
methylene chloride (16.5g, 66 mmol) was added and the reaction was 
allowed to reach room temperature. After stirring for 18h, the 
solution was slowly added to 300mL water and stirred for several 
hours until a light solid could be filtered. The solid was washed 
with water and dried to give the product in 95% yield. 

Characterization. Differentia
mechanical analysis dat
analyzer coupled with a DuPont DSC or TMA cel l . Isothermal aging 
studies were carried out with an automatic multisample apparatus. 
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Network Structure in Polymers from Bisphthalonitriles 

JEFFREY A. HINKLEY1 

Naval Research Laboratory, Washington, DC 20375 

Bisphthalonitrile monomers were cured neat, with 
nucleophilic and redox co-reactants, or in combin
ation with a reactive diluent. Dynamic mechanical 
measurements on the resulting polymers from -150 to 
+300°C turn up severa
differences in networ
results were supplemented with solvent extraction, 
differential scanning calorimetry (DSC), vapor 
pressure osmometry, and infrared spectroscopy to 
characterize the state of cure. 

Network-forming (thermosetting) polymer systems have the 
advantage of being processable at an i n i t i a l , low-viscosity 
stage, before they undergo a tranformation to a solid which 
resists creep at high temperatures. This processing advantage 
is obtained at the expense of added chemical complexity. The 
properties of the product may depend on the nature and extent 
of the curing reactions, so techniques which probe network 
structure beyond the gel point are essential. 

In this work, bis-phthalonitrile networks (1, 2) were 
examined by dynamic mechanical and dielectric methods, 
supplemented with infrared measurements of state of cure, DSC, 
vapor pressure osmometry, and solvent extraction. For resins 
cured with 4,4'-methylene dianiline as co-reactant, a simple 
network model rationalizes the data. 

Experimental 

Ether-linked bisphthalonitriles were synthesized by Mr. T. R. 
Price of the Naval Research Lab. A number of monomers 
containing various aliphatic and aromatic "linking groups" 
between the phthalonitrile functions are available; three 
representative aromatic monomers were selected for this study 

'Current address: NASA, Langley Research Center, Hampton, VA 23665 
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( T a b l e I ) . A f o u r t h monomer ( s t r u c t u r e IV i n T a b l e I ) was 
d e s i g n e d w i t h a s i n g l e r e a c t i v e p h t h a l o n i t r i l e n u c l e u s t o s e r v e 
as a " r e a c t i v e d i l u e n t 1 1 i n t h e s e n e t w o r k - f o r m i n g s y s t e m s . 

P o l y m e r i z a t i o n i s u s u a l l y c a r r i e d ou t by h e a t i n g i n an 
open a l um inum mo ld i n an a i r - c i r c u l a t i n g o v e n . The c r y s t a l l i n e 
monomer m e l t s a n d , o v e r a p e r i o d o f d a y s , fo rms a d a r k g r e e n 
" B - s t a g e d " r e s i n , w h i c h e v e n t u a l l y s o l i d i f i e s i n t o a r u b b e r and 
f i n a l l y a g l a s s . 

E x c e p t as o t h e r w i s e n o t e d , t h e r e s i n s s t u d i e d were c u r e d 
a t 280°C f o r 7 d a y s . I n t h e e x p e r i m e n t s w h i c h u sed t h e 
m o n o f u n c t i o n a l p h t h a l o n i t r i l e , t h e a l um inum f o i l mo ld was 
p l a c e d i n a c l o s e d s t e e l o i n t m e n t c an t o p r e v e n t e v a p o r a t i v e 
l o s s o f t h e more v o l a t i l e m o n o p h t h a l o n i t r i l e . 

B u l k s amp le s wer
s amp le s f o r t h e R h e o v i b r o
11 Hz . I n some c a s e s a t h i  s h e e t c u r e d b e t w e e  a luminum 
p l a t e s , was h e a t e d t o the r u b b e r y s t a t e , c u t w h i l e h o t , t h e n 
r e t u r n e d t o t h e oven t o c o m p l e t e t he c u r e . 

D i e l e c t r i c d a t a came f r om a T e t r a h e d r o n d i e l e c t r o m e t e r 
o p e r a t e d a t a 5°/min h e a t i n g r a t e i n a i r . 

DSC s c a n s were p e r f o r m e d a t 20°C/min a f t e r a r a p i d quench 
f r o m above t h e sample g l a s s t r a n s i t i o n t e m p e r a t u r e . A n i t r o g e n 
a t m o s p h e r e was u s e d . 

N u m b e r - a v e r a g e m o l e c u l a r w e i g h t was mea su red i n 1 , 2 - d i -
c h l o r o e t h a n e a t 40°C u s i n g a Wescan v a p o r p r e s s u r e o smometer . 

S o l v e n t e x t r a c t i o n was done by p l a c i n g s m a l l p i e c e s o f 
c u r e d p o l y m e r i n v i a l s o f c h l o r o f o r m w h i c h were s haken d a i l y . 
A f t e r one week, t he c h l o r o f o r m was p o u r e d o f f and r e p l a c e d w i t h 
f r e s h s o l v e n t . A f t e r a n o t h e r week, t h e e x t r a c t was comb ined 
w i t h t he f i r s t and d r i e d t o y i e l d t h e w e i g h t o f s o l . 

F o r t he measu rement s o f e x t e n t o f c u r e ( 3 ) , t h e monomer 
m i x t u r e was m e l t e d o n t o a s a l t p l a t e , t h e n c u r e d i n a c l o s e d 
c a n unde r c o n d i t i o n s i d e n t i c a l t o t h o s e u sed f o r t h e m i x t u r e s 
i n t h e s o l / g e l e x p e r i m e n t s . The p l a t e was removed f r om t he 
o ven p e r i o d i c a l l y and t h e s p e c t r u m r e c o r d e d on a P e r k i n - E l m e r 
M o d e l 267 s p e c t r o m e t e r . 

Dynamic M e c h a n i c a l P r o p e r t i e s 

F i g u r e 1 shows t h e 11 Hz modu lu s and l o s s t a n g e n t o f monomer I 
c u r e d f o r s e v e n days a t 2 8 0 ° C . ( T h i s was t h e s t a n d a r d c u r e 
c y c l e a d o p t e d d u r i n g d e v e l o p m e n t o f t h e s e r e s i n s ) . T h r e e 
r e l a x a t i o n p r o c e s s e s a r e e v i d e n t as peak s i n t a n d e l t a : 

1) A m a j o r peak a t 280°C matche s e x a c t l y t h e g l a s s 
t r a n s i t i o n t e m p e r a t u r e (Tg) d e t e r m i n e d by DSC. I t c o r r e s p o n d s 
w i t h a d r o p o f s e v e r a l o r d e r s o f m a g n i t u d e i n Y o u n g ' s m o d u l u s , 
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T a b l e I. Monomer S t r u c t u r e s 

F i g u r e 1. T e m p e r a t u r e dependence o f dynamic modu lu s and l o s s 
t a n g e n t (11 Hz) o f monomer I c u r e d f o r 7 days a t 
2 8 0 ° C . 
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and i s a s s i g n e d t o t h e g l a s s - r u b b e r t r a n s i t i o n . The 
b i s p h t h a l o n i t r i l e r e s i n s , t y p i c a l o f t h e r m o s e t s , show g l a s s 
t e m p e r a t u r e s , a t m o s t , e q u a l t o t h e c u r e t e m p e r a t u r e . Once t h e 
s p e c i m e n has v i t r i f i e d a t t he c u r e t e m p e r a t u r e , f u r t h e r 
r e a c t i o n i s e f f e c t i v e l y p r e v e n t e d . I n p r a c t i c e t h i s means t h a t 
a p o s t - c u r e a t t e m p e r a t u r e s above t h e i n t e n d e d use t e m p e r a t u r e 
must be e m p l o y e d . 

2) A s m a l l peak ( t a n δ « .02) o c c u r s n e a r - 8 0 ° C . By 
a n a l o g y t o s i m i l a r peak s i n t h e r m o p l a s t i c s c o n t a i n i n g 
p - p h e n y l e n e backbone s t r u c t u r e s ( 4 , _5) t h i s peak i s a s s i g n e d t o 
r e l a x a t i o n o f m o n o m e r - s i z e d u n i t s . These m o t i o n s a r e h i g h l y 
c o u p l e d t h r o u g h t h e b u l k 05, 6) and c a n n o t be a s s i g n e d t o a 
s i n g l e p r o c e s s . 

3) I n t h e i n t e r m e d i a t e t e m p e r a t u r e r ange ( -50 < t < 1 5 0 e C ) 
t h e r e i s a b r o a d r e g i o
o f l a r g e r s t r u c t u r e s . I
a d v a n c e d , a c l e a r peak a p p e a r s n e a r + 5 0 ° C . T h i s i s 
c i r c u m s t a n t i a l e v i d e n c e t h a t t h e peak i s a s s o c i a t e d w i t h 
c r o s s l i n k s t r u c t u r e s . 

A l t h o u g h t h e i n t e r m e d i a t e peak and t h e l o w - t e m p e r a t u r e 
( - 8 0 ° C ) peak have s i m i l a r m a g n i t u d e s i n a m e c h a n i c a l 
m e a s u r e m e n t , i n a d i e l e c t r i c e x p e r i m e n t , t h e i n t e r m e d i a t e peak 
i s o v e r t w i c e as l a r g e ( F i g u r e 2 ) . T h i s seems t o be due t o 
m o i s t u r e , s i n c e h e a t i n g b r i e f l y t o 3 0 0 e C d e c r e a s e s t h e peak 
l o s s t a n g e n t s u b s t a n t i a l l y . 

Monomer S t r u c t u r e 

I n o r d e r t o e s t a b l i s h t h e e f f e c t o f v a r y i n g monomer s t r u c t u r e 
on dynam ic m e c h a n i c a l r e s u l t s , t h r e e f i l m s were c u r e d as t h i n 
s h e e t s unde r i d e n t i c a l c o n d i t i o n s . No s i g n i f i c a n t d i f f e r e n c e s 
a p p e a r i n t h e R h e o v i b r o n p l o t s ( F i g u r e 3 ) . Thus t h e m e c h a n i c a l 
p r o p e r t i e s ( and by i n f e r e n c e , s uch p r o p e r t i e s as s t r e n g t h and 
t o u g h n e s s ) a p p e a r t o be i n s e n s i t i v e t o monomer s t r u c t u r e . The 
dynam ic m e c h a n i c a l p r o p e r t i e s s h o u l d be r e g a r d e d as i n f l u e n c e d 
p r i m a r i l y by t h e n e t w o r k c o n n e c t i v i t y and e x t e n t o f c u r e . 

N e t w o r k S t r u c t u r e 

A number o f r e a c t i o n s have been p r o p o s e d t o e x p l a i n t h e 
v i s c o s i t y i n c r e a s e and g e l a t i o n w h i c h o c c u r when 
b i s p h t h a l o n i t r i l e s a r e h e a t e d . P o s s i b l e p r o d u c t s i n c l u d e 
p h t h a l o c y a n i n e , t r i a z i n e r i n g s , and i s o i n d o l i n e c h a i n s ( 7 ) , 
d e p e n d i n g on t h e r e a c t i o n c o n d i t i o n s and c o - r e a c t a n t s u s e d . 

I n t h e a b s e n c e o f c o - r e a c t a n t s , i t i s s uppo sed t h a t t h e 
p o l y m e r i z a t i o n i s p r omoted by t r a c e s o f w a t e r o r o t h e r 
n u c l e o p h i l e s , s i n c e v e r y pu re monomer does no t g e l e ven a f t e r 
e x t e n d e d h e a t i n g . C o n v e r s e l y , g e l a t i o n may be a c c e l e r a t e d by 
a d d i t i o n o f p h e n o l s such as b i s p h e n o l A . Dynamic m e c h a n i c a l 
a n a l y s i s o f c u r e d r e s i n s c o n f i r m s t h a t t h e y a r e p r a c t i c a l l y 
i d e n t i c a l w h e t h e r o r no t t h e p h e n o l i s a d d e d . 

In Reactive Oligomers; Harris, F., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 
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A n o t h e r c l a s s o f c o - r e a c t a n t s l e a d s t o e n t i r e l y d i f f e r e n t 
b e h a v i o r , h o w e v e r . By p r o v i d i n g a r e d o x pathway t o 
p h t h a l o c y a n i n e (7), h y d r o q u i n o n e p r omo te s a v e r y d i f f e r e n t 
n e t w o r k s t r u c t u r e , and t h i s d i f f e r e n c e shows up c l e a r l y i n 
F i g u r e 4 . T h i s r e s i n s t i l l shows t h e c r y o g e n i c damping peak , 
t h e +50°C peak w h i c h has been a t t r i b u t e d t o c r o s s l i n k e d 
s t r u c t u r e s i s v e r y p r o m i n e n t , b u t t h e Tg i s h a r d l y v i s i b l e . 
The g l a s s y - s t a t e modu lu s i s v e r y h i g h and Ε shows no s i g n o f 
a p p r o a c h i n g a " r u b b e r y " v a l u e even a t 3 0 0 ° C . 

A l t h o u g h t h i s change i n c r o s s l i n k i n g c h e m i s t r y h o l d s 
p r o m i s e f o r i n c r e a s e d use t e m p e r a t u r e s , a t o u g h e r p r o d u c t i s 
d e s i r a b l e . E x p e r i m e n t s were t h e r e f o r e d e s i g n e d t o d e c r e a s e t h e 
c r o s s l i n k d e n s i t y by t h e a d d i t i o n o f a m o n o f u n c t i o n a l r e a c t a n t 
( S t r u c t u r e IV i n T a b l e I ) . F o r t h e s e e x p e r i m e n t s , an a r o m a t i c 
d i a m i n e c o - r e a c t a n t was u sed t o a c c e l e r a t e t h e c u r e ( 8 ) . 

As e x p e c t e d , a d d i t i o
f r a c t i o n i n t he c u r e d s p e c i m e n s . The s t a t i s t i c a l t h e o r y o f 
g e l a t i o n (9 ) c a n be u sed t o c a l c u l a t e t h e e x p e c t e d g e l f r a c t i o n 
as a f u n c t i o n o f c r o s s l i n k f u n c t i o n a l i t y , e x t e n t o f r e a c t i o n , 
and p r o p o r t i o n o f d i f u n c t i o n a l u n i t s i n t h e m i x t u r e . F o r t h e s e 
m i x t u r e s , an a d e q u a t e f i t t o t he e x t r a c t i o n d a t a was o b t a i n e d 
b y a s s um ing t h a t t h e p r i m a r y r e a c t i o n i s i s o i n d o l i n e f o r m a t i o n 
( F i g u r e 5 ) . T r i a z i n e o r p h t h a l o c y a n i n e f o r m a t i o n a l o n e c a n n o t 
a c c o u n t f o r t h e d a t a . 

The " b e s t f i t " l i n e i n F i g u r e 6 was o b t a i n e d by a s s um ing 
85% r e a c t i o n . T h i s i s c o n s i s t e n t w i t h i n f r a r e d s p e c t r o s c o p i c 
r e s u l t s s how ing 80 -90% c o n s u m p t i o n o f f u n c t i o n a l g r o u p s . 
F u r t h e r m o r e , t h e p r e d i c t e d number a v e r a g e d e g r e e o f 
p o l y m e r i z a t i o n i n t h e ab sence o f c r o s s l i n k s i s ( 1 - p ) " " 1 , where 
ρ i s t h e e x t e n t o f r e a c t i o n . T h i s y i e l d s , f o r ρ = 0 . 8 5 , χ = 
6 . 7 , w h i c h a g r e e s e x a c t l y w i t h t h e o b s e r v e d number a v e r a g e 
m o l e c u l a r w e i g h t o f 1.47 χ 10 3 f o r c u r e d mode l compound IV . 

T h i s r e s u l t i s s i g n i f i c a n t . I t means t h a t u n d e r t h e s e 
c o n d i t i o n s (11 mo l e p e r c e n t added a m i n e , 280°C c u r e ) 
a p p r o x i m a t e l y 15% o f t h e n i t r i l e g r o u p s a r e i n a c c e s s i b l e and 
h e n c e u n r e a c t i v e e ven t hough the m i x t u r e has no t v i t r i f i e d . 

C r o s s l i n k D e n s i t y 

I f we a c c e p t t h e mode l p r o p o s e d f o r t h e s e m i x e d m o n o f u n c t i o n a l / 
d i f u n c t i o n a l s y s t e m s , we c an draw some c o n c l u s i o n s abou t t h e 
n e t w o r k s t r u c t u r e i n p o l y m e r s b a s ed on I a l o n e . F o r e x a m p l e , 
F i g . 7 shows how t h e Tg v a r i e d w i t h t h e r e l a t i v e c r o s s l i n k d e n 
s i t y i n t he m i x e d s y s t e m s . The a b c i s s a r e p r e s e n t s t h e p r o b a 
b i l i t y t h a t a monomer c h o s e n a t random i s l i n k e d t o t h e n e t w o r k 
a t b o t h e n d s . A t m o d e r a t e d e g r e e s o f c r o s s l i n k i n g , t h e e x p e c t 
ed r e l a t i o n s h i p be tween Tg and c r o s s l i n k d e n s i t y i s l i n e a r , 
s o t h e d a t a were a p p r o x i m a t e d by a s t r a i g h t l i n e ( 1 0 ) . From 
t h e e x t r a p o l a t i o n i n F i g . 7, one c o n c l u d e s t h a t a t y p i c a l b i s -
p h t h a l o n i t r i l e c u r e d t o a T g o f 280°C has a r e l a t i v e c r o s s 
l i n k d e n s i t y o f 0 . 5 , o r abou t 70% r e a c t i o n o f n i t r i l e g r o u p s . 

In Reactive Oligomers; Harris, F., et al.; 
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F i g u r e 5 . H y p o t h e s i z e d n e t w o r k s t r u c t u r e i n a m i n e - c u r e d 
b i s p h t h a l o n i t r i l e p o l y m e r s . 
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0 .4 .8 
WT FRACTION I 

F i g u r e 6. We i gh t f r a c t i o n g e l i n c u r e d m i x t u r e s o f mono- ( I V ) 
and d i f u n c t i o n a l ( I ) p h t h a l o n i t r i l e s . 

F i g u r e 7. G l a s s t r a n s i t i o n t e m p e r a t u r e s o f c u r e d mono ( I V ) + 
d i f u n c t i o n a l ( I ) p h t h a l o n i t r i l e m i x t u r e s . Ρ i s t h e 
p r o b a b i l i t y t h a t a r a n d o m l y - c h o s e n monomer i s 
r e a c t e d a t b o t h e n d s , a s s um ing 85% c o n s u m p t i o n o f 
f u n c t i o n a l g r o u p s . 

In Reactive Oligomers; Harris, F., et al.; 
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The a s s u m p t i o n i s t h a t a d a n g l i n g u n r e a c t e d f u n c t i o n a l i t y 
on a b i s - p h t h a l o n i t r i l e m o l e c u l e w o u l d a f f e c t Tg i n t h e same 
way as does a m o l e c u l e o f t h e mode l compound IV . 

A f u r t h e r c o n s e q u e n c e o f t h i s l i n e o f r e a s o n i n g i s t h a t 
s i g n i f i c a n t l y h i g h e r TgS ( a t l e a s t 3 5 0 e C ) m i g h t be o b t a i n e d 
i f t h e e x t e n t o f r e a c t i o n c o u l d be d r i v e n as h i g h as 85% i n t h e 
d i f u n c t i o n a l c a s e . 

The s t a t i s t i c a l t h e o r y o f c r o s s l i n k i n g u sed i n t h e l a s t 
s e c t i o n a l s o g i v e s t h e t h e o r e t i c a l c o n c e n t r a t i o n o f 
e l a s t i c a l l y - a c t i v e c h a i n s , N, w h i c h i n t u r n d e t e r m i n e s t h e 
r u b b e r y modu lu s Ε • 3NRT (R i s t h e gas c o n s t a n t and Τ i s t h e 
a b s o l u t e t e m p e r a t u r e ) . A t 70% r e a c t i o n one c a l c u l a t e s Ε = 2 χ 
1 0 8 d y n / c m 2 , i n ag reement w i t h t h e a p p a r e n t l e v e l i n F i g u r e 1. 

A c k n o w l e d g m e n t s 

Thank s a r e due t o T . P r i c e f o r s u p p l y i n g monomers, and t o T. 
K e l l e r and A. Snow f o r h e l p f u l s u g g e s t i o n s . 
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Intermolecular and Intramolecular Reactions 
of Substituted Norbornenyl Imides 

CHAIM N. SUKENIK, VINAY MALHOTRA, and UDAY VARDE 

Department of Chemistry, Case Western Reserve University, Cleveland, OH 44106 

The present study reports the synthesis, characteriza
tion and thermal reaction f phenyl d carbomethox
substituted norborneny
designed to mode  end-cap
resin and allow an assessment of the effect that conju
gating substituents would have on the high temperature 
cure of such systems. The effect of these substituents 
on both monomer isomerization and polymerization is 
reported and a possible use of the phenyl substituent 
as a probe of polymer structure is suggested. 

The t h e r m a l p o l y m e r i z a t i o n o f r e a c t i v e p o l y i m i d e o l i g o m e r s i s a c r i 
t i c a l p a r t o f a number o f c u r r e n t l y i m p o r t a n t p o l y m e r s . B o t h t h e 
s y s t e m i n w h i c h we a r e i n t e r e s t e d , PMR-15 , and o t h e r s l i k e i t ( LARC -
13 , H R - 6 0 0 ) , a r e u s e f u l h i g h t e m p e r a t u r e r e s i n s . They a l s o s h a r e t h e 
f e a t u r e t h a t , w h i l e t h e b a s i c s t r u c t u r e and c h e m i s t r y o f t h e i r i m i d e 
p o r t i o n s i s w e l l d e f i n e d , t h e mode o f r e a c t i o n and u l t i m a t e l y t h e 
s t r u c t u r e s t h a t r e s u l t f r o m t h e i r t h e r m a l l y a c t i v a t e d e n d - g r o u p s i s 
n o t c l e a r . S i n c e an u n d e r s t a n d i n g o f t h i s t h e r m a l c u r e w o u l d be an 
i m p o r t a n t s t e p t o w a r d s t h e improvement o f b o t h t h e c u r e p r o c e s s and 
t h e p r o p e r t i e s o f s u c h s y s t e m s , we h a v e a p p r o a c h e d o u r s t u d y o f PMR-
15 w i t h a f o c u s o n l y on t h i s h i g h e r t e m p e r a t u r e t h e r m a l c u r i n g p r o 
c e s s . To t h i s e n d , we h a v e u s e d s m a l l m o l e c u l e m o d e l compounds w i t h 
p r e - f o r m e d i m i d e m o i e t i e s and h a v e c o n c e n t r a t e d on t h e c h e m i s t r y o f 
t h e n o r b o r n e n y l e n d - c a p ( 1 ) . 

The s p e c i f i c compounds t h a t we u s e d a r e shown b e l o w . They c a n 
be g r o u p e d i n t h e f o l l o w i n g way . The s i m p l e s t m o d e l s ( P a r e n t Endo : 
PN and P a r e n t E x o : P X ) h a v e u n s u b s t i t u t e d n o r b o r n e n y l r i n g s and d i f f e r 
f r o m e a c h o t h e r o n l y i n t h e s t e r e o c h e m i s t r y o f t h e i r r i n g f u s i o n . 
T h e s e compounds have been e l a b o r a t e d by t h e i n c o r p o r a t i o n o f e i t h e r 
a p h e n y l (φ) o r a c a r b o m e t h o x y (C) g r o u p i n t h e b r i d g e h e a d (B) o r 
v i n y l (V) p o s i t i o n s . T h u s , t h e n o t a t i o n φν*Ν r e p r e s e n t s PN w i t h a 
p h e n y l s u b s t i t u e n t a t a v i n y l p o s i t i o n , w h i l e CBX r e p r e s e n t s PX w i t h 
a c a r b o m e t h o x y s u b s t i t u e n t a t t h e b r i d g e h e a d p o s i t i o n . The i s o m e r i -
z a t i o n and p o l y m e r i z a t i o n c h e m i s t r y o f t h e s e n i n e compounds ( PN , P X , 
φΒΝ, φ ν Ν , φν*Χ, CBN, CBX, CVN, CVX) a r e t h e m a i n c o n c e r n s o f o u r w o r k . 

0097-6156/85/0282-0053$06.00/0 
© 1985 American Chemical Society 
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PN(X = H, Y = H) P X ( X = H, Y = H) 
CBN(X = H, Y = COOMe) CBX(X = H, Y = COOMe) 
CVN(X = COOMe, Y - H) CVX(X = COOMe, Y = H) 
φΒΝ(Χ - Η, Υ - φ ) φνΧ(Χ = φ, Υ = Η) 
φΥΝ(Χ = φ, Υ = Η) 

S u b s t r a t e S y n t h e s i s and C h a r a c t e r i z a t i o n 

The f i r s t p h a s e o f o u r e f f o r t
m o d e l s u b s t r a t e . PN an
( 1 ) . W h i l e d i r e c t s y n t h e s i s o f t h e p h e n y l and c a r b o m e t h o x y compounds 
f r o m PN a n d / o r PX was a t t e m p t e d , t h i s a p p r o a c h was u n s u c c e s s f u l due 
t o t h e s l u g g i s h r e a c t i v i t y o f t h e n o r b o r n e n y l d o u b l e bonds i n t h e s e 
m o l e c u l e s ( 2 ) . A s u c c e s s f u l a p p r o a c h t o CBN and φΒΝ b a s e d on N -
p h e n y l m a l e i m i d e (NPMI) t r a p p i n g o f t h e r e s p e c t i v e t h e r m o d y n a m i c a l l y 
f a v o r e d 1 - s u b s t i t u t e d c y c l o p e n t a d i e n e s i s shown i n E q u a t i o n 1 . S i m i 
l a r l y , k i n e t i c t r a p p i n g o f 2 - p h e n y l c y c l o p e n t a d i e n e , f r o m t h e i n s i t u 
d e h y d r a t i o n o f 3 - h y d r o x y , 3 - p h e n y l c y c l o p e n t e n e , g i v e s a c l e a n y i e l d 
o f φνΝ ( E q u a t i o n 2 ) . The r e m a i n i n g p h e n y l i s o m e r (φνΧ) and t h e t h r e e 
o t h e r c a r b o m e t h o x y i s o m e r s (CBX, CVN, CVX) w e r e a l l o b t a i n e d b y t h e 
t h e r m a l i s o m e r i z a t i o n c h e m i s t r y d e s c r i b e d i n t h e n e x t s e c t i o n o f t h i s 
p a p e r . They w e r e e a c h i s o l a t e d i n p u r e f o r m by l i q u i d c h r o m a t o g r a p h y 
We w e r e u n a b l e t o o b t a i n any φΒΧ o r any o f t h e 7 - s u b s t i t u t e d i s o m e r s 
by any means . 

CBN;X=COOMe 

In Reactive Oligomers; Harris, F., et al.; 
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A l l compounds s t u d i e d we re s h a r p m e l t i n g s o l i d s s h o w i n g i m i d e 
c a r b o n y l s b e t w e e n 1702 and 1712 c m " 1 . The b r i d g e h e a d s u b s t i t u t e d 
compounds w e r e d i s t i n g u i s h e d f r o m t h e i r v i n y l s u b s t i t u t e d i s o m e r s by 
a s h o r t e r X m a x i n t h e i r UV s p e c t r a and e a c h i s o m e r had d i s t i n c t i v e 
H-L and C-^ NMR s p e c t r a . The se s p e c t r a l d a t a ( f u l l y a s s i g n e d ) a s w e l l 
a s a d e l i n e a t i o n o f p a t t e r n s f o r d i s t i n g u i s h i n g s e t s o f i s o m e r s a r e 
r e p o r t e d i n d e t a i l e l s e w h e r e 0 3 ) . F o r p r e s e n t p u r p o s e s , i t w i l l s u f 
f i c e t o n o t e t h a t a l l i s o m e r s f o r a s i n g l e s u b s t i t u e n t a r e r e a d i l y 
s e p a r a b l e ( f o r b o t h p r e p a r a t i v e and a n a l y t i c a l p u r p o s e s ) and t h a t 
a s s i g n m e n t s o f b o t h s u b s t i t u e n t r e g i o c h e m i s t r y and r i n g f u s i o n 
s t e r e o c h e m i s t r y h a ve been made w i t h a h i g h d e g r e e o f c e r t a i n t y . 

Monomer I s o m e r i z a t i o n 

One o f t h e c o m p l e x i t i e s i n t h e d i r e c t s t u d y o f t h e PMR c u r e i s t h e 
s u p e r p o s i t i o n o f monomer i s o m e r i z a t i o n on t h e p o l y m e r i z a t i o n c h e m 
i s t r y o f i n t e r e s t . To e n s u r
o f p r o c e s s e s , we f i r s t s t u d i e
m o d e l compounds i n t h e a b s e n c e o f any p o l y m e r f o r m i n g p r o c e s s : i n 
d i l u t e s o l u t i o n . 

A l l s o l v e n t s f o r t h e s e s o l u t i o n t h e r m o l y s i s r e a c t i o n s w e r e 
f r e s h l y d i s t i l l e d and a l l r e a c t i o n s w e r e done i n s e a l e d g l a s s t u b e s 
h e a t e d i n a t h e r m o s t a t t e d o v e n . Ove r a w i d e r a n g e o f s o l v e n t s (DMF, 
n a p h t h a l e n e , d i p h e n y l m e t h a n e , b e n z e n e , t o l u e n e , and d e c a l i n ) t h e r e 
was no s i g n i f i c a n t v a r i a t i o n i n e i t h e r i s o m e r i z a t i o n r a t e o r p r o d u c t 
c o m p o s i t i o n . R e a c t i o n s w e r e done a t 1 2 5 e C , 155°C and 1 9 5 e C and t h e 
o n l y l i m i t a t i o n was t h a t DMF c o u l d n o t be u s e d a s t h e s o l v e n t i n 
r e a c t i o n s a t 1 9 5 ° C ; i t l e d t o s u b s t a n t i a l s u b s t r a t e d e s t r u c t i o n 
( p o l y m e r f o r m i n g r e a c t i o n s o f s u b s t r a t e w i t h DMF? ) . I s omer c o m p o s i 
t i o n s we re a s c e r t a i n e d b o t h by HPLC and by NMR. 

The r e s u l t s o f t h e s e i s o m e r i z a t i o n s t u d i e s c a n be summar i zed a s 
f o l l o w s . A t 125°C and 155°C b o t h p a r e n t i s o m e r s (PN and PX) and t h e 
v i n y l s u b s t i t u t e d compounds (CVN, CVX, <f)VN, and φνχ) we re a l l l a r g e 
l y s t a b l e ; e v e n a f t e r 24 h r s a t 155°C e a c h o f them showed £ 1 5 % c o n 
v e r s i o n t o any o t h e r i s o m e r . On t h e o t h e r h a n d , t h e b r i d g e h e a d 
s u b s t i t u e d compounds (CBN, CBX, and φΒΝ) a l l r e a d i l y i s o m e r i z e d a t 
t e m p e r a t u r e s a s l o w a s 1 2 5 e C . S p e c i f i c a l l y , a f t e r 24 h r s a t 125°C 
CBN i s 50% i s o m e r i z e d t o CVN and φΒΝ i s 80% i s o m e r i z e d t o φνΝ. A t 
1 5 5 e C i t o n l y t a k e s 3 h r s f o r φΒΝ t o be 95% i s o m e r i z e d . 

A t 195°C i s o m e r i z a t i o n o f t h e p a r e n t and v i n y l s u b s t i t u t e d i s o 
mer s i s o b s e r v e d . T h i s h i g h e r t e m p e r a t u r e t h e r m a l r e a c t i o n i s an 
exo/endo e q u i l i b r a t i o n and f o r e a c h s e t o f compounds y i e l d s a b o n a -
f i d e e q u i l i b r i u m t h a t c a n be a c h i e v e d s t a r t i n g w i t h any o f i t s i s o 
m e r s . T h i s e q u i l i b r i u m i s d o m i n a t e d (>97%) by t h e v i n y l s u b s t i t u t e d 
i s o m e r s f o r b o t h t h e p h e n y l and c a r b o m ê t h o x y s e r i e s . I n a l l c a s e s 
( i n c l u d i n g t h e p a r e n t s y s t e m ) , a l t h o u g h t h e endo compounds we re p r o 
d u c e d e x c l u s i v e l y by o u r D i e l s A l d e r s y n t h e t i c r o u t e s , t h e exo i s o m e r 
d o m i n a t e s t h e f i n a l e q u i l i b r i u m m i x t u r e (56% PX/44% P N ; 62% φνχ/37% 
φνΝ/1% φΒΝ; 71% CVX/27% CVN/2% CBN/1% C B X ) . 

A l l o f t h e i s o m e r i z a t i o n d a t a shown above i s c o n s i s t e n t w i t h t h e 
n o r m a l e l e c t r o c y c l i c r e a c t i o n c h e m i s t r y e x p e c t e d f o r s u c h s u b s t r a t e s 
( 4 ) . Tha t s u c h f u s e d n o r b o r n e n y l s y s t e m s u n d e r g o exo/endo i s o m e r i z a 
t i o n v i a D i e l s A l d e r / r e t r o D i e l s A l d e r r e a c t i o n s h a s been e x p l i c i t l y 
p r o v e n f o r s i m p l e c y c l o p e n t a d i e n e - m a l e i c a n h y d r i d e a d d u c t s (5) and 
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s h o u l d a p p l y h e r e a s w e l l . M o r e o v e r , o u r m o n o s u b s t i t u t e d s u b s t r a t e s 
p r o v i d e a d d i t i o n a l c o n f i r m a t i o n t h a t t h i s pa thway i s o p e r a t i v e by 
t h e i r l o w t e m p e r a t u r e i s o m e r i z a t i o n o f BN t o V N . T h e i r s e l e c t i v e 
f o r m a t i o n o f t h e k i n e t i c a l l y p r e f e r r e d (endo) D i e l s A l d e r p r o d u c t 
r a t h e r t h a n VX , t h e t h e r m o d y n a m i c a l l y f a v o r e d p r o d u c t i s i n c o n s i s t e n t 
w i t h o t h e r p o s s i b l e r a d i c a l mechan i sms ( 6 ) . 

The o t h e r n e c e s s a r y r e a c t i o n f o r a BN t o VN i s o m e r i z a t i o n i s a 
w e l l p r e c e d e n t e d 1,5 H s h i f t t o c o n v e r t t h e l i n e a r l y c o n j u g a t e d s u b 
s t i t u t e d c y c l o p e n t a d i e n e (LCC) i n t o t h e c r o s s c o n j u g a t e d c y c l o p e n t a -
d i e n e ( C C C ) . The r e l a t i v e l a b i l i t y o f BN r e l a t i v e t o VN i s t h u s a 
r e f l e c t i o n o f t h e s t a b i l i z i n g c o n j u g a t i o n o f t h e s u b s t i t u e n t i n t h e 
v i n y l i s o m e r s and t h e f a c t t h a t t h e f o r m a t i o n o f LCC f r o m BN i s more 
f a v o r a b l e t h a n t h e f o r m a t i o n o f CCC f r o m t h e r e t r o D i e l s A l d e r o f V N . 
The r e l a t i v e e n e r g e t i c s f o r a l l o f t h e s e p r o c e s s e s i s r e p r e s e n t e d i n 
a c o m b i n e d r e a c t i o n p r o f i l e d i a g r a m shown i n F i g u r e 1. 

The c o n s t r u c t i o n o f t h i s o v e r a l l r e a c t i o n p r o f i l e i s b a s e d on 
t h e f o l l o w i n g c o n s i d e r a t i o n s
VN and VX v e r s u s BN i s du
w i t h t h e n o r b o r n e n y l d o u b l e b o n d . L i n e a r l y c o n j u g a t e d c y c l o p e n t a d i e n e 
d e r i v a t i v e s a r e l o w e r i n e n e r g y (1-2 k c a l / m o l e ) t h a n t h e i r c r o s s c o n 
j u g a t e d c o u n t e r p a r t s . VX i s s t e r i c a l l y l e s s c r owded t h a n VN and i s 
t h u s o f l o w e r e n e r g y ( M . k c a l / m o l e ) . The o b s e r v e d k i n e t i c p r e f e r e n c e 
f o r endo D i e l s A l d e r a d d u c t s r e q u i r e s t h a t TS4 be h i g h e r i n e n e r g y 
(2-4 k c a l / m o l e ) t h a n TS3. S i m i l a r l y , s i n c e t h e s e l e c t i v e g e n e r a t i o n 
o f CCC f o r χ = φ ( E q u a t i o n 2 a bove ) a l l o w e d t h e s e l e c t i v e s y n t h e s i s 
o f φνΝ, TS3 ( D i e l s A l d e r t o f o r m VN) must be somewhat l o w e r t h a n T S 2 

(1,5 Η s h i f t t o f o r m L C C ) . And l a s t l y , t h e s e l e c t i v e D i e l s A l d e r 
s y n t h e s i s o f BN f r o m LCC and NPMI ( E q u a t i o n 1 above ) r e q u i r e s t h a t 
T S i be l o w e r i n e n e r g y t h a n T S £ . 

A c o n s e q u e n c e o f o u r o b s e r v a t i o n t h a t t h e b r i d g e h e a d i s o m e r s a r e 
e a s i l y i s o m e r i z e d and t h e r m o d y n a m i c a l l y d i s f a v o r e d i s t h a t t h e y may 
be l a r g e l y i r r e l e v a n t t o t h e a c t u a l PMR c u r e . M o r e o v e r , t h e a p p r o a c h 
o f e a c h s e t o f monomers t o a b o n a f i d e e q u i l i b r i u m u n d e r c o n d i t i o n s 
t h a t a r e m i l d e r t h a n t y p i c a l t h e r m a l c u r i n g c o n d i t i o n s ( s e e b e l o w ) 
s u g g e s t s t h a t r e g a r d l e s s o f t h e i s o m e r i c c o m p o s i t i o n p r e s e n t i n t h e 
PMR r e s i n i n i t s l o w t e m p e r a t u r e i m i d i z a t i o n s t a g e , t h e f i n a l h i g h 
t e m p e r a t u r e c u r e p r o b a b l y o c c u r s w i t h a m i x t u r e t h a t r e f l e c t s s u b 
s t a n t i a l , i f n o t c o m p l e t e , i s o m e r e q u i l i b r a t i o n . L a s t l y , t h e o b s e r 
v a t i o n t h a t b o t h t h e p h e n y l and c a r b o m e t h o x y s u b s t i t u t e d monomers 
u n d e r g o exo/endo e q u i l i b r a t i o n a t a b o u t t h e same r a t e a s t h e PN/PX 
s y s t e m , i n d i c a t e s t h a t t h e s e v i n y l s u b s t i t u e n t s h a v e l i t t l e o r no 
e f f e c t on t h e e a s e o f t h e r e t r o D i e l s A l d e r p r o c e s s . T h e i r e f f e c t on 
p o l y m e r i z a t i o n r a t e s w i l l be d e t a i l e d b e l o w , b u t i t i s i m p o r t a n t t o 
n o t e i n a d v a n c e t h a t any e f f e c t t h e s e s u b s t i t u e n t s do h a v e on p o l y 
m e r i z a t i o n i s n o t a r e f l e c t i o n o f a change i n t h e p r o p e n s i t y f o r 
r e t r o D i e l s A l d e r c h e m i s t r y . D e s p i t e t h e i m p o r t a n c e o f D i e l s A l d e r 
r e a c t i o n s i n o u r i s o m e r i z a t i o n p r o c e s s e s , i t s r e l e v a n c e t o any p o l y 
mer f o r m i n g r e a c t i o n s must s t i l l be c r i t i c a l l y e v a l u a t e d . 

P o l y m e r F o r m a t i o n 

The p o l y m e r i z a t i o n o f o u r m o d e l s u b s t r a t e s was s t u d i e d by h e a t i n g n e a t 
s o l i d s a m p l e s o f e a c h monomer i n s e a l e d g l a s s t u b e s . No p r e t r e a t m e n t 
o f t h e g l a s s was n e e d e d t o a c h i e v e r e p r o d u c i b l e r e s u l t s and t h e s e a l e d 
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F i g u r e 1 . Comb ined r e a c t i o n p r o f i l e d i a g r a m f o r 

i s o m e r i z a t i o n . 
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t u b e s p r e v e n t e d any l o s s o f v o l a t i l e s . A l l c u r e d s a m p l e s ( h e a t e d t o 
1 9 5 ° , 2 5 0 ° , o r 330°C ) we re c o m p l e t e l y s o l u b l e i n THF and i n c h l o r o 
f o r m . T h i s g r e a t l y f a c i l i t a t e d a n a l y s i s by b o t h s i z e e x c l u s i o n 
c h r o m a t o g r a p h y (SEC) and by NMR. 

Our f i r s t i n t e r e s t was t o a s s e s s t h e p o l y m e r f o r m i n g a b i l i t y o f 
e a c h o f o u r monomers . T h i s was done by a n a l y z i n g f u l l y c u r e d ( 2 5 0 e C 
f o r 24 h r s o r 3 3 0 e C f o r 2 h r s ) s a m p l e s o f e a c h monomer. I n a l l c a s e s 
no r e s i d u a l monomer i c s u b s t r a t e c o u l d be d e t e c t e d and SEC r e s u l t s 
showed t h a t s u b s t a n t i a l o l i g o m e r i z a t i o n had o c c u r r e d . F o r a l l mono 
mers t h e b u l k o f t h e c u r e d m a t e r i a l was i n t h e f o r m o f o l i g o m e r s 
w i t h η = 5-8 and t h e l o n g e s t c h a i n s we re η = 2 4 + 3 . The SEC p r o 
f i l e s f o r a l l t h r e e k i n d s o f p o l y m e r ( u n s u b s t i t u t e d , p h e n y l and c a r 
bomêthoxy ) we re s i m i l a r enough t o j u s t i f y a c o m p a r i s o n o f t h e p o l y m e r 
f o r m i n g p r o c e s s f o r e a c h k i n d o f monomer. T h i s c o m p a r i s o n i s o u t 
l i n e d b e l o w . A more d e t a i l e d a n a l y s i s o f b o t h o l i g o m e r d i s t r i b u t i o n 
and s t r u c t u r e i s p r e s e n t l y unde rway and w i l l be r e p o r t e d i n f u l l 
e l s e w h e r e ( 7 ) . 

M o n i t o r i n g t h e p o l y m e r i z a t i o
f o r m a t i v e p i c t u r e o f t h e e f f e c t o f b o t h s u b s t i t u e n t s and o f i s o m e r 
d i s t r i b u t i o n on t h e c u r i n g p r o c e s s . We f i r s t a d d r e s s e d t h e q u e s t i o n 
o f t h e r e l a t i v e r a t e s o f s u b s t r a t e i s o m e r i z a t i o n and p o l y m e r i z a t i o n . 
We f o u n d t h a t , f o r t h e p a r e n t monomer (PN and P X ) , t h e r a t e o f i s o 
m e r i z a t i o n g r e a t l y e x c e e d s t h e r a t e o f p o l y m e r i z a t i o n . Unde r c o n d i 
t i o n s whe re PN and PX a r e f u l l y e q u i l i b r a t e d ( 195°C/15 h r s o r 2 5 0 e / l 
h r ) t h e r e i s s t i l l l e s s t h a n 20% p o l y m e r f o r m a t i o n i n t h e n e a t 
s a m p l e . We c o n c l u d e t h a t f o r PN o r PX t h e c o m p o s i t i o n o f t h e m i x t u r e 
u n d e r g o i n g p o l y m e r i z a t i o n i s e s s e n t i a l l y i n d e p e n d e n t o f t h e s t a r t i n g 
i s o m e r . The o b s e r v a t i o n t h a t f u l l y c u r e d s a m p l e s o f e i t h e r PN o r PX 
show i d e n t i c a l H 1 and C 1 ^ NMR s p e c t r a and i n d i s t i n g u i s h a b l e SEC 
a n a l y s e s , i s c o n s i s t e n t w i t h t h i s c o n t e n t i o n . 

W h i l e exo/endo i s o m e r i z a t i o n o f t h e s u b s t i t u t e d monomers had 
been f o u n d t o be c o m p a r a b l e t o t h a t o f t h e p a r e n t monomer, p o l y m e r i ' -
z a t i o n o f t h e s u b s t i t u t e d monomers was much f a s t e r . Unde r t h e c o n 
d i t i o n s i n d i c a t e d a b o v e f o r <20% p o l y m e r f o r m a t i o n i n n e a t s a m p l e s o f 
PN o r P X , b o t h t h e p h e n y l and c a r b o m ê t h o x y monomers show >80% p o l y m e r 
f o r m a t i o n . T h i s g r e a t l y c o m p l i c a t e s any a t t e m p t t o d i s s e c t i s o m e r i 
z a t i o n f r o m p o l y m e r i z a t i o n i n t h e s e n e a t s a m p l e s . N e v e r t h e l e s s , we 
we re a b l e t o e s t a b l i s h t h a t , i n t h e l o w e r t e m p e r a t u r e ( 1 9 5 e C ) p o l y 
m e r i z a t i o n , t h e i s o m e r i c m i x t u r e u n d e r g o i n g p o l y m e r i z a t i o n was t h e 
same ( f o r t h e c a r b o m ê t h o x y s y s t e m ) w h e t h e r we s t a r t e d f r o m CBN o r 
f r o m CVN ( 1 9 5 ° , 1 h r : 71% VN , 23% VX , 6% BN + B X ) . A s i m i l a r r e s u l t 
was o b t a i n e d by c o m p a r i n g t h e p o l y m e r i z a t i o n o f <J)VN and φΒΝ. 

Howeve r , i n t h e h i g h e r t e m p e r a t u r e e x p e r i m e n t s ( > 2 5 0 ° C ) , b o t h 
p o l y m e r i z a t i o n and i s o m e r i z a t i o n we re p r o c e e d i n g so r a p i d l y t h a t p r e 
c i s e a n a l y s e s o f i s o m e r r a t i o s became d i f f i c u l t . E q u i l i b r a t i o n and 
p o l y m e r i z a t i o n we re o c c u r r i n g a t c o m p e t i t i v e r a t e s . We do h a v e some 
t e n t a t i v e e v i d e n c e t h a t i n t h e h i g h e r t e m p e r a t u r e c u r e s t h e r e may be 
some d i f f e r e n c e s i n t h e r a t e a t w h i c h p o l y m e r f o r m s d e p e n d i n g on t h e 
s t a r t i n g i s o m e r . T h i s d a t a i s c u r r e n t l y b e i n g r e i n v e s t i g a t e d . E ven 
i f s u c h an e f f e c t i s v e r i f i e d , i t i s s m a l l and i n no way a f f e c t s o u r 
m a j o r c o n c l u s i o n t h a t s u b s t i t u t i o n g r e a t l y enhance s t h e r a t e o f p o l y 
m e r i z a t i o n o f n o r b o r n e n y l i m i d e s . M o r e o v e r , s i n c e e v e n s a m p l e s o f 
s u b s t i t u t e d i s o m e r i c i m i d e s c u r e d a t 3 3 0 e C showed s i m i l a r SEC p r o 
f i l e s , t h e p r o b a b i l i t y o f m a j o r d i f f e r e n c e s a s a f u n c t i o n o f i s o m e r i c 
c o m p o s i t i o n i s s m a l l . 
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I n t e r m s o f an i n t e r p r e t a t i o n o f t h e enhancement o f p o l y m e r i z a 
t i o n r a t e p r o v i d e d by o u r v i n y l s u b s t i t u e n t s , we c a n o n l y s p e c u l a t e . 
I t i s c l e a r t h a t any k i n d o f a d d i t i o n p o l y m e r i z a t i o n o f t h e n o r b o r 
n e n y l d o u b l e bond w i l l b e n e f i t f r o m t h e e l e c t r o n i c s t a b i l i z a t i o n p r o 
v i d e d by a c o n j u g a t i n g s u b s t i t u e n t . A s i m p l e r a d i c a l a d d i t i o n p r o c e s s 
s u c h a s i s known f o r b o t h s t y r e n e and a c r y l a t e monomers may be a 
r e a s o n a b l e a n a l o g y t o o u r s y s t e m . W h e t h e r t h i s e f f e c t a l o n e i s enough 
t o a c c o u n t f o r o u r o b s e r v a t i o n s i s n o t c l e a r . A p o s s i b l e a d d i t i o n a l 
e f f e c t , a t l e a s t i n t h e c a s e o f t h e p h e n y l s u b s t i t u t e d monomers, i s 
s u g g e s t e d b e l o w a s p a r t o f o u r wo r k on p o l y m e r s t r u c t u r e . 

P o l y m e r S t r u c t u r e 

H a v i n g e s t a b l i s h e d t h e e f f e c t o f s u b s t i t u t i o n on t h e r a t e s o f b o t h 
monomer i s o m e r i z a t i o n and p o l y m e r i z a t i o n , we a d d r e s s e d t h e q u e s t i o n 
o f p o l y m e r s t r u c t u r e . S p e c i f i c a l l y , a r e n o r b o r n e n y l i m i d e u n i t s i n 
c o r p o r a t e d i n t o t h e f u l l
i n t a c t ? I f s o , doe s t h e
o f exo and endo r i n g f u s e d monomers? F o r o u r p a r e n t monomers, PN and 
PX , t h i s q u e s t i o n ha s been u n a n s w e r a b l e . We h a v e n o t f o u n d any 
d i r e c t p r o b e t h a t a l l o w s an unamb i guou s a s s e s s m e n t o f s p e c i f i c s u b 
s t r u c t u r e s w i t h i n t h e c u r e d p o l y m e r . We d o , h o w e v e r , h a ve some e v i 
d e n c e b e a r i n g on t h i s q u e s t i o n f o r t h e p h e n y l s u b s t i t u t e d monomer. 
T h i s e v i d e n c e i s a t t r i b u t a b l e i n p a r t t o o u r d i s c o v e r y o f an u n e x 
p e c t e d s i d e - r e a c t i o n i n t h e c u r e o f t h e p h e n y l s u b s t i t u t e d monomer, 
and i n p a r t t o t h e p r e s e n c e o f a u n i q u e NMR d i a g n o s t i c f o r p h e n y l 
s u b s t i t u t e d , endo n o r b o r n y l N - p h e n y l i m i d e s . B o t h o f t h e s e r e s u l t s 
a r e d e t a i l e d b e l o w . 

I n t h e c o u r s e o f o u r a n a l y s i s o f c u r e d s a m p l e s o f p h e n y l s u b s t i 
t u t e d monomers, we f o u n d t h a t many o f t h e s e s a m p l e s y i e l d e d a s much 
a s 15 -20% o f a monomer i c m a t e r i a l i d e n t i f i e d a s t h e h y d r o g e n a t e d 
a n a l o g o f φνχ (HYVX) . E ven more i n t e r e s t i n g l y , none o f t h e c o r r e s 
p o n d i n g HYVN was f o u n d i n any s a m p l e . W h i l e we do n o t y e t f u l l y 
u n d e r s t a n d t h i s u n u s u a l p a i r o f o b s e r v a t i o n s , a number o f p o i n t s a r e 
c l e a r . F i r s t o f a l l , t h e f o r m a t i o n o f HYVX r e q u i r e s a d o n o r o f 
h y d r o g e n . We h a v e v e r i f i e d t h a t t h i s i s n o t a r i s i n g f r o m a d v e n t i 
t i o u s c o n t a m i n a t i o n o f o u r r e a c t i o n v e s s e l s . I t must t h e r e f o r e be 
t r u e t h a t some o f o u r p h e n y l monomer m o l e c u l e s a r e a c t i n g a s t h e h y 
d r o g e n d o n o r s and a r e t h e m s e l v e s b e i n g o x i d i z e d . A p o s s i b l e a venue 
by w h i c h t h i s c o u l d o c c u r i s by i n c r e a s i n g u n s a t u r a t i o n and p o s s i b l e 
a r o m a t i z a t i o n o f some f r a c t i o n o f o u r n o r b o r n y l r i n g s . T h i s p o s s i 
b i l i t y i s d e p i c t e d i n t h e scheme b e l o w . I t p r o v i d e s n o t o n l y a 
s o u r c e o f h y d r o g e n f o r t h e p r o d u c t i o n o f HYVX, b u t a l s o s u g g e s t s a 
new way i n w h i c h t h e p h e n y l s u b s t i t u e n t c o u l d enhance t h e g e n e r a t i o n 
o f r a d i c a l i n i t i a t o r s and t h u s enhance t h e p o l y m e r i z a t i o n p r o c e s s 
a s w e l l . 

The o b s e r v e d a b s e n c e o f any HYVN d e s p i t e t h e f o r m a t i o n o f HYVX 
i s i n t e r p r é t a b l e i n e i t h e r o f two w a y s . I t i s p o s s i b l e t h e (J)VN i s 
p o l y m e r i z i n g w h i l e t h e φνχ i s h y d r o g e n a t i n g and t h u s no h y d r o g e n a t e d 
<J)VN i s s e e n . A l t e r n a t i v e l y , a l l t h e c h e m i s t r y o f o u r monomers, b o t h 
p o l y m e r i z a t i o n and any s i d e r e a c t i o n s a r e o n l y o c c u r r i n g on t h e exo 
i s o m e r . D i s a p p e a r a n c e o f endo i s o m e r i s o n l y v i a i s o m e r i z a t i o n t o 
e x o . T h i s s e c o n d i n t e r p r e t a t i o n i s c o n s i s t e n t w i t h t h e o b s e r v a t i o n 
o f enhanced d o u b l e bond r e a c t i v i t y o f exo i s o m e r s r e p o r t e d f o r t h e 

In Reactive Oligomers; Harris, F., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



60 R E A C T I V E O L I G O M E R S 

Scheme 1 

r e a c t i o n s o f a v a r i e t y o f e l e c t r o p h i l e s and d i e n e s w i t h c y c l o p e n t a -
d i e n e - m a l e i c a n h y d r i d e a d d u c t s ( 8 ) . I t i s a l s o c o n s i s t e n t w i t h a 
t o t a l l y s e p a r a t e l i n e o f r e a s o n i n g w h i c h we h a v e d e v e l o p e d b a s e d on 
t h e NMR d a t a d e s c r i b e d b e l o w . 

To v e r i f y o u r s t r u c t u r a l a s s i g n m e n t o f HYVX we i n d e p e n d e n t l y 
s y n t h e s i z e d i t , a l o n g w i t h HYVN. F o r f u r t h e r c o m p a r i s o n s , we a l s o 
s y n t h e s i z e d t h e e p o x i d e s o f <J>VN and <J>VX, VNE and VXE r e s p e c t i v e l y . 

Our s y n t h e s e s o f t h e s e new m a t e r i a l s showed t h a t b o t h h y d r o g é n a 
t i o n and e p o x i d a t i o n o c c u r r e d e x c l u s i v e l y f r o m t h e exo f a c e o f b o t h 
φνΝ and φνχ. T h i s i s c o n s i s t e n t w i t h e x t e n s i v e l i t e r a t u r e p r e c e d e n t 
f o r a v a r i e t y o f r e a c t i o n s on n o r b o r n e n y l d o u b l e bonds ( 9 ) . H NMR 
s p e c t r o s c o p y o f t h e s e m a t e r i a l s a l s o r e v e a l e d a n i n t e r e s t i n g p a t t e r n . 
A l l p h e n y l s u b s t i t u t e d compounds w i t h endo i m i d e r i n g s (φνΝ, HYVN, 
VNE) e v i d e n c e d s i g n a l s due t o one o f t h e t e n a r o m a t i c p r o t o n s ( f i v e 
on e a c h p h e n y l r i n g ) b e i n g s h i f t e d t o u n u s u a l l y h i g h f i e l d ( 6 . 4 + 
. 1 6 ) . T h i s i s c o n s i s t e n t w i t h a f i e l d e f f e c t on a p r o t o n o f one o f 
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t h e p h e n y l r i n g s due t o i t s p o s i t i o n i n t h e s p a c e o v e r t h e c e n t e r o f 
t h e r i n g c u r r e n t o f t h e o t h e r p h e n y l r i n g . W h i l e we c a n n o t y e t i n d i 
c a t e w h i c h p r o t o n i s s h i f t e d , t h i s e f f e c t seems t o be a c o n s i s t e n t 
d i a g n o s t i c f o r t h e p r e s e n c e o f a p h e n y l s u b s t i t u t e d n o r b o r n y l r i n g 
f u s e d t o an endo N - p h e n y l i m i d e . 

On t h e b a s i s o f t h i s NMR p a t t e r n we w o u l d s u g g e s t t h a t , i f any 
endo f u s e d p h e n y l monomers a r e b e i n g i n c o r p o r a t e d i n t o t h e p h e n y l 
s u b s t i t u t e d PMR p o l y m e r c h a i n , we s h o u l d s e e NMR s i g n a l s b e t w e e n 
6.6 and 6 . 2 δ . C u r e d s a m p l e s o f φνΝ and φνχ show i d e n t i c a l NMR 
s p e c t r a and n e i t h e r ha s any s i g n a l s i n t h i s r e g i o n . T h i s may mean 
t h a t o n l y φνχ p o l y m e r i z e s . A l t e r n a t i v e l y , n e i t h e r φνΝ n o r φνχ i s i n 
c o r p o r a t e d i n t o t h e p o l y m e r w i t h i t s n o r b o r n y l r i n g i n t a c t and t h e 
p o l y m e r doe s n o t c o n t a i n any n o r b o r n y l s u b - s t r u c t u r e s a t a l l . T h i s 
m i g h t a t l e a s t p a r t l y r e s u l t f r o m t h e k i n d o f r a d i c a l p r o c e s s shown 
i n Scheme 1 a b o v e . An a p p r o a c h t o t h e s e s t r u c t u r a l and m e c h a n i s t i c 
q u e s t i o n s i s p r e s e n t l y b e i n g d e v e l o p e d i n o u r l a b o r a t o r y ( 1 0 ) . 
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6 
Thermally Stable Polymers for Electronic Applications 

D. J. DAWSON, W. W. FLEMING, J. R. LYERLA, and J. ECONOMY 

IBM Research Laboratory, San Jose, CA 95193 

High-temperature polymers which can be obtained from processable reac
tive oligomers would offer many unique opportunities, particularly to the 
microelectronics industry. The ideal oligomer would have properties such 
as low dielectric constant and good planarization and would be both 
thermally and photochemicall
search efforts have focuse
the hope that such units would thermally cure to condensed polyaromatics. 
Poly(triethynylbenzene) (PTEB) was chosen as a model compound and was 
prepared by the oxidative coupling of 1,3,5-triethynylbenzene with 
phenylacetylene. The composition and molecular weight of PTEB has been 
varied by incorporating different levels of phenylacetylene as a capping 
agent. The planarization of the oligomer was outstanding while the thermal 
and oxidative stability of the cured polymer was consistent with what one 
might expect for a network of aromatic rings. 

In order to study the cure behavior of the PTEB system, 13C NMR of 
uncured and cured PTEB in the solid state was performed using cross
-polarization magic-angle spinning techniques. The results show the 
polymerization to be via aromatization. The extent of cure versus cure 
temperature was determined quantitatively. It was found that the material 
was almost completely cured after one hour at 215°C. As the cure goes to 
completion, the ability to react decreases due to the corresponding rapid in
crease in Tg. Chemical shifts of the resonances in the cured material are 
consistent with a highly crosslinked condensed aromatic network. 

The development of functional oligomers that can be thermally cured to heat-stable 
polymers has been the subject of considerable study over the past 15 years. Poly (aromatic 
acetylenes) were initially considered to be good candidates for such uses because the ethynyl 
groups were thought to undergo a thermally induced cyclotrimerization to a fully aromatic 
cured polymer. However, in recent years it has become evident (1) that ethynyl terminated 
oligomers such as Thermid 600 did not thermally cyclotrimerize. Presumably cyclo
trimerization of ethynyl groups would require the presence of transition metal catalysts; 
however, these catalysts would remain in the cured polymer and could act as possible cata
lytic sites for subsequent thermal decomposition. As a result, the use of ethynyl terminated 
oligomers as precursors to polymers with high temperature thermo-oxidative stability ap
pears questionable. 

0097-6156/85/0282-0063$06.00/0 
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Recently, the microelectronics industry has developed a need for thermally stable 
polymers for dielectric insulating layers. In addition to good thermal stability (>400°C), 
these cured polymer films must exhibit a low dielectric constant, low moisture uptake, a high 
glass transition temperature (T g), excellent planarization, and possibly lithographic sensitiv
ity which would allow these films to be used as resists. Only a few of these properties can be 
achieved with polyimides. Other candidates for high temperature polymers also have draw
backs. Inorganic, fluoro-, and phenolic polymers have inadequate thermal stability. 
Heterocyclic and rigid-rodlike polymers are insoluble in solvents suitable for spin-coating. 

A research program was initiated at IBM to design a model polymer that would meet 
all these requirements. The low dielectric constant and low moisture uptake requirements 
would best be achieved by a hydrocarbon structure. Optimal planarization would require a 
low-molecular-weight oligomer, and the required T g would necessitate a crosslinked network 
of aromatic units in the cured polymer. It appears that diacetylenic oligomers could meet 
these specifications and at the same time obviate the potential oxidative instability inherent 
in the products of thermal crosslinking of terminal ethynyl resins. In 1969, Wegner (2) re
ported that monomeric diacetylenic single crystals could be polymerized by ultraviolet radi
ation. This finding suggested tha  polymer  containin  diacetylen  unit  would hav  potential 
as resists. Somewhat earlier, Ha
by the oxidative coupling of m-diethynylbenzene  polymer  apparen
exothermic decomposition upon heating to 180°C and showed a weight retention of over 
90% after heating to 800°C under inert conditions. Alternatively, the decomposition ob
served at 180°C could have been the result of an uncontrolled exothermic curing process. 
By working with very thin films typically used for dielectric insulators it was expected that 
the exotherm could be controlled to afford a material of high thermal stability. 

Our initial work on diacetylenic polymers was directed to the synthesis of low-
molecular-weight poly (m-diethynylbenzene) (Scheme 1). A low-molecular-weight resin was 
selected to permit the melt flow behavior essential for planarization. The molecular weight 
was kept low by including phenylacetylene in the polymerization reaction. Being 
monofunctional, phenylacetylene acted as a capping agent, terminating the growing polymer 
branch with a phenylbutadiyne group. The resulting oligomer exhibited melt flow properties 
below the curing temperature but formed poor films because of its low solubility in spin-
coating solvents and its tendency to crack prior to curing. Both of these unfavorable proper
ties were attributed to the crystalline nature of the oligomer. We found that these 
characteristics were eliminated by replacement of the linear oligomer with a branched 
1,3,5-triethynylbenzene unit (III) in the oxidative coupling reaction (4-5) (Scheme 2). 

In this paper methods are described for preparing the 1,3,5-triethynylbenzene 
monomer and oligomers. Evidence is then presented to support the theory that these 
diacetylene oligomers tend to thermally cure by an aromatization reaction. 

Since the cured polymer is highly crosslinked and therefore insoluble, most character
ization techniques, including solution N M R , are not suitable for studying curing mechanisms 
in glassy polymers. However, one can obtain substantial information at the molecular level 
using 1 3 C solids N M R techniques. Briefly, the carbon resonance signal from a solid sample 
experiences a proton-carbon dipolar coupling on the order of 40 K H z (6), an anisotropic 
chemical shift distribution of ~l-2.5 Khz at carbon frequencies of 15 M H z (7), and very long 
carbon spin-lattice, T,, relaxation times that can be as long as 103 seconds (8). The signal re
sulting from a normal pulse-acquisition experiment as with solution samples is very broad 
and featureless. However, the large dipolar decoupling can be eliminated by the use of 
dipolar decoupling, DD, (9); the chemical shift anisotropics can be reduced to their singular 
values by spinning the sample rapidly at an angle of 54.7° with respect to the magnetic field 
(the so-called magic angle spinning, MAS) (10); and the limitations of long carbon relaxation 
times can be avoided by using the technique of cross-polarization, CP ( Π ) . The resulting 
spectrum consists of peaks of reasonably narrow line width and chemical shifts which corre
spond to the isotropic values observed h. solution. The solid state line widths and chemical 
shift differences observed relative to those observed in solution samples are a result of solid 
state effects due to structure, stereochemistry, and motional effects. The solid state carbon 
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C=CH C6Hr<:=c+CEC 

C=CH 
Cu (I) 

C 6H 5-C=CH C E C - | - C E C - C 6 H 5 

H η ~ 6-8 

Scheme 1. Synthesis of poly(diethynylbenzene). 

Scheme 2. Synthesis of poly(triethynylbenzene). 

In Reactive Oligomers; Harris, F., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



66 R E A C T I V E O L I G O M E R S 

N M R experiment is generally termed the cross-polarization magic-angle spinning, CPMAS, 
experiment. 

Solid state N M R has been used to study polymers of various classes over the past se
veral years. In particular, the technique has been used to study curing reactions in epoxies 
(12), polyimides (1), and acetylenic terminated sulfones (13). The ability to observe the ev
olution of the carbons of the reacting species has been clearly shown to provide valuable in
formation which has been difficult or impossible to obtain with other techniques. The use of 
1 3 C solid state N M R techniques is essential for the understanding of curing reactions in high 
temperature polymers in order to be able to correlate the reaction chemistry with the struc
tural and resulting physical properties. 

Experimental 

1,3,5-Triethynylbenzene (TEB, III). A 1-liter 3-necked flask equipped with heating mantle, 
overhead stirrer, thermocouple temperature sensor, condenser, and nitrogen/vacuum system 
was successively charged with 102.4 g (0.325 mol) of 1,3,5-tribromobenzene (VII); 45.11 g 
(0.536 mol, 0.55 equiv per Ar-Br
of 3-methyl-l-pentyn-3-ol; 1.8
(1.22 mmol, 0.00125 equiv) of cupric acetate monohydrate; 108 mg (0.609 mmol, 0.000624 
equiv) of palladium(II) chloride; and 400 mL (295 g, 2.92 mol, 3.0 equiv) of 
di-n-propylamine. The brown slurry was deoxygenated and then heated to reflux (113°C). 
After 3 h at reflux, T L C (silica gel, 1:1 ether/hexane) indicated that the reaction had gone 
to completion (R f of the triol was 0.2, that of the nonexistent diols, 0.3-0.5). The dark-
brown slurry was cooled to room temperature and vacuum filtered (C frit). The filter cake 
was washed carefully with two 160-mL portions of toluene. The combined filtrate was then 
filtered through a 160-g silica gel (40-140 mesh) column, which was subsequently rinsed with 
two 160-mL portions of toluene and then blown dry with nitrogen. Only the colored frac
tions were collected. The combined dark brown solution weighed 694 g and was used im
mediately in the next step. 

A 2-liter 3-necked flask equipped with heating mantle, overhead stirrer, thermocouple 
temperature sensor, and Claisen distillation system was charged with 694 g of the dark 
brown solution prepared above. Potassium t-butoxide (8.0 g, 71.3 mmol, 0.073 equiv) was 
added to the stirring solution, which was then immediately deoxygenated, left at 10-in. Hg 
vacuum (20-in. Hg absolute), and heated to boiling. A skin temperature of 200°C was ade
quate to provide a slow distillation. The internal temperature during distillation was initially 
91°C, dropped to 87°C over an 11-min period, and then slowly rose to 99°C after 1 h of total 
distillation time. The vacuum was then increased to lower the internal temperature to 
80-85°C while the remainder of the solvents were distilled off. This operation was judged 
complete when the internal temperature rose to 95 °C at 29-in. Hg vacuum. The mantle was 
immediately removed, and the molten reaction mixture was flooded with nitrogen. Next, 1.5 
L of hexane was rapidly added to the distillation pot, followed by 8 mL of acetic acid in 100 
mL of hexane. A column (5-cm χ 36-cm) of 40-140 mesh silica gel was prepared in hot 
hexane. The crude reaction mixture was heated to 48 °C and then quickly filtered through 
the column, followed by 1.5 L of hot hexane. The first 400 mL of eluant was discarded. T L C 
(silica gel, 10% ether/hexane) indicated that the TEB (Rf 0.75 with a small contaminant at 
Rf 0.55-0.7) was in the next 2.05 L of eluant. This fraction was concentrated to 430 mL and 
cooled overnight at 0°C. The crystallized TEB was isolated by filtration, washed with cold 
hexane, and dried under vacuum at ambient temperature for 5 h to yield 29.7 g of TEB as 
white needles, mp 101-102°C [lit. (16) mp 105-107°C]. The filtrate was concentrated to 100 
mL, cooled, and filtered, and the crystals were washed and dried as above to give another 3.1 
g of TEB, mp 100.5-101.5°C. The combined weight of 32.8 g represents a yield of 67%. Ή 
N M R (CDClj) δ 3.10 (s, 3, C - C - H ) , 7.55 (s, 3, Ar-H) . 

Poly(triethynylbenzene) (PTEB. IV), highly capped. A 5-liter, 4-necked flask equipped with 
overhead stirrer, internal thermocouple, addition funnel, condenser, and heating mantle was 
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charged with 40.0 g (0.404 mol) of CuCl and 2.0 L of acetone. The agitated suspension was 
slowly heated to an internal temperature (T^) of 30° C while the addition funnel was charged 
with a solution of 100 mL of acetone and 100 mL of pyridine; 25 mL of this solution was 
added to the flask. This dark green slurry was stirred for 10 min before a solution of 50.0 g 
(0.333 mol) of TEB, 340 g (3.33 mol, 10 equiv.) of phenylacetylene, and 25 mL of the 
acetone/pyridine mixture in 500 mL of acetone was added in one portion. The mantle was 
then removed. A small exotherm raised T{ to 32°C. After a further 10 min of stirring, oxy
gen bubbling through the reaction mixture was begun. The oxygen flow was continued 
throughout the rest of the reaction. The fritted-glass bubbler had a tendency to clog and was 
cleaned out twice. The remainder of the acetone/pyridine mixture was added over a period 
of 3.5 h, while Tj was kept below 45°C by ice-bath cooling as needed. After the 
acetone/pyridine addition was complete, a heating mantle was used to maintain Tj at 
30-40°C for a further 2.5 h. 

The reaction work-up was conducted under yellow light conditions in order to prevent 
UV-induced cross-linking. Isolation of the polymeric product began with the addition of the 
reaction mixture to a vigorously stirred solution of 330 mL of 12 Ν HC1 in 10 L of methanol. 
The precipitated polymer was isolate
300 mL). The crude polymer
aq HC1 (3 χ 100 mL) and wate  (  χ  mL),  (3  g MgS0 4 ) ,
chloroform solution was slurried with 100 g of 60-200 mesh silica gel and filtered to give, af
ter rinsing of the silica gel, 750 mL of a reddish-orange solution. Further filtration through a 
silica gel column had no apparent effect. The chloroform solution was vacuum stripped and 
the residue taken up in 200 mL of chloroform. This solution was precipitated from 3 L of 
methanol. Filtration of the solids, washing with two 300-mL portions of methanol, and vac
uum drying (45-55°C) afforded 62.5 g of poly(triethynylbenzene) as a tan powder. 

N M R Instrumentation. 1 3 C N M R spectra of uncured PTEB oligomer samples in solution 
were obtained using an IBM Instruments N R / 8 0 spectrometer. Samples were dissolved in 
deuterated dichloroethane. Spectra were acquired quantitatively using heteronuclear scalar 
decoupling without nuclear Overhauser enhancement (NOE) while using a pulse width and 
pulse repetition rate that guaranteed full relaxation of carbon magnetization. The integrals 
of the resulting spectra could thus be used to determine the ethynyl to aromatic content for 
use in comparison with solid state N M R spectra. Heteronuclear coupled and j-modulated 
spin echo (14) experiments enabled the assignment of the peaks in the solution and, thus, the 
corresponding solid state spectra. 

Solid state 1 3 C N M R experiments were carried out using a home-built spectrometer 
based upon a Varian Instruments DA-60 electromagnet, an IBM Instruments NR/80 N M R 
console, a Nicolet Instruments NIC-80 computer, a Diablo Model 44 disk drive, and home-
built N M R probes. The console radio frequency circuitry was modified so that the proton 
and carbon irradiation frequencies were 60.03 and 15.01 MHz respectively. The probes used 
a magic-angle spinning apparatus which has been described previously (15). A n external 
deuterium field frequency lock was used throughout the measurements. In order to adjust 
the angle setting to the magic angle accurately, the 7 9 Br quadrupolar resonance was observed 
and the spinning angle adjusted to optimize the resulting resonance. 

Since the intensities of the resonances in the CPMAS experiment depend upon 
strengths of the dipolar couplings and molecular motions in the solid, it is not straightforward 
to obtain quantitative spectra. However, one may adjust the time during which 
magnetization is transferred from the proton to the carbon resonances, the CP time, and de
termine the time for which the solid state and solution integrals are equal. One can thereby 
obtain measurements of the aromatic to ethynyl ratio during the course of the cure. 

Discussion 

The original synthesis (16) used in our laboratories for the preparation of TEB is depicted in 
Scheme 3. 1,3,5-Triacetylbenzene (V) was treated with phosphorous pentachloride in car-
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bon tetrachloride or heptane to give the tris(a-chlorovinyl) derivative VI, which, upon 
dehydrochlorination, afforded TEB in an overall yield of 34%. 

Due to both the moderate yield and difficulties encountered in preparing large amounts 
of TEB by this procedure, a new route was developed based on the Hagihara (17) modifica
tion of the Stephens-Castro coupling (18). In this two-step procedure (Scheme 4), 
1,3,5-tribromobenzene (VII) was coupled with a monoprotected acetylene using a Pd/Cu 
catalyst system. The protecting groups of the intermediate (IX) were then removed by a 
retro-Favorskii reaction (19). 

This procedure included several novel modifications that enabled the reaction to be 
conducted rapidly, on a large scale, and in good yield. Use of the least expensive protected 
acetylene, 2-methyl-3-butyn-2-ol (Villa) (20), resulted in the highly polar and crystalline 
intermediate IXa, which had such poor solubility that high dilution was necessary both for 
the reactions and the intermediate work-up. Use of a 1:1 mixture of protected acetylenes 
Vi l l a and VHIb, as shown in Scheme 4, gave an intermediate IX that was a highly soluble 
four-component mixture. The original expensive catalyst, bis(triphenylphosphine)palladium 
dichloride, was replaced by the combination of PdC^ and extra triphenylphosphine with no 
loss of activity. When Cul was d  th  co-catalyst f th  palladiu  catalys
precipitated as palladium black
acetate was found to function a  cuprou  co-catalys
this palladium loss. Finally, di-n-propylamine was used as the reaction solvent instead of di-
or triethylamine because of its higher boiling point and greater solvent power. Fortuitously, 
the hydrobromide salt of this amine, produced in large volume in the coupling reaction, 
formed a slurry which was much easier to stir than a slurry of triethylamine hydrobromide. 
The overall 67% yield of TEB represents an individual yield of 88% per ethynyl group. 

Glaser oxidative coupling of TEB to give PTEB is conceptually simple but is difficult to 
control to give reproducible results. This difficulty is caused by the heterogeneity of the re
action mixture—solid CuCl, liquid solution of all reactants, and gaseous oxygen. Under 
these conditions, even parameters such as stirring rate become important. However, with 
starting materials and reagents of reasonable purity, the procedure reported in the exper
imental section is capable of good reproducibility. Control over both the molecular weight 
and degree of phenylacetylene capping of the PTEB can be achieved by adjustment of the 
reaction time and equivalents of phenylacetylene used. 

As anticipated, PTEB exhibited no tendency to crystallize. The highly branched 
structure of this oligomer also rendered it quite soluble in a variety of solvents. PTEB could 
be spin-coated on silicon wafers, although an adhesion promoter proved to be necessary. The 
resultant films could be cured by heating to temperatures of 180°C or higher. The 
planarization properties of PTEB were excellent on a variety of surfaces. A surface 
roughness of less than 125À was obtained as measured by reflected light interference 
microscopy. Thermogravimetric analysis (TGA) of cured PTEB (Figure 1) in helium indi
cated very high thermal stability up to 500°C and a weight loss of only 5% at 700°C. T G A 
in air revealed good oxidative resistance with a weight loss of 5% at 550°C. 

Differential Scanning Calorimetry (DSC) proved to be a powerful tool for probing the 
nature of the PTEB curing process. Figure 2 depicts the effect of U V radiation on PTEB. 
Scan A is typical of PTEB and showed a small melting endotherm at 90°C, followed by a 
large sharp exotherm at 140° and a second, broader, exotherm centered at 200°C. The melt 
processing window of 40-50 C° resulted in excellent planarization behavior. Exposure to U V 
radiation caused sufficient reaction to eliminate the melting endotherm and greatly reduced 
the first sharp exothermic reaction (Scan B). 

Figure 3 illustrates the effect of the degree of PTEB capping on the DSC. The highly 
uncapped polymer contained both ethynyl and diethynyl groups (Scan C). Both exothermic 
peaks occurred 20 C° lower than those of a fully-capped sample (Scan D). This data implies 
that the initial thermal curing reactions involve ethynyl groups, either with other ethynyl 
groups or with a diethynyl group. The shape of the DSC plots with the sharp initial peak at 
the leading edge of a broad one is suggestive of an artifact caused by the powerful cure 
exotherm. This question was addressed by an experiment in which the DSC sample was 
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I 3 

b) R=-Ç-OH 

Scheme 4. Improved synthesis of triethynylbenzene. 
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Figure 1. T G A of PTE Β in air and helium. 
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Figure 2. Effect of U V radiation of the DSC of PTEB . 
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Figure 3. Effect of phenylacetylene capping on the DSC of PTEB . 
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quenched in liquid nitrogen as soon as the initial exotherm had started. If the first peak were 
an artifact, once it was blunted by this quenching treatment the second peak should increase 
in size. As the plots in Figure 4 indicate, this effect did not occur, thereby indicating that the 
two peaks were caused by two separate exothermic processes. 

Infrared spectroscopy (Figure 5) was used to follow the thermal curing of a f i lm of 
highly capped P T E B between two salt plates. The initial scan (RT) showed the ethynyl C - H 
stretch at 3300 c m 1 and the diethynyl C « C stretch at 2220 c m 1 . After 2 hours at 150°C, the 
ethynyl absorption had decreased by 6 0 % , whereas the diethynyl absorption exhibited only 
a 2 0 % decrease. After an additional hour at 250°C, the ethynyl absorption was essentially 
gone whereas the diethynyl absorption retained 2 5 % of its original strength. Another hour 
at 350° C caused the disappearance of both species. These findings offer further evidence 
that the initial reaction involved an ethynyl group. Quantitation using these IR absorptions 
is very difficult because the extinction coefficient of each group is affected by its substituents 
and the rigidity of its environment. Hence, the smaller initial decrease in the diethynyl ab
sorption compared to that of the ethynyl absorption could represent a 1:1 reaction between 
these two groups to form some intermediate structure. 

A high resolution 1 3 C N M
shown in Figure 6a along with structura
recorded quantitatively using broad-ban  decoupling  corresponding
N M R spectrum is shown in Figure 6b for the case where the cross polarization time was 
chosen so that the acetylenic to aromatic ratios of the solution and solid state spectra were 
equal. The wider line widths of the solid spectrum are primarily due to dispersion of the av
eraged chemical shift tensor resulting f rom stereochemical differences in the solid. However, 
one can still observe distinct resonances due to chemically different carbons. The C P M A S 
spectrum of a sample of P T E B cured at 215 °C in air is shown in Figure 7. One can see that 
the acetylenic to aromatic ratio has dropped considerably. Correspondingly, the intensity of 
the broader aromatic region has increased with no other resonances being observed in the 
spectrum. By performing a C P M A S experiment in which decoupling is turned off for several 
microseconds prior to acquisition so that protonated carbons are allowed to preferentially 
relax, one can find an increase in the intensity of the nonprotonated carbons at around 
132-135 and 140-145 ppm which is consistent with substituted carbons expected to be ob
served in aromatized cross-linked structures. These regions thus contain resonances typically 
associated with fused poly cyclic aromatic hydrocarbons which suggests that a high degree of 
aromatization occurs in P T E B during curing. 

The spectra of the samples cured at high temperature still show the presence of a small 
resonance in the acetylenic region which is probably unreacted diethynyl groups. The basis 
for this phenomena is clear from data on other crosslinked glasses. As the cure progresses the 
T g of the system also increases and the ability of the remaining acetylenic groups to react 
drops. Eventually, the acetylenic groups remaining in the now highly crosslinked system are 
isolated from any sites with which they can react and w i l l not undergo the cure reaction. 

Conclusions 

Several possible cure reactions for P T E B are shown in Scheme 5. Whether the reacting spe
cies are ethynyl-diethynyl or diethynyl-diethynyl, the same reactions are possible: 
[l,2]-addition, [l,4]-addition, and [2+4] cycloaddition. The [l,2]-addition process cannot be 
ruled out on spectral grounds, whereas the [l,4]-addition products (cumulenes or ene-ynes) 
are clearly absent f rom the 1 3 C - N M R spectra. Perhaps the most l ikely initial reaction is a 
[2+4] cycloaddition of an ethynyl group with a diethynyl group to give a benzene diradical 
(or benzyne) as shown in Scheme 5. This bimolecular aromatization process would explain 
both the spectral data and the highly exothermic nature of the initial cure reaction. These 
initial crosslinks would freeze the polymer structure unti l the temperature was raised above 
the new T g , whereupon increased chain mobility would permit another diethynyl group to 
react with the intermediate structure, slowly building up polycyclic condensed aromatic sys-
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/ 

(a ) /// 

200 150 100 50 0 

(ppm) 

Figure 6. 1 3 C N M R of uncured PTEB. a) high resolution solution 
N M R in dichloromethane-d^. The spectrum was run 
quantitatively with broad band heteronuclear decoupling, 
b) 1 3 C CPMAS N M R of uncured PTEB. Cross-polarization 
time was 4.5ms; the rotor speed was 2.3 kHz; the cross 
polarization field was 50 kHz. Chemical shifts are relative to TMS. 
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Figure 7. 1 3 C CPMAS N M R spectrum of PTEB cured in air at 
215°Cfo r l hour. Parameters are identical to those of the 
spectrum in Figure 6b. 
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Ar-C=C-C=C-Ar 

77 

Scheme 5. Possible thermal curing products of PTEB. 
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terns. A t higher temperatures, one might observe internal aromatization via phenyl or hy
drogen shifts. 

The properties of PTEB, both the oligomer and the cured fi lm, are summarized in Fig
ure 8. P T E B is soluble in most aromatic, ethereal, and halocarbon solvents. One micron 
coatings on aluminum substrates have reduced surface roughness from 3-4 μΐηοηββ to <1 
/xinch. It photo-cures upon exposure to 280 to 330 nm radiation. The cured polymer has 
excellent thermal stability and a dielectric constant of only 2.7. PTEB ' s non-polar structure 
assures complete hydrophobicity, so it does not absorb and release water l ike polyimides do. 
As expected, the high crosslink density of the films causes the cured polymer to be brittle 
wi th a very low elongation at break. This single weakness is being addressed as we continue 
our research into this class of aromatic oligomers. 

P T E B OL IGOMER 

• So lub i l i ty (Exce l lent ) 

• Planarizat io (Exce l lent ) 

• L i thograph ic Sens i t i v i t y (280-330 nm) 

C U R E D P T E B 

• Therma l Stab i l i ty (He) (>Polyimide) 

• Adhes ion (Var iab le) 

• High T g (Follows C u r i n g Tempera ture ) 

• Non-Porous (P inho le - f ree) 

• Moisture Insensit ive (P i ckup 10" X Polyimide) 

• Low Die lectr ic Cons tant (2.7) 

• Mechanical S t reng th (Elongation <2%) 

Figure 8. Summary of physical properties of PTEB . 
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7 
Ethynyl End-Capped Polyimide Oligomers Containing 
Oxyethylene Linkages 
Synthesis and Characterization 

F R A N K W. HARRIS and K. SRIDHAR 

Institute of Polymer Science, The University of Akron, Akron, O H 44325 

Several ethynyl end-capped polyimide oligomers were pre
pared from 3,3',4,4'-benzophenonetetracarboxyli
dride, 1,2-bis(4-aminophenoxy)ethan
aminophenoxy)]ethyl ether (1b), 1,2-bis[2-(4-aminophe
noxy)ethoxy]ethane (1c), bis[2-(4-aminophenoxy)ethoxy]-
ethyl ether (1d), 1,1-bis(3-aminophenoxy)ethane (2a), 
bis[2-(3-aminophenoxy)ethyl]ether (2b) and 3-aminophenyl
acetylene. The oligomers prepared from the linear diam
ines 1a-d were semicrystalline and insoluble in a l l 
organic solvents. They also rapidly underwent cross
linking near 300°C. The DSC thermograms of the cross
linked samples showed a strong melting endotherm between 
335 and 348°C. The oligomers prepared from the non
-linear diamines 2a and b were amorphous and soluble in 
NMP, DMAC, m-cresol, and tetrachloroethane. Their Tg's 
ranged between 132 and 168°C. These oligomers underwent 
crosslinking at 300°C considerably slower than the cry
stalline systems. The Tg's of the crosslinked materials 
ranged between 147 and 245°C. 

The o v e r a l l g o a l o f t h i s c o n t i n u i n g r e s e a r c h e f f o r t h a s b e e n t h e 
d e v e l o p m e n t o f new p o l y m e r i c s y s t e m s f o r u s e a s p l a n a r i z i n g c o a t i n g s 
i n t h e m i c r o e l e c t r o n i c s i n d u s t r y ( 1 - 3 ) . I n a d d i t i o n t o l o w d i e l e c 
t r i c c o n s t a n t s , t h e s e m a t e r i a l s must d i s p l a y e x c e l l e n t t h e r m a l s t a b i 
l i t y and h i g h s o f t e n i n g t e m p e r a t u r e s . They must a l s o be q u i t e s o l u 
b l e i n o r g a n i c s o l v e n t s ( 2 0 - 4 0 wt % ) , i n o r d e r t o be a p p l i e d by t h e 
p r e f e r r e d s p i n c o a t i n g p r o c e s s . Our a p p r o a c h t o s u c h s y s t e m s h a s i n 
v o l v e d t h e s y n t h e s i s o f s o l u b l e p o l y i m i d e o l i g o m e r s t h a t a r e e n d - c a p 
ped w i t h f u n c t i o n a l g r o u p s t h a t u n d e r g o t h e r m a l l y - i n i t i a t e d p o l y m e r i 
z a t i o n s . T h u s , t h e m a t e r i a l s c a n be a p p l i e d f r o m s o l u t i o n and t h e n 
t h e r m a l l y c r o s s l i n k e d . F u n c t i o n a l g r o u p s c o n t a i n i n g a l k y n y l m o i e t i e s 
h a v e b e e n u s e d so t h a t t h e g e n e r a t e d c r o s s l i n k s a r e t h e r m a l l y s t a b l e . 
The s y s t e m s h a v e a l s o been d e s i g n e d t o u n d e r g o s i g n i f i c a n t f l o w p r i o r 
t o t h e i n i t i a t i o n o f t h e c u r e p r o c e s s i n o r d e r t o a i d t h e p l a n a r i -
z a t i o n p r o c e s s . 

0097-6156/85/0282-0081$06.00/0 
© 1985 American Chemical Society 
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The m a j o r o b j e c t i v e o f t h i s r e s e a r c h was t o i n v e s t i g a t e t h e u s e 
o f d i a m i n e s c o n t a i n i n g o x y e t h y l e n e l i n k a g e s i n t h e p r e p a r a t i o n o f 
o l i g o m e r s o f t h i s t y p e . Such d i a m i n e s h a v e b e e n u s e d i n t h e p r e p a r a 
t i o n o f s o l u b l e , h i g h - m o l e c u l a r - w e i g h t p o l y i m i d e s t h a t e x h i b i t e d 
g l a s s t r a n s i t i o n t e m p e r a t u r e s ( T g ' s ) a s l o w a s 140°C a nd good t h e r m a l 
s t a b i l i t y (_4 ). The s p e c i f i c o b j e c t i v e s o f t h i s wo r k w e r e : ( a ) t o 
p r e p a r e a n h y d r i d e - t e r m i n a t e d o l i g o m e r s o f 3 , 3 * , 4 , 4 1 - b e n z o p h e n o n e t e -
t r a c a r b o x y l i c d i a n h y d r i d e (BTDA) and 1 , 2 - b i s ( 4 - a m i n o p h e n o x y ) e t h a n e 
( l a ) , b i s [ 2 - ( 4 - a m i n o p h e n o x y ) ] e t h y l e t h e r ( l b ) , 1 , 2 - b i s [ 2 - ( 4 - a m i n o 
p h e n o x y ) e t h o x y ] e t h a n e ( l c ) , and b i s [ 2 - ( 4 - a m i n o p h e n o x y ) e t h o x y ] e t h y l 
e t h e r ( I d ) ; (b ) t o e n d - c a p t h e above o l i g o m e r s w i t h 3 - a m i n o p h e n y l -
a c e t y l e n e ( Α Ρ Α ) ; ( c ) t o c h a r a c t e r i z e t h e o l i g o m e r s w i t h r e g a r d t o 
t h e i r s o l u b i l i t i e s , t r a n s i t i o n t e m p e r a t u r e s a nd e f f e c t i v e c u r i n g t e m 
p e r a t u r e ; and (d ) t o e v a l u a t e t h e t h e r m a l p r o p e r t i e s o f t h e c u r e d 
r e s i n s . 

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

Monomers. BTDA and ΑΡΑ w e r e o b t a i n e d f r o m G u l f C h e m i c a l s . BTDA was 
r e c r y s t a l l i z e d f r o m a c e t i c a n h y d r i d e p r i o r t o u s e , and ΑΡΑ was d i s 
t i l l e d u n d e r r e d u c e d p r e s s u r e . D i a m i n e s l a - * d we re p r e p a r e d f r o m 
1 - f l u o r o - 4 - n i t r o b e n z e n e and t h e a p p r o p r i a t e g l y c o l a c c o r d i n g t o t h e 
known p r o c e d u r e ( 4 ) . 

A s d e s c r i b e d i n t h e f o l l o w i n g s e c t i o n , t h e i n i t i a l o l i g o m e r s p r e 
p a r e d f r o m l a - d were s e m i c r y s t a l l i n e and i n s o l u b l e i n o r g a n i c s o l 
v e n t s . S i n c e i t was p o s t u l a t e d t h a t t h e s e p r o p e r t i e s w e r e a s s o c i a t e d 
w i t h t h e h i g h d e g r e e o f symmetry p o s s e s s e d by t h e d i a m i n e s , new n o n 
l i n e a r monomers were s ough t t h a t w o u l d a f f o r d s o l u b l e , amorphous 
s y s t e m s . T h u s , 1 , 2 - b i s ( 3 - a m i n o p h e n o x y ) e t h a n e (2a) and b i s [ 2 - ( 3 - a m i n o 
phenoxy ) e t h y l ] e t h e r (2b) were p r e p a r e d b y t r e a t i n g t h e s o d i u m s a l t o f 
m - a m i n o p h e n o l w i t h 1 , 2 - d i b r o m o e t h a n e and 2 - c h l o r o e t h y l e t h e r , r e s p e c 
t i v e l y . The w h i t e d i a m i n e s were p u r i f i e d b y r e c r y s t a l l i z a t i o n f r o m 
e t h a n o l . 

D M S 0 (CICH 2CH 2) 20 

H 2 N > ^ ^ 0 ( C H 2 C H 2 0 ) n x Y ^ Y N H 2 

2a,b 

O l i g o m e r s o f BTDA and L i n e a r D i a m i n e s . A s e r i e s o f e t h y n y l e n d - c a p 
p e d p o l y i m i d e o l i g o m e r s was s y n t h e s i z e d by t h e f o l l o w i n g r o u t e . 
F i r s t , a n h y d r i d e - t e r m i n a t e d , p o l y a m i c a c i d o l i g o m e r s w e r e p r e p a r e d by 
a l l o w i n g e x c e s s BTDA t o r e a c t w i t h d i a m i n e s l a - d i n DMAC a t a m b i e n t 
t e m p e r a t u r e . The m o l a r r a t i o s o f BTDA t o d i a m i n e e m p l o y e d w e r e 2 t o 
1 and 4 t o 3. P r o c e d u r e s w e r e f o l l o w e d i n w h i c h BTDA was added t o 
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t h e d i a m i n e and v i c e v e r s a . The t e r m i n a l a n h y d r i d e m o i e t i e s w e r e 
t h e n a l l o w e d t o r e a c t w i t h ΑΡΑ. The o l i g o m e r s w e r e d e h y d r a t e d by 
t h e r m a l and c h e m i c a l m e t h o d s . I n t h e t h e r m a l m e t h o d , a f t e r t o l u e n e 
was added t o t h e p o l y a m i c a c i d s o l u t i o n s , t h e y w e r e h e a t e d t o n e a r 
100°C where t h e w a t e r o f i m i d i z a t i o n was removed by a z e o t r o p i c d i s 
t i l l a t i o n . The p o l y a m i c a c i d s w e r e a l s o d e h y d r a t e d by t r e a t m e n t w i t h 

E x e s , «·Μ0°Οζ}> + H ^ Q ^ f C H ^ O ^ N H a . 

io-d 

HCEC 

HCEC 3CH 

3a-d 

an e q u a l - m o l a r m i x t u r e o f a c e t i c a n h y d r i d e and p y r i d i n e a t a m b i e n t 
t e m p e r a t u r e , and by s t i r r i n g i n r e f l u x i n g a c e t i c a n h y d r i d e . The r e 
s u l t i n g p o l y i m i d e s , w h i c h p r e c i p i t a t e d a s t h e r e a c t i o n s p r o c e e d e d , 
w e r e i n s o l u b l e i n o r g a n i c s o l v e n t s a t a m b i e n t t e m p e r a t u r e . They d i d 
d i s p l a y v e r y l i m i t e d s o l u b i l i t i e s ( 1 - 2 wt %) i n r e f l u x i n g m - c r e s o l 
and NMP. T h e i r i n f r a r e d s p e c t r a c o n t a i n e d s t r o n g a b s o r p t i o n band s a t 
1780 and 720 c m " 1 , c h a r a c t e r i s t i c o f i m i d e s . The X - r a y d i f f r a c t i o n 
p a t t e r n s o f 3b and £ w e r e c h a r a c t e r i s t i c o f h i g h l y - c r y s t a l l i n e s o l i d s 

The DSC the rmog rams o f t h e o l i g o m e r s showed b a r e l y p e r c e p t i b l e 
b a s e l i n e s h i f t s b e t w e e n 140 and 175°C f o l l o w e d by b r o a d e x o t h e r m s 
w i t h maxima n e a r 280°C ( T a b l e I, F i g u r e 1 ) . O l i g o m e r 3a d i d n o t 
d i s p l a y a t r a n s i t i o n p r i o r t o t h e o n s e t o f i t s e x o t h e r m . TGA t h e r m o 
grams o f o l i g o m e r s _3a and b_ o b t a i n e d i n a i r and n i t r o g e n w i t h h e a t i n g 
r a t e s o f 1 0 ° / m i n showed 5% w e i g h t l o s s e s n e a r 410 and 4 7 0 ° C , r e s p e c 
t i v e l y . O l i g o m e r s _3c and d. d i s p l a y e d 5% w e i g h t l o s s e s n e a r 365°C i n 
a i r and n e a r 460°C i n n i t r o g e n ( F i g u r e s 2 & 3 ) . A l t h o u g h t h e y d i d 
d a r k e n s l i g h t l y n e a r 3 00°C , none o f t h e o l i g o m e r s showed any t e n d e n c y 
t o f l o w when t h e y we re h e a t e d t o 320°C on a F i s h e r - J o h n s m e l t i n g 
p o i n t a p p a r a t u s . 

I n o r d e r t o s t u d y t h e i r c u r e b e h a v i o r , s a m p l e s o f e a c h o l i g o m e r 
w e r e h e a t e d f o r 1 0 , 20 , and 30 m i n a t 300°C u n d e r n i t r o g e n . The DSC 
the rmog rams o f s a m p l e s h e a t e d f o r 10 m i n d i d n o t c o n t a i n c u r i n g e x o -
t h e r m s , and we re e s s e n t i a l l y i d e n t i c a l t o t h o s e o f s a m p l e s h e a t e d f o r 
30 m i n ( F i g u r e 1 ) . I n f a c t , t h e t he rmog ram o f a s amp le o f 3b t h a t 
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T e m p e r a t u r e ( ° C ) 

F i g u r e 1 . DSC the rmograms o f o l i g o m e r 3c_ o b t a i n e d i n n i t r o g e n 
w i t h a h e a t i n g r a t e o f 2 0 ° C / m i n . 

0 100 200 300 400 500 600 700 

T e m p e r a t u r e ( ° C ) 

F i g u r e 2. TGA the rmog rams o f o l i g o m e r s 3 a - d o b t a i n e d i n a i r w i t h 
a h e a t i n g r a t e o f 1 0 ° C / m i n . 
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T a b l e I. T h e r m a l P r o p e r t i e s o f O l i g o m e r s 3 a - d a 

b T c ° Tc T G A e TGA 
01 i gomer Tg ( O n s e t ) (Max) ( A i r ) ( N 2 ) 

3a - 185 272 410 470 
3b 172 235 277 410 465 
3c 1 167 240 280 365 460 
3c 2 170 235 308 360 410 
3d 145 225 280 365 430 

a . A l l o f t h e o l i g o m e r s e x c e p t 3c2 w e r e p r e p a r e d f r o m a 2:1 m o l a r 
m i x t u r e o f BTDA t o d i a m i n e . O l i g o m e r 3c2 was p r e p a r e d f r o m a 4 : 3 
m o l a r m i x t u r e . The p o l y a m i c a c i d i n t e r m e d i a t e s w e r e i m i d i z e d by 
s t i r r i n g i n r e f l u x i n g a c e t i c a n h y d r i d e . 

b . T e m p e r a t u r e a t w h i c h a s l i g h t b a s e l i n e s h i f t o c c u r r e d i n DSC 
the rmog ram ( h e a t i n g r a t e  2 0 ° C / m i n )  A l l t e m p e r a t u r e s r e p o r t e d 
a r e i n °C. 

c . On se t t e m p e r a t u r e o f
d . Maximum o f c u r i n g e x o t h e r m i n DSC t h e r m o g r a m . 
e . T e m p e r a t u r e a t w h i c h a 5% w e i g h t l o s s o c c u r r e d on TGA the rmog ram 

( h e a t i n g r a t e = 1 0 ° C / m i n ) . 

h ad been q u i c k l y h e a t e d ( 2 0°C/m in ) t o 300°C i n t h e DSC c e l l and t h e n 
a l l o w e d t o c o o l o n l y c o n t a i n e d a v e r y weak e x o t h e r m . T h u s , t h e 
e t h y n y l g r o u p s must h a v e u n d e r g o n e u n u s u a l l y f a s t t h e r m a l p o l y m e r i 
z a t i o n s . T h i s b e h a v i o r i s i n marked c o n t r a s t t o t h a t o f p r e v i o u s l y 
p r e p a r e d e t h y n y l - t e r m i n a t e d o l i g o m e r s , w h i c h have r e q u i r e d h e a t i n g 
c y c l e s o f s e v e r a l h o u r s t o c o m p l e t e t h e c u r i n g p r o c e s s ( 3 ) . The 
the rmog rams a l s o d i d n o t show any b a s e l i n e s h i f t s t h a t c o u l d b e 
a t t r i b u t e d t o T g f s . H o w e v e r , w i t h t h e e x c e p t i o n o f _3a, t h e y d i d c o n 
t a i n s t r o n g m e l t i n g e n d o t h e r m s b e t w e e n 335 and 350°C ( T a b l e I I ) . 

T a b l e I I . C u r i n g S t u d y o f O l i g o m e r s 3 a -d 

O l i g o m e r 
a 

Tm Tm b Tm C 

3b 345 348 348 
3c 1 340 343 342 
3c 2 362 359 -3d 337 335 335 

a . M in imum o f m e l t i n g e n d o t h e r m on DSC t he rmog ram. Sample was h e a t e d 
f o r 10 m i n a t 300°C u n d e r N 2 p r i o r t o d e t e r m i n a t i o n . 

b. Sample was h e a t e d f o r 20 m i n a t 300°C u n d e r N 2 p r i o r t o 
d e t e r m i n a t i o n . 

c . Sample was h e a t e d f o r 30 m i n a t 300°C u n d e r N 2 p r i o r t o 
d e t e r m i n a t i o n . 

S u r p r i s i n g l y , t h e X - r a y d i f f r a c t i o n p a t t e r n o f a c u r e d s a m p l e o f j3c 
was c o n s i d e r a b l y s h a r p e r t h a n t h a t o f an u n c u r e d s a m p l e . A l l o f 
t h e s e r e s u l t s s u g g e s t t h a t t h e e t h y n y l g r o u p s we re c l o s e l y a l i g n e d i n 
t h e o l i g o m e r s 1 u n i t c e l l s and u n d e r w e n t p o l y m e r i z a t i o n p r i o r t o t h e 
c r y s t a l s m e l t i n g . I n t h e c a s e o f 3 a , t h e r m a l c r o s s l i n k i n g mus t h a v e 
r e s u l t e d i n a m a t e r i a l w i t h a Tm h i g h e r t h a n i t s d e c o m p o s i t i o n 
t e m p e r a t u r e . 
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O l i g o m e r s o f BTDA and N o n - L i n e a r D i a m i n e s . I n an a t t e m p t t o o b t a i n 
s o l u b l e , amorphous o l i g o m e r s , BTDA was t r e a t e d w i t h v a r i o u s amount s 
o f d i a m i n e s 2a_ and I D . The r e a c t i o n s w e r e c a r r i e d o u t a s d e s c r i b e d 
f o r o l i g o m e r s 3 a - d w i t h NMP a s s o l v e n t . The m o l a r r a t i o s o f BTDA t o 
d i a m i n e u s e d w e r e 2 : 1 , 4 : 3 , 8 : 7 , 1 0 : 9 , 1 4 : 1 3 , 20 : 19 and 25 :24 
( T a b l e I I I ) . A f t e r t h e a d d i t i o n o f ΑΡΑ , t h e p o l y a m i c a c i d s w e r e 

T a b l e I I I . T h e r m a l P r o p e r t i e s o f O l i g o m e r s 4 a , b a 

M o l a r R a t i o o f Tfc Tc Γ TGÂ 
O l i g o m e r BTDA t o D i a m i n e Tg ( O n s e t ) (Max) Tg ( N 2 ) 

4a 4 : 3 168 270 308 218 465 
4b 1 2:1 132 240 272 245 457 
4b 2 4 : 3 135 227 280 188 448 

4b 3 8 : 7 137 235 307 168 446 

4b4 10:9 143 250 315 163 452 

4b 5 14 :13 
4b6 20 :19 
4b 7 25 :24 146 265 330 157 436 

a . P o l y a m i c a c i d i n t e r m e d i a t e s w e r e i m i d i z e d by s t i r r i n g i n r e f l u x i n g 
NMP f o r 2 h u n d e r N 2 . F o r e x p l a n a t i o n o f c o l u m n h e a d i n g s s e e 
T a b l e I. 

b . Tg o f c u r e d s a m p l e . Sample was h e a t e d f o r 20 m i n a t 325°C u n d e r 
N 2 p r i o r t o d e t e r m i n a t i o n . 

t h e r m a l l y i m i d i z e d by h e a t i n g t h e r e a c t i o n m i x t u r e t o r e f l u x and t h e n 
s l o w l y d i s t i l l i n g o f f t h e e v o l v e d w a t e r w i t h s o l v e n t . F r e s h s o l v e n t 
was c o n t i n u o u s l y added so a s t o m a i n t a i n a c o n s t a n t o l i g o m e r c o n c e n 
t r a t i o n o f 20 t o 25 wt %. I f t h e d i s t i l l a t i o n - a d d i t i o n c y c l e w e r e 
c a r r i e d o u t f o r more t h a n 3 h , t h e o l i g o m e r i c p r o d u c t s f o r m e d s e m i 
s o l i d , g e l - l i k e mas se s upon c o o l i n g . H o w e v e r , i f t h e h e a t i n g was 
s t o p p e d a f t e r 2 h , t h e p r o d u c t s r e m a i n e d c o m p l e t e l y i n s o l u t i o n . I t 
i s l i k e l y t h a t t h i s d i f f e r e n c e i n b e h a v i o r was due t o d i f f e r e n t d e 
g r e e s o f i m i d i z a t i o n . A l t h o u g h i n f r a r e d a n a l y s i s i n d i c a t e d t h a t t h e 
i m i d i z a t i o n p r o c e s s was o v e r 90% c o m p l e t e i n b o t h c a s e s , no q u a n t i t a 
t i v e c o r r e l a t i o n s w e r e made. The N M P - s o l u b l e o l i g o m e r s , w h i c h we re 
i s o l a t e d by p r e c i p i t a t i o n i n e t h a n o l , w e r e a l s o s o l u b l e i n DMF, DMAC 
and t e t r a c h l o r o e t h a n e . The h i g h e r m o l e c u l a r w e i g h t m a t e r i a l s ( 4 b 6 , 
4b7) c o u l d b e c a s t i n t o t o u g h , f l e x i b l e f i l m s f r o m NMP s o l u t i o n s . An 
X - r a y d i f f r a c t i o n p a t t e r n o f o l i g o m e r 4b1 d i d n o t show any i n d i c a t i o n 
o f c r y s t a l l i n i t y i n t h e s a m p l e . 

The DCS the rmog rams o f t h e o l i g o m e r s c o n t a i n e d b a s e l i n e s h i f t s 
b e t w e e n 132 and 1 4 6 ° C , f o l l o w e d by s t r o n g c u r i n g e x o t h e r m s w i t h 
max ima b e t w e e n 258 and 330°C . As s e e n i n T a b l e I I I , t h e o l i g o m e r s ' 
T g f s and c u r i n g maxima i n c r e a s e d a s t h e m o l e c u l a r w e i g h t i n c r e a s e d . 
V i s u a l o b s e r v a t i o n s on t h e F i s h e r - J o h n s a p p a r a t u s r e v e a l e d t h a t t h e 
r e s i n s u n d e r w e n t c o n s i d e r a b l e f l o w b e t w e e n 200 and 2 2 0 ° C . I n f a c t , 
y e l l o w t r a n s p a r e n t f i l m s c o u l d be c o m p r e s s i o n m o l d e d f r o m t h e n e a t 
r e s i n s a t 2 2 0 ° C . The TGA the rmog rams o b t a i n e d i n n i t r o g e n w i t h h e a t 
i n g r a t e s o f 1 0°C/m in showed 5% w e i g h t l o s s e s b e t w e e n 436 and 4 6 5 ° C . 
The s y s t e m s ' t h e r m a l s t a b i l i t i e s d e c r e a s e d a s t h e i r m o l e c u l a r w e i g h t s 
i n c r e a s e d . T h i s was most l i k e l y due t o t h e d e c r e a s e i n t h e number o f 
c r o s s l i n k s g e n e r a t e d a s t h e d i s t a n c e b e t w e e n c r o s s l i n k i n g s i t e s 
i n c r e a s e d . 
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4α ,b 

The amorphous o l i g o m e r s u n d e r w e n t t h e r m a l c r o s s l i n k i n g c o n s i d e r 
a b l y s l o w e r t h a n t h e i r c r y s t a l l i n e c o u n t e r p a r t s . A l t h o u g h h e a t i n g a t 
325°C f o r 20 m i n u n d e r n i t r o g e n p r o d u c e d s i g n i f i c a n t i n c r e a s e s i n 
t h e i r T g f s , t h e i r DSC t he rmog rams s t i l l c o n t a i n e d c u r i n g e x o t h e r m s 
i n d i c a t i n g t h a t t h e c u r i n g p r o c e s s was n o t c o m p l e t e ( T a b l e I I I ) . The 
t h e r m a l t r e a t m e n t p r o d u c e d s m a l l e r i n c r e a s e s i n t h e o l i g o m e r s ' T g T s 
a s t h e i r m o l e c u l a r w e i g h t i n c r e a s e d . T h i s c a n a l s o be a t t r i b u t e d t o 
a d e c r e a s e i n c r o s s l i n k d e n s i t y and t o a d e c r e a s e i n t h e c u r i n g r a t e 
a s t h e c o n c e n t r a t i o n o f s i t e s d e c r e a s e d . 

C o n c l u s i o n s 

E t h y n y l e n d - c a p p e d p o l y i m i d e o l i g o m e r s c a n be p r e p a r e d f r o m BTDA and 
t h e l i n e a r d i a m i n e s l a - d t h a t a r e h i g h l y c r y s t a l l i n e and i n s o l u b l e i n 
o r g a n i c s o l v e n t s . The o l i g o m e r s u n d e r g o r a p i d c r o s s l i n k i n g i n t h e 
c r y s t a l l i n e s t a t e n e a r 2 8 0 ° C . The c r o s s l i n k e d r e s i n s a r e a l s o h i g h l y 
c r y s t a l l i n e and u n d e r g o m e l t i n g t r a n s i t i o n s n e a r 3 4 0 ° C . I s o m e r s o f 
t h e o l i g o m e r s c a n be p r e p a r e d f r o m BTDA and t h e n o n - l i n e a r d i a m i n e s 
2a ,b t h a t a r e t o t a l l y amorphous and s o l u b l e i n s e v e r a l o r g a n i c s o l 
v e n t s . T h e s e o l i g o m e r s w i l l a l s o s o f t e n and f l o w a t t e m p e r a t u r e s 
b e l o w t h o s e n e e d e d t o a f f e c t t h e i r t h e r m a l c u r e . The d r a m a t i c d i f 
f e r e n c e s i n o l i g o m e r m o r p h o l o g y must b e a s s o c i a t e d w i t h t h e c a t e n a 
t i o n o f t h e amine component i n t h e r e p e a t u n i t . A l l o f t h e h i g h l y -
c r y s t a l l i n e m a t e r i a l s a r e p a r a c a t e n a t e d , w h i l e t h e amorphous s y s t e m s 
c o n t a i n m e t a c a t e n a t i o n . 

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

IR s p e c t r a we re o b t a i n e d w i t h a P e r k i n - E l m e r M o d e l 1330 g r a t i n g 
s p e c t r o p h o t o m e t e r . DSC the rmog rams w e r e o b t a i n e d w i t h a DuPont 900 

In Reactive Oligomers; Harris, F., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



7. H A R R I S A N D S R I D H A R Ethynyl End-Capped Polyimide Oligomers 89 

T h e r m a l A n a l y z e r e q u i p p e d w i t h a d i f f e r e n t i a l c a l o r i m e t r i c c e l l . TGA 
the rmog rams w e r e o b t a i n e d on a DuPont 1090 T h e r m a l A n a l y z e r . E l e m e n 
t a l a n a l y s e s w e r e p e r f o r m e d by G a l b r a i t h L a b o r a t o r i e s , K n o x v i l l e , TN. 

1 , 2 - B i s ( 3 - a m i n o p h e n o x y e t h a n e ) ( 2 a ) . To a 250-mL, 3 - n e c k e d f l a s k 
e q u i p p e d w i t h a D e a n - S t a r k t r a p , a c o n d e n s e r , a N 2 i n l e t , a t h e r m o 
m e t e r and a m a g n e t i c s t i r r i n g b a r w e r e added 25 .0 g ( 0 . 2 3 m o l ) o f 
m - a m i n o p h e n o l , 50 mL o f DMS0 and 50 mL o f t o l u e n e . A f t e r t h e s o l u 
t i o n was p u r g e d w i t h N 2 , 9 .16 g ( 0 . 2 3 m o l ) o f 5 0 . 2 % NaOH was a d d e d . 
The m i x t u r e was h e a t e d w i t h s t i r r i n g t o 1 1 0 ° C . The w a t e r t h a t e v o l 
v e d f r o m t h e r e a c t i o n m i x t u r e was removed by a z e o t r o p i c d i s t i l l a t i o n . 
A f t e r most o f t h e w a t e r h a d b e e n r e m o v e d , an a d d i t i o n a l 20 mL o f 
t o l u e n e was a d d e d . The r e m a i n d e r o f t h e w a t e r was t h e n r emoved by 
i n c r e a s i n g t h e t e m p e r a t u r e t o 1 2 0 ° C . The r e a c t i o n m i x t u r e was c o o l e d 
t o 5 0 ° C , and 2 1 . 5 g ( 0 . 11 m o l ) o f 1 , 2 - d i b r o m o e t h a n e was s l o w l y added 
o v e r a p e r i o d o f 0 . 5 h . The e n s u i n g e x o t h e r m i c r e a c t i o n , w h i c h began 
i m m e d i a t e l y upon t h e a d d i t i o
by c o n s i d e r a b l e s a l t f o r m a t i o n
t h e m i x t u r e was h e a t e d a t 60°C f o r 2 h . The s o l u t i o n was t h e n c o o l e d 
t o 50°C and f i l t e r e d t o remove N a B r . The f i l t r a t e was p o u r e d i n t o 
i c e c o l d w a t e r t o p r e c i p i t a t e 1 5 . 3 g (57%) o f an o f f - w h i t e s o l i d t h a t 
was r e c r y s t a l l i z e d f r o m m e t h a n o l t o y i e l d w h i t e c r y s t a l s : mp 1 3 3 -
134°C ; IR ( K B r ) 3380 and 3300 c m " 1 ( N H 2 ) . A n a l , c a l c d . f o r C ^ H i e ^ O * 
C, 6 8 . 8 5 ; H, 6 . 5 5 ; N, 1 1 . 4 7 . F o u n d : C, 6 8 . 8 0 ; H, 6 . 8 9 ; N, 1 1 . 3 4 . 

2 , 2 1 - B i s ( 3 - a m i n o p h e n o x y ) e t h y l e t h e r ( 2 b ) . A s o l u t i o n o f 25 . 0 g o f 
t h e s o d i u m s a l t o f m - a m i n o p h e n o l i n DMSO, w h i c h was p r e p a r e d by t h e 
method d e s c r i b e d i n t h e p r o c e d u r e f o r 3la, was h e a t e d t o 1 1 0 ° C . 2 -
C h l o r o e t h y l e t h e r ( 1 6 . 3 7 , 0 .11 m o l ) was t h e n s l o w l y added o v e r a 
p e r i o d o f 15 m i n . A f t e r t h e r e a c t i o n m i x t u r e was h e a t e d a t 1 1 0 - 1 3 0 ° C 
f o r an a d d i t i o n a l 2 h , i t was f i l t e r e d t o remove t h e N a C l . The f i l 
t r a t e was c o o l e d and p o u r e d i n t o i c e w a t e r c o n t a i n i n g 1% N a 2 S 0 3 and 
2% NaOH. The w h i t e gummy mass t h a t s e p a r a t e d was t r i t u r a t e d w i t h 
h e x a n e and t h e n w i t h w a t e r t o a f f o r d 22 .17g (70%) o f w h i t e p o w d e r . 
The c r u d e p r o d u c t was r e c r y s t a l l i z e d f r o m e t h a n o l c o n t a i n i n g d e c o l o r 
i z i n g c a r b o n t o y i e l d w h i t e c r y s t a l s : mp 9 8 - 1 0 0 ° C ; IR ( K B r ) 3410 and 
3320 c m - 1 ( N H 2 ) . A n a l , c a l c d , f o r C i 6 H 2 0 N 2 O 3 : C , 6 6 . 6 6 ; H, 6 . 9 4 ; N, 
9 . 7 2 . F o u n d : C, 6 6 . 6 0 ; H, 6 . 8 9 ; N, 9 . 8 0 . 

G e n e r a l P r o c e d u r e f o r t h e P r e p a r a t i o n o f P o l y a m i c A c i d O l i g o m e r s . 
The d i a m i n e ( 0 . 009 mo l ) was d i s s o l v e d i n 35 mL o f DMAC c o n t a i n e d i n 
a 100-mL, 3 - n e c k e d f l a s k e q u i p p e d w i t h a t h e r m o m e t e r , a m a g n e t i c 
s t i r r i n g b a r , a N 2 i n l e t , and a C a C l 2 d r y i n g t u b e . BTDA ( 0 . 0 18 m o l ) 
was t h e n added i n one p o r t i o n . The t e m p e r a t u r e o f t h e m i x t u r e q u i c k 
l y r o s e t o 35 t o 38°C and t h e n s l o w l y r e t u r n e d t o a m b i e n t ( 2 6 - 2 8 ° C ) . 
A f t e r t h e m i x t u r e was s t i r r e d f o r 3 h u n d e r N 2 , 0 .018 m o l o f ΑΡΑ was 
added and t h e s t i r r i n g c o n t i n u e d f o r an a d d i t i o n a l 3 h . The p o l y a m i c 
a c i d s o l u t i o n was s t o r e d a t 0 ° C . 

G e n e r a l I n i d i z a t i o n P r o c e d u r e s . P r o c e d u r e 1 . A c e t i c a n h y d r i d e 
(25 mL) was h e a t e d t o r e f l u x i n a 3 - n e c k e d f l a s k , f i t t e d w i t h a c o n 
d e n s e r , a N 2 i n l e t , and a d r o p p i n g f u n n e l . The p o l y a m i c a c i d s o l u 
t i o n (10 mL) was t h e n added d r o p w i s e o v e r a p e r i o d o f 0 . 5 h . A f t e r 
t h e a d d i t i o n was c o m p l e t e , t h e m i x t u r e was h e a t e d a t r e f l u x f o r a n 
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a d d i t i o n a l 2 h and t h e n p o u r e d i n t o e t h a n o l . The p r e c i p i t a t e t h a t 
f o r m e d was c o l l e c t e d by f i l t r a t i o n and washed s e v e r a l t i m e s w i t h 
w a t e r t o remove a c e t i c a n h y d r i d e . The p r o d u c t was d r i e d o v e r n i g h t 
u n d e r r e d u c e d p r e s s u r e a t 5 5 ° C . P r o c e d u r e 2. To 20 mL o f a n e q u i -
m o l a r m i x t u r e o f a c e t i c a n h y d r i d e and p y r i d i n e c o n t a i n e d i n a 100-mL 
f l a s k f i t t e d w i t h a N 2 i n l e t t u b e was added 5 mL o f t h e p o l y a m i c a c i d 
s o l u t i o n . A f t e r t h e m i x t u r e was s t i r r e d a t a m b i e n t t e m p e r a t u r e f o r 
24 h , i t was p o u r e d i n t o 200 mL o f w a t e r . The d a r k y e l l o w o l i g o m e r 
was c o l l e c t e d by f i l t r a t i o n , washed s e v e r a l t i m e s w i t h w a t e r , a nd 
t h e n d r i e d u n d e r r e d u c e d p r e s s u r e . P r o c e d u r e 3. The p o l y a m i c a c i d 
s o l u t i o n was h e a t e d t o 100°C i n a 3 - n e c k e d f l a s k e q u i p p e d w i t h a c o n 
d e n s e r , a m a g n e t i c s t i r r i n g b a r , a t h e r m o m e t e r , and a N 2 . A f t e r 5 mL 
o f t o l u e n e was a d d e d , t h e t o l u e n e - w a t e r a z e o t r o p e , w h i c h i m m e d i a t e l y 
began t o r e f l u x , was removed by d i s t i l l a t i o n . The t o l u e n e a d d i t i o n -
d i s t i l l a t i o n c y c l e was r e p e a t e d 5 t o 7 t i m e s o v e r a p e r i o d o f 4 h . 
The i m i d i z e d p r o d u c t was i s o l a t e d by p r e c i p i t a t i o n i n e t h a n o l . 

G e n e r a l P r o c e d u r e f o r t h
was d i s s o l v e d i n NMP (20% s o l i d s ) c o n t a i n e d i n a d r y 100 -mL, 3 - n e c k e d 
f l a s k e q u i p p e d w i t h a t h e r m o m e t e r , a N 2 i n l e t and a s h o r t - p a t h d i s 
t i l l a t i o n a p p a r a t u s . A f t e r t h e a p p r o p r i a t e amount o f am ine was added 
i n a s i n g l e p o r t i o n t h e s o l u t i o n was s t i r r e d a t room t e m p e r a t u r e f o r 
2 h . The a p p r o p r i a t e amount o f ΑΡΑ was a d d e d , and t h e r e a c t i o n m i x 
t u r e was s t i r r e d f o r an a d d i t i o n a l 2 h . The t e m p e r a t u r e o f t h e f l a s k 
was t h e n i n c r e a s e d u n t i l d i s t i l l a t i o n commenced. The o l i g o m e r c o n 
c e n t r a t i o n was m a i n t a i n e d a t a p p r o x i m a t e l y 20% by c o n t i n u a l l y r e p l a c 
i n g t h e d i s t i l l a t e w i t h f r e s h NMP. The d i s t i l l a t i o n - a d d i t i o n c y c l e 
was c a r r i e d o u t f o r 2 h . The m i x t u r e was t h e n p o u r e d i n t o e t h a n o l . 
The p r e c i p i t a t e t h a t f o r m e d was c o l l e c t e d by f i l t r a t i o n , washed s e v 
e r a l t i m e s w i t h e t h a n o l , and d r i e d u n d e r r e d u c e d p r e s s u r e . 

A c k n o w l e d g m e n t s 

The s u p p o r t o f t h i s r e s e a r c h b y IBM R e s e a r c h L a b o r a t o r y , San J o s e , 
C a l i f o r n i a , i s g r a t e f u l l y a c k n o w l e d g e d . 
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Polyaromatics with Terminal or Pendant Styrene Groups 
A New Class of Thermally Reactive Oligomers 

VIRGIL PERCEC and BRIAN C. A U M A N 

Department of Macromolecular Science, Case Western Reserve University, Cleveland, O H 44106 

Synthetic methods for the preparation of α,ω-bis(vinyl
benzyl) polyaromatic oligomers, and polyaromatics with 
pendant substituted styrene-type vinyl groups are pre
sented. In the firs
quantitative etherificatio
oligomer with chloromethylstyrene in the presence of 
tetrabutylammonium hydrogen sulfate as phase transfer 
catalyst. In the second case, the method entails a 
phase transfer catalyzed Wittig vinylation of polyaro
matics containing pendant phosphonium salt groups from 
precursor chloromethylated or bromomethylated polymers. 
Examples are presented for α,ω)-bis(hydroxyphenyl) aro
matic polyether sulfone and poly(2,6-dimethyl-1,4-
phenylene oxide). Both terminally and pendantly func
tionalized oligomers show very high thermal curing 
reactivity and can be used to tailor the properties of 
the final networks. 

F u n c t i o n a l p o l y a r o m a t i c s c o n t a i n i n g e i t h e r p e n d a n t o r t e r m i n a l g r o u p s 
w h i c h u n d e r g o t h e r m a l l y i n i t i a t e d c r o s s l i n k i n g r e a c t i o n s w i t h o u t r e 
l e a s i n g v o l a t i l e b y - p r o d u c t s , h a v e r e c e i v e d much a t t e n t i o n r e c e n t l y . 
P r e s e n t l y , t h e r e a r e o n l y a f ew r e a c t i v e g r o u p s w h i c h c a n b e u s e d t o 
p r o v i d e c r o s s l i n k i n g r e a c t i o n s w i t h o u t t h e e v o l u t i o n o f v o l a t i l e b y 
p r o d u c t s . N a d i m i d e ( 1) , a c e t y l e n i c ( 2 ) , b i p h e n y l e n i c (_3) , and m a l e -
i m i d e (4 ) a r e among t h e f u n c t i o n a l g r o u p s most f r e q u e n t l y e m p l o y e d 
f o r t h e p r e p a r a t i o n o f t h e r m a l l y c r o s s l i n k a b l e p o l y m e r s . A l l t h e s e 
f u n c t i o n a l g r o u p s g i v e r i s e t o n e t w o r k s t h r o u g h a v e r y s l o w and com
p l i c a t e d p o l y m e r i z a t i o n mechanism. The u n e l u c i d a t e d mechan i sm o f 
p o l y m e r i z a t i o n ( e x c e p t f o r m a l e i m i d e f u n c t i o n a l g r o u p s ) p r o v i d e s 
p o l y m e r n e t w o r k s whose m i c r o s t r u c t u r e i s s t r o n g l y d e p e n d e n t on t h e 
t h e r m a l h i s t o r y o f t h e p o l y m e r i z a t i o n r e a c t i o n . 

The mos t s u c c e s s f u l c l a s s o f t h e r m a l l y r e a c t i v e o l i g o m e r s c o n 
s i s t s o f t h e f u n c t i o n a l p o l y m e r s c o n t a i n i n g e i t h e r p e n d a n t o r t e r m i 
n a l t r i p l e b o n d s , e s p e c i a l l y e t h y n y l g r o u p s . T h i s a r e a o f r e s e a r c h 
was r e c e n t l y r e v i e w e d ( 2 ) , and t h e more r e c e n t d e v e l o p m e n t s i n t h e 
f i e l d o f a , 0 ) - b i s ( e t h y n y l p h e n y l ) a r o m a t i c p o l y e t h e r s u l f o n e s w e r e 
s u m m a r i z e d i n two r e c e n t p a p e r s ( 5 , 6 ) . 
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A l t h o u g h i n t e n s i v e r e s e a r c h was done on t h e p o l y m e r i z a t i o n me
c h a n i s m o f t h e r e a c t i v e o l i g o m e r s c o n t a i n i n g e t h y n y l g r o u p s , i t s t i l l 
seems u n c l e a r ( 5 ) . The o n l y c l e a r i n f o r m a t i o n a b o u t t h e t h e r m a l p o l y 
m e r i z a t i o n o f p h e n y l a c e t y l e n e , a m o d e l f o r t h e c h a i n ends o f t h e s e 
o l i g o m e r s , i s a s f o l l o w s . T h e r m a l p o l y m e r i z a t i o n o f p h e n y l a c e t y l e n e 
g i v e s r i s e t o a m i x t u r e o f p o l y ( p h e n y l a c e t y l e n e ) o l i g o m e r s , t r i p h e n y l -
b e n z e n e , and p h e n y l n a p h t h a l e n e d e r i v a t i v e s ( 7 ) . T h e r e i s no a v a i l a 
b l e mechan i sm w h i c h c a n a c c o u n t f o r t h e f o r m a t i o n o f t h e l a s t two 
s e r i e s o f p r o d u c t s t h r o u g h a t h e r m a l p o l y m e r i z a t i o n r e a c t i o n . I n a 
r e c e n t s e r i e s o f p u b l i c a t i o n s , we h a v e a d v a n c e d t h e i d e a t h a t t r i -
p h e n y l b e n z e n e d e r i v a t i v e s a r e o b t a i n e d t h r o u g h t h e i n t r a m o l e c u l a r c y -
c l i z a t i o n o f a c i s - p o l y p h e n y l a c e t y l e n e , w h i l e p h e n y l n a p t h a l e n e 
d e r i v a t i v e s a r e o b t a i n e d i n t h e same manner f r o m a t r a n s - p o l y p h e n y l -
a c e t y l e n e ( 8 - 1 0 ) . T h i s mechan i sm w o u l d l e a d t o c r o s s l i n k e d p o l y m e r s 
whose m i c r o s t r u c t u r e w o u l d depend s t r o n g l y on t h e i r t h e r m a l h i s t o r y . 

I n o r d e r t o t a i l o r t h e p h y s i c a l p r o p e r t i e s o f t h e p o l y a r o m a t i c 
n e t w o r k s o b t a i n e d b y t h e r m a
r e l a t i o n s h i p b e t w e e n s t r u c t u r
s t a r t i n g o l i g o m e r and i t s r e s u l t a n t n e t w o r k . We t h e r e f o r e s o u g h t a 
r e a c t i v e g r oup whose mechan i sm o f t h e r m a l i n i t i a t i o n , k i n e t i c s , and 
t h e r m o d y n a m i c s o f p o l y m e r i z a t i o n a r e known. 

T h i s i s one o f t h e r e a s o n s we d e c i d e d t o p r e p a r e o l i g o m e r s c o n 
t a i n i n g s t y r e n e - t y p e f u n c t i o n a l g r o u p s . S t y r e n e 1 s t h e r m a l i n i t i a t i o n 
mechan i sm i s f a i r l y w e l l u n d e r s t o o d , and t h e same i s t r u e f o r t h e 
k i n e t i c s and t h e r m o d y n a m i c s o f i t s r a d i c a l p o l y m e r i z a t i o n . I n a d d i 
t i o n , t h e r m a l and r a d i c a l p o l y m e r i z a t i o n o f s t y r e n e i s much f a s t e r 
t h a n any o f t h e o t h e r p r e v i o u s c l a s s e s o f r e a c t i v e g r o u p s ; and a t t h e 
same t i m e , t h e m i c r o s t r u c t u r e o f t h e c r o s s l i n k i n g p o i n t s i s known. 

The l i t e r a t u r e on t h e r m a l l y r e a c t i v e o l i g o m e r s c o n t a i n s o n l y one 
e x a m p l e o f a p o l y m e r c o n t a i n i n g s t y r e n e c h a i n e n d s , i . e . , p , p f - d i -
v i n y l b e n z y l e n d - c a p p e d p h e n y l q u i n o x a l i n e o l i g o m e r s ( 1 1 ) . 

T h i s p a p e r r e v i e w s some o f o u r w o r k on g e n e r a l methods f o r t h e 
s y n t h e s i s o f p o l y a r o m a t i c s c o n t a i n i n g e i t h e r t e r m i n a l o r p e n d a n t s t y 
r e n e g r o u p s and t h e i r t h e r m a l p o l y m e r i z a t i o n . The e x a m p l e s p r o v i d e d 
i n t h i s p a p e r r e f e r t o an a r o m a t i c p o l y e t h e r s u l f o n e (PSU) and p o l y -
( 2 , 6 - d i m e t h y l - l , 4 - p h e n y l e n e o x i d e ) ( PPO ) . 

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

M a t e r i a l s . A s e r i e s o f a , a ) - b i s ( h y d r o x y p h e n y l ) P S U o l i g o m e r s w i t h 
d i f f e r e n t m o l e c u l a r w e i g h t s w e r e s y n t h e s i z e d and c h a r a c t e r i z e d a s was 
p r e v i o u s l y r e p o r t e d ( 1 2 ) . Two s a m p l e s o f PPO (one f r o m A l d r i c h and 
one f r o m G e n e r a l E l e c t r i c C o . ) w e r e b o t h p u r i f i e d b y p r e c i p i t a t i o n 
f r o m c h l o r o f o r m s o l u t i o n i n t o m e t h a n o l . A c o m m e r c i a l s a m p l e (Dow 
C h e m i c a l ) o f an i s o m e r i c m i x t u r e o f c h l o r o m e t h y l s t y r e n e s (C1MS, 40% 
p a r a , 60% meta ) was u s e d a s r e c e i v e d . 1 - C h l o r o m e t h o x y - 4 - c h l o r o b u -
t a n e (CMCB) was p r e p a r e d a c c o r d i n g t o a p r o c e d u r e d e v e l o p e d b y O l a h 
e t a l . (14) and m o d i f i e d b y D a l y e t a l . ( 1 5 ) , i . e . , f r o m p a r a f o r m a l 
d e h y d e , t e t r a h y d r o f u r a n and a n h y d r o u s HC1 . 

S y n t h e s i s o f a , ω - b i s ( v i n y l b e n z y l ) P S U . The s y n t h e s i s o f α , ω - b i s -
( v i n y l b e n z y l ) P S U i s o u t l i n e d i n F i g u r e 1. 

P r o c e d u r e A . To a s t i r r i n g s o l u t i o n o f 6g ( 0 . 0047 mo le s -OH) 
a , ( ^ - b i s ( h y d r o x y p h e n y l ) P S U (Mn=2,550) i n 30 m l C H 2 C 1 2 , 4 m l o f a 50% 
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aqueous s o l u t i o n o f NaOH w e r e added a t room t e m p e r a t u r e . The s o d i u m 
s a l t o f t h e a,U ) - b i s ( h y d r o x y p h e n y l ) P S U p r e c i p i t a t e d i m m e d i a t e l y . A f t e r 
t h e a d d i t i o n o f 1 .6g ( 0 . 0047 m o l e s ) t e t r a b u t y l a m m o n i u m h y d r o g e n s u l 
f a t e (TBAH) , t h e r e a c t i o n m i x t u r e became homogeneous o n c e m o r e . The 
d r o p w i s e a d d i t i o n o f 1.0 m l ( 0 . 007 m o l e s ) c h l o r o m e t h y l s t y r e n e (C1MS, 
40%p, 60%m) c r e a t e d a d a r k b l u e c o l o r e d r e a c t i o n m i x t u r e . A f t e r 30 
m i n . o f s t i r r i n g a t room t e m p e r a t u r e , t h e r e a c t i o n m i x t u r e t u r n e d t o 
a l i g h t g r e e n and s h o r t l y t h e r e a f t e r t o y e l l o w . ^H-NMR a n a l y s i s 
p r o v e d c o m p l e t e r e a c t i o n a t t h i s p o i n t . I n o r d e r t o a v o i d i n c o m p l e t e 
r e a c t i o n , i n a l l c a s e s t h e r e a c t i o n was c o n t i n u e d f o r one more h o u r . 
The r e a c t i o n m i x t u r e was t h e n d i l u t e d w i t h 20 m l CH2CI2 and t h e 
o r g a n i c p h a s e was s e p a r a t e d . I t was washed w i t h w a t e r and p r e c i p i 
t a t e d i n m e t h a n o l a c i d i f i e d w i t h a f ew d r o p s o f d i l u t e HC1 . 

P r o c e d u r e B. The same p r o c e d u r e as above e x c e p t t h a t t h e r e a c -
t a n t s w e r e m i x e d i n t h e f o l l o w i n g o r d e r : CH2CI2 s o l u t i o n o f α , ω - b i s -
( h y d r o x y p h e n y l ) P S U , TBAH, C1MS, and NaOH 50% w a t e r s o l u t i o n . I n t h i s 
way t h e r e a c t i o n m i x t u r
o f t h e a,U ) - b i s ( h y d r o x y p h e n y l ) P S
t h e a b s e n c e o f C1MS. 

P r o c e d u r e C. The same p r o c e d u r e a s Β e x c e p t t h a t c h l o r o b e n z e n e 
( C l B z ) was u s e d a s s o l v e n t i n s t e a d o f CH2CI2. 

S y n t h e s i s o f PSU and PPO c o n t a i n i n g p e n d a n t v i n y l g r o u p s . The s y n 
t h è s e o f b o t h PPO and PSU c o n t a i n i n g p e n d a n t v i n y l g r o u p s a r e o u t 
l i n e d i n F i g u r e s 2 and 3 . E x p e r i m e n t a l d e t a i l s w e r e p u b l i s h e d 
e l s e w h e r e ( 1 3 ) . 

T e c h n i q u e s . 200 MHz "hî-NMR s p e c t r a w e r e r e c o r d e d on a V a r i a n X L - 2 0 0 
s p e c t r o m e t e r (CDCI3 o r C C l ^ s o l u t i o n s and TMS i n t e r n a l s t a n d a r d ) . A 
D i g i l a b FT IR s p e c t r o m e t e r was u s e d t o r e c o r d IR s p e c t r a o f p o l y m e r 
f i l m s on K B r p l a t e s o r powde r s i n K B r p e l l e t s . DSC c u r v e s and g l a s s 
t r a n s i t i o n t e m p e r a t u r e s (Tg) w e r e d e t e r m i n e d b y a P e r k i n - E l m e r D i f 
f e r e n t i a l S c a n n i n g C a l o r i m e t e r ( M o d e l D S C - 2 ) . H e a t i n g and c o o l i n g 
r a t e s w e r e 1 0 ° C / m i n . The Tg v a l u e s w e r e r e c o r d e d d u r i n g t h e s e c o n d 
h e a t i n g c y c l e , e x c e p t a s n o t e d . GPC a n a l y s e s w e r e c a r r i e d o u t w i t h 
R I and UV d e t e c t o r s u s i n g μ - S t y r a g e l c o l umns o f 1 0 5 , 1 0 ^ , 1 0 3 A and 
a c a l i b r a t i o n p l o t c o n s t r u c t e d w i t h p o l y s t y r e n e s t a n d a r d s . 

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

S y n t h e s i s and C h a r a c t e r i z a t i o n o f a , ω - b i s ( v i n y l b e n z y l ) P S U . I n a 
s e r i e s o f p r e v i o u s p a p e r s we h a v e d e m o n s t r a t e d t h a t W i l l i a m s o n pha se 
t r a n s f e r c a t a l y z e d e t h e r i f i c a t i o n o f α - f t i yd roxypheny l ) o l i g o m e r s w i t h 
monomers c o n t a i n i n g e l e c t r o p h i l i c g r o u p s o r a , ω - b i s ( e l e c t r o p h i l i c ) 
o l i g o m e r s c a n be p r e f o r m e d q u a n t i t a t i v e l y , p r o v i d i n g c o n v e n i e n t 
methods f o r t h e p r e p a r a t i o n o f macromonomers ( 1 6 , 1 7 ) and ABA t r i b l o c k 
c o p o l y m e r s ( 1 8 ) , r e s p e c t i v e l y . A t t h e same t i m e , t h e p h a s e t r a n s f e r 
t a t a l y z e d p o l y e t h e r i f i c a t i o n o f a , ω - b i s ( h y d r o x y p h e n y l ) o l i g o m e r s w i t h 

monomers o r o l i g o m e r s c o n t a i n i n g e l e c t r o p h i l i c g r o u p s i n a , ω - p o s i t i o n s 
l e d t o a new avenue f o r t h e s y n t h e s i s o f r e g u l a r c o p o l y m e r s and a l t e r 
n a t i n g b l o c k c o p o l y m e r s ( 1 2 , 2 0 , 2 1 ) , r e s p e c t i v e l y . 

The m a j o r d i f f e r e n c e b e t w e e n o u r r e a c t i o n c o n d i t i o n s and t h e 
c o n v e n t i o n a l p h a s e t r a n s f e r c a t a l y z e d W i l l i a m s o n e t h e r i f i c a t i o n (22) 
i s t h e u se o f s t o i c h i o m e t r i c amounts o f pha se t r a n s f e r c a t a l y s t 
v e r s u s t h e n u c l e o p h i l i c c h a i n ends i n t h e f o r m e r c a s e . U n d e r t h e s e 
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NaOH DMSO 

HO -<^)H^)|Ô-@-SO 2^).O^)^-OH 

NaOH C1MS 
TBAH CH2C12 or ClBz 

H0C=CH • ^ C H 2 J ^ ) ^ ) ^ ^ S 0 2 ^ O ^ i ^ - X C H J @ - C H - C H 2 

where X=0 for ClBz a

F i g u r e 1. S y n t h e t i c r o u t e s u s e d f o r t h e p r e p a r a t i o n o f α , ω - b i s -
( v i n y l b e n z y l ) P S U . 

NaOH Benzyl chlo 

TBAHJCH2CI2 or c: 
© c H 2 x - ^ t ^ - @ - s ° 2 @ - ° # ^ X C H 2 @ 

TCE J CMCB, SnCl4 

CH2C1 Γ I η 

CH2C1 I CH2C1 
crCH 2PPh 3 PPh3|Dioxane 

CH2C1 

CI CH2PPh3 

CI CH2PPh3 

^ H 2 X ^ ^ . ^ S Î 2 ^ O ^ ^ X C H ^ 

CH20 
NaOH 

CI CH2PPh3 

MeOH or CH2C12 

Triton Β CH=CHn 

CH=CH0 CH=CHo 

where X=0 for ClBz, X=0 or {0CH90-PSU>-0- for 
m CH2C12 

F i g u r e 2 . S y n t h e t i c r o u t e u s e d f o r t h e p r e p a r a t i o n o f P S U w i t h 
p e n d a n t v i n y l g r o u p s . 
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C H 3 / C H 3 

C H 0 CH, 

3 

CMCB 
S n C l , 

CHC1. 

C H 0 B r -CH

\ H o C H 0 

P P h n T o l u e n e 

CH 2 C1 

P P h J T o l u e n e 

B r C H 2 P P h 3 C H 3 / C H 3 C H 3 

^ C H . ^ C H . _ /V^CH ^ CH 

Me OH 
C H 2 0 

N a 0 H t NaOH* ~ 
CH=CH 2 C H 3 C H 3 C H 3 

CH., CH / CH C H . 
J CH=CH 2 

F i g u r e 3. S y n t h e t i c r o u t e s u s e d f o r t h e p r e p a r a t i o n o f PPO w i t h 
p e n d a n t v i n y l g r o u p s . 

C I C H 0 P P h ~ 

CH 9o| M e 0 H ( C H 2 C l 2 ) 

T r i t o n Β 
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r e a c t i o n c o n d i t i o n s , b o t h t h e n u c l e o p h i l i c and e l e c t r o p h i l i c g r o u p s 
a r e p r e s e n t i n t h e o r g a n i c p h a s e . The b a s i c f u n c t i o n o f t h e p h a s e 
t r a n s f e r c a t a l y s t ( t h e most common one u s e d b y us i s t e t r a b u t y l a m m o -
n i u m h y d r o g e n s u l f a t e , TBAH) i s t o t r a n s f e r t h e α - o n i u m o r α , ω - b i s -
(on ium) o l i g o m e r s i n t o t h e o r g a n i c medium i n t h e f o r m o f i o n p a i r s . 
I n n o n - p o l a r a p r o t i c s o l v e n t s l i k e c h l o r o b e n z e n e and CH2CI2, t h e s e 
a r e v i r t u a l l y u n s o l v a t e d and u n s h i e l d e d ( e x c e p t b y t h e i r c o u n t e r i o n s ) 
and a r e c o n s e q u e n t l y v e r y r e a c t i v e . T h e r e f o r e , t h e e t h e r i f i c a t i o n 
t a k e s p l a c e i n s o l u t i o n ; t h e r e a c t i o n i s v e r y f a s t a t room tempera -
t u r e ; and t h e r e a c t i o n c o u r s e c a n b e f o l l o w e d by t h e d i s a p p e a r a n c e o f 
t h e g r e e n c o l o r o f t h e p h e n o l a t e a n i o n . 

The e t h e r i f i c a t i o n o f a , ω - b i s ( h y d r o x y p h e n y l ) P S U w i t h C1MS was 
d e m o n s t r a t e d t o b e q u a n t i t a t i v e ( f o r a l l p r o c e d u r e s : A , Β and C ) , 
b a s e d on FT IR and 200 MHz ^H-NMR a n a l y s e s ( 6 ) . A c a r e f u l a n a l y s i s o f 
t h e 200 MHz ^H-NMR s p e c t r a o f α , ω - b i s ( v i n y l b e n z y l ) P S U p r e p a r e d a c c o r d 
i n g t o p r o c e d u r e s A and Β shows a s i g n a l a s s i g n e d t o a r o m a t i c f o r m a l 
p r o t o n s (-0CH20-, 6=5.6
r e a c t i o n o f t h e α , ω - b i s ( h y d r o x y p h e n y l ) P S
The e x p l a n a t i o n f o r t h e f a c t t h a t t h e o b t a i n e d PSU c o n t a i n s o n l y 
v i n y l b e n z y l c h a i n e n d s , e ven when t h e e t h e r i f i c a t i o n i s p e r f o r m e d i n 
m e t h y l e n e c h l o r i d e a s r e a c t i o n s o l v e n t , i s p r o v i d e d b y t h e k i n e t i c 
p a r t i c u l a r i t i e s o u t l i n e d b e l o w : 

k l 
. . . -PhO + CH 2C1 2 —-> . . . - P h O C H 2 C l + C I 

k2 
. . . -PhO + . . . - P h O C H 2 C l — y . . . - P h O C I ^ O P h - . . . + C I 

k 3 
. . . - P h O + C lCH 2 PhCH=CH 2 . . -Ph0CH 2PhCH=CH 2 + C I 

- k 4 
. ..-Ph0CHoCl + OH y . . . - P h O + CH o0 + HC1 

ί I 2 

w h e r e : k

2

> k 3 > k l 

O b v i o u s l y , b e t w e e n p r o c e d u r e s A and Β , Β w o u l d h a v e t o p r o v i d e 
t h e l o w e s t d e g r e e o f c h a i n e x t e n s i o n t h r o u g h f o r m a l b o n d s . T h i s i s 
b e c a u s e i n Β t h e b i s p h e n o l a t e o f a , ω - b i s ( h y d r o x y p h e n y l ) P S U i s n o t i n 
c o n t a c t w i t h m e t h y l e n e c h l o r i d e i n t h e a b s e n c e o f C1MS (C1MS i s a 
s t r o n g e r e l e c t r o p h i l e t h a n C H 2C1 2) . A d d i t i o n a l e v i d e n c e was o b t a i n e d 
f r o m t h e GPC a n a l y s i s o f a , ω - b i s ( v i n y l b e n z y l ) P S U p r e p a r e d a c c o r d i n g 
t o p r o c e d u r e s A , B, and C (6) and c o n f i r m s t h e v a l i d i t y o f t h i s 
a s s u m p t i o n . C o n s e q u e n t l y , t h e method t o b e u s e d f o r t h e p r e p a r a t i o n 
o f a , ω - b i s ( v i n y l b e n z y l ) P S U w i t h w e l l - k n o w n m o l e c u l a r w e i g h t i s t h a t 
p r e s e n t e d b y t h e p r o c e d u r e C, u s i n g c h l o r o b e n z e n e o r any o t h e r s o l v e n t 
w h i c h i s " i n e r t " u n d e r p h a s e t r a n s f e r c a t a l y z e d r e a c t i o n c o n d i t i o n s . 
A t t h e same t i m e , t h e o t h e r p r o c e d u r e s p r o v i d e us w i t h a s i m p l e a venue 
f o r t h e p r e p a r a t i o n o f a , ω - b i s ( v i n y l b e n z y l ) P S U w i t h d i f f e r e n t m o l e c u 
l a r w e i g h t s s t a r t i n g f r o m o n l y one s a m p l e o f a , ω - b i s ( h y d r o x y p h e n y l ) P S U . 

D i f f e r e n t i a l S c a n n i n g C a l o r i m e t r y A n a l y s i s o f t h e T h e r m a l C u r i n g o f 
α , ω - b i s ( v i n y l b e n z y 1 ) P SU . T y p i c a l DSC c u r v e s f a r α ,ω -b i s ( h y d r o x y p h e n y l ) -
PSU and α , ω - b i s ( v i n y l b e n z y l ) P S U a r e p r e s e n t e d i n F i g u r e 4 . The 
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T/°C 
F i g u r e 4. DSC c u r v e s o f : a) a,U ) - b i s ( h y d r o x y p h e n y l ) P S U - 5 ( s e c o n d 
h e a t i n g r u n ) ; b ) a , ω - b i s ( v i n y l b e n z y l ) P S U - 5 B ( f i r s t h e a t i n g r u n ) ; 
c ) a , ( A ) - b i s ( v i n y l b e n z y l ) P S U - 5 B ( s e c o n d h e a t i n g r u n , f i r s t h e a t i n g 
r u n up t o 9 7 ° C ) ; d) a , ω - b i s ( v i n y l b e n z y l ) P S U - 5 B ( s e c o n d h e a t i n g 
r u n , f i r s t h e a t i n g r u n a s i n ( b ) , and t h e n h e l d f o r one h o u r a t 
2 5 7 ° C ; e) a , ω - b i s ( h y d r o x y p h e n y l ) P S U - l ( s e c o n d h e a t i n g r u n ) ; 
( f ) a , U ) - b i s ( v i n y l b e n z y l ) P S U - l C ( f i r s t h e a t i n g r u n ) ; g) α , ω - b i s -
( v i n y l b e n z y l ) P S U - l C ( s e c o n d h e a t i n g r u n , f i r s t h e a t i n g r u n up t o 
1 4 7 ° C ) ; h ) a , 0 ) - b i s ( v i n y l b e n z y l ) P S U - l C ( s e c o n d h e a t i n g r u n , f i r s t 
h e a t i n g r u n a s shown i n ( f ) and t h e n h e l d 0 .08 h o u r a t 257°C) ; 
i ) a , U ) - b i s ( v i n y l b e n z y l ) P S U - l C ( t h i r d h e a t i n g r u n , s e c o n d h e a t i n g 
r u n as shown i n (h) and t h e n h e l d f o r 0 .17 h o u r a t 2 5 7 ° C ) . 
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q u a n t i t a t i v e d a t a o f t h e t h e r m a l c h a r a c t e r i z a t i o n o f a,0 ) - b i s - ( h y d r o -
x y p h e n y l ) P S U and a , U ) - b i s ( v i n y l b e n z y l ) P S U p r e p a r e d t h r o u g h t h e p r o 
c e d u r e s A , Β and C i s s u m m a r i z e d i n T a b l e I. 

The f i r s t i m p o r t a n t o b s e r v a t i o n t o n o t i c e i s t h a t t h e Tg v a l u e s 
o f a l l t h e α , ω - b i s ( v i n y l b e n z y l ) P S U , s ( p r o c e d u r e s A , B, C) a r e much 
l o w e r t h a n t h o s e o f t h e i n i t i a l a,U ) - ( h yd roxypheny l ) P SU ( F i g u r e 4 ( a ) , 
( b ) , ( c ) f o r P S U - 5 B ; ( e ) , ( f ) , (g) f o r P S U - 1 C ) . T h i s d a t a i s p r e 
s e n t e d i n T a b l e I a s Tg [ a,U ) - b i s ( h y d r o x y p h e n y l ) P S U ] and T g * [ i n i t i a l 
Tg o f t h e a , a ) - b i s ( v i n y l b e n z y l ) P S U ] . The d i f f e r e n c e T g i - Tg i s 
s t r o n g l y d e p e n d e n t on t h e s y n t h e t i c p r o c e d u r e u s e d f o r t h e p r e p a r a 
t i o n o f t h e a , U ) - b i s ( v i n y l b e n z y l ) P S U . I t d e c r e a s e s i n t h e o r d e r C>B>A, 
i . e . , i n t h e o r d e r o f i n c r e a s i n g c h a i n e x t e n s i o n d u r i n g t h e f u n c t i o n -
a l i z a t i o n o f t h e a , a ) - b i s ( h y d r o x y p h e n y l ) P S U . T h i s d e c r e a s e i n t h e Tg 
v a l u e s a f t e r f u n c t i o n a l i z a t i o n i s due t o t h e l a c k o f h y d r o g e n b o n d i n g 
w h i c h , i n t h e c a s e o f t h e i % ω - b i s ( h y d r o x y p h e n y l ) P S U - 5 , p r o v i d e s an 
i n c r e a s e i n t h e Tg v a l u e a s h i g h a s 31°C ( T a b l e I, P S U - 5 , P S U - 5 C ) . 

A l l t h e a ^ - b i s ( v i n y l b e n z y l ) P S U
p e a k s on t h e i r DSC c u r v e
o b s e r v e d e s p e c i a l l y i n t h e c a s e o f t h e l o w e s t m o l e c u l a r w e i g h t α , ω -
b i s ( v i n y l b e n z y l ) P S U . The e x o t h e r m a l peak f r o m l o w t e m p e r a t u r e i s due 
t o t h e p o l y m e r i z a t i o n o f m - v i n y l b e n z y l g r o u p s w h i l e t h e o t h e r i s due 
t o p - v i n y l b e n z y l g r o u p s ( 2 3 ) . An e x p l a n a t i o n f o r t h e p r e s e n c e o f 
o n l y one e x o t h e r m i n t h e c a s e o f t h e o l i g o m e r s w i t h h i g h m o l e c u l a r 
w e i g h t c o u l d b e t h a t t h e T g ' s o f t h e o l i g o m e r s , b e i n g above t h e 
t e m p e r a t u r e o f t h e f i r s t p o l y m e r i z a t i o n p r o c e s s , p r e v e n t t h i s f r o m 
o c c u r r i n g . T h i s p r o c e s s doe s o c c u r above T g , b u t t h e n o v e r l a p s t h e 
s e c o n d p o l y m e r i z a t i o n p r o c e s s , t h u s g i v i n g o n l y one e x o t h e r m . 
R e s e a r c h i s i n p r o g r e s s t o an swe r t h i s q u e s t i o n . 

T a b l e I a l s o p r e s e n t s t h e t e m p e r a t u r e a t w h i c h t h i s e x o t h e r m a l 
p r o c e s s s t a r t s ( a s Tg) and a t w h i c h i t ends ( a s T E ) . The d i f f e r e n c e 
T g - T | c a n b e c o n s i d e r e d a s b e i n g t h e p r o c e s s i n g w i ndow o f t h e t h e r 
m a l l y r e a c t i v e o l i g o m e r s , and i s a l s o l i s t e d i n T a b l e I. 

I t i s v e r y i m p o r t a n t t o n o t i c e t h a t a f t e r t h e f i r s t s c a n and 
q u e n c h i n g , t h e DSC t r a c e no l o n g e r shows t h e e x o t h e r m a l p r o c e s s . A t 
t h e same t i m e , i t shows a t r e m e n d o u s i n c r e a s e i n t h e Tg v a l u e o f t h e 
p o l y m e r s a m p l e ( F i g u r e 4 ( d ) , ( h ) , ( i ) ) . T h i s v e r y f a s t c u r i n g r e a c 
t i o n was n o t o b s e r v e d i n t h e o t h e r c l a s s e s o f t h e r m a l l y r e a c t i v e o l i 
gomer s . A f t e r t h e f i r s t h e a t i n g s c a n , a l l t h e a n a l y z e d s a m p l e s w e r e 
h e l d a t 257°C a s l o n g a s i t was n e c e s s a r y i n o r d e r t o o b t a i n a c o n 
s t a n t v a l u e o f t h e T g . U s u a l l y , a f t e r t h e f i r s t h e a t i n g s c a n , 
a l t h o u g h t h e e x o t h e r m a l p r o c e s s was no l o n g e r o b s e r v a b l e b y DSC, one 
c o u l d s t i l l o b s e r v e an i n c r e a s e i n t h e Tg v a l u e ( F i g u r e 4 ( h ) , ( i ) ) . 
The f i n a l Tg v a l u e τ|, i s p r e s e n t e d i n T a b l e I, t o g e t h e r w i t h t h e 
r e q u i r e d c u r i n g t i m e a t 257°C and t h e d i f f e r e n c e b e t w e e n t h e i n i t i a l 
and f i n a l Tg v a l u e s , i . e . , τ| - τ|. 

The Tg v a l u e o f a c o n v e n t i o n a l , h i g h m o l e c u l a r w e i g h t , commer
c i a l a r o m a t i c p o l y ( e t h e r s u l f o n e ) i s 1 8 0 ° C . F rom T a b l e I one c a n s e e 
t h a t b y t h e r m a l l y c u r i n g an a , a ) - b i s ( v i n y l b e n z y l ) P S U n o t o n l y i s i t s 
Tg v a l u e i n c r e a s e d b y a s much a s 150°C ( s a m p l e P S U - 5 C ) , b u t a l s o a 
v a l u e i s a l m o s t a l w a y s o b t a i n e d w h i c h i s h i g h e r t h a n t h a t o f t h e h i g h 
m o l e c u l a r w e i g h t c o m m e r c i a l PSU. The h i g h e s t Tg v a l u e o b t a i n e d was 
205°C ( s a m p l e P S U - 5 C ) , w h i c h i s 25°C h i g h e r t h a n t h a t o f h i g h m o l e c u 
l a r w e i g h t PSU. The e x p e c t e d d e p e n d e n c e o f t h e i n i t i a l m o l e c u l a r 
w e i g h t o f t h e a , ω - b i s ( v i n y l b e n z y l ) P S U on i t s i n c r e a s e i n Tg b y c u r i n g 
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i s c l e a r l y shown b y t h e d a t a p r e s e n t e d i n T a b l e I. The h i g h e r t h e 
m o l e c u l a r w e i g h t o f t h e i n i t i a l a , ω - b i s ( h y d r o x y p h e n y l ) P S U , t h e l o w e r 
i s i t s f i n a l Tg ( τ | ) . F o r t h e same i n i t i a l a,U ) - b i s ( h yd roxypheny l ) P SU 
t h e Tg o f t h e c u r e d a , ω - b i s ( v i n y l b e n z y l ) P S U depends on t h e s y n t h e t i c 
p r o c e d u r e A , B, o r C. I t d e c r e a s e s i n t h e same o r d e r as t h e i n c r e a s e 
i n t h e d e g r e e o f c h a i n e x t e n s i o n d u r i n g p r e p a r a t i o n . T h i s c a n be 
e ven b e t t e r o b s e r v e d f r o m F i g u r e 5, w h i c h d e m o n s t r a t e s t h e d e p e n d e n c e 
b e t w e e n t h e Tg v a l u e o f a , ω - b i s ( h y d r o x y p h e n y l ) P S U (Tg) , a,U ) - b i s ( v i -
n y l b e n z y l ) P S U ( τ | ) , and t h e r m a l l y c u r e d a , ω - b i s ( v i n y l b e n z y l ) P S U ( T | ) . 
T h i s c l e a r l y d e m o n s t r a t e s t h a t i t i s p o s s i b l e t o t a i l o r t h e τ | o f 
t h e r e a c t i v e o l i g o m e r , and t h e τ | o f t h e c u r e d o l i g o m e r t h r o u g h t h e 
Mn v a l u e o f t h e a , ω - b i s ( h y d r o x y p h e n y l ) P S U . 

S y n t h e s i s o f PSU and PPO C o n t a i n i n g P e n d a n t V i n y l G r o u p s . The s y n 
t h e t i c r o u t e s u s e d f o r t h e p r e p a r a t i o n o f PSU and PPO c o n t a i n i n g 
p e n d a n t v i n y l g r o u p s a r e o u t l i n e d i n F i g u r e s 2 and 3. PSU c o n t a i n i n g 
p e n d a n t v i n y l g r o u p s was
( b e n z y l e t h e r ) P S U , f o l l o w e
i n t o p h o s p h o n i u m s a l t g r o u p s , and s u b s e q u e n t p h a s e t r a n s f e r c a t a l y z e d 
W i t t i g v i n y l a t i o n o f t h e p h o s p h o n i u m s a l t r e s i d u e s ( F i g u r e 2). Two 
d i f f e r e n t p r o c e d u r e s w e r e u s e d f o r t h e f u n c t i o n a l i z a t i o n o f PPO. The 
f i r s t one i n v o l v e d t h e r a d i c a l b r o m i n a t i o n o f t h e PPO m e t h y l g r o u p s , 
f o l l o w e d b y p h o s p h o n y l a t i o n and t h e n W i t t i g r e a c t i o n . The s e c o n d one 
r e q u i r e d t h e c h l o r o m e t h y l a t i o n o f PPO, f o l l o w e d b y p h o s p h o n y l a t i o n 
and t h e W i t t i g r e a c t i o n ( F i g u r e 3 ) . D e t a i l s o f t h e s e s y n t h e t i c 
methods a r e p r e s e n t e d e l s e w h e r e ( 1 3 ) . No h y d r o l y s i s o f t h e p h o s p h o 
n i u m g r o u p s b y OH c o u l d b e o b s e r v e d d u r i n g any o f t h e p h a s e t r a n s f e r 
c a t a l y z e d W i t t i g r e a c t i o n s . 

A t t e m p t s t o t r a n s f o r m b o t h PSU and PPO c o n t a i n i n g h i g h c o n c e n t r a 
t i o n s o f c h l o r o m e t h y l o r b r o m o m e t h y l g r o u p s i n t o t h e c o r r e s p o n d i n g 
p o l y m e r s c o n t a i n i n g p e n d a n t v i n y l g r o u p s l e d t o c r o s s l i n k e d p o l y m e r s . 
A c o m b i n a t i o n o f s t r u c t u r a l a n a l y s i s b y 200 MHz *H-NMR s p e c t r o s c o p y , 
c o u p l e d w i t h FT IR s p e c t r o s c o p y and GPC, d e m o n s t r a t e d t h a t t h i s i s due 
t o t h e f a c t t h a t s t e r i c h i n d r a n c e s , as w e l l a s t h e d i f f e r e n c e i n 
s o l u b i l i t y b e t w e e n t h e c h l o r o ( b r o m o ) m e t h y l a t e d and p h o s p h o n y l a t e d 
p o l y m e r s d i d n o t a l l o w c o m p l e t e p h o s p h o n y l a t i o n o f t h e e l e c t r o p h i l i c 
g r o u p s . When t h e s e g r o u p s a r e p r e s e n t d u r i n g t h e p h a s e t r a n s f e r c a t a 
l y z e d W i t t i g r e a c t i o n , d i s p l a c e m e n t o f - B r o r - C I f r o m - C ^ B r o r 
-CH2CI w i t h OH" o c c u r s , and t h e r e s u l t i n g b e n z y l a l c o h o l g r o u p s a r e 
e t h e r i f i e d w i t h r e m a i n i n g - C H 2 B r o r -CH 2C1 g r o u p s b y a p h a s e t r a n s f e r 
c a t a l y z e d e t h e r i f i c a t i o n . I n t h i s way , b r a n c h e d and i n s o l u b l e p o l y 
mers a r e p r o d u c e d . I t was shown b y t h e s e e x p e r i m e n t s , t h a t t h e u p p e r 
l i m i t o f p e n d a n t v i n y l g r o u p s a t t a c h e d t o p o l y m e r s w h i c h a r e e a s i l y 
p r e p a r e d i s a p p r o x i m a t e l y 1.2 p e r r e p e a t u n i t i n t h e c a s e o f PSU and 
0.6 p e r r e p e a t u n i t i n t h e c a s e o f PPO. 

D i f f e r e n t i a l S c a n n i n g C o l o r i m e t r y A n a l y s i s o f t h e T h e r m a l C u r i n g o f 
PSU and PPO C o n t a i n i n g P e n d a n t V i n y l G r o u p s . The t h e r m a l b e h a v i o r 
o f a l l t h e s e t h e r m a l l y r e a c t i v e o l i g o m e r s i s s ummar i z ed i n T a b l e I I . 
I n t h i s t a b l e , T g , τ | and τ | h a v e t h e same m e a n i n g a s i n T a b l e I. 
T y p i c a l DSC t r a c e s f o r t h e s e r e a c t i v e p o l y m e r s a r e p r e s e n t e d i n 
F i g u r e 6. T h i s f i g u r e p r e s e n t s t h e DSC c u r v e s o f a , ω - b i s ( h y d r o x y -
pheny l ) P SU-2, a , ω - b i s ( b e n z y l e t h e r ) P S U - 2 and a , ω - b i s ( b e n z y l e t h e r ) P S U - 2 
c o n t a i n i n g 0.57 v i n y l g r o u p s p e r b i s p h e n o l - A u n i t . As was p r e v i o u s l y 
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200 + 
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150 + 

100 + 

50 Ί 
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A<*,u)-bis(vinylbenzyl)PSU (Tg1) 

1 J 1  1  i _ 
1000 1500 2000 2500 3000 3500 4000 

Hn (NMR), g/mole 

F i g u r e 5. Dependence b e t w e e n t h e Tg and Mn o f a a , ω - b i s ( h y d r o x y -
p h e n y l ) P S U , and t h e Tg o f a , ω - b i s ( v i n y l b e n z y l ) P S U ( Tg * ) and 
t h e r m a l l y c u r e d a , ω - b i s ( v i n y l b e n z y l ) P S U ( T g f ) . 

100 150 200 250 300 
T/°C 

F i g u r e 6. DSC c u r v e s o f : a ) a , ω - b i s ( h y d r o x y p h e n y l ) P S U - 2 ( s e c o n d 
h e a t i n g r u n ) ; b ) a , ω - b i s ( b e n z y l e t h e r ) P S U - 2 ( s e c o n d h e a t i n g r u n ) ; 
c ) PSU-2 w i t h p e n d a n t v i n y l g r o u p s ( s e c o n d h e a t i n g r u n , f i r s t 
h e a t i n g r u n up t o 1 6 5 ° C ) ; d ) PSU-2 w i t h p e n d a n t v i n y l g r o u p s 
( f i r s t h e a t i n g r u n ) ; 3) PSU-2 w i t h p e n d a n t v i n y l g r o u p s ( s e c o n d 
h e a t i n g r u n , f i r s t h e a t i n g r u n a s i n (d) t h e n h e l d f o r 0 . 02 h o u r 
a t 3 2 7 ° C ) ; f ) PSU-2 w i t h p e n d a n t v i n y l g r o u p s ( t h i r d h e a t i n g r u n , 
s e c o n d h e a t i n g r u n a s i n ( e ) , t h e n h e l d f o r 0 .08 h o u r a t 3 2 7 ° C ) . 
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8. PERCEC AND AUMAN Polyaromatics 103 

shown, t h e Tg v a l u e s o f a , ω - b i s ( h y d r o x y p h e n y l ) P S U a r e h i g h e r t h a n 
t h o s e o f t h e c o r r e s p o n d i n g b e n z y l a t e d p o l y m e r . T h i s i s t h e r e a s o n 
f o r t h e d e c r e a s e i n t h e P S U ' s Tg v a l u e f r o m 138°C t o 117°C a f t e r 
b e n z y l a t i o n ( F i g u r e 6 a , b ) . The f u r t h e r m o d i f i c a t i o n o f t h e PSU 
b a c k b o n e t h r o u g h t h e i n t r o d u c t i o n o f p e n d a n t d o u b l e b o n d s , a n d / o r 
t h r o u g h b r a n c h i n g w h i c h r e s u l t s f r o m t h e c h l o r o m e t h y l a t i o n r e a c t i o n 
(15) i n c r e a s e s t h e Tg b a c k t o t h e r e g i o n o f t h e s t a r t i n g a , ω - b i s ( h y -
d r o x y p h e n y l ) P S U ( F i g u r e 6 a , c ) . I t i s i n t e r e s t i n g t o o b s e r v e t h a t 
a l t h o u g h t h e c o n c e n t r a t i o n o f t h e d o u b l e bond s i s h a l f t h a t o f t h e 
s a m p l e PSU -3 ( w h i c h h a s 1.2 v i n y l g r o u p s p e r b i s p h e n o l - A u n i t ) , t h e 
i n c r e a s e i n Tg a f t e r t h e f i r s t h e a t i n g s c a n i s t h e same, i . e . , 118°C 
( T a b l e I I ) . C o n s e q u e n t l y , i t seems i m p o r t a n t t o c o n c l u d e t h a t a h i g h 
c o n c e n t r a t i o n o f p e n d a n t v i n y l g r o u p s doe s n o t p r o v i d e a much h i g h e r 
i n c r e a s e i n t h e τ | o f t h e c u r e d p o l y m e r , a s i t doe s i n t h e c a s e o f 
t h e a , 0 ) - b i s ( v i n y l b e n z y l ) o l i g o m e r s . I t i s a l s o i n t e r e s t i n g t o o b s e r v e 
t h a t t h e c u r e d P P O ' s c o n t a i n i n g 0 . 53 and 0 . 60 v i n y l g r o u p s p e r s t r u c 
t u r a l u n i t show no Tg i

The m a j o r d i f f e r e n c
t a i n e d f r o m b r o m o m e t h y l a t i o n and f r o m c h l o r o m e t h y l a t i o n i s t h a t , i n 
t h e f o r m e r c a s e , t h e Tg o f t h e u n c u r e d p o l y m e r i s a l w a y s l o w e r t h a n 
t h e s t a r t i n g m a t e r i a l . I n t h e l a t t e r c a s e , t h e Tg o f t h e u n c u r e d 
p o l y m e r i s a l w a y s h i g h e r t h a n t h a t o f t h e s t a r t i n g m a t e r i a l ( T a b l e I I ) . 

I n c o n c l u s i o n , p h a s e t r a n s f e r c a t a l y z e d W i l l i a m s o n e t h e r i f i c a -
t i o n and W i t t i g v i n y l a t i o n p r o v i d e d c o n v e n i e n t methods f o r t h e s y n 
t h e s i s o f p o l y a r o m a t i c s w i t h t e r m i n a l o r p e n d a n t s t y r e n e - t y p e v i n y l 
g r o u p s . B o t h t h e s e p o l y a r o m a t i c s a p p e a r t o b e a v e r y p r o m i s i n g c l a s s 
o f t h e r m a l l y r e a c t i v e o l i g o m e r s w h i c h c a n be u s e d t o t a i l o r t h e p h y s i 
c a l p r o p e r t i e s o f t h e t h e r m a l l y o b t a i n e d n e t w o r k s . R e s e a r c h i s i n 
p r o g r e s s i n o r d e r t o f u r t h e r e l u c i d a t e t h e t h e r m a l p o l y m e r i z a t i o n 
mechan i sm and t o e x p l o i t t h e t h e r m o d y n a m i c r e v e r s i b i l i t y o f t h i s 
c u r i n g r e a c t i o n . 
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N-Cyanourea-Terminated Resins 

S. C. LIN 

Washington Research Center, W. R. Grace & Company, Columbia, MD 21044 

A unique chemistry employing N-cyanourea-terminated 
reactive oligomers was developed to prepare three 
different types of polymeric materials. The reactive 
oligomers were obtained by allowing an isocyanate
-terminated polycaprolacton
cyanamide in bul
room temperature. Upon standing at room temperature, 
the di-N-cyanourea oligomers underwent homopolymeriza
tion to afford linear polymers. The oligomers formed 
thermosets upon heating above 100°C. When mixed with 
liquid epoxy resins, the oligomers slowly polymerized 
to yield linear polymers that were plasticized by the 
epoxy. These mixtures formed cross-linked thermosets 
upon heating. The linear polymers synthesized from 
the oligomers also served as curing agents for epoxy 
resins. The curing and polymerization mechanisms are 
discussed in the paper. The oligomers could be used 
for coatings, adhesives, and other applications 
needing thermosetting materials. 

A t h e r m o s e t t i n g r e s i n c o n v e r t s t o an i n f u s i b l e , c r o s s - l i n k e d p l a s t i c 
w h i c h i s i n s o l u b l e i n any s o l v e n t a f t e r c u r i n g . B e c a u s e o f t h i s 
i r r e v e r s i b l e c r o s s - l i n k i n g r e a c t i o n , e x c e l l e n t p h y s i c a l p r o p e r t i e s 
s u c h as h e a t r e s i s t a n c e , c r e e p r e s i s t a n c e , m e c h a n i c a l s t r e n g t h , 
e t c . , a r e o b t a i n a b l e t h r o u g h d e s i g n o f t h e p o l y m e r s t r u c t u r e . 

T h e r m o s e t t i n g r e s i n s h a ve b e e n u s e d e x t e n s i v e l y i n i n d u s t r y f o r 
a p p l i c a t i o n s s u c h a s s t r u c t u r a l a d h e s i v e s , c o m p o s i t e s , R IM, c o a t i n g s 
and s e a l a n t s w h i c h need t o r e s i s t s e v e r e s e r v i c e c o n d i t i o n s . 
T h e r m o s e t t i n g r e s i n s a r e g e n e r a l l y composed o f l o w m o l e c u l a r w e i g h t 
o l i g o m e r s w h i c h a l l o w f a b r i c a t i o n c o n v e n i e n c e . 

The s t u d y r e l a t e s t o new c l a s s e s o f t h e r m o s e t t i n g o l i g o m e r s 
b a s e d on N - c y a n o u r e a - t e r m i n a t e d r e s i n s , w h i c h a r e u s e f u l a s a 
monomer, a t h e r m o s e t t i n g r e s i n , and a c r o s s - l i n k i n g a g e n t f o r epoxy 
r e s i n s . 

R e a c t i v e o l i g o m e r s s u c h as epoxy r e s i n s , i s o c y a n a t e - t e r m i n a t e d 
compounds , and u r e t h a n e - a c r y l a t e s a r e e x t r e m e l y u s e f u l i n t h e 
a d h e s i v e , c o a t i n g , r e a c t i o n i n j e c t i o n m o l d i n g ( R I M ) , s e a l a n t and 

0097-6156/85/0282-0105$06.00/0 
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c o m p o s i t e i n d u s t r i e s . The a p p l i c a t i o n o f r e a c t i v e o l i g o m e r s depends 
on t h e i r c h e m i c a l s t r u c t u r e s , w h i c h a f f e c t t h e r h e o l o g y , p h y s i c a l 
c h a r a c t e r i s t i c s and c u r i n g s p e e d o f t h e r e s i n m i x t u r e . S u c c e s s f u l 
p r e p a r a t i o n o f a p a r t i c u l a r r e a c t i v e o l i g o m e r w h i c h mee t s a l l t h e 
d e s i r e d s p e c i f i c a t i o n s r e q u i r e s an u n d e r s t a n d i n g o f t h e s t r u c t u r e -
p r o p e r t y r e l a t i o n s h i p s o f t h e p o l y m e r i c s y s t e m , a s w e l l a s t h e 
c o n t r o l o f t h e c h e m i s t r y i n v o l v e d . 

T h i s p a p e r d e a l s w i t h a p a r t i c u l a r c h e m i s t r y b a s e d on N - c y a n o -
u r e a - t e r m i n a t e d o l i g o m e r s , w h i c h h a v e b e e n c o n v e r t e d i n t o h i g h 
m o l e c u l a r w e i g h t p o l y m e r s , f a s t c u r i n g t h e r m o s e t s , ( 1 ) and c u r i n g 
a g e n t s f o r epoxy r e s i n s . ( 2 ) The p r e p a r a t i o n o f N - c y a n o u r e a -
t e r m i n a t e d o l i g o m e r s i s s i m p l e , and t h e p r o p e r t i e s o f m a t e r i a l s c a n 
be e a s i l y a d j u s t e d by s t r u c t u r a l c h a n g e . T h e r e f o r e , t h i s c h e m i s t r y 
i s v e r y v e r s a t i l e f o r many i n d u s t r i a l a p p l i c a t i o n s . 

The s y n t h e s i s o f t h e o l i g o m e r s i n v o l v e d t h e known r e a c t i o n o f 
i s o c y a n a t e s and c y a n a m i d e (NH^CN). F o r e x a m p l e , N - c y a n o - N 1 - p h e n y l 
u r e a h a s b e e n s y n t h e s i z e
a l k a l i n e s o l u t i o n o f c y a n a m i d
r e a c t i o n s we re u s e d t o p r e p a r e v a r i o u s d i - N - c y a n o u r e a compounds f r o m 
d i i s o c y a n a t e s . ( 1 ) The se monomers w e r e a l s o s y n t h e s i z e d d i r e c t l y b y 
r e a c t i n g d i i s o c y a n a t e s w i t h c y a n a m i d e a t m e l t t e m p e r a t u r e s . 

The d i f u n c t i o n a l N - c y a n o u r e a compounds w e r e f o u n d t o p o l y m e r i z e 
i n t o d i f f e r e n t p o l y m e r i c m a t e r i a l s a t d i f f e r e n t t e m p e r a t u r e s . A t 
room t e m p e r a t u r e , a l i n e a r p o l y m e r was o b t a i n e d e i t h e r f r o m t h e 
p o l y m e r i z a t i o n o f a d i - N - c y a n o u r e a monomer o r d i r e c t l y f r o m t h e 
m i x t u r e c o n t a i n i n g a d i i s o c y a n a t e and c y a n a m i d e . A t e l e v a t e d 
t e m p e r a t u r e ( > 1 0 0 ° C ) , t h e d i - N - c y a n o u r e a monomer, o r t h e m i x t u r e o f a 
d i i s o c y a n a t e and c y a n a m i d e , c r o s s - l i n k e d t o a r i g i d foam o r f l e x i b l e 
m a t e r i a l , d e p e n d i n g on t h e s t r u c t u r e o f t h e monomer. 

Cyanamide and i t s a r o m a t i c d e r i v a t i v e , s u c h a s 4 , 4 ' - m e t h y l e n e 
b i s ( p h e n y l c y a n a m i d e ) , w e r e r e p o r t e d t o c u r e an epoxy r e s i n a t 
e l e v a t e d t e m p e r a t u r e s . ( 4 ) I t i s a l s o w e l l known t h a t t h e d i m e r o f 
c y a n a m i d e ( d i c y a n d i a m i d e ) i s t h e mos t i m p o r t a n t epoxy c u r i n g a g e n t i n 
o n e - p a c k a g e epoxy c o m p o u n d i n g . ( 5 ) U n f o r t u n a t e l y , t h i s d i m e r 
p r e c i p i t a t e s f r o m t h e d i s p e r s i o n c a u s i n g u n e v e n m i x i n g upon s t a n d i n g . 

The g o a l o f t h i s r e s e a r c h was t o d e v e l o p d e r i v a t i v e s c o n t a i n i n g 
-NHCN g r o u p s , r e t a i n i n g l a t e n c y t o w a r d e p o x i d e s . The d e r i v a t i v e 
s h o u l d h a v e f l e x i b i l i t y f o r c h e m i c a l s t r u c t u r e change and g i v e 
homogeneous o n e - p a c k a g e , t h e r m o s e t t i n g epoxy r e s i n f o r m u l a t i o n s . 
N - c y a n o u r e a compounds and t h e i r p o l y m e r s o r o l i g o m e r s w e r e one o f t h e 
c h o i c e m a t e r i a l s f o r s t u d y . 

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

P r e p a r a t i o n o f N - C y a n o u r e a - T e r m i n a t e d O l i g o m e r s . To 0 . 2 m o l e s o f 
t o l u e n e d i i s o c y a n a t e was added d r o p w i s e 0.1 m o l e o f a p o l y c a p r o -
l a c t o n e d i o l o l i g o m e r ( U n i o n C a r b i d e , PCP 2 0 0 ) , h a v i n g a m o l e c u l a r 
w e i g h t o f 530 g / m o l e , o v e r a p e r i o d o f 4 h o u r s . A f t e r s t i r r i n g a t 
room t e m p e r a t u r e o v e r n i g h t , t h e i s o c y a n a t e - t e r m i n a t e d r e s i n was 
warmed t o 5 0 ° C , c h a r g e d w i t h 0 .2 m o l e s o f c y a n a m i d e , and f i n a l l y , 
c o o l e d t o room t e m p e r a t u r e a s s o o n a s a homogeneous l i q u i d h ad b e e n 
o b t a i n e d . 

P r e p a r a t i o n o f O n e - P a c k a g e , T h e r m o s e t t i n g Epoxy R e s i n . V a r y i n g 
amounts o f Epon 828 r e s i n we re added t o d i - N - c y a n o u r e a r e s i n t o f o r m 
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t h e r m o s e t t i n g compounds h a v i n g d i f f e r e n t e q u i v a l e n t r a t i o s o f e p o x 
i d e t o N - c y a n o u r e a . The IR s p e c t r a w e r e t a k e n r i g h t a f t e r m i x i n g 
and a f t e r a g i n g f o r 5 and 13 day s t o s t u d y t h e s t a b i l i t y . 

C u r i n g o f O n e - P a c k a g e , T h e r m o s e t t i n g Epoxy Compounds. The t h e r m o 
s e t t i n g epoxy r e s i n m i x t u r e was c u r e d a t 160 C f o r 2 h o u r s . 

A d h e s i v e A p p l i c a t i o n s . T h r e e s u b s t r a t e s : s t e e l , a l um inum and f i b e r 
r e i n f o r c e d p o l y e s t e r m o l d compound (SMC) w e r e u s e d i n s t u d y . I n 
g e n e r a l , t h e t h e r m o s e t t i n g gpoxy r e s i n was a p p l i e d b e t w e e n two p i e c e s 
o f s u b s t r a t e s h a v i n g 1/2 i n o v e r l a p f o r m e t a l s and 1 i n o v e r l a p f o r 
SMC. A f t e r c u r i n g , t h e l a p s h e a r s t r e n g t h o f t h e s a m p l e s was 
o b t a i n e d on an I n s t r o n a t a g e a r r a t e o f 0 .2 i n / m i n . The r e s u l t s a r e 
s ummar i z ed i n F i g u r e 1. 

C o a t i n g A p p l i c a t i o n s . The c o m p o s i t i o n s and t h e p e r f o r m a n c e c o a t i n g s 
a r e d e s c r i b e d i n T a b l e
p r o c e d u r e a s d e s c r i b e d

T a b l e I. A p p l i c a t i o n E x a m p l e s o f N - C y a n o u r e a - T e r m i n a t e d O l i g o m e r s 

E xamp le 1 2 3 4 
D i o l (mo le ) P C P - 2 0 0 ( a ) PPG-725 (b ) PCP - 210 PCP -240 
D i i s o c y a n a t e (mo le ) 2 χ MDI 2 χ TDI 2 χ TDI 2 χ TDI 
Cyanamide (mo le ) 2 2 2 2 
L ap Shea r f o r SMC ( p s i ) 1070 (d ) - - -R e v e r s e Impac t ( i n - l b ) ( c ) - >160 >160 >160 
MEK Rub ( c y c l e ) ( c ) - 40 >100 >100 
A d h e s i o n (Tap T e s t ) ( c ) - 4 5 5 
P e n c i l H a r d n e s s - 3H 3H 2B 

( a ) C a p r o l a c t o n e d i o l o l i g o m e r 
TDI = T o l u e n e D i i s o c y a n a t e 
MDI = D i ( p - i s o c y a n a t o p h e n y l ) methane 

(b) P o l y p r o p y l e n e g l y c o l 
( c ) C o a t i n g a p p l i c a t i o n 
(d ) S u b s t r a t e f a i l u r e 

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

A l t h o u g h N - c y a n o u r e a - t e r m i n a t e d compounds c o u l d be s y n t h e s i z e d 
d i r e c t l y f r o m t h e r e a c t i o n b e t w e e n i s o c y a n a t e s and c y a n a m i d e , t o 
f u r t h e r m o d i f y t h e p r o p e r t i e s o f an o l i g o m e r , t h e N - c y a n o u r e a -
t e r m i n a t e d compound h a v i n g t h e d e s i r e d c h a r a c t e r i s t i c s we re 
o b t a i n e d by f i r s t r e a c t i n g g l y c o l s w i t h two m o l e c u l e s o f a 
d i i s o c y a n a t e , and t h e n r e a c t i n g t h e d i i s o c y a n a t e o l i g o m e r w i t h two 
m o l e c u l e s o f c y a n a m i d e . The p r e p a r a t i o n o f N - c y a n o u r e a o l i g o m e r s i s 
s ummar i z ed by t h e f o l l o w i n g r e a c t i o n s : 

f? » 
HO-R-OH + 2 0 C N - R ' - N C 0 *- OCN -R ' -NHC -O -R -O -C -NH -R ' -NCO (1 ) 

[ I ] 

In Reactive Oligomers; Harris, F., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



R E A C T I V E O L I G O M E R S 

F i g u r e 1. L ap s h e a r s t r e n g t h a s a f u n c t i o n o f e q u i v a l e n t r a t i o 
o f e p o x i d e t o N - c y a n o u r e a . 
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c u r i n g a g e n t f o r epoxy r e s i n s was s y n t h e s i z e d f r o m t o l u e n e 
d i i s o c y a n a t e ( T D I ) , a c a p r o l a c t o n e d i o l (PCP) (MW = 530 g/mole) and 
c y a n a m i d e . The o l i g o m e r was m i x e d w i t h Epon 8 2 8 , a d i g l y c i d y l e t h e r 
o f b i s p h e n o l A , a t v a r i o u s c o m p o s i t i o n s . The se m i x t u r e s , a f t e r 
a p p l y i n g a s s t r u c t u r a l a d h e s i v e s and c u r i n g a t 160°C f o r 2 h o u r s , 
p r o v i d e e x c e l l e n t l a p s h e a r s t r e n g t h t o s t e e l , a l um inum and SMC ( a 
f i b e r g l a s s - r e i n f o r c e d p o l y e s t e r m o l d i n g compound ) , as shown i n F i g u r e 
1. Maximum p e r f o r m a n c e c a n be o b s e r v e d i n t h e c o m p o s i t i o n whe re t h e 
e q u i v a l e n t r a t i o o f epoxy t o N - c y a n o u r e a i s 2 . T h i s i m p l i e s t h a t two 
e p o x i d e g r o u p s r e a c t w i t h one N - c y a n o u r e a g r o u p , g i v i n g t h e b e s t 
a d h e s i o n t o t h e s u b s t r a t e s

The r e a c t i o n b e t w e e
r e p o r t e d t o g i v e a 1 , 3 - o x a z o l i d i n e , ( 4 ) 

w h i c h f u r t h e r r e a c t s w i t h d i g l y c i d y l e t h e r o f b i s p h e n o l A t o f o r m a 
c r o s s - l i n k e d r e s i n . T h i s mechan i sm seems t o a g r e e w i t h t h e 
c o n c l u s i o n t h a t t h e maximum a d h e s i o n p e r f o r m a n c e o c c u r s a t t h e 
e q u i v a l e n t r a t i o o f e p o x i d e t o N - c y a n o u r e a e q u a l t o 2 . Howeve r , t h i s 
mechan i sm c o u l d n o t be u s e d t o e x p l a i n f a c t s o b t a i n e d i n t h e 
f o l l o w i n g s t u d i e s . 

To u n d e r s t a n d t h e r e a c t i o n mechan i sm and t o s t u d y t h e s t a b i l i t y 
o f t h e t h e r m o s e t t i n g s y s t e m , t h e m i x t u r e o f Epon 828 and N - c y a n o u r e a 
o l i g o m e r , s y n t h e s i z e d f r o m TD I , p o l y c a p r o l a c t o n e d i o l and c y a n a m i d e , 
was s t o r e d a t room t e m p e r a t u r e . I t was f o u n d t h a t t h e v i s c o s i t y o f 
t h e m i x t u r e i n c r e a s e d w i t h s t o r a g e t i m e and f i n a l l y became a g l a s s y 
s o l i d a f t e r two m o n t h s . F i g u r e 2 shows t h e IR s p e c t r a o f t h i s 
m i x t u r e t a k e n a t d i f f e r e n t s t o r a g e p e r i o d s . A s t r o n g a b s o r p t i o n o f 
-CHN g roup a t 2270 cm c a n be o b s e r v e d i n F i g u r e 2 a . The 
N - c y a n o u r e a a b s o r p t i o n i n t h e r e s i n m i x t u r e g r a d u a l l y weakens upon 
a g i n g a t room t e m p e r a t u r e , a s shown j n F i g u r e s 2b and 2 c . I n F i g u r e 
2 , t h e e p o x i d e a b s o r p t i o n a t 915 cm shows no d e t e c t a b l e change i n 
i n t e n s i t y . T h i s s u g g e s t s t h a t e p o x i d e and NCNH- do n o t u n d e r g o any 
a p p r e c i a b l e r e a c t i o n upon s t a n d i n g a t room t e m p e r a t u r e . 

R e c e n t l y , t h e d i f u n c t i o n a l N - c y a n o u r e a compound was d i s c o v e r e d 
t o p o l y m e r i z e i n t o a h i g h m o l e c u l a r w e i g h t p o l y m e r a t room t e m p e r a 
t u r e . A t e n t a t i v e p o l y m e r i z a t i o n mechan i sm was p r o p o s e d i n t h e 
r e p o r t , ( 1 ) b a s e d on IR and NMR s t u d i e s . T h i s p o l y m e r i z a t i o n i s 

NH 
0 

RNHCN + C H 0 - C H - R f (3 ) 

OCN-R-NCO + H 2 NCN NCNHCNH-R-NHCNHCN (4) 

In Reactive Oligomers; Harris, F., et al.; 
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F i g u r e 2 . IR s p e c t r a o f Epon 8 2 8 - d i ( N - c y a n o u r e a ) m i x t u r e a t 
d i f f e r e n t a g i n g p e r i o d s , ( a ) 0 d a y s ; (b ) 5 d a y s ; ( c ) 13 d a y s . 

In Reactive Oligomers; Harris, F., et al.; 
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Room T e m p e r a t u r e ^ I 
0 
II 

R-NHC-N, 

CHN 
/ 

^ C - N H C - N H -

[ I I I ] 

(5 ) 

NH 

s ^ 
R-NHC-N Ν 

/ 
H 2 N 

(6) 

w e l l s u i t e d f o r i l l u s t r a t i n g t h e v i s c o s i t y i n c r e a s e and t h e d i s 
a p p e a r a n c e o f -CEN a b s o r p t i o n i n t h e IR s p e c t r a o f Epon 8 2 8 - d i - N -
c y a n o u r e a m i x t u r e . ( F i g u r e 2 ) . Upon s t a n d i n g , t h e d i - N - c y a n o u r e a 
o l i g o m e r s l o w l y p o l y m e r i z e d i n t o a h i g h m o l e c u l a r w e i g h t l i n e a r 
p o l y m e r w h i c h was p l a s t i c i z e d by t h e l i q u i d epoxy r e s i n . 

Upon h e a t i n g , t h e l i n e a r p o l y m e r s y n t h e s i z e d f r o m a d i - N -
c y a n o u r e a compound was c o n c l u d e d t o u n d e r g o a t h e r m a l d e g r a d a t i o n o f 
t h e u r e a l i n k a g e , as shown i n E q u a t i o n 7. 

[ I l l ] on [ I V ] 

NH 

R-NCO + H î f ÎÎ W N -

ΗΝ H 0 

[V] 

(7 ) 

N H 0 

R-NCO + Ν N-

[V I ] 

E q u a t i o n s ( 5 ) , ( 6 ) , and (7) e x p l a i n t h e c u r i n g o f t h e aged Epon 
8 2 8 - d i - N - c y a n o u r e a m i x t u r e . F i g u r e 3 shows t h e e p o x i d e a b s o r p t i o n o f 
t h e m i x t u r e d i s a p p e a r a n c e upon h e a t i n g a t 165°C f o r 2 h o u r s . A t 
e l e v a t e d t e m p e r a t u r e s t h e e p o x i d e g r o u p s h o u l d r e a c t w i t h -NHCN, 
E q u a t i o n 3 , as w e l l as f u n c t i o n g r o u p s 
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i n chemical s t r u c t u r e s I I , IV, V and VI, to form a thermoset. The 
isocyanate groups shown i n Equation (7) should react r a p i d l y with -OH 
groups generated from the epoxy curing r e a c t i o n s , g i v i n g a h i g h l y 
c r o s s - l i n k e d m a t e r i a l . 

In order to confirm that the polymer synthesized from a di-N-
cyanourea compound was an epoxy curing agent, the polymer prepared 
f o r TDI, PCP (MW = 530 g/mole) and cyanamide was d i s s o l v e d i n 
acetone with Epon 828, cast i n t o f i l m , and then heated at 165°C f o r 
2 hours. S i m i l a r r e s u l t s were obtained. 

N-Cyanourea Oligomers as Coating M a t e r i a l s . P r e v i o u s l y , the d i -
f u n c t i o n a l N-cyanourea-terminated oligomers were used to prepare 
thermoset p l a s t i c s at a temperature higher than 100°C.ÇL) I t was 
reported that the oligomers, upon heating, underwent the same major 
polymerization as equations (5) and (6) i n l i n e a r polymer prepara
t i o n . Some side r e a c t i o n s , based on IR, NMR and mass spectroscopic 
studies were proposed to i l l u s t r a t e the formation of c r o s s - l i n k s , as 
shown i n Figure 4. 

Based on these r e s u l t s , a p p l i c a t i o n research was conducted to 
evaluate the f e a s i b i l i t y of t h i s chemistry i n coatings u t i l i z a t i o n . 
Table I shows the s t r u c t u r e s of N-cyanourea-terminated oligomers 
synthesized from d i o l s , d i i s o c y a n a t e s , and cyanamide, and the use of 
these oligomers as c o r r o s i o n p r o t e c t i o n coatings f o r s t e e l substrate. 
The oligomers e x h i b i t e x c e l l e n t adhesion, solvent r e s i s t a n c e , 
f l e x i b i l i t y and hardness, depending on the s t r u c t u r e of the polymer 
backbone. In a d d i t i o n to coating a p p l i c a t i o n s , the oligomers a l s o 
provide a substrate f a i l u r e when they are used as SMC adhesives. 

Conclusion 

Novel chemistry regarding N-cyanourea-terminated r e a c t i v e oligomers 
can be summarized as Scheme 1, when the previous p u b l i c a t i o n i s 
combined with t h i s r e p o r t . The oligomer can be prepared from a 
diisocyanate and cyanamide e i t h e r i n bulk or i n an a l k a l i n e aqueous 
s o l u t i o n . The oligomer undergoes homopolymerization (Route a) to 
form high molecular weight, l i n e a r polymer at room temperature and 
c r o s s - l i n k i n g r e a c t i o n (Route b) to generate a thermoset upon 
heating. The mixture of epoxy r e s i n and the oligomer q u i c k l y forms 
a network p l a s t i c i z e d by epoxy r e s i n upon curing, and then, a 
t o t a l l y c r o s s - l i n k e d thermoset a f t e r f i n a l cure (Route e ) . The 
l i n e a r polymer derived from the oligomer als o serves as c r o s s -
l i n k i n g agent f o r epoxy r e s i n (Route d). 

The oligomers are, therefore, a p p l i c a b l e to coatings, adhesives, 
and other uses needing thermosetting m a t e r i a l s . 
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4000 3000 2000 1500 1000 500 -1 

F i g u r e 3 . IR s p e c t r u m o f Epon 8 2 8 - d i ( N - c y a n o u r e a ) m i x t u r e a f t e r 
b e i n g aged f o r 13 d a y s , and t h e n c u r e d a t 165°C f o r 2 h o u r s . 

Major Reaction 

2 -NHO-NHCN • 
η A 

-Ν HON N-0 f=N 
-NH£-N . . 

yNHCNH- H2N^N^0 
HN lo 

Minor Reactions 

0 NH 
•I A. 

-HNC-N 

N^N-^O 

> -NCO 

- CO2 

- N = C-N— 

X2 

Η2Ν*Ν^*0 

0 O ù 
—NHC-NHCN » -NHC-NH-f N \ NHC-NH-

NHC-NH-11 
0 

F i g u r e 4 . P o s s i b l e c r o s s - l i n k i n g r e a c t i o n s . 
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10 
Chain Extendable Oligomers for High-Solids Coatings 

J. W. HOLUBKA 

Research Staff, Ford Motor Company, Dearborn, MI 48121 

High solids coating systems usually employ low molecu
lar weight multifunctional adducts or polymers in com
bination with multifunctional crosslinking agents. The 
networks that resul
in structure and morpholog
from conventional coating formulations that incorporate 
relatively high molecular weight polymers and 
crosslinkers. This paper describes three reactive oli
gourethane oligomers that incorporate chemical func
tionality that allows chain extension to occur during 
cure. The chain extension occurs preferably as a reac
tion independent of crosslinking and generates, in 
situ, during cure, a conventional high molecular weight 
polymer. One reactive oligomer incorporates blocked 
isocyanate-polyol chemistry that undergoes chain exten
sion, during cure, to form hydroxy functional 
polyurethanes that are subsequently crosslinked, in 
situ, with conventional aminoplast crosslinkers. The 
remaining two reactive oligomers use blocked 
isocyanate-epoxy and t-butyl carbamate-epoxy chemistry 
for chain extension and subsequent self-crosslinking 
through formation of the corresponding oxazolidone and 
epoxy-amine linkages respectively. 

H i g h s o l i d s c o a t i n g s y s t e m s u s u a l l y emp loy l ow m o l e c u l a r w e i g h t 
m u l t i f u n c t i o n a l a d d u c t s o r c o p o l y m e r s i n c o m b i n a t i o n w i t h m u l t i f u n c 
t i o n a l c r o s s l i n k i n g a g e n t s . T y p i c a l l y , t h e s e f o r m u l a t i o n s y i e l d n e t 
w o r k s t h a t d i f f e r g r e a t l y f r o m t h o s e f o rmed i n c o n v e n t i o n a l c o a t i n g 
s y s t e m s t h a t i n c o r p o r a t e r e l a t i v e l y h i g h m o l e c u l a r w e i g h t h y d r o x y 
f u n c t i o n a l p o l y m e r s . I n t h i s p a p e r , t h e s y n t h e s i s and c h e m i s t r y o f 
t h r e e r e a c t i v e u r e t h a n e o l i g o m e r s t h a t c a n unde r go c h a i n e x t e n s i o n 
d u r i n g c u r e a r e r e p o r t e d . T h e s e o l i g o m e r s r e f e r r e d t o as u r e t h a n e 
m o d i f i e d e p o x y - d i o l o l i g o m e r , T y p e I u r e a - u r e t h a n e o l i g o m e r and T y p e 
I I u r e a - u r e t h a n e o l i g o m e r , a r e a l s o d e s c r i b e d i n h i g h s o l i d c o a t i n g 
f o r m u l a t i o n s . 

0097-6156/85/0282-0117$06.00/0 
© 1985 American Chemical Society 
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E x p e r i m e n t a l 

E p o x y - d l o l A d d u c t . The e p o x y - d i o l a d d u c t s were p r e p a r e d u s i n g s t a n 
d a r d t e c h n i q u e s (1_) by h e a t i n g a m i x t u r e o f two mo le s o f d i o l w i t h 
one mo le o f epoxy r e s i n a t 1 3 0 - 1 4 0 ° C f o r 8 h o u r s u s i n g 1% 
Ν , Ν - d i m e t h y l e t h a n o l a m i n e as c a t a l y s t . E p o x y - d i o l a d d u c t s p r e p a r e d i n 
t h i s manner showed t h e a b s e n c e o f epoxy a b s o r p t i o n i n t he i n f r a r e d 
s p e c t r u m . 

H a l f - b l o c k e d D i i s o c y a n a t e s . The h a l f - b l o c k e d d i i s o c y a n a t e s were p r e 
p a r e d u s i n g c o n v e n t i o n a l methods ( 2 ) by a d d i n g d r o p w i s e , o v e r a 
p e r i o d o f one h o u r , 1 mo le o f a l c o h o l t o 1 mo le o f d i i s o c y a n a t e and 
100 mg d i b u t y l t i n d i l a u r a t e i n m e t h y l a m y l k e t o n e u n d e r an i n e r t 
a t m o s p h e r e . A f t e r t he a d d i t i o n o f the a l c o h o l , t h e r e a c t i o n was 
h e a t e d a t 6 0 - 8 0 ° C f o r 2 h o u r s . F o r h a l f - b l o c k e d d i i s o c y a n a t e s p r e 
p a r e d f r o m t e r t i a r y a l c o h o l s , t h e h e a t i n g p e r i o d was r e p l a c e d w i t h 
room t e m p e r a t u r e s t i r r i n
r e a c t i o n s . 

C h a i n E x t e n d a b l e U r e t h a n e M o d i f i e d Epoxy O l i g o m e r . The c h a i n e x t e n 
d a b l e u r e t h a n e m o d i f i e d o l i g o m e r s were p r e p a r e d by c o m b i n i n g e q u i -
m o l a r amounts o f e p o x y - d i o l a d d u c t and h a l f - b l o c k e d d i i s o c y a n a t e s , 
a n d h e a t i n g t h e r e s u l t i n g m i x t u r e a t 80°C f o r 4 -6 h o u r s u n t i l t he 
i s o c y a n a t e i n f r a r e d band d i s a p p e a r e d . 

T y p e I U r e a - U r e t h a n e O l i g o m e r s . To 30g ( 0 . 5 m o l e ) e t h y l e n e d i a m i n e 
a n d 10g d i m e t h o x y e t h a n e i n a t h r e e - n e c k f l a s k e q u i p p e d w i t h an 
o v e r h e a d s t i r r e r was added o v e r a o n e - h o u r p e r i o d , 185g ( 0 . 5 m o l e ) o f 
b u t a n o l h a l f - b l o c k e d d i i s o c y a n a t e . A f t e r t h e a d d i t i o n , t he r e a c t i o n 
was s t i r r e d o v e r n i g h t a t room t e m p e r a t u r e . 

T y p e I I U r e a - U r e t h a n e O l i g o m e r s . To 1 1 . 6 g (0 .1 m o l e ) o f m e l t e d 
1 , 6 - h e x a n e d i a m i n e was added 7 6 . 9 g o f t - b u t a n o l h a l f - b l o c k e d 
i s o p h o r o n e d i i s o c y a n a t e . D u r i n g a b o u t a 3 0 - m i n u t e a d d i t i o n , t h e t e m 
p e r a t u r e r o s e to 5 0 - 6 0 ° C . A f t e r an a d d i t i o n a l one h o u r o f h e a t i n g a t 
5 0 - 6 0 ° C , t h e o l i g o m e r s o l u t i o n was t h i n n e d w i t h 40g o f 2 - h e x o x y -
e t h a n o l . 

P r i m e r F o r m u l a t i o n s . C o a t i n g s we re f o r m u l a t e d u s i n g s t a n d a r d t e c h 
n i q u e s . M i l l b a s e s were p r e p a r e d by d i s p e r s i n g t h e o l i g o m e r s o l u t i o n 
w i t h p i g m e n t s ( s i l i c a , c a r b o n b l a c k , t i t a n i u m d i o x i d e and b a r i u m 
s u l f a t e i n a 1 : 1 : 1 : 1 0 r a t i o ) . The v i s c o s i t y o f t he f o r m u l a t i o n was 
r e d u c e d to s p r a y v i s c o s i t y by a d d i t i o n o f s o l v e n t . 

C o r r o s i o n T e s t P r o c e d u r e s . T e s t c o a t i n g s a m p l e s we re a p p l i e d t o c o l d 
r o l l e d , u n p o l i s h e d b a r e s t e e l p a n e l s and b a k e d . S a l t s p r a y t e s t s 
w e r e c o n d u c t e d a c c o r d i n g t o ASTM method B117 u s i n g a S i n g l e t o n c o r r o 
s i o n t e s t c a b i n e t o p e r a t e d a t 3 5 ° C . C o n d e n s i n g h u m i d i t y t e s t s (ASTM 
D2246 and D2247) we re c o n d u c t e d u s i n g a C l e v e l a n d H u m i d i t y c a b i n e t (Q 
P a n e l Company ) . The c a t h o d i c p o l a r i z a t i o n t e s t was u s e d to e v a l u a t e 
t h e r e s i s t a n c e o f t he c o a t i n g s t o c o r r o s i o n g e n e r a t e d h y d r o x i d e . A 
d e t a i l e d d e s c r i p t i o n o f t h i s e x p e r i m e n t has been g i v e n e l s e w h e r e ( 3 ) . 
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R e s u l t s and D i s c u s s i o n 

U r e t h a n e M o d i f i e d E p o x y - d i o l O l i g o m e r s . U r e t h a n e m o d i f i e d e p o x y - d i o l 
o l i g o m e r s a r e e a s i l y p r e p a r e d by r e a c t i n g t h e f r e e i s o c y a n a t e f u n c 
t i o n a l g r oup o f a h a l f - b l o c k e d d i i s o c y a n a t e w i t h t he e p o x y - d i o l 
a d d u c t . A l t h o u g h the o l i g o m e r f o rmed i n t h i s r e a c t i o n i s u n d o u b t e d l y 
a m i x t u r e , s i n c e t he i s o c y a n a t e c o u l d r e a c t w i t h any o f t he h y d r o x y 
g r o u p s on t he e p o x y - d i o l a d d u c t , i t i s e x p e c t e d t h a t t he p r e d o m i n a t e 
r e a c t i o n w o u l d o c u r a t t he most a c c e s s i b l e l o c a t i o n ο t he e p o x y - d i o l 
a d d u c t , n a m e l y t he t e r m i n a l h y d r o x y f u n c t i o n a l i t y . The r e a c t i v e o l i 
gomer f o rmed i n t h i s r e a c t i o n w o u l d t hu s be e n d - c a p p e d w i t h a 
b l o c k e d - i s o c y a n a t e and a h y d r o x y g r o u p . D u r i n g t he c u r e , d e b l o c k i n g 
o f the b l o c k e d - i s o c y a n a t e g e n e r a t e s a f r e e i s o c y a n a t e t h a t s u b 
s e q u e n t l y r e a c t s w i t h h y d r o x y f u n c t i o n a l i t y t o c h a i n e x t e n d t he o l i 
gomer and f o r m a h i g h e r m o l e c u l a r p o l y u r e t h a n e p o l y m e r h a v i n g p e n d a n t 
h y d r o x y f u n c t i o n a l i t y . I n f r a r e d s p e c t r o s c o p y was u sed to s t u d y t he 
mechan i sm o f c h a i n e x t e n s i o
h y a n t o i n e p o x y / 2 - e t h y l - l , 3 - h e x a n e d i o
o b t a i n e d f o r s a m p l e s bake  t e m p e r a t u r e
The mechan i sm o f c h a i n e x t e n s i o n was s t u d i e d by o b s e r v i n g t h e OH and 
NH a b s o r p t i o n s a t 3460 cm-1 and 3340 cm-1 r e s p e c t i v e l y . S i n c e one 
h y d r o x y m o i e t y i s consumed f o r e a c h c h a i n e x t e n s i o n w h i l e one 
u r e t h a n e NH i s f o r m e d , t h e r a t i o o f OH/NH i n f r a r e d a b s o r p t i o n s w i l l 
d e c r e a s e as c h a i n e x t e n s i o n o c c u r s . The r e s u l t s o f t h i s s t u d y a r e 
shown i n T a b l e I and F i g u r e 1. 

F i g u r e s l a and l b show the OH and NH i n f r a r e d bands o f t he o l i 
gomer as a f u n c t i o n o f t e m p e r a t u r e i n u n c a t a l y z e d and c a t a l y z e d 
f o r m u l a t i o n s . The u n c a t a l y z e d u r e t h a n e m o d i f i e d epoxy o l i g o m e r shows 
o n l y s m a l l change s i n t he OH/NH a b s o r b a n c e r a t i o a t t e m p e r a t u r e s 
b e l o w 165°C ; o n l y a b o u t a 60% c o n v e r s i o n o f t he b l o c k e d i s o c y a n a t e 
was o b s e r v e d . I n c o n t r a s t , s amp le o f t h e o l i g o m e r c a t a l y z e d w i t h 
0 . 5 % d i b u t y l t i n d i l a u r a t e shows n e a r l y c o m p l e t e c h a i n e x t e n s i o n a t 
t e m p e r a t u r e s as l ow as 1 3 0 ° C . 

Two t y p e s o f u r e - u r e t h a n e o l i g o m e r s we re p r e p a r e d . The a l c o h o l 
u s e d t o b l o c k t he d i i s o c y a n a t e d i s t i n g u i s h e s t he two t y p e s o f u r e a -
u r e t h a n e o l i g o m e r s . T y p e I o l i g o m e r s we re p r e p a r e d u s i n g a d i i s o 
c y a n a t e h a l f - b l o c k e d w i t h p r i m a r y o r s e c o n d a r y a l c o h o l s ; T y p e I I 
o l i g o m e r s we re p r e p a r e d u s i n g d i i s o c y a n a t e s h a l f - b l o c k e d w i t h t e r 
t i a r y a l c o h o l s . W e l l c u r e d f i l m s ( h a v i n g good s o l v e n t r e s i s t a n c e ) 
a r e o b t a i n e d when u r e a - u r e t h a n e o l i g o m e r s a r e comb ined w i t h epoxy 
r e s i n s and baked w i t h o u t e x t e r n a l c r o s s l i n k i n g a g e n t s ( e . g . me l am ine 
c r o s s l i n k e r ) . C u r r e n t e v i d e n c e i n d i c a t e s t h a t t he c u r e c h e m i s t r y i s 
c o m p l e x and d i f f e r s w i t h change s i n u r e a - u r e t h a n e s t r u c t u r e . 

T y p e I O l i g o m e r s . M o d e l s t u d i e s i n d i c a t e t h a t t he c u r e mechan i sm o f 
T y p e I o l i g o m e r s i n v o l v e a n i n i t i a l c h a i n e x t e n s i o n r e s u l t i n g f r o m 
t h e r e a c t i o n o f a n o x i r a n e f u n c t i o n a l i t y o f t h e epoxy r e s i n w i t h i s o 
c y a n a t e f u n c t i o n a l i t y ( g e n e r a t e d as a r e s u l t o f t h e r m a l d e b l o c k i n g o f 
t h e u r e t h a n e m o i e t y i n t he u r e a - u r e t h a n e o l i g o m e r ) t o f o r m a p o l y o x a -
z o l i d o n e . The p o l y o x a z o l i d o n e f o r m e d as a r e s u l t o f o l i g o m e r c h a i n 
e x t e n s i o n has been f o u n d t o c r o s s l i n k t h r o u g h t he r e a c t i o n o f N-H 
f u n c t i o n a l i t y on t he backbone o f t he f o r m i n g p o l y m e r w i t h e x c e s s 
d e b l o c k e d u r e a - u r e t h a n e o l i g o m e r t o f o r m b i u r e t c r o s s l i n k s . F i g u r e s 
2 a and 2b show the i n f r a r e d s p e c t r a o f baked and unbaked T y p e I 
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Table I. Infrared Study of the Chain Extension Reaction 

Experiment Percent Catalyst Temperature °C AOH^NH 

A 0 50 0.651 

Β 0 130 0.589 

C 0 150 0.536 

D 0 165 0.519 

Ε 0 180 0.385 

F 

G 0.5 130 0.438 

H 0.5 180 0.440 

Fig. 1A Fig. 1B 

Figure 1. Infrared spectra for a toluene diisocyanate modified 
hydantoin epoxy/2-ethy1-1,3-hexanediol oligomer showing the OH 
and NH bands of the oligomer as a function of temperature in 
uncatalyzed and catalyzed formulations. 
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u r e a - u r e t h a n e / e p o x y f o r m u l a t i o n s r e s p e c t i v e l y . The p r i n c i p a l d i f 
f e r e n c e s i n t he s p e c t r a i n v o l v e a s i g n i f i c a n t b r o a d e n i n g and s h i f t i n g 
o f t he c a r b o n y l a b s o r p t i o n t o h i g h e r f r e q u e n c y ( i n f r a r e d a b s o r p t i o n s 
a t 1830 -1840 c m - 1 , c o n s i s t e n t w i t h t he f o r m a t i o n o f o x a z o l i d o n e and 
b i u r e t m o i e t i e s ) . A l s o c o n s i s t e n t w i t h o x a z o l i d o n e f o r m a t i o n i s a 
d i s a p p e a r a n c e o f t he epoxy a b s o r p t i o n a t 910 c m - 1 . 

T y p e I I O l i g o m e r s . The c u r e mechan i sm o f T y p e I I o l i g o m e r s r e l i e s on 
t h e t h e r m a l d e c o m p o s i t i o n o f t e r t i a r y c a r b a m a t e s ( r e a c t i o n p r o d u c t s 
o f t e r t i a r y a l c o h o l s w i t h i s o c y a n a t e s ) t h a t a f f o r d s c a r b o n d i o x i d e , 
a l k e n e and f r e e a m i n e . I n c o a t i n g f o r m u l a t i o n s T y p e I I o l i g o m e r s a r e 
a l s o f o r m u l a t e d w i t h epoxy r e s i n s . Gas c h r o m a t o g r a p h i c e v i d e n c e 
i n d i c a t e s t h a t amine i s l i b e r a t e d f r o m t he t e r t i a r y c a r b a m a t e d u r i n g 
t h e c u r e and c r o s s l i n k s the c o a t i n g t h r o u g h a n epoxy amine r e a c t i o n . 
The c u r e c h e m i s t r y o f a T y p e I I u r e a - u r e t h a n e / e p o x y f o r m u l a t i o n was 
a l s o s t u d i e d by i n f r a r e d s p e c t r o s c o p y . The r e s u l t s ( F i g u r e 3 and 
T a b l e I I ) show d e c r e a s e
a t 1700 cm-1 and the d i s a p p e a r a n c
t h e t e m p e r a t u r e o f t he c u r e r e a c t i o n i s i n c r e a s e d f r o m 5 0 - 1 8 0 ° C . 
T h e s e r e s u l t s a r e c o n s i s t e n t w i t h t he gas c h r o m a t o g r a p h i c d a t a . A l s o 
n o t e d i n t he i n f r a r e d s p e c t r a i s an i n c r e a s e i n t he u r e a a b s o r p t i o n 
a t 1630 cm-1 a s the t e m p e r a t u r e i s i n c r e a s e d . I n t h i s l a t t e r c a s e , 
t h e f r e e am ine r e a c t s w i t h i s o c y a n a t e ( l i b e r a t e d by n o r m a l d e b l o c k i n g 
o f a b l o c k e d i s o c y a n a t e ) t o g e n e r a t e u r e a l i n k a g e s ) . 

T a b l e I I . I n f r a r e d A b s o r p t i o n D a t a on t h e C u r e o f ( t - B u t y l 
C a r b a m a t e ) T e r m i n a t e d U r e a - U r e t h a n e C o a t i n g a 

A b s o r p t i o n R a t i o n 

A1700/ A1630/ A910/ A910/ A1630/ 
T e m p e r a t u r e A1365 A1365 A1365 A830 A830 

50 .95 1.6 .45 .68 1.43 

150 .91 2 .0 .38 .63 1.52 

180 .83 2.6 0 0 3.26 

a C o a t i n g c o m p o s i t i o n c o n s i s t s o f 80 w e i g h t p e r c e n t 1 , 6 - h e x a n e d i a m i n e 
t - B u t y l b l o c k e d i s o p h o r o n e d i i s o c y a n a t e ba s ed u r e a u r e t h a n e r e s i n . 

' A b s o r b a n c e r a t i o s u s ed p e a k s a t 1365 cm"* 1 and 830 c m " 1 a s i n t e r n a l 
s t a n d a r d s . 
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M I C R O N S 

6.0 7.0 8.0 9.0 I Ο 12 14 

1800 160

cm"' 

F i g u r e 2 . I n f r a r e d s p e c t r a o f baked and unbaked Type I 
u r e a - u r e t h a n e / e p o x y f o r m u l a t i o n s r e s p e c t i v e l y . 

'630 c m - l 

F i g u r e 3 . I n f r a r e d s p e c t r a f o r T ype I I u r e a - u r e t h a n e / e p o x y f o r 
m u l a t i o n s , r e s p e c t i v e l y , s h o w i n g d e c r e a s e s i n t he i n t e n s i t y o f 
t h e u r e t h a n e a b s o r p t i o n a s the* t e m p e r a t u r e o f the c u r e r e a c t i o n 
i s i n c r e a s e d f r o m 5 0 - 1 8 0 ° C . 
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C o n c l u s i o n 

An a l t e r n a t e a p p r o a c h t o h i g h s o l i d s c o a t i n g f o r m u l a t i o n s has been 
p r e s e n t e d . The s y n t h e s i s o f t h r e e r e a c t i v e o l i g o u r e t h a n e s i n c o r p o r 
a t i n g c h e m i c a l f u n c t i o n a l i t y t h a t a l l o w s c h a i n e x t e n s i o n t o o c c u r 
d u r i n g c u r e i n a r e a c t i o n i n d e p e n d e n t o f c r o s s l i n k i n g has been 
d e s c r i b e d . T he p r o p o s e d c h a i n e x t e n s i o n r e a c t i o n o c c u r i n g t o 
g e n e r a t e , i n s i t u , d u r i n g c u r e , a c o n v e n t i o n a l h i g h m o l e c u l a r w e i g h t 
p o l y m e r t h a t i s s u b s e q u e n t l y c r o s s l i n k e d w i t h u s u a l c r o s s l i n k i n g 
a g e n t s . 

One r e a c t i v e o l i g o m e r i n c o r p o r a t e s b l o c k e d i s o c y a n a t e - p o l y o l c h e 
m i s t r y t h a t u n d e r g o e s c h a i n e x t e n s i o n , d u r i n g c u r e , t o f o r m h y d r o x y 
f u n c t i o n a l p o l y u r e t h a n e s t h a t a r e s u b s e q u e n t l y c r o s s l i n k e d , i n s i t u , 
w i t h c o n v e n t i o n a l a m i n o p l a s t c r o s s l i n k e r s . The r e m a i n i n g two r e a c 
t i v e o l i g o m e r s u s e b l o c k e d i s o c y a n a g e - e p o x y and t - b u t y l c a r b a m a t e -
epoxy c h e m i s t r y f o r c h a i n e x t e n s i o n and s u b s e q u e n t s e l f - c r o s s l i n k i n g 
t h r o u g h f o r m a t i o n o f t h
l i n k a g e s r e s p e c t i v e l y . 
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11 
New Telechelic Polymers and Sequential Copolymers 
by Polyfunctional Initiator-Transfer Agents (Inifers) 
End Reactive Polyisobutylenes by Semicontinuous Polymerization 

RUDOLF FAUST, AGOTA FEHERVARI, and JOSEPH P. KENNEDY 
Institute of Polymer Science, The University of Akron, Akron, OH 44325 

A novel semicontinuous cationic polymerization tech
nique has been developed fo  th  synthesi f linea
and three-arm sta
butylenes by the  techniqu
mixed monomer/inifer feed is added at a sufficiently 
low constant rate to a well stirred dilute BC13 charge. 
Stationary conditions are maintained throughout the ex
periment, and well defined telechelic products of iden
tical (symmetrical) end-group structures, essentially 
theoretical end functionalities, and close to theoret
ical molecular weight dispersities are obtained. The 
polymerization kinetics are discussed and the DPn 

equation is derived. The number average degree of 
polymerization is given by the ratio of monomer/inifer 
addition rate, DPN = AM/AI. The advantages of the 
semicontinuous technique are demonstrated by preparing 
telechelic, liquid isobutylene prepolymers at complete 
monomer conversion. The results obtained by the use 
of the semicontinuous technique are compared with 
those obtained in control experiments carried out by 
conventional batch polymerization which yield pro
ducts with broad or multimodal molecular weight dis
tributions and less uniform end groups at complete 
monomer conversion. 

The i n i f e r technique i s a most convenient route for the preparation 
of well-defined end-reactive polyisobutylenes (PIB)(1). These ma
terials may be linear or three-arm star telechelics carrying exactly 
2.0 or 3.0 end-functions, respectively. The in i f e r technique yields 
tert.-chlorine-telechelic product, for example, 

0097-6156/85/0282-0125$06.00/0 
© 1985 American Chemical Society 
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which can be quantitatively converted to olefin-, (2) alcohol-, (3) 
etc. ended prepolymers. The latters are valuable intermediates for 
the preparation of a large variety of new materials, i.e., PIB-based 
polyurethanes (4), epoxy resins (5). 

A thorough investigation of the products obtained by the i n i f e r 
technique has shown that sometimes low molecular weight materials 
(MJJ = from ^ 5 0 0 to ^ 6 0 0 0 ) may carry "unfired" or ! lonce-fired M end-

The presence of these end-group  lead  t  broadenin f th  molec
ular weight distributions
sity ratios were
and 1.33 for three-arm star telechelics (see later) prepared at low 
monomer conversions. _ 

While the number average end-group functionality F n of prepoly
mers carrying unfired or once-fired end groups is s t i l l 2.0 (for 
linear) or 3.0 (for three-arm star), the reactivity of the end-
groups may be somewhat different from the '^PIB'wv£H2-C(CH3)201 ter
minus. It has recently been shown that linear oligoisobutylenes may 
contain a significant amount of once-fired end-groups (_7). 

Another problem that occasionally arises and that i s mostly due 
to insufficient reactor control (unsatisfactory s t i r r i n g , i n s u f f i c 
ient temperature control, too high conversions) is broader than ex
pected or multimodal molecular weight distributions. 

The purpose of this paper i s to outline semicontinuous reaction 
conditions under which perfectly symmetrical end-reactive materials 
can be obtained with close to theoretical molecular weight dispers-
i t i e s , i.e., M^/M^l.5 for linear and 1.33 for three-arm star pro
ducts, even at complete monomer conversions. 

Experimental 

The synthesis of p-di(2-chloro-2-propyl)benzene (dicumylchloride, 
binifer) and 1,3,5,tri(2-chloro-2-propyl)benzene (tricumylchloride, 
t r i n i f e r ) has been described (1), (8). Isobutylene and methyl chlo
ride were dried by passing the gases through columns packed with BaO 
and molecular sieves (4A), condensing them under a dry nitrogen at
mosphere. n-Hexane was refluxed with fuming sulfuric acid, washed 
with d i s t i l l e d water u n t i l neutral, dried over molecular sieves, re-
fluxed, and subsequently d i s t i l l e d from calcium hydride under nitro
gen. 

Semicontinuous polymerization experiments were carried out in a 
stainless steel enclosure (dry box) under a dry nitrogen atmosphere 
in three neck flasks (11) equipped with overhead s t i r r e r and an i n 
let for the continuous introduction of precooled inifer/isobutylene/ 
solvent feeds to stirred, dilute BC13/solvent charges. Experiments 
with binifer were performed at -80°C by the use of CH3Cl/n-hexane 
solvent mixtures (80/20 v/v), with t r i n i f e r at -40°C using C H 3 C I 

groups: 

unfired end group once fired endgroup 
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solvent. The input rate was controlled by applying constant nitro
gen pressure on the reservoir that contained the feed. Solvent is 
needed in the feed to dissolve the inifers that are sparingly sol
uble in isobutylene. Polymerizations were terminated by quenching 
with prechilled methanol. 

Conventional polymerizations were carried out by rapidly adding 
the BCI3 coinitiator to stirred inifer/isobutylene/solvent charges. 
The composition of the f i n a l charges was identical to the f i n a l com
position of the corresponding semicontinuous runs. Heat evolution 
could often be observed in conventional batch polymerization upon 
BCI3 addition. 

The products were dissolved in n-hexane, washed with dilute 
aqueous HC1, d i s t i l l e d water, dried over anhydrous MgSOi*, filt e r e d , 
and recovered by removing the solvent (rotovap). Dehydrochlori-
nation of the tert.-chlorine endgroups has been described (2). 

Molecular weights were determined using a Waters high-pressure 
GPC instrument (Model 600
umns (10 6, 10 s, 10*, 10
and UV Absorbance Detector Model (440) and a calibration curve made 
by well fractionated polyisobutylene standards. 

While the calibration curve is s t r i c t l y valid only for the jLin-
ear PIBs, i t was assumed that i t provides sufficiently accurate Mn 

information for three-arm star products as well. This assumption 
was corroborated by determining the Mns of select liquid three-arm 
PIBs by GPC and VPO: The Mns were within experimental error. Evi
dently PIB calibration curves prepared with linear polymers can also 
be used for Mn determination of three-arm products also in the low 
molecular weight (<10,000) range. 1H NMR spectra were taken by a 
Varian T-60 Spectrometer using concentrated (^20% by weight) carbon 
tetrachloride solutions and TMS standard. 

Results and Discussion 

Kinetic Considerations. The following elementary reactions describe 
the polymerization of isobutylene by the inifer/BCl3 system: 

Ion generation 
I + BCI3 (1) 

Cationation 

I + M —^> Mn (2) 

Propagation 

M^ + M M n+1 (3) 

Chain transfer to in i f e r 
V $ t r . I 6> M + I ' > I + M n 1 n (4) 
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Termination 

M ^BCU 9 M + BC13 (5) n n 
$ & 

where I, M and ̂  are in i f e r , monomer and polymer, I and ^ 
are i n i f e r and polymer cations, and kp, ktr,I a n d ̂ t a r e t^ i e c o r " 
responding rate constants. Chain transfer to monomer was shown to 
be absent up to -20°C in this system (6)(9). 

The probability that the growing cation adds another monomer is 

p = k p M * t r t l i u * t
 ( 6 ) 

The dispersion ratio for polymers obtained by bifunctional inifers 
(binifers) i s ( 6 ) : 

V * n " 1 + fer
and, by using a calculatio
ref. 6, those prepared by trifunctional inifers (trinifers) i s : 

M /M = (1+11 p + 11 p 2 + p 3)(l+p)/(l+4p+p 2) 2 (8) w n 
Thus when k t r^[I]+kt£<k p[M], the polymer formed at each time ele
ment w i l l exhibit ̂ /Mn = 1.5 in polymerization by binifers and 
M̂ /Mn = 1.33 in polymerization by t r i n i f e r s . The number average de
gree of polymerization in in i f e r polymerization systems i s : 

-• k _ [ l ] + k 
DP - 1 = i^B = t r> X 5. (9) 

n 1+p k [M] K ' 
The DP n

- 1 w i l l remain constant only i f [M] and [I] remain constant. 
Obviously, however, both [M] and [I] decrease with time during con
ventional batch polymerizations. Consequently DPn could change with 
t i m e _ L w n i - c n i n turn would broaden the molecular weight distribution 
(M̂ /Mn > theoretical value). 

According to Equation 9 polymers with close to theoretical mol
ecular weight distributions could be prepared even at very high con
versions provided [M] and [I] remain constant throughout the poly
merization. This condition can be f u l f i l l e d by continuously adding 
a mixed monomer/inifer feed at a sufficiently low constant rate to a 
coinitiator charge, making certain that the rate of monomer/inifer 
addition and that of monomer/inifer consumption are equal over the 
course of the polymerization. 

Kinetics of the Idealized Semicontinuous Polymerization Technique. 
Based on the kinetic scheme outlined by Equations 1 through 5 the 
following set of differential equations describe the changes in the 
concentrations during polymerization: 

A ^ - k ^ J M - k [M/][M] (10) P n 

f r 1 ^ - y n t B c ^ ] - k t r p I 0 [ i i + ( I D 
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9-
I^LI = k [I*] [M] - k T[M *] [I] « k [M *] (12) at c1" J u t r ^ I 1 , n t- n 

f^ 1 = k t r > I t M n
e ] [ I ] - k c[I*][M] + k ^ l H B C l , ] - k_.[I®] (13) 

where A^ and Ax are the addition rates of monomer and i n i f e r , re
spectively. 

In semicontinuous polymerization under stationary conditions 
the concentration of monomer and i n i f e r are constant: 

i M . „ l n d m i , 0 ( 1 5 ) 

and Equations 10 and 11

'St = y O [ m ] + k

c

[ i * ] [ m ] ( 1 6 ) 

A = k.[I][BCl 3] - k [I*] + V T[M *][!} (17) l i -k tr,I n 
From Equations 15 through 17 i t also follows that under stationary 
conditions the concentration of cations are constant in the charge: 

d t M n V o a n d £ l ! U o (18) at at 
The sum of Equations 11 through 13 gives: 

A I - f t r A , ] , I ] + X ! ( 1 9 ) 

Comparing Equations 14 and 19 the rates of polymer formation and 
i n i f e r addition are equal under stationary conditions: 

d[Mn] _ (20) 
cE ~ A I 

Based on Equations 2 through 5 the number average degree of polymer
ization i s : 

_ kp[Mn*][M] + k c[I*][M] ( n ) 

n k tr,lf Mn»][I] + k t[M n»] 
By substituting Equations 16 and 19: 

DP = ~ (22) n Ai 

Since the feed contains both the monomer and the i n i f e r dissolved in 
a common solvent: 

DPn = feed (23) 
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This simple DPn equation is generally valid for mono- or multi
functional inifers; however with multifunctional inifers ktr,I and 
kt in Equation 21 correspond to one inifer/polymer molecule, i.e., 
the parameters are not normalized to one functional group. 

The stationary concentration of monomer can be calculated by 
the following considerations. Comparison of Equations 13, 18 and 19 
shows that the rate of cationation i s equal to the rate of i n i f e r 
addition: 

k c[I*][M] = Aj (24) 

Substituting Equation 24 into Equation 21 and using Equation 22 
gives: 

A k [M] 
% = E + x (25) 

From Equation 25 [I] ca
it i o n rates and Aj. Similarly, the polymer cation concentration 
can be expressed using Equation 19, and [I ] can be expressed from 
Equation 24 in terms of the same variables [M], A^ and Aj. 

A substitution of these stationary concentrations into Equation 
17 gives: 

k.[BCl 3] A " M ' - y B C I s ] £ — [M]- { ^ - V r K - O ( 2 6 ) 

t r , I M 1 t r , I p c 

By introducing the abbreviations: 

B = ^ - l ) and C = - ^ ^ 7 ] (27) 
P I P 1 

Equation 26 becomes: 
k_. 

[M]2-B[M]-(B + ^ - i ) C=0 (28) 
c 

so that 

[M] = y B + {- B2+(B + ^)C}h (29) 
c 

The above expression contains the three rate constants involved in 
i n i t i a t i o n , (in C), k c and k„j_, whose values are not known. (Re
cent attempts failed to determine the value of k^ due to experimen
t a l d i f f i c u l t i e s [10]). The value of [M] depends on both the rela
tive and the absolute addition rates and Aj, which means that at 
a given [M]/[I] in the feed, the [M] would increase with increasing 
addition rate. It is important therefore that the addition rate be 
sufficiently low so as to achieve stationary conditions rapidly, i.e., 
the time to reach stationary conditions should be negligible compared 
to the polymerization time. Unless this precaution is taken monomer/ 
inif e r may accumulate in the system which may lead to short or in 
worse cases even to an absence of stationary periods which in turn 
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would yield products resembling those obtained in conventional 
batch polymerizations. 

Experimental Results. A series of parallel experiments have been 
carried out using identical overall concentrations: one run was 
carried out by using the conventional batch technique (adding BCI3 
to monomer/inifer charges), and a corresponding semicontinuous ex
periment (adding monomer/inifer to BCI3 charges). The ultimate re
agent concentrations were identical in both sets of experiments. 
Both binifer and t r i n i f e r have been examined and various monomer/ 
ini f e r ratios were used to prepare various molecular weight products. 
To prevent indanyl end-group formation experiments with binifer were 
carried out at -80°C by the use of methyl chloride/n-hexane (80/20 
v/v) mixed solvents (2). Experiments with t r i n i f e r were performed 
using pure methyl chloride at -40°C, since intramolecular ring for
mation leading to indanyl end-groups i s impossible in t r i n i f e r sys
tems (8). Essentiall
using a minimum of solven
fers), otherwise due to the continuous dilution of the charge [M] 
and [I] would have continuously decreased. Results are compiled in 
Table I. 

Evidently, polymers with molecular weight dispersities close to 
the theoretical values can be obtained even at 100% conversions by 
the semicontinuous technique, whereas much larger dispersities have 
been obtained in conventional runs. Inspection of GPC traces of pro
ducts obtained in conventional batch binifer experiments showed 
broad distributions with a long t a i l toward the low molecular weight 
range. The GPC traces of products obtained in conventional batch 
t r i n i f e r experiments were broad and multimodal (see Figure 1) con
ceivably due to insufficient reactor control. In contrast, effec
tive reactor control can be maintained throughout the semicontinuous 
experiments, for example, due to the slow and continuous feeding of 
the reagents Sudden heat evolution can be easily avoided. 

Efforts have been made to analyze the end-groups, particularly 
for unfired and once-fired end-groups, of linear and three-arm star 
polyisobutylenes obtained in binifer and t r i n i f e r experiments, re
spectively. Confirming our earlier observations and those of other 
researchers (7) products obtained in the presence of binifer do not 
exhibit unfired end-groups, however, may contain once-fired end-
groups. The absence of unfired end groups is not surprising in view 
of the i n i t i a t i o n activating effect of the p substituent (Cl(CH3)2C-) 
in the binifer or the p polymer residue (PIB-(CH3)2C-) in the "half-
reacted" species. 

The products obtained with t r i n i f e r by the conventional batch 
method contain both unfired and once-fired end-groups, as indicated 
by the representative XH NMR spectrum shown in Figure 2. To f a c i l 
itate 1H NMR spectroscopic analysis the tert.-chloro ended primary 
products have been quantitatively dehydrochlorinated in THF so
lution by tBu0 e to the corresponding exo olefins (2). In contrast, 
the products obtained by the semicontinuous technique with t r i n i f e r 
are virt u a l l y free of unfired or once-fired structures, as indicated 
by the XH NMR spectrum shown in Figure 3. 

The molecular weight distribution of the corresponding polymer 
samples is also in accord with these observations. Products 
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Figure 1. GPC Traces of Polymers by Batch and Semicontinuous 
Technique 
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c A CH r H A ^ 
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Figure 2. XH NMR Spectrum of Product 4b of Table I Obtained 
after Dehydrochlorination 
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Figure 3. 1H NMR Spectrum of Product 4a of Table I Obtained 
after Dehydrochlorination 
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containing unfired or once-fired end groups would not yield theo
r e t i c a l M̂ /Mn values even i f [M] and [I] would remain constant during 
the polymerization; and, similarly, unfired or once-fired end groups 
must be absent in products exhibiting theoretical M̂ /Mn values. 
Thus the absence of unfired and once-fired end groups in polymers 
obtained in semicontinuous experiments with t r i n i f e r i s indicated by 
the close to theoretical M^Mn values obtained and independently by 
1H NMR spectroscopy. 

Conclusions. Table II compares some characteristics of the semicon
tinuous and batch techniques. According to 1H NMR and GPC data the 
semicontinuous technique produces polymers with well defined sym
metrical end groups, while the batch polymerization may yield once-
fired and unfired chain ends. The M̂ /Mn values of polymers obtained 
in semicontinuous runs are close to theoretical, whereas those har
vested in conventional batch polymerization exhibit broader molecu
lar weight distributions
once-fired and/or unfire
t r o l . The latter circumstance may even result in bimodal distribu
tions . 

Table II. Comparison between Conventional Batch and Semicontinuous 
Inifer Techniques for the Preparation of 

End-Reactive Polyisobutylenes 

Semicontinuous Technique Batch Technique 
Well-defined symmetrical end groups Possibility of unfired and/or 
_ _ once-fired end groups 
M /M close to theoretical Broad or bimodal and molecular 
_ weight distribution 
Mn control by [M]/[I] Mn control by nature of i n i f e r 

(Cx), very reactive or un-
reactive in i f e r unsuitable 

100% conversion of I and M 100% conversion of both I and 
M only in specific cases 

Reactor control easily maintained Reactor control d i f f i c u l t , 
danger of heat jump on rapid 
BCI3 introduction 

The molecular weights of polymers formed in semicontinuous ex
periments are controlled by the concentration ratio [M]/[I] in the 
feed, while in batch polymerizations the molecular weights are con
trolled mostly by the reactivity of the i n i f e r (i.e., the value of 
the chain transfer constant C-j- rendering too reactive or unreactive 
inifers unsuitable). In batch polymerizations complete depletion of 
I and M is possible only in specific cases, while in semicontinuous 
runs both I and M are completely consumed and constant [M] and [I] 
are maintained. The semicontinuous technique f a c i l i t a t e s satisfac
tory reactor control, while with the conventional batch technique 
reactor control i s d i f f i c u l t , (i.e., heat jump on BC13 introduction) 
which i s a major reason for broad or multimodal molecular weight dis
tributions. Evidently the semicontinuous technique is a superior 
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method for the preparation of symmetrical end-reactive polyisobuty
lenes by the i n i f e r method than conventional batch polymerizations. 
Efforts are i n progress to extend these studies to continuous poly
merizations. 
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Functionalization of Polymeric Organolithium 
Compounds 
Synthesis of Macromolecular Ketones and Telechelic Amines 

RODERIC P. QUIRK1, WEI-CHIH CHEN, and PAO-LUO CHENG 
Michigan Molecular Institute, Midland, MI 48640 

The amination and solid-state carbonation of polymeric 
organolithium compound  hav  bee  investigated -Di-
lithiumpolystyren
α,ω-diaminopolystyren g  reagen  generate
from methoxyamine and methyllithium. The pure diamine 
was isolated by column chromatography. Solid-state 
carbonation of poly(styryl)lithium with high purity, 
gaseous carbon dioxide generated the dimeric ketone 
in >90% yield. 

The alky11ithium-initiated, anionic polymerization of vinyl and diene 
monomers can often be performed without the incursion of spontaneous 
termination or chain transfer reactions (1). The non-terminating 
nature of these reactions has provided methods for the synthesis of 
polymers with predictable molecular weights and narrow molecular 
weight distributions (2). In addition, these polymerizations gene
rate polymer chains with stable, carbanionic chain ends which, in 
principle, can be converted into a diverse array of functional end 
groups using the rich and varied chemistry of organolithium compounds 
(3). 

The application of these functionalization reactions to polymers 
has been catalogued in the anionic polymer review literature (4-6). 
Unfortunately, many of the reported applications of these functional
ization reactions to anionic chain-ended polymers have not been well 
characterized (7). In order to exploit these functionalization 
reactions to their potential, well-defined procedures for quantita
tive chain end functionalization must be available. 

We have previously reported the results of careful investi
gations of the solution carbonation (8) and oxidation (9) of poly
meric organolithium compounds. These studies have been extended to 
the investigation of solid-state carbonation reactions and these re
sults are reported herein. In addition, a new method has been developed 
for the synthesis of telechelic polymers with primary amine end-group 
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functionality using the aminating reagent generated from methoxyamine 
and methyllithium (10,11). 

Experimental 
Styrene, benzene, and tetrahydrofuran were purified as described pre
viously (8,11) . Solutions of jsec-butyllithium (Lithium Corporation 
of America, 12.0 wt % in cyclohexane) and methyllithium (Alfa, 1.45 M 
in ether) and lithium naphthalene were analyzed using the double t i 
tration procedure with 1,2-dibromoethane (12). Lithium naphthalene 
was prepared in tetrahydrofuran from lithium metal and a 25 mole % 
excess of sublimed naphthalene at -25°C using standard high vacuum 
procedures. Sealed ampoules of lithium naphthalene were stored in 
liquid nitrogen. 

sec-Butyllithium-initiated polymerizations were carried out at 
30°C in a l l glass, sealed reactors using break-seals and standard 
high vacuum techniques (2). a, u)-Dilithiumpoly styrene was prepared 
using high vacuum technique
a tetrahydrofuran/benzen
a a,(jj-dilithiumpolystyrene was stored at -78°C. 

Amination (11) and solution carbonation (8) reactions were car
ried out as described previously. For solid-state carbonations, a 
benzene solution of poly(styryl)lithium was freeze-dried on the 
vacuum line followed by introduction of high-purity, gaseous carbon 
dioxide (Air Products, 99.99% pure). Analysis and characterization 
of polymeric amines (11) and carboxylic acids (8) were performed as 
described previously. Benzoyl derivatives of the aminated polysty
renes were prepared in toluene/pyridine (2/1. v/v) mixtures with 
benzoyl chloride (Aldrich, 99%). 

Number-average molar masses were determined using a vapor pres
sure osmometer (VPO) (Hitachi 117 Molecular Weight Apparatus) at 
54.8±0.1°C in toluene (Fisher Scientific, c e r t i f i e d A.C.S.) which was 
d i s t i l l e d from freshly crushed CaH2. The VPO apparatus was calibra
ted with pentaerythritol tetrastearate (Pressure Chemical). Gel per
meation chromatographic (GPC) analyses were performed in tetrahydro
furan by HPLC (Perkin-Elmer 601 HPLC) using six y-Styragel columns 
(10 6, 10 5, 10", 10 3, 500, and 100 A) after calibration with standard 
polystyrene samples. 

The concentrations of aminated chain ends were determined by t i 
trating polymer samples dissolved in 100 ml of a 1/1 (v/v) mixture of 
chloroform and glacial acetic acid with standardized HClOi* in glacial 
acetic acid using a Corning Model 10 pH meter with a calomel glass 
electrode (13). Elemental analyses were performed by Organic Micro
analysis (P.O. Box 41838, Tucson, Arizona 85717). The reported 
results are in good agreement with the calculated values which were 
derived from values (see Table I). 

Results and Discussion 

Amination. The synthesis of polymers with primary amine end-group 
functionality has been a challenge because the primary amine group 
can undergo rapid chain transfer and termination reactions with car-
banionic chain ends (14). Schulz and Halasa (15) used a phenyllith-
ium initiator with a bis(trimethylsilyl)-protected amine group to 
prepare amine-terminated polydienes. Nakahama and coworkers (16,17) 
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have ut i l i z e d the reaction of polymeric anions with a trimethylsilyl-
protected imine to prepare amine-terminated polymers. Beak and Kokko 
(10) recently described a method for the direct amination of simple 
organolithium compounds using the reagent generated from methoxyamine 
and methyllithium in hexane-diethyl ether (eq. 1). 

RLi lLCH^ONH 2/CH 3Li > ^ ( 1 ) 

Z) n2U 

We have previously reported results of the application of these pro
cedures for the amination of poly(styryl)lithium (11). After an 
investigation of a variety of procedures, a 92% yield of poly(styryl>-
amine was obtained using two equivalents of the aminating reagent in 
a THF/Et20/hexane mixture of -78°C followed by slow warming to -15°C 
and quenching in methanol (eq. 2). 

P S L i 1)

_ 2) -15°C 
1^=2000 3) C H 3 O H 

It was of interest to explore the possibility of preparing a,o)-di-
aminopolystyrene using this aminating procedure. 

a,w-Dilithiumpolystyrene was prepared from styrene and lithium 
naphthalene in a benzene/THF (300/69 v/v) mixture (eq. 3). 

2n+2 Styrene + 2Li+Naph~ -> LiCHCH2fCHCH2+-fCH2CH}-CH2CHLi (3) 
I I n I n I 
C$H5 C6H5 C6H5 C6H5 

l_ 
The lithium naphthalene was prepared in THF from lithium metal and a 
25 mole % excess of naphthalene to minimize formation of the d i l i t h -
ium naphthalene dianion (18,19). A sample of a,w-dilithiumpolysty
rene was quenched with methanol for molecular weight characterization 
(see Table II). 

The amination of a,a)-dilithiumpolystyrenes was effected using 
two equivalents of the reagent generated from methyllithium and 
methoxyamine in a benzene/THF (80/20, v/v) mixture with the results 
shown in eq. 4. 

CH3ONH2/CH3Li C H 3 O H ( . 

- 1) -78°C 2) -15°(r ^ K* J 

H 2NCHCH 2—ECHCH 2-}~fCH 2 CI^—CH 2CHNH 2 

C6H5 C6H5 C6H5 C6H5 
80% 

+ PSNH + PSH 

8% 12% 
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Table I. Elemental Analyses for a, U)-Diamin op oly styrene and the 
Corresponding Dibenzoyl Derivative 

%~C %~H %N* 

Sample Calc. Obs. Calc. Obs. Calc. ObsT" 

a,u)-Diaminopolystyrene 92.04b 92.25 7.71b 7.82 0.25b 0.10 

Dibenzoyl-a, co-diamino-
polystyrene 91.82° 91.96 7.63C 7.84 0.25° 0.10 

The observed nitroge
detection for this method (±0.06%). 

b Calculated for 1^=10952. 
c Calculated for Mn=11160. 

Table II. Molecular Weight Characterization of a,a)-Diaminopoly-
styrene 

Analytical Method M n 

GPCa 14,000 

End-Group Titration 11,000 

VP0b 12,500 

Stoichiometry 11,400 

Elemental Analyses 11*000 

Dibenzoyl derivative. Based on polystyrene calibration. 

M^VPO) = 12,000 for the polystyrene precursor. 

M̂  calculated from the ratio of gm of monomer to one-half the 
moles of ini t i a t o r (NaphT L i + ) . 
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A variety of procedures were u t i l i z e d to analyze this reaction 
mixture and to characterize a,co-diaminopolystyrene. Thin layer chro
matographic analysis using toluene as eluent exhibited three spots 
with Rf values of 0.85, 0.09, and 0.05 which corresponded to polysty
rene, poly(styryl)amine and a,w-diaminopolystyrene (see Figure 1). 
Pure samples of each of these products were obtained by s i l i c a gel 
column chromatography of the crude reaction mixture i n i t i a l l y using 
toluene as eluent [for polystyrene and poly(styryl)amine] followed by 
a methanol/toluene mixture (5/100 v/v) for the diamine. Size-exclu
sion chromatography could not be used to characterize the diamine 
since no peak was observed for this material, apparently because of 
the complication of physical adsorption to the column packing mate
r i a l . Therefore, the dibenzoyl derivative (eq. 5) was prepared and 
used for most of the analytical characterizations. 

H2N-HP&f-NH2
 2 C 6 H S C Q C 1 > C H C0NH-fPSt^HC0C H  (5) 
pyridin

The results of the various methods used to determine the molecular 
weight and degree of functionality of the diamine are shown in 
Table II. A l l of this evidence is consistent with the conclusion 
that the purified, isolated diamine possesses high difunctionality* 
When the diamine was chain extended with terephthaloyl chloride, a 
polymer product with a symmetrical molecular weight distribution was 
obtained (D.P. = 10). Inexact stoichiometry is most probably respon
sible for the limited extent of chain extension. 

Carbonation. The carbonation of polymeric organolithium compounds 
using carbon dioxide is one of the most useful functionalization 
reactions. However, there are special problems associated with the 
carbonation of polymeric organolithium compounds. For example, 
Wyman, Allen and Altares (20) reported that the carbonation of poly-
(styryl)lithium in benzene with gaseous carbon dioxide produced only 
a 60% yield of carboxylic acid; the acid was contaminated with signi
ficant amounts of the corresponding ketone (dimer) and tertiary alco
hol (trimer) as shown in eq. 6. A recent, careful, detailed investi
gation of the carbonation of polymeric organolithium compounds has 

PSLi X ) C ^ 2 ( g ) > PSC02H + (PS)2C0+(PS)3C0H (6) 
2 ) H 60% 28% 12% 

been reported (8). It was postulated that the association of poly
meric organolithium compounds (21-25) promotes intra-aggregate coupling 
to form the dimeric ketone product as shown in eqs. 7,8. 

(PSLi) 2+ C02 >- (PSC02Li) (PSLi) (7) 

Associated 
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polystyrene 

benzoyl derivative, PSNH-
benzoyl derivative, NH9PSNH9 

PSNH, 
NH2PSNH2 

;ure 1. TLC of PSH,PSNH2 ,PS(NH2) 2 and derivatives. 
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OLi 

(PSC02Li) (PSLi) - > P&-C-PS ^ > (PS)2CO (8) 
I 
OLi 

Since Lewis base additives and basic solvents such as tetrahydrofuran 
are known to deaggregate polymeric organolithium compounds, (21,23,26) 
i t was postulated that ketone formation would be minimized in the 
presence of sufficient tetrahydrofuran to effect dissociation of the 
aggregates. In complete accord with these predictions, i t was found 
that the carbonation of poly(styryl)lithium (eq. 9), poly(isoprenyl)-
lithium, and poly(styrene-b-isoprenyl)lithium in a 75/25 mixture 
(by volume) of benzene and tetrahydrofuran occurs quantitatively to 
produce the carboxylic acid chain ends (8). 

(75/25) 100% 

If association of the chain ends promotes coupling to form the 
ketone (eqs. 7,8), i t was anticipated that ketone formation would be 
favored by conditions which maximize chain-end association. In gen
eral, higher degrees of association of organolithium compounds are 
favored by higher concentrations, lower temperatures, and the absence 
of Lewis bases (3). Our approach to maximize polymeric organolithium 
chain-end association was to freeze dry benzene solutions of poly
meric organolithium compounds. The direct carbonation of a freeze-
dried sample of poly (styryl)lithium (Mn^. 2xl0 3) produced the corre
sponding ketone in greater than 90% yield. The only other product 
was the unfunctional!zed homopolymer, polystyrene, as shown in eq. 10. 

(PSLi) l ) C°2(g>> (PS)2C0+PSH (10) 
n 2) H 30 + 

90% 10% 
freeze-dried 

No carboxylic acid functionality was detected either by thin-layer 
chromatographic analyses or by end-group ti t r a t i o n . Therefore, pro
cedures are now available to control the carbonation of polymeric 
organolithium compounds to ef f i c i e n t l y produce either the carbox-
ylated chain ends or the corresponding ketone dimer. 
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Free-Radical Ring-Opening Polymerization 
Use in Synthesis of Reactive Oligomers 

WILLIAM J. BAILEY, BENJAMIN G A P U D , YIN-NIAN LIN, Z H E N D E NI, and 
SHANG-REN WU 

Department of Chemistry, University of Maryland, College Park, M D 20742 

A new method was developed for the synthesis of 
reactive, end-capped oligomers which involved copoly-
merization of a vinyl  with  cycli
which can underg
merization followe y hydrolysi g 
copolymer. Since the free radical ring-opening poly
merization makes possible the introduction of func
tional groups, such as esters, carbonates, amides, and 
thioesters, into the backbone of an addition polymer, 
hydrolysis of the copolymer will give oligmers ter
minated with various combinations of hydroxy1, amino, 
thiol, and carboxyl groups. For example, copolymeri-
zation of 2-methylene-l,3-dioxepane and styrene 
(r1=0.021 and r2=22.6) produced a copolymer containing 
10 mole-percent of ester-containing units with 100% 
ring opening. Hydrolysis of this copolymer gave an 
oligomer of styrene endcapped with a hydroxyl group on 
one end and a carboxyl group on the other end. 
Similarly copolymerization of ethylene with the cyclic 
ketene acetal gave a series of biodegradable copoly
mers which, upon hydrolysis, gave oligomers of ethy
lene capped with a hydroxyl arid a carboxyl group. 

Even though functionally terminated oligomers are commercially impor
tant, most oligomers are made by ionic addition polymerization or 
condensation reactions rather than the convenient and inexpensive 
free radical process. One of the few exceptions i s the hydroxy-
terminated poly butadiene produced by a free radical process by Arco 
Chemical Company. Also, the polymerization of butadiene and sulfur 
by a free radical mechanism that involves a ring-opening of the S3 
ring followed by reduction of the resulting polysulfide groups gives 
a mercapto-terminated polymer which has found limited use ( l ) . 
Since i t was shown that free radical ring-opening polymerization (2) 
made i t possible to introduce functional groups, such as esters (3[7, 
carbonates (4), thioesters (5), and amides (6), into the backbone of 
an addition polymer, i t was reasoned that simple hydrolysis would 
produce the desired oligomers that could be terminated with various 
combinations of hydroxyl, amino, thiol, and carboxylic acid groups. 
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The fact that examples in the literature of free radical 
ring-opening polymerization are quite rare is rather surprising in 
view of the fact that the ionic ring-opening polymerization of 
heterocyclic compounds, such as ethylene oxide, tetrahydrofuran, 
ethylenimine, 3-propiolactone and caprolactam, as well as the 
Ziegler-Natta metathesis ring-opening polymerization of cy c l i c ole
fins, such as cyclopentene and norbornene, are quite numerous• The 
few examples of free radical ring-opening polymerization that are 
reported in the literature include derivatives of vinylcyclopropane 
(7,8), o-xylylene dimer (9), derivatives of bicyclo[1.1.0]butane 
(T07> and elemental sulfur (11). 

This is probably related to the fact that simple unstrained 
fiv e - or six-membered carbocyclic rings do not undergo radical ring 
opening readily, and in fact the open-chain radicals have been shown 
to undergo ring closure to the corresponding unstrained c y c l i c radi
c a l . For example, Butler and Angelo (12) found that diallyldiraethy-
lammonium bromide would
to produce a soluble polymer
cally controlled to form the five-membered ring rather than the 
thermodynamically favored six-membered ring. 

+ CH2 CH2 R-CH? CH2 
11 y I 11 
CH CH CH* CH 

I I I I 
CH9 / ( H 2 (Ho /CH 2 

X > x 
/ \ / \ 

CH3 CH3 CH3 CH3 

R-CHo-CH CH-CHo* 
I I 
CH2 CHo 

/ \ 
CH3 CH3 

repeat 
> 

CHo-CH CH-CHo 
I I 
CHo CH2 

A 
CH3 CH3 J n 

The course of some of these ring-opening and ring-closing 
polymerizations can be explained by the recent data of Maillard, 
Forrest, and Ingold (13). They studied the transformations in the 
cyclopropylmethyl ancTthe cyclopentylmethyl series by electron spin 
resonance. In the case of the three-membered radical the reaction 
involves ring opening since the energy is favorable (5.94 kcal) and 
the rate of reaction is very high (1.3 X 10$ s " 1 ) . In the case of 
the five membered ring system the reaction proceeds in the direction 
of ring-closure since the energetics of that reaction is favorable 
(7.8 kcal) and the rate of the ring closure is also moderately high 
(1.0 X 10 5 s " 1 ) . In an effort to find some mechanism other than 
re l i e f of strain or aromatization to promote free radical ring-
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opening polymerization, we reasoned that since a carbon-oxygen 
double bond is 40-50 kcal more stable than a carbon-carbon double 
bond, the introducation of an oxygen atom into an unsaturated c y c l i c 
monomer appeared to be a possible solution. 

Free Radical Ring-Opening Polymerization 

For this reason, a reinvestigation of the cyclic ketene acetal, 
2-raethylene-l,3-dioxolane (I), that had been prepared by McElvain 
and Curry (14; was undertaken. Although McElvain and Beyerstedt 
(15) reported that benzoyl peroxide had no appreciable effect on 
diethyl ketene acetal, no such study was reported (14) for the 
2-methylene-l,3-dioxolane (I). The synthesis was carried out as 
follows (6): 

/O-CH2-CH3 HO-CH2CH2-OH ^0 - a i 2 

Br-CH2-OL >
O-CH2-CH3 H

t-BuOK 

62% 
y ^ 2 

CH2=CX I 
0-CH2 

Treatment of this monomer with benzoyl peroxide gave a high 
molecular weight polyester by a free radical ring-opening polymeri
zation which can be rationalized by the accompanying scheme. The 
structure of the polyester IV was established by analysis and hydro
lysis as well as infrared and NMR spectroscopy. 

y0-CH 2 

C H 2 < I 
0-CH2 

I 

benzoyl 
peroxide 

60°C 

0 
y 

IV 

CH2-C 

0 0 
1 1 
CH2-CH2 

R-Oi2-Ct 

II 

,0-CH2 

-> R-CH2-C 

III 

"Oi? 
I 

0-CH2 

At 60°C only 50% of the rings were opened and at 120°C, 87% 
of the rings were opened (6); high dilution also favored the extent 
of ring opening. There was a competition between the direct addi
tion of the intermediate radical II and i t s ring opening to the 
radical III. An alternative method of analysis of the extent of 
ring opening was the basic hydrolysis of the copolymer IV, which 
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cleaved the ester groups but l e f t the cy c l i c ketals intact. 
Gopolymerization of styrene and I gave a copolymer containing mostly 
ring-opened plus some non-ring-opened units. 

In a search for other c y c l i c acetals that would undergo quan
titative ring opening even at room temperature we prepared the 
seven-membered ketene acetal, 2-methylene-1,3-dioxepane (V), which 
underwent essentially complete ring opening at roan temperature. 
This process can be considered a major breakthrough in polymer che
mistry which makes possible the quantitative introduction of an 
ester group in the backbone of an addition polymer. 

,0-CH2-CH2 

0-CH2-Oi2 

di-tert-buty

peroxide 
80° 

VI 

repeat 

R - C H 2 - C I 
0-CH2-CH2 

11 -012-012 
R-CH2-CN | 

0-CH2-Oi2 

VII VIII 

Models show that the seven-membered ring increases the steric 
hindrance in the intermediate free radical VII to eliminate prac
t i c a l l y a l l of the direct addition and also introduces a small 
amount of strain so that the ring opening to the radical VIII is 
accelerated. 

The seven-membered ketene acetal V was easily copolymerized 
with styrene, 4-vinylanisole, vinyl acetate, ethylene, and vinyl 
chloride, to give copolymers with ester groups in the main chain, 
a l l with quantitative ring opening. For example, by the use of a 
large amount of styrene and a small amount of the ketene acetal V, 
followed by hydrolysis, an oligomer of styrene was produced that was 
capped with a hydroxy 1 group and a carboxylic acid group. 
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/0-CH2-CH2 (013)30-0-0-0(013)3 
CH2=CX I + GH2=CH > 

O-CH2-CH2 I 120°C 

0 0 

—CH2-C-0-(Ol2)4--CH2-CH—CH2-C-0-(CH2)4' CHo-CH— 

HD-(Oi2)4- Oi 2-01—CH 2-C-0H 

For the copolymerization of the ketene acetal V with styrene, 
r^ i s 0.021 and r2 is 22.6 at 120°C. With a mixture containing 
about 80% V and 20% styrene, a copolymer containing 90 raole-% 
styrene and 10 mole-% ester-containing units was obtained. The 
hydrolysis of this copolymer gave an oligomer of styrene containing 
an average of about nine styrene units end capped with the hydroxy! 
and carboxylic acid groups. Thus a very general method has been 
developed for the synthesis of a wide variety of oligomers with any 
desired molecular weight range. Of course, since the copolymers are 
random, the molecular weight distribution of the oligomers is quite 
broad. However, these oligomers should prove quite useful for the 
synthesis of polyurethanes and block polyesters. 

In an effort to produce a biodegradable addition polymer/ the 
2-raethylene-l,3-dioxepane (V) and ethylene were copolymerized at 
120°C for 30 minutes at a pressure of 1800 psi to give a low conver
sion of copolymers with ester-containing units varying from 2.1 to 
10.4 raole-%. Although most synthetic polymers are nonbiodegradable 
since they have not been on the earth long enough for microorganisms 
or enzyme systems to have evolved to u t i l i z e them as food, 
polyesters that are relatively low molecular weight and rather low 
melting are biodegradable (16). This observation is related to the 
fact that poly( 3-hydroxybutyric acid) occurs widely in nature and 
many micro-organisms use this polyester to store energy in the same 
way that animals use fat. On the other hand, no synthetic addition 
polymer was known that was readily biodegradable. However, the 
ethylene copolymers containing the ester groups in the backbone were 
in fact biodegradable with the copolymers containing the high amount 
of ester groups being rapidly degraded and the copolymers containing 
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only 2.1% coraonomer only slowly degraded (17). Apparently there are 
enzymes in the micro-organisms that are capable of hydrolyzing the 
ester linkages in the ethylene copolymer to produce the oligomers 
with terminal carboxylic acid groups; these oligomers are then 
degraded as analogs of fatty acids by the normal metabolic pro
cesses. 

,0-CH2-CH2 peroxide 
CH2=CH2 + CH2=CV | * 

0-CH2-CH2 120°C 

V 

-ra 2-C-0-(GH 2)4—£cH

OH" 

then H* 
-» HQ-•(CH2)4—^Oi2-CH2J—CH2-C-OH 

When the ethylene-2-methylene-l,3-dioxepane copolymer was 
hydrolyzed, i t gave oligomers which were capped with a hydroxyl 
group at one end and a carboxylic acid group at the other. For 
material with an ester-containing unit content of 2.1 mole-%, the 
value of n was approximately 47 and for material with a content of 
10.4 mole-%, the value of n was approximately 9. The copolymers 
with 6 or less mole-% of the ester-containing units had melting 
points in excess of 90°C. 

Related work had shown that the nitrogen analogs of the 
cyc l i c ketene acetals were readily synthesized and would polymerize 
with essentially 100% ring opening. For this reason their copoly-
merization with a variety of monomers was undertaken (6). 

•°-CH2 CH2=CV I 
N-CH9 

I 
CH3 

IX 

0 
li 

Uc-o-)2 

-N-CH2-CH2-
80°C 

0 
II 

•CH2-C-N-CH2-CH2 -CH2-C-N 

CH3 L 
(100% ring opened) 

CH3 

Thus the amide linkage is sufficiently more stable than the ester 
group to greatly favor the ring opening. Copolymerization of IX 
with styrene proceeded with essentially quantitative ring opening 
(6). In the case of the copolymer with styrene and IX, the copo
lymer was readily hydrolyzed to give an oligomer of styrene capped 
with an aminoraethyl group and a carboxylic acid group. 
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Also in a related study the sulfur analog of the cyc l i c 
ketene acetal X was prepared and polymerized. However, since the 
resulting thioester is apparently higher in energy than the ordinary 
ester and therefore retards the extent of ring opening, even at 
120°C only 45% of the rings were opened. Nevertheless, copolymeri-
zation of X with styrene gave a copolymer containing some thioester 
groups and hydrolysis of this copolymer gave an oligomer capped with 
a ine reap tan and a carboxylic acid group. 

/WH 2 120°C 
CH2=(\ | + CH2=CH > 

S-CH2 I (CH3)3C-0-0-C(CH3)3 

0 
II 

—CH2-C-S-CH2-CH2-|-CH2-CH' 
I S 0 

I I 
CH2-CH2 

CH2-CH-
I 

-CH2-C-S-CH2-CH2— 

OH" then ^ 

H-S-CH2-CH2 CH2-CH 
S 0 

I I 
CH2-CH2 

CH2-CH-

0 
II 

-CH2-C-OH 

Finally, the unsaturated spiro ortho carbonates were been 
shown to undergo double ring opening in a free radical polymeriza
tion to introduce a carbonate group in the backbone of an addition 
polymer (19). 
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R0# + CH2=CS C N XG=CH2 

CH2-0 0-GH2 

IX 

. P*2~<\ YO-CH 2 S 

RO-CĤ C, y<\ >OCH2 

CH2-0 0-CH2 

RO-CH2-C% ,C S x O C H 2 

CH2-0 0 -ai 2 

-> R0-Oi2-C 
>G*2 °* /0-CH2, 

CH2-0 #0-0H2 

repeat 
> 

C H 2 

y 
0 
H 

ca 2 

RD—CH2-C-(H2-0-C-0-CH -C-CH -0-

Apparently, the driving force for the ring opening i s the 
re l i e f of the strain in the spiro system and the formation of the 
stable carbonate double bond. The double ring opening is probably a 
concerted process from the i n i t i a l radical addition product to the 
open-chain radical. Even though the spiro compound XI is an a l l y l 
monomer, i t does copolyraerize with a wide variety of comonomers. 
For example, XI w i l l copolymerize with styrene to give a copolymer 
containing carbonate groups in the main polymer chain ( 2 0 ) . 
Hydrolysis gives the oligomeric polystyrene capped with reactive 
hydroxyl groups (2). 

,,CH2-0X /D-G^x peroxide 
CH2=G yC x .OCHo + n CH2=CH 

CH 2-0 O-CH/ I 80°C 
• 

XI 

CH2 CH 2 

CH2-C-CH2-0-C-0-ai2-C-ai2-OJGH2-CH-CH2-G-(^2-(> 

<j> J n 

CH 2 

II 
( H 2 

OH" 

CH2 GH 2 

m-CH2-c-ai2-o-4FFL2"<jH1—CH2-C-CH2-OH 

Thus, i t is possible by simple free radical copolymerization 

In Reactive Oligomers; Harris, F., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



13. B A I L E Y E T A L . Free-Radical Ring-Opening Polymerization 155 

with monomers that undergo ring opening followed by hydrolysis of 
the resulting copolymer to produce a variety of oligomers of any 
desired average molecular weight capped with a choice of reactive 
end groups. 

New Chain Transfer Agents from Ketene Acetals 

Since the cyclic ketene acetal V w i l l undergo free radical polymeri
zation to produce an ester group, a study was undertaken to see i f 

.O-CH2-CH2 /OCH2-CH3 
CH2=CV I CH2=CX 

OCH2-CH2 O-CH2-CH3 

V XII 

the open chain ketene aceta
transfer by involving addition-elimination. Johnson, Barnes, and 
McElvain (21) reported that peroxide treatment had no appreciable 
effect on XII, but the c r i t e r i a that they used for that deter
mination is not clear. We have verified that treatment of XII with 
a peroxide does not result in a high molecular weight polymer 
because the monomer undergoes a degradative chain transfer reaction. 
When an equimolar mixture of styrene and diethyl ketene acetal (XII) 
was heated at 140°C in the presence of cumene hydroperoxide, a co-
oligomer of styrene and the acetal XII was obtained at a 29% conver
sion. An elemental analysis indicated the oligomer consisted of 90 
mole-% styrene and spectral studies indicated that the oligomer was 
capped with a carboethoxy group at one end. The ketene acetal units 
appear to be about equally divided between the copolymerized units 
and the end-capped chain transfer units. Thus i t appears that XII 
is less reactive in the elimination process than is the 2-methylene-
1,3-dioxolane (I) which undergoes cleavage to an extent of over 90% 
at 140°C. 

CH?=CH + 
I 
• 

>0-CH2-ai3 
(H 2=C N 

O-CH2-CH3 

(1:1) 

Oumene hydroperoxide 

> 
140° C 

CH3-CH2—CH2-CH-

O-CH2-CH3 

CHo-C 
I 
O-CH2-CH3 

CH 2-a* 

0 

-CH2-C-0-CH2-CH3 

(9:1 at 29% conversion) 

Since the diethyl ketene acetal (XII) appears to be a modera
tely effective chain transfer agent as well as a coraonomer, a search 
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was made to find a ketene acetal that would be a more eff i c i e n t 
chain transfer agent. It was reported earlier that the introduction 
of a phenyl group into the 2-methylene-l,3-dioxolane ring system 
would so stabilize the ring-opened free radical that the 4-phenyl-2-
methylene-l,3-dioxolane (XIII) would undergo 100% ring opening even 
at room temperature ( 2 2 ) . 

R" + CH 2=C V | 
0-CH 2 

25°C ,0-CH-cJ 

0-CH 2 

0 
II #Oi-<|> 

-> R-CH 2-C

0 
II 

On this basis i t was reasoned that a benzyl group in a ketene 
acetal should greatly increase the extent of cleavage during poly
merization and, therefore, should increase the efficiency of chain 
transfer. That in fact is what occurred when an equimolar mixture 
benzyl methyl ketene acetal (XIV) and styrene was heated at 120°C in 
the presence of di-tert-butyl peroxide; an oligomer with 80% styrene 
units and capped with a carbornethoxy group was obtained. 

CH 2=C N 

^O-CHS 

\>-CH2-<f> 
CH2=CH 

(013)3-0-0-0-0(013)3 

120° C 

XIV (1:1) 

0 
ll 

C H 2 ~ - C H 2 - C H — C H 2 - C - 0 - C H 3 (at 25% conversion) 

Thus the additional stabilization of the eliminated free 
radical by the phenyl group promotes essentially quantitative 
cleavage. The mechanism of the production of the end-capped o l i 
gomer is probably as follows ( 2 4 ) ; 
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,0-012-* 
CH 2=C X 

O-CH3 

•0-CH 2-
-> R-CH 2-C: 

0013 

XIV 

-> R-CH2-C-OCH3 + *CH2
# 

CH2=CH-(j) 
> (j>-CH2-CH2-CH# 

n-1 CH2=CH-
<j)-CH

n-1 * 

(j>-CH2—fCH2-CH-
/0-CH2-

-CH 2-C; 
O-CH3 

(})-CH2* 

> (J>-CH2—CH2-CH -CH2-C-0-CH3 

0 
II 

Although there are other unsaturated compounds that w i l l 
undergo addition-elimination with free radicals, the benzyl ketene 
acetal XIV appears to be the most active double bond as far as rate 
of addition i s concerned and the most efficient as far as regards to 
the extent of elimination is concerned. A comparison with the l i s t 
of chain transfer agents listed in the Polymer Handbook (23) indi
cated that only the sulfur compounds appear to be more effective 
than XIV. Hydrolysis of the end-capped oligomer gives a macromer 
that is terminated with a carboxylic acid group. 

Since functional oligomers were of prime interest, an effort 
was made to find a way to u t i l i z e the chain transfer properties of 
the ketene acetals to give oligomers that are end-capped at both 
ends with funtional groups without hydrolysis. For this reason 
di(p-hydroxymethylbenzyl) ketene acetal (XV) was synthesized. 
Pre! Liminary studies show that copolymerization of XV with styrene 
gives an oligomer of styrene with hydroxyl-containing groups at both 
ends. 
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^O-O^^AX />CH2-OH (CH3)3C-(>-0-C(CH3)3 
CH2=C ) = ( + CH2=CH • 

0-CH2-^/ ^rCH2-OH I 120°C 

0 

H>CH2—<v /V-CH2—CH2-Oi-
• 

-CH 2-C-0-CH 2— /V-CH 2-0H 

By an extension of this general procedure, i t appears that 
ketene acetals can be use
variety of end groups b
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Reactive Difunctional Siloxane Oligomers 
Synthesis and Characterization 

ISKENDER YILGÖR, JUDY S. RIFFLE1, and JAMES E. McGRATH 
Department of Chemistry, Polymer Materials and Interfaces Laboratory, Virginia Polytechnic 
Institute and State University, Blacksburg, VA 24061 

Synthesis and characterization of well-defined, 
α,ω-terminated difunctional siloxan  oligomer

discussed. Detaile
primary amine- and hydroxy-terminated oligomers are 
given. Control of the average molecular weight (Mn) 
and also the possible variations in the backbone 
structure and composition are explained. The effect 
of these variations on the physical, thermal and 
chemical properties of the resulting materials are 
discussed. Characterization of these oligomers by 
FT-IR, NMR and UV spectroscopy, potentiometric 
titration and DSC are summarized. 

Organosiloxane based segmented elastomers have been described in the 
literature over the past twenty five y e a r s ( r - 5 ) . The main interest 
in these type of block or segmented copolymers arises mainly due to 
the unique properties of the organosiloxane segments, which are 
quite different than those of conventional rubbery hydrocarbon 
polymers. In general polyorganosiloxanes display very good low 
temperature f l e x i b i l i t y (Tg as low as -123°C), good thermal-
oxidative sta b i l i t y , ozone and UV resistance, relatively high gas 
permeabilities, good biocompatibility and excellent electrical 
properties. Moreover, they are non-polar and have very low 
solubility parameters (<S ~7.5-9.5) and interesting surface 
properties. Therefore when incorporated they can provide a l l these 
interesting properties to the resulting materials. 

Siloxane containing block or segmented copolymers can be 
synthesized either by living anionic polymerization of the cyclic 
organosiloxane trimers with appropriate vinyl m o n o m e r 6 ) or by 
step-growth or condensation copolymerization of preformed 
a,u)-difunctional siloxane oligomers with conventional difunctional 
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monomers or oligomers(^,^5,7_,8) . Some i n v e s t i g a t i o n s on the 
synthesis of siloxane containing g r a f t copolymers by free r a d i c a l 
copolymerization of vinyl-terminated polydimethylsiloxane oligomers 
with styrene or methyl methacrylate have also been performed(9). 
During the past several years we have been i n v e s t i g a t i n g the 
synthesis of r e a c t i v e , a, o r d i f u n c t i o n a l siloxane oligomers, t h e i r 
use i n the production of a v a r i e t y of segmented copolymers(5,10) and 
i n the rubber m o d i f i c a t i o n of epoxy networks(11). In t h i s paper we 
w i l l p r i n c i p a l l y discuss our e f f o r t s on the synthesis of various 
f u n c t i o n a l l y terminated siloxane oligomers, t h e i r p u r i f i c a t i o n and 
s t r u c t u r a l and p h y s i c a l c h a r a c t e r i z a t i o n . 

The general structure of an a, o r d i f u n c t i o n a l siloxane oligomer 
i s shown i n Scheme 1. In t h i s s t r ucture X,R,Y and n can be vari e d 
and accordingly, the r e s u l t i n g oligomer can have a wide range of 

Scheme 1. 

General Structure of a

CH 3 

I 
X-R-Si-O-

I 
CH 3 

Y 
I 

-Si-0 
I 
Y 

CH 3 

I 
-Si-R-X 
I 
CH 3 

V a r i a b l e s : X, R, Y, n 

properties such as chemical r e a c t i v i t y , molecular weight, thermal 
and p h y s i c a l behavior, e t c . A b r i e f summary of these possible 
v a r i a t i o n s i s given i n Scheme 2, which shows the f u n c t i o n a l end 
groups, molecular weights and backbone structures that have been 
synthesized i n our l a b o r a t o r i e s and elsewhere(13,14). 

As expected, the terminal f u n c t i o n a l groups mainly determine 
the r e a c t i v i t y of these siloxane oligomers towards other reactants. 
The v a r i a t i o n s i n the backbone composition have c r i t i c a l e f f e c t s on 
the glass t r a n s i t i o n temperature, s o l u b i l i t y parameter, thermal 
s t a b i l i t y and surface behavior of the r e s u l t i n g oligomers(12,13). 
In a d d i t i o n , i f the following groups are incorporated into the 

CH3 CHo 
I I 

-(Si-0>- or -£Si-0>-
I I 
H CH 

CH2 

backbone, i t i s also p o s s i b l e to further g r a f t or c r o s s l i n k the 
r e s u l t i n g m a t e r i a l through pendent (-Si-H) and/or (-S1-CH-CH2) 
linkages. The average degree of polymerization (n) mainly a f f e c t s 
the morphology and phase separation behavior of the copolymers 
derived from respective siloxane oligomers. This i n turn determines 
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Scheme 2 . 

Possible Variations in the Structure and Composition of Siloxane 
Oligomers 

X: Functional End Groups 

A 
-NH2, -N N-H, -C00H, -CH-CH2, 

-OH, -NC0, -N(CH 3) 2, -CH=CH2, 
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the thermal, mechanical and solution properties, surface activity 
and processibility of the resulting multiphase materials. 

As i t is well known, the (Si-O) bond in organosiloxanes may be 
considered to be polar or partially (~50%) ionic.(12) Therefore, i t 
can be cleaved by the attack of strong acids or bases. This is the 
main rationale behind the "equilibration" route to the synthesis of 
a wide variety of functionally terminated siloxane oligomers(12-14) 
from cyclic siloxanes and a, ordifunctional disiloxanes as shown in 
Scheme 3. 

These type of reactions are generally named as "equilibration" 
or "redistribution" reactions due to the nature of the processes. 
During the reactions the catalyst can only cleave the (Si-O) bonds 
in the cyclic or linear species including that of the "end blocker" 
and growing chains. However, the (Si-R) or (R-X) bonds are stable. 
Therefore at the end of the reactions the linear oligomers are 
functionally terminated and the minority (10-15%) cyclic side 
products are nonfunctional
cyclic side products ca

Scheme 3, 

Synthesis of Functionally Terminated Siloxane Oligomers 

X = 3 or 4 

"End Blocker 

I 
Si-O-

CHo CHo 
I I 

X-R-Si-O-Si-X-R 
I I 
CH3 CHo 

Catalyst 

CH3 

I 
X-R-Si-0-

I 
CH3 

CHq 

Si-O—Si-X-R 

CH3 

+ 
Cyclics 

vacuum d i s t i l l a t i o n at elevated temperature. The number average 
molecular weight of the fi n a l product is determined by the i n i t i a l 
ratio of cyclic monomers to the end blocker. Backbone composition 
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can be dictated by the variety and proportion of the cyclic monomers 
present in the original reaction mixture. 

In this paper we w i l l discuss the synthesis of a, arhydroxybutyl 
terminated polydimethylsiloxane oligomers by cationic routes and 
a, oraminopropyl terminated poly(dimethyl-diphenyl)siloxane oligomers 
by anionic methods respectively. Detailed procedures for the 
synthesis of aminopropyl, carboxypropyl and glycidoxypropyl 
terminated polydimethylsiloxane oligomers have already been 
described elsewhere(11). 

EXPERIMENTAL 

Materials 

Octamethyltetrasiloxane (D4) and octaphenyltetrasiloxane (D4") were 
generously supplied by General Electric Co., Silicone Products 
Division. l,3-Bis(4-hydroxybutyl)tetramethyldisiloxan
1,3-Bis(y-aminopropyl)tetramethyldisiloxan
Silar Laboratories and Petrarch respectively. Trifluoroacetic acid 
was a product of Aldrich. A l l other chemicals were reagent grade 
and used without further purification. 

Synthesis of a, or-Hydroxybutyl Terminated Polydimethylsiloxane 
Oligomers 

Depending on the desired average molecular weight of the fi n a l 
oligomer, calculated amounts of D̂  and "end blocker" were charged 
into a 3-necked round bottom Pyrex reactor fitted with an argon 
inlet, thermometer and condenser. Stirring was provided by a 
magnetic bar. Then, trifluoroacetic acid (a sufficient quantity to 
esterify hydroxyl end groups as well as 10-15% by weight excess) was 
added as the catalyst. The mixture was heated to 60°C and 
maintained at this temperature for 48 hours. At the end of this 
period the excess trifluoroacetic acid was extracted with d i s t i l l e d 
water until the aqueous extract was neutral. Then the reaction 
mixture was stripped off under high vacuum to remove the cyclic side 
products. At this point the respective oligomers were isolated in 
the form of their trifluoroacetic esters. These ester groups were 
converted to alcohols by a weak base catalyzed hydrolysis reactions. 
The ester form of the oligomer was dissolved in THF and an equal 
volume of 5% aqueous sodium carbonate solution was added. Next, the 
system was heated to 40-45°C, for 48 hours, while being stirred. 
When the system was cooled down the organic and aqueous phases 
separated out. The product was recovered by the evaporation of THF. 
Hydrolysis reactions were followed by FT-IR spectroscopy. 

Synthesis of ct,oj-Aminopropyl Terminated Poly(dimethyl-diphenyl)-
siloxane Oligomers 

Depending on the desired levels of diphenylsiloxane units and the 
molecular weight of the fi n a l product, calculated amounts of D4, D4" 
and l,3-bis(y-aminopropyl)tetramethyldisiloxane were introduced into 
a round bottom, 3-necked flask fitted with a condenser, thermometer 
and argon inlet. Later 0.01-0.1% by weight of finely ground 
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potassium hydroxide was added and the system was heated to 160°C. 
The mixture was heterogeneous i n i t i a l l y but in about 30 minutes the 
potassium hydroxide reacted to generate a homogeneous and viscous 
system. The reaction was allowed to continue for 24 hours. At the 
end of this period the reaction was cooled to 25°C and the catalyst 
was neutralized with alcoholic hydrochloric acid and extracted with 
d i s t i l l e d water. The product was dissolved in methylene chloride, 
dried with magnesium sulfate, f i l t e r e d , rotavapped and stripped 
under high vacuum. Molecular weights, diphenylsiloxane contents and 
thermal behavior of the resulting oligomers were determined. 

Characterization of the Products 

The structural characterization of the oligomers included FT-IR 
(Nicolet MX-1), NMR (Varian EM390) and UV (Perkin Elmer 552) 
spectroscopy. Molecular weights were determined by end group 
analysis and vapor pressur
analyzed by phthalic anhydride-pyridin
groups were determined by potentiometric titration with standard 
hydrochloric acid. Thermal characterization of the products were 
obtained by Perkin Elmer DSC-2, under nitrogen atmosphere using a 
heating rate of 10°C/min. 

RESULTS AND DISCUSSION 

a, or-difunctional reactive siloxane oligomers are very versatile 
starting materials for the synthesis of numerous segmented block 
copolymers and modification of network structures. The flexible 
polymerization and copolymerization chemistry of siloxanes with acid 
and base catalysis (12-14) leads to the synthesis of a wide variety 
of oligomers having different molecular weights, backbone 
compositions and functionalities. With a l l these variations, i t is 
possible to design and synthesize siloxane oligomers with a wide 
range of well defined chemical, physical and mechanical properties. 

In our laboratories we have been working on the synthesis of 
various a, ar-difunctional siloxane oligomers for several years(11). 
A brief summary of these studies is given in Scheme 2, which shows 
various end groups, molecular weights and backbone structures that 
have already been synthesized. Here we are going to discuss our 
studies on the synthesis and characterization of a, arhydroxybutyl 
terminated polydimethylsiloxane and a, araminopropyl terminated 
poly(dimethyl-diphenyl)siloxane oligomers structures of which are 
given in Scheme 4 respectively. 

Synthesis and Characterization of Hydroxybutyl Terminated Siloxane 
Oligomers 

In their earlier studies on the synthesis of a,arhydroxyl 
terminated siloxane oligomers Marvel and co-workers (21) have 
utilized sulfuric acid as the catalyst in the equilibration of 
cyclic tetramer (D4) and 1,3-bis(4-hydroxylbutyl)tetramethyldisilox-
ane (DSX). However the molecular weights of the oligomers obtained 
were several times higher than the expected values. They have 
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attributed this to the dehydrating action of the sulfuric acid which 
resulted in the loss of end-group functionality. They were unable 
to improve the equilibration by varying the reaction solvent, 
temperature or time. As an alternate route they have also tried to 
reduce the carboxyl terminated polysiloxane with lithium aluminum 
hydride to produce the corresponding di o l , however in this case 
infrared spectrum of the compound showed Si-H absorption peak at 
2120 cm"~l which indicated an appreciable amount of cleavage in the 
siloxane linkages. As a result they were unable to obtain clean, 
a,uj-difunctional hydroxy terminated siloxane oligomers. 

In this study hydroxybutyl terminated siloxane oligomers were 
synthesized by the trifluoroacetic acid (TFAA) catalyzed 
equilibrations of and 1,3-bis (4-hydroxybutyl)tetramethyl
disiloxane (DSX), in bulk, at 60°C. In this system, under these 
reaction conditions the catalyst, TFAA also reacts with the (OH) end 
groups to from respective esters, so for effective equilibrations a 
10-15% by weight excess
reactions (OH) groups ar
groups under slightly basic conditions using Na2C03 in a mixed 
solvent system of THF and d i s t i l l e d water. These reactions were 
followed by FT-IR spectroscopy by observing the decrease and f i n a l l y 

Scheme 4* 

Structures of the Siloxane Oligomers Synthesized 

CHo 
I 

H0-f-CH2)4-|-Si-0-
I 
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CH3 

-Si—(CH 2^-NH 2 

CH3 

a, uHBis(y-aminopropyl)poly(dimethyldiphenyl)siloxane 

the disappearance of the carbonyl stretching around 1800 cm"1 and 
the increase in (-0H) absorption band around 3300 cm""1. The 
respective FT-IR spectra for the oligomer having Mn @ 2000, before 
and after, the complete hydrolysis are shown in Figure 1. It has 
been observed that hydrolysis with dilute aqueous Na 2C0 3 at 40-45° 
for 48 hours is sufficient to convert a l l ester groups to alcohols 
without cleaving any siloxane bonds and without changing the 
molecular weight distribution of these oligomers, as evidenced by 
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Figure 1. FT-IR Spectra of a ,03-Hydroxybutyl terminated 
polydimethylsiloxane oligomer (Mn ̂ 1000) 
(a) Trifluoroacetate ester 
(b) Alcohol obtained after hydrolysis 
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GPC studies. The 'H-NMR spectrum of the hydroxy terminated oligomer 
with Mn @ 1000 is given in Figure 2. The position of the peaks, as 
marked on the spectrum and the relative ratio of integrations, 
confirm the formation of the predicted oligomer structure. 

Table I provides a summary of the experimental data and the 
results obtained. As mentioned earlier, the final molecular weight 
of the oligomers are dictated by the i n i t i a l ratio of D4 to DSX, the 
"end blocker". As expected, Mn values are usually slightly lower 
than that aimed for. This is no doubt due to the formation of the 
cyclic side products. The latter are removed from the system by 
vacuum d i s t i l l a t i o n and are known to be present in such 
equilibrations at a typical level of around 10 percent by weight. 
The molecular weights of the stripped products obtained by VPO and 
end group analysis are in very good agreement. 

Table I 
Synthesis of a, arBis(4-hydroxybutyl)polydimethylsiloxan

Oligomers 

Sample 
No. 

D 4 

(g) 
DSX 
(g) 

Mn (g/mole) 
Stoichiometry VPO 

Mn Obtained 
End Gr. Analy. 

1 72.10 27.86 1000 910 940 
2 86.00 13.93 2000 1650 1720 
3 93.03 6.97 4000 3480 3550 
4 95.36 4.64 6000 5200 5400 

Base catalyzed equilibrations of hydroxyl terminated siloxane 
oligomers can also be achieved, however these systems can sometimes 
be complicated by the attack of base to the (OH) end groups to form 
[(CH2>X 0~ X +] type species, which may also cleave the siloxane 
bonds. This generally results in the loss of terminal functionality 
in the oligomers produced, which is of course not desirable. 

Synthesis of Aminopropyl Terminated Poly(dimethyl-diphenyl)siloxane 
Oligomers 

Acid and base catalyzed coequilibration reactions of D4 and D 4 " have 
been studied in the literature by several workers (16-18). These 
studies were directed towards either the synthesis of very high 
molecular weight "modified" silicone rubbers, or to the analysis of 
reaction kinetics (13, 16-19). There has been no systematic studies 
in the open literature on the synthesis and characterization of 
functionally terminated, low molecular weight (dimethyl-diphenyl)-
siloxane oligomers which can be used in the preparation of segmented 
block copolymers. It is known that the incorporation of diphenyl-
siloxane units generally disrupts the low temperature crystalliza
tion of polydimethylsiloxane resins and also increases their thermal 
and radiation stability (12,13). Glass temperature (Tg) and 
solubility parameter values of the resulting polymers are also 
raised accordingly, depending on the level of diphenylsiloxane 
incorporation. 
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Figure 2. "'"H-NMR spectrum of a,a)-Hydroxybutyl terminated 
polydimethylsiloxane oligomer (Mn ^1000) 
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In this study our aim was to systematically synthesize 
a,oj^aminopropyl terminated (dimethyl-diphenyl)siloxane oligomers 
having low molecular weights (1000-3000 g/mole) and to subsequently 
analyze the composition and thermal behavior of the copolymers. 
Some of these oligomers have later been used in the synthesis of 
various segmented urea or imide type copolymers and in the 
modification of epoxy networks, which have been discussed elsewhere 
(5,11) . 

Table II provides a summary of the results on the 
characteristics of aminopropyl terminated poly(dimethyl-diphenyl)-
siloxane oligomers synthesized. These reactions were conducted in 
bulk at 160°C with K0H as the i n i t i a t o r . As can be seen from Table 
II the stoichiometric number average molecular weights sought and 
obtained are in very good agreement. The level of diphenylsiloxane 
incorporation was determined by UV spectroscopy. There is no 
absorption of dimethylsiloxane backbone in the spectral range of 240 
to 280 nm. On the othe
over these wavelengths (Figur
have used the absorption peak at 270 nm as the reference. 
Chloroform was used as the solvent for the UV measurements. 
Standard mixtures of and D̂ " were used for the calibration. It 
is clear from Table II that the level of diphenylsiloxane charged 
and incorporated shows almost a one to one correspondence. The 
slight difference may be due to the residual diphenyl containing 
cyclic species, which are d i f f i c u l t to remove because of their very 
high boiling points (17). 

Table II 
Characteristics of Aminopropyl Terminated 
Poly(Dimethyldiphenyl)siloxane Oligomers 

Sample 
No. 

Mn (g/mole) % Diphenylsiloxane Tg 
(°C) 

Sample 
No. Stiochiometry 0btd.(a> Charged Incorp. 

Tg 
(°C) 

1 1900 1770 0 0 -123 
2 2000 1780 5.0 5.5 -119 
3 2000 1660 10.0 11.9 -115 
4 1250 1380 16.0 15.8 -112 
5 2000 1950 20.0 21.5 -105 
6 2000 1990 40.0 43.4 - 79 
7 2000 2150 56.0 59.6 - 49 
8 2000 2330 73.0 78.3 - 35 

(a)Titrated value 

Glass transition temperatures of the resulting oligomers 
increase with increasing levels of diphenylsiloxane present in the 
system as expected. This is entirely consistent with the idea that 
dimethyl and diphenyl units are randomly distributed along the 
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-J I I I I— 
240 260 280 

WAVELENGTH , nm 

Figure 3. Typical UV absorption spectrum of D^ff or D̂ "/D̂  blend 
or a poly(dimethyl-diphenyl)siloxane oligomer (CHC1~ solution) 
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oligomer backbone. This is an expected behavior in view of the long 
equilibration times, since the simultaneous formation and scission 
of siloxane bonds throughout the reactions should tend to randomize 
the sequence distribution. However i t is known that D 4 " is more 
reactive than D4 in base catalyzed reactions due to the 
stabilization considerations of siloxanolate anion by the phenyl 
substituents (12,13) . Therefore i t may be possible to obtain 
"block-like" distributions in these oligomers i f the reaction 
conditions (i.e. type and concentration of catalyst, reaction time 
and temperature) can be adjusted properly. Our future work is 
proceeding in this direction. Alternatively, we have also 
investigated lower equilibration temperatures where the diphenyl 
tetramer is less soluble. "Blocky" sequences could also be achieved 
in this situation. 

Conclusions 

We have demonstrated th
a, oj-difunctional siloxane oligomers with hydroxyl or primary amine 
silicon-carbon linked end groups by using acid or base catalyzed 
equilibration reactions. We have also shown the effect of backbone 
composition on the thermal behavior of resulting oligomers. It is 
clear that, the Tg of the dimethyl-diphenyl oligomers can be varied 
from -123°C to -35°C by increasing the level of incorporation of 
diphenylsiloxane units, while maintaining or changing the number 
average molecular weight. This is a very effective tool for the 
design and the synthesis of a wide variety of siloxane oligomers 
suitable for specific needs. 

In addition we are also investigating the synthesis and 
characterization of reactive, difunctional (trifluoropropyl, 
methyl)siloxane containing oligomers. Also very recently, we have 
been able to fractionate various functionally terminated siloxane 
oligomers into very narrow fractions by using the supercritical 
f l u i d extraction techniques (20). This is a very important step in 
the production of a, ardifunctional reactive siloxane oligomers with 
narrow molecular weight distributions. 
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Synthesis of Poly(phenylene Oxides) by Electrooxidative 
Polymerization of Phenols 

EISHUN TSUCHIDA, HIROYUKI NISHIDE, and TOSHIHIKO MAEKAWA 
Department of Polymer Chemistry, Waseda University, Tokyo 160, Japan 

Anodic oxidation of phenols gave the corresponding 
poly(l,4-phenyleneoxide)s by selecting the electrolysis 
conditions to preven
The mechanism of
on electrochemical measurements. Applications of the 
electro-oxidative polymerization were also described. 

It is well known that 2,6-dimethylphenol is oxidatively polymerized 
to poly(2,6-dimethyl-l,4-phenyleneoxide) with a copper amine complex 
as catalyst in the presence of oxygen at room temperature (Eq. 1) 
(1). This polymerization can also proceed by anodic oxidation, 
accompanying evolution of an equivalent of hydrogen as shown in 
Equation 2. 

Recently much research has been made to coat electrodes with 
thin polymer films by electro-oxidative polymerization of phenols 
02). The formed thin and uniform poly(phenyleneoxide) films on 
electrode are interesting because of their electric and electro
chemical properties. Figure 1 shows a typical cyclic voltammogram 
for the oxidation of 2,6-dimethylphenol at a platinum electrode in 

C-0 coupling 

OH Cu-amine 
catalyst 

+ nH 20 (Eq. 1) 
C-C coupling 

(Eq. 2) 
2nH + 

+2e nH 2 
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alkaline methanol solution, where the potential sweep was cycled 
between 0 and 1.0 V . A rapid current decrease during the second 
sweep indicates that the electro-oxidation of the phenol produced an 
insulating film which adhesively coated the platinum electrode sur
face. The Fourier-transform IR spectrum and the ESCA analysis of the 
surface of the electrode indicated the formation of poly(2,6-dimethyl-
1,4-phenyleneoxide) (3). 

However the formation of thin polymer film on the electrode, 
i.e. passivation of the electrode, resulted in cessation of the poly
merization, which restricted the electro-oxidation as a polymeri
zation procedure. The electro-oxidative polymerization as a method 
of producing poly(phenyleneoxide)s had not been reported except in 
one old patent, in which a copper-amine complex was added as an 
electron-mediator during the electrolysis (4). The authors recently 
found that phenols are electro-oxidatively polymerized to yield poly-
(2,6-disubstituted phenyleneoxide)s, by selecting the electrolysis 
conditions: This electro-oxidativ
the present paper. 

Electro-Oxidative Polymerization of 2,6-Disubstituted Phenols 

The electrolysis apparatus for the polymerization is illustrated in 
Figure 2, which is characterized by a single c e l l without a partition 
membrane between the electrodes. In poor solvents of poly(phenylene
oxide) s such as methanol and acetonitrile, the polymer was deposited 
on the electrode, i.e. passivation of the electrode occured. Dichlo-
romethane, nitrobenzene, and hydroquinone dimethyl ether were se
lected as the solvents because both the polymer and a supporting 
electrolyte dissolved in them and they were relatively stable under 
electrolysis conditions. 

Electro-oxidative polymerization of 2,6-disubstituted phenols is 
listed in Table I, with the polymerizations catalyzed by the copper-
pyridine complex and oxidized by lead dioxide. 2,6-Dimethylphenol 
was electro-oxidatively polymerized to yield poly(2,6-dimethylphen-
yleneoxide) with a molecular weight of 10000, as was attained by 
other polymerization methods. The NMR and IR spectra were in com
plete agreement with those measured for the other polymerization 

Table I. Electro-oxidative Polymerization of 
2,6-Disubstituted Phenols 

substituents yield (wt%) of poly(phenyleneoxide) 
of phenols 

R 2 R6 

electro- 1) 
l y s i s Cu-py cat. 2 ) Pb02 ox. 3 ) 

CH3- CH3- 83 85 54 
C 6 H 5 - C 6 H 5 - 38 46 86 
C H 3 O - C H 3 O - 23 0 32 

C l - C l - 98 0 0 
CH3- H- 39 86 38 
H- H- 78 0 0 

1) [(C 2H 5)i»NBr]/[phenol]: 2, in CH2C12/CH30H (4/1), 
8 F/mol, 10 mA/cm2 

2) [Cu-pyridine]/[phenol]: 0.01 in benzene 
3 ) [Pb0 2]/[phenol]: 2.5 in benzene 
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Figure 2. Electrolysis apparatus for the polymerization of 
phenols. 
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methods. The electro-oxidation was also effective for 2,6-diphenyl-, 
2,6-dichloro-, 2,6-dimethoxy-, and 2-methylphenol to produce the cor
responding polymers. Poly(2,6-dimethoxyphenyleneoxide) was formed by 
the electro-oxidation as well as by the oxidation with lead dioxide, 
while 2,6-dimethoxyphenol with the copper-pyridine catalyst gave only 
3,3?,5,5'-tetramethoxydiphenoquinone through C-C coupling reaction 
(Eq. 1). For 2,6-dichlorophenol the polymer was produced in high 
yield by the electro-oxidation, while the dichlorophenol reacted very 
slowly with the copper-pyridine catalyst and lead dioxide even at 
60°C and did not at room temperature. 

In Table I, one notices also that phenol is electro-oxidatively 
polymerized, which does not occur by the other methods. 

Mechanism of the Polymerization 

The following questions on the electro-oxidative polymerization arose. 
F i r s t , why various pheno
could not occur by the
oxide. Secondly, why the activated phenol was reacted preferentially 
through C-0 coupling to form the poly(phenyleneoxide). The mechanism 
of the electro-oxidative polymerization is discussed below by using 
the example of 2,6-dimethylphenol. 

The study of the molecular weight of the intermediate course is 
an effective method for the classification of polymerization as chain 
or stepwise reaction. In Figure 3, the molecular weight of the ob
tained polymer is plotted against the yield, for the oxidative poly
merization of dimethylphenol with the copper catalyst and for the 
electro-oxidative polymerization. The molecular weight rises sharply 
in the last stage of the reaction for the copper-catalyzed polymeri
zation. This behavior is explained by a stepwise growth mechanism. 
On the other hand, the molecular weight for the electro-oxidative 
polymerization remains constant throughout the reaction course. That 
i s , the electro-oxidative polymerization proceeds seemingly through a 
chain reaction mechanism. (In practice the polymerization proceeds 
heterogeneously only in the diffusion layer of the electrode. The 
details are described below.) 

The polymerization starting from a dimer or an oligomer is also 
an effective method for the classification of polymerization as chain 
or stepwise reaction. For the copper-catalyzed polymerization, the 
poly(phenyleneoxide) was also and rather rapidly obtained from the 
dimer of dimethylphenol(2,6-dimethylphenyl 3,5-dimethyl-4-hydroxy-

Table H. Electro-oxidative Polymerization of 
2,6-Dimethylphenol and i t s Dimer 

dimethyl-
phenol polymn. yield 

(wt%) M-IO"3 

monomer electrolysis 
Cu-py cat. 

83 
85 

10 
23 

dimer electrolysis 
Cu-py cat. 

5 
88 

1 
25 
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phenyl ether). On the other hand, the electro-oxidative polymeri
zation proceeded slowly, when the dimer was supplied as the starting 
material. This result also suggests a chain reaction profile (Table 

The polymer yield increased with the current density at the 
constant e l e c t r i c i t y , although the molecular weight of the obtained 
polymer remained constant. The polymerization rate was related to 
the current density on the electrode, i.e. the concentration of the 
activated phenol. When the reaction solution was vigorously stirred, 
the polymer formation was much suppressed and yield of the dipheno-
quinone through C-C coupling increased. This result suggests that 
the polymerization occurs on the surface region of electrode or with
in the diffusion layer on electrode. 

An ESR spectrum of the electrolysis solution of 2,4,6-tri-t-
butylphenol showed the formation of phenoxy radical which was accu
mulated in the solution with the supplied current amount. The active 
species of polymerizatio
formed by the electrolysis

Electrochemical Features of the Polymerization 

The polymerization mechanism was also studied by electrochemical 
methods (e.g. see Figure 4). The cyclic voltammogram of 2,4,6-tri-
t-butylphenol in alkaline methanol solution showed the reversible 
oxidation and corresponding reduction curve in the repeated sweeps. 
This means that the phenol stays at the electrode or within the d i f 
fusion layer and repeats the redox reaction. On the other hand, for 
2,6-dimethylphenol only the oxidation peak was observed at 0.47 V vs. 
Ag/AgCl even when the scan rate was much faster than 10 V/s. Further
more, the dimer of 2,6-dimethylphenol gave the oxidation peak more 
cathodic (at 0.42 V vs. Ag/AgCl). These results indicate that the 
oxidized and activated phenol coupled rapidly with each other to form 
the dimer before the electrolytic reduction of the activated phenol 
occurs. That i s , the coupling reaction of the activated phenol takes 
place very rapidly at the electrode surface. The dimer, probably 
also an oligomer, is more easily oxidized at the electrode because of 
their lower oxidation peak potential than the monomer i s . The oxi
dation peak potential observed for the polymerization of 2,6-dimethyl
phenol, in which passivation of the electrode was protected by selec
ting the solvent (Figure 4 (d)), was shifted to cathodic with the 
repeated sweeps. This corresponds to the progress of polymerization. 

Diffusion coefficient of the phenol (D) and surface excess of 
the phenol on electrode (T) were estimated by double potential step 
chronocoulometry (5) using for an example the 2,4,6-tri-t-butylphenol. 
Tributylphenol is a simple model compound to evaluate the electro
chemical values because of a lack of subsequent coupling and because 
i t has a reversible oxidation and corresponding reduction peak at 
0.23 V vs. Ag/AgCl. The plot of square root of time vs. charge 
passed gave a straight line. From the slope and the intercept D and 
r were calculated: D = 2.1 x 10""6 cm2/s, T = 8 x 10" 1 1 mol/cm2. The 
D value is relatively small, and i t can be estimated that the dimer 
and the oligomer for the polymerization system exhibit much smaller 
D values than the phenol monomer. This suggests that the oxidation 
products are accumulated on the electrode surface during the electro
l y s i s . The T value indicates that the phenol concentration within 
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Potential vs. Ag/AgCI 
Figure 4. Cyclic voltammograms for the oxidation of 2,6-
dimethylphenol, i t s dimer and tri-t-butylphenol at a platinum 
electrode. (a)-(c): in alkaline methanol, (d): in dichloro-
methane. 
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diffusion layer is ca. 100 times of that estimated from the phenol 
concentration in the bulk phase. This result suggests that the phenol 
is considerably adsorbed on the electrode surface. 

Oxidation peak potentials of phenol derivatives were measured 
with cyclic voltammetry: 0.53, 0.47, 0.47, 0.28, and 0.77 V vs. Ag/ 
AgCl for phenol, 2,6-dimethyl-, 2,6-diphenyl-, 2,6-dimethoxy-, and 
2,6-dichlorophenol respectively. The oxidation potential of phenol 
and 2,6-dichlorophenol are relatively high and this high potential is 
one of the reasons why phenol and dichlorophenol could not be polymer
ized by the oxidation with copper catalyst or lead dioxide. On the 
other hand, for the electro-oxidative polymerization the potential 
can be kept slightly higher than the oxidation potential of phenols 
and the polymerization proceeds. 

From the electrochemical measurements mentioned above, the 
aspects of the electro-oxidative polymerization i s summarized as 
foloows (Figure 5). (i) The polymerization proceeds in the diffusion 
layer of electrode. (ii
occurs very rapidly. (iii
surface. (iv) Diffusion process of phenol from and into the bulk 
phase is very slow and rate-determining step. (v) Active species of 
the polymerization i s phenoxy radical. (vi) Oxidation potential i s 
lower for the dimer and oligomer than the phenol monomer. 

The features of the electro-oxidative polymerization can be 
explained as follows. The molecular weight of the obtained polymer 
stayed constant during the polymerization, because the polymerization 
proceeds heterogeneously in the diffusion layer of electrode. The 
C-0 coupling reaction is predominant, probably because the phenol is 
adsorbed and oriented on the electrode surface. The polymerization 
started from the dimer is much suppressed, because the dimer diffuses 
from the bulk phase into the diffusion layer very slowly. 

The polymerization mechanism of phenols is described as follows. 
The phenol is adsorbed on the electrode surface and accumulated in the 
diffusion layer. The adsorbed phenol undergoes one-electron oxidation 
to the phenoxy radical on the electrode surface. The concentrated 
phenoxy radical i s coupled with each other at p-position to form the 
dimer, and the dimer repeats the electro-oxidation and coupling. The 
phenoxy radical i s assumed to be adsorbed or oriented upon the elec
trode surface thus resulted in the selective coupling reaction. 

Application of the Electro-Oxidative Polymerization 

The f i r s t application example is the electro-oxidative polymerization 
of phenol in the presence of 2,2-bis[3,5-dimethyl-4-hydroxyphenyl]-
propane, which is the procedure to obtain terminally hydroxylated 
poly(phenyleneoxide), i.e. the oligomer contained two hydroxy groups 
per one molecule. 

(Eq. 3) 
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The second example is the electro-oxidative polymerization of 
phenols bearing functional substituents. It is known that s a l i c y l i c 
acid forms a stable chelate with copper ion, thus the copper catalyst 
is deactivated and the polymerization does not occur. On the other 
hand, s a l i c y l i c acid was electro-oxidatively polymerized to produce 
the poly(phenyleneoxide) bearing carboxylic group. 

(Eq. 4) 

The third application is the oligomerization of phenol. By 
selecting solvent and supporting electrolyte, phenol is electro-
oxidatively polymerized to yield poly (phenyleneoxide) as a tan-colored 
powder. 

The NMR signal was simple one peak assigned to the phenylene
oxide structure. The IR spectrum showed that the absorption at 3400 
cm""1, corresponding to the hydroxy group, has disappeared, and new 
absorption assigned to an ether bond was observed at 1190 cm""1. It 
has been reported by the study on oligo(phenyleneoxide) prepared by 
Ullmann reaction that oligo(1,2-phenyleneoxide) showed the IR absorp
tion at 970 and 1025 cm"1 but the linear oligo(1,4-phenyleneoxide) did 
not show this absorption (6). The IR spectrum of oligo(phenylene
oxide) prepared by the electro-oxidation showed no absorption signal 
at both 970 and 1025 cnT1 : The linear 1,4-phenylene structure was 
suggested (Figure 6). Phenol is assumed to be adsorbed and oriented 
on the platinum electrode, which probably brings about the selective 
coupling to form oligo(1,4-phenyleneoxide). 

The thermal stability of the oligo(phenyleneoxide) was much 
higher than that of oligo(2,6-dimethylphenyleneoxide) with the same 
molecular weight. The poly(1,4-phenyleneoxide) structure is expected 
to show interesting properties. 

Conclusions are as follows. (i) Various phenol derivatives can 
be smoothly oxidized to yield poly(phenyleneoxide)s. (iL) The 1,4-
phenyleneoxide structure is predominant in the polymer, (in.) The pro
perties of oligo(phenyleneoxide) and the polymer with two terminal 
hydroxyIs should be interesting. 

Experimental 

3 Pairs of platinum plate ( 2 x 5 cm) were set in a c e l l with 1 mm 
spacing as the working and the auxiliary electrode (Figure 2). Ref
erence electrode was Ag/AgCl. The solution (50 ml) of phenol (0.005 
mol) and electrolyte (0.01 mol) such as tetraethylammonium bromide 
and tetraethylammonium perchrolate was kept under nitrogen atmosphere 
in the c e l l . The electrolysis was carried out with constant potential 
or current density (10 mA/cm2) which was supplied by a potentiogalva-
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Figure 6. IR spectrum of poly(l,4-phenyleneoxide) obtained by 
the electrolysis of phenol. 
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nostat. During the electrolysis hydrogen gas was evolved from the 
cathode. After the electrolysis, the reaction mixture was washed 
with water to extract the supporting electrolyte. The concentrated 
organic layer was slowly poured into methanol. White or pale brown 
powder was collected by f i l t r a t i o n , washed with methanol, and dried 
in vacuo. 

The NMR signals of the polymerization product agreed with those 
assigned to the poly(phenyleneoxide) structures shown in Equation 2. 
The IR spectrum of the polymerization product showed that the absorp
tion at 3400 cm""1, corresponding to the hydroxyl group, has disap
peared, and new absorption assigned to an ether bond was observed as 
follows. 

Poly(2,6-dimethyl-l,4-phenyleneoxide) : *H NMR(CDC13 ) <5 = 2.10 
(CH3) 6.90(benzene H), IR 1180 cm"1(V c . 0 - c ), poly(2,6-dipheny1-1,4-
phenyleneoxide) ; XH NMR 6 = 6.70, 7.65(benzene H) , IR 1170 cm""1 

( V c _ 0 _ c ) , poly(2,6-dichloro-l,4-phenyleneoxide) : XH NMR 6=7.3 (ben
zene H) IR 1180 cm - 1 (v
1R NMR 6 =» 3.67(OCH3),
(Vc-o-c )> poly(2-methyl-l,4-phenyleneoxide): H NMR 6 = 2.18(CH3), 
6.60, 7.00, 7.20(benzene H), IR 1200 cm" 1(V C -o-C ) , poly(2-hydroxy-
carbonyl-l,4-phenyleneoxide) : IR 1190 cm"1 ( v c _ 0 _ c ) , 1710 cm - 1 ( v C 0 0 H ) 
carboxylic acid residue determined by ti t r a t i o n : U.006 equivalent/g, 
poly(l,4-phenyleneoxide); XH NMR 6 = 7.2(benzene H), IR 1190 cm"1 

( V c - o - c )> co-oligomer of phenol and bisphenol: XH NMR 5 = 7.10 
(benzene H), 2.30(CH3), 1.80(C(CH 3) 2), IR 1190 cm" 1(V C -o-C ) , 1359, 
1378 cnf^geminal dimethyl <5C_H). 

The refered oxidative polymerization of phenols with the copper-
pyridine catalyst was carried out as in l i t . (7,8). 
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Coupling and Capping Reactions on 
Poly(2,6-dimethyl-l,4-phenylene Oxide) 

DWAIN M . WHITE and G E O R G E R. LOUCKS 

Corporate Research and Development Center, General Electric Company, Schenectady, NY 12301 

The phenolic hydroxy1 endgroups in poly(2,6-dimethyl 
-1,4-phenylene oxide) react with various mono, di- and 
trifunctional acylatin  (o  related)  unde
phase transfer catalysi
and/or coupled products in high yields. Acetic anhy
dride, even at low concentrations, acetylated the 
hydroxyl endgroups almost quantitatively. Bifunctional 
reagents (e.g., isophthaloyl chloride) coupled the 
polymer producing a viscosity increase consistent with 
a two-fold increase in molecular weight. Trifunctional 
reagents (e.g., phosphorous oxychloride) produced a 
branched polymer and tripled the molecular weight. 
Typical increases in intrinsic viscosity of the polymer 
with trifunctional coupling were from 0.25 d1/g to 0.50 
d1/g. With bifunctional poly(phenylene oxide)s, even 
larger molecular weight increases were attained. 
Quaternary ammonium and phosphonium halides were used 
as the phase transfer catalysts. For effective cou
pling, high-shear mixing and high concentrations of 
polymer and base were used. 

The terminal phenolic groups of oligomers of po l y ( 2 , 6 - d i m e t h y l - l , 4 -
phenylene o x i d e ) , 1, (1, 2) react e f f i c i e n t l y w i t h m u l t i f u n c t i o n a l 
coupling reagents to form polymers w i t h increased molecular weights. 
A high degree of coupling has been a t t a i n e d by adding a 
s t o i c h i o m e t r i c q u a n t i t y of a coupling reagent such as p h t h a l o y l 
c h l o r i d e under anhydrous c o n d i t i o n s to the preformed anion of the 
phenolic hydroxyl end group of the polymer.(3) A more convenient pro
cedure which u t i l i z e s phase t r a n s f e r c a t a l y s i s (PTC) (4-6) and does 
not r e q u i r e anhydrous c o n d i t i o n s or exact s t o i c h i o m e t r i c r a t i o s of 
reactants i s described i n t h i s r e p o r t . The r e a c t i o n i s of the general 
type: 

0097-6156/85/0282-0187$06.00/0 
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and i s a p p l i c a b l e to monofunctional (where RY i s a capping reagent) 
or p o l y f u n c t i o n a l (RY i s a coupling reagent) reagents. The r e a c t i o n 
can a l s o be used to prepare b l o c k copolymers. I f RY i s an o l i -
gomeric species, b l o c k copolymers r e s u l t . I f another polymer with 
hydroxyl end groups i s present w i t h the poly(phenylene oxide) during 
the coupling r e a c t i o n , cross-couple

Results and D i s c u s s i o n 

The PTC r e a c t i o n i s c a r r i e d out by adding the capping or coupling 
reagent to a v i g o r o u s l y s t i r r e d mixture of a concentrated s o l u t i o n of 
low molecular weight 1 which contains a quaternary ammonium h a l i d e 
c a t a l y s t and a 50% aqueous s o l u t i o n of sodium hydroxide. In many 
cases the r e a c t i o n i s over w i t h i n s e v e r a l minutes a f t e r the coupling 
reagent i s added and the polymer can be i s o l a t e d by p r e c i p i t a t i o n 
w ith methanol. 

Analyses of the products of several t y p i c a l r e a c t i o n s a f t e r 
i s o l a t i o n by methanol p r e c i p i t a t i o n are presented i n Table I . 

Table I . A n a l y s i s of Capped and Coupled 1 

M (dl/g) OH Ahsorhance 
RY 

X 
I n i t i a l Prod. I n i t i a l Prod. 

None 0.33 0.33 0.180 0.180 
A c e t i c Anhydride .49 .49 .092 .000 
I s o p h t h a l o y l C h l o r i d e .33 .57 .180 .022 
BPA-bischloroformate .28 .54 .267 .017 
Phosphorous Oxychloride .33 .72 .180 .016 

Capping w i t h a c e t i c anhydride (10% based on polymer weight) r e s u l t s 
i n a disappearance of the phenolic hydroxyl end groups of the p o l y 
mer. The^absorbance of the end groups was measured i n the i n f r a r e d at 
3610 cm i n carbon d i s u l f i d e i n a c e l l w ith a 1 cm pathlength. By 
comparing the spectrum of the i n i t i a l polymer and the i s o l a t e d pro
duct w i t h the spectrum of a hyd r o x y l - f r e e polymer sample, greater 
than 99% capping i s found f o r the PTC r e a c t i o n . With l e s s a c e t i c 
anhydride (1.25% based on polymer weight) 97% of the hydroxyl groups 
are capped. For high molecular weight polymer ([nj 0.49 d l / g i n CHCl^ 
at 25 C, no change i n i n t r i n s i c v i s c o s i t y , molecular weight d i s t r i b u 
t i o n or glass t r a n s i t i o n temperature i s noted as a r e s u l t of the cap
ping r e a c t i o n . 
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The coupling r e a c t i o n s r e s u l t i n marked increases i n the molecular 
weight of the polymer. These increases are measured by i n t r i n s i c 
v i s c o s i t y determinations. The changes i n v i s c o s i t y f o r s e v e r a l cou
p l i n g reagents are l i s t e d i n Table I . I s o p h t h a l o y l c h l o r i d e and the 
b i s c h l o r o f o r m a t e from bisphenol-A produce 70 to 90% increases i n the 
i n t r i n s i c v i s c o s i t y while the t r i f u n c t i o n a l reagent (phosphorous oxy-
c h l o r i d e ) produces an increase of 120%. These changes i n i n t r i n s i c 
v i s c o s i t y correspond approximately to doubling and t r i p l i n g the 
molecular weight f o r b i f u n c t i o n a l and t r i f u n c t i o n a l c o u p l i n g , respec
t i v e l y . The high degree of capping of the hydroxyl groups that accom
panies the coupling i s a l s o shown i n Table I by the 90% decrease i n 
hydroxyl absorbance. 

The second and t h i r d reagents i n Table I are s o l i d s . They are 
added to the r e a c t i o n mixture ( c o n t a i n i n g 1, Adogen 464, and aqueous 
sodium hydroxide) as s o l i d s e i t h e r at once or i n several p o r t i o n s 
over a short p e r i o d of time. The gradual d i s s o l u t i o n of the s o l i d s 
i n t o the r e a c t i o n mixtur
slow a d d i t i o n of a s o l u t i o
w i t h l i q u i d coupling reagents). The r e a c t i o n between 1 and RY  i s 
s u f f i c i e n t l y f a s t that the coupling r e a c t i o n i s favored over compet
ing h y d r o l y s i s r e a c t i o n s . Furthermore, a l l of the f u n c t i o n a l i t y Y of 
RY r e a c t s before an excess of RY accumulates. This i s an important 
feature since an excess of RY at t h i s stage can lead to capping of 
too many of the polymer chains w i t h -RY - groups and not leave 
enough phenolic endgroups to react w i t h the capped chains to form the 
coupled product. Once the r a p i d coupling i s complete, the accumula
t i o n of a d d i t i o n a l coupling reagent has no e f f e c t on the r e a c t i o n . I t 
s l o w l y hydrolyzes and i s removed during workup. 

Coupling r e a c t i o n s are favored over h y d r o l y s i s r e a c t i o n s under 
PTC c o n d i t i o n s when a c a t a l y s t such as Adogen 464 ( t r i c a p r y l m e t h y l 
ammonium c h l o r i d e ) i s used. The e f f e c t i v e n e s s gf the c a t a l y s t may be 
due to i t s high s o l u b i l i t y i n the organic phase where the key steps 
of the r e a c t i o n are b e l i e v e d to take p l a c e . Expressions ( l ) - ( 4 ) sum
marize these steps. The c a t a l y s t t r a n s f e r s hydroxide i n t o the organic 
phase (step 1, Y = h a l i d e ) to form the ammonium phenoxide (Step 2) 
which r e a c t s i n Step 3 w i t h the coupling reagent. The product s t i l l 
c ontains r e a c t i v e f u n c t i o n a l i t y and r e a c t s w i t h a d d i t i o n a l o l i g o m e r i c 
ammonium phenoxide (Step 4) u n t i l a l l of the Y groups are d i s p l a c e d . 

B 

+ 2 — K€̂ °-$2 R Y(x-2) + R , 4 N V ( o r g ) ( 4 ) 
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While Steps 3 jnd_4 take place. Step 1 i s repeated, r e p l e n i s h i n g the 
supply of R'4N OH . 

The coupling i s c a r r i e d out with a high concentration (50% w/w) 
of sodium hydroxide i n water and with high-shear mixing which ensures 
a large i n t e r f a c i a l area to a i d i n transport of hydroxide across the 
i n t e r f a c e . The quantity of NaOH on a weight basis i s r e l a t i v e l y 
small, however, since only two to f i v e times the quantity of phenolic 
end groups i s required. The polymer concentration i s kept high (20 
to 35% w/v) to o f f s e t the low molar endgroup concentration that 
r e s u l t s from the r e l a t i v e l y high molecular weight of the polymer. 
Temperatures (often 50°) were s u f f i c i e n t to s o l u b i l i z e the polymer 
but not so high as to cause decomposition of the c a t a l y s t . With the 
conditions described here the c a t a l y s t can be used at a concentration 
of ca. 0.1% ( i . e . , 0.5% w/w based on polymer) and provide r a p i d cou
p l i n g rates with many coupling reagents. Both Adogen 464 and c e t y l -
trimethylammonium bromide are e f f e c t i v e c a t a l y s t s at t h i s concentra
t i o n . 

The b i f u n c t i o n a l polyme
oligomers of J. are heate  with"3,  ',5,5'-tetramethy 1-4,
diphenoquinone (a byproduct of the synthesis of 1) react s with a 
b i f u n c t i o n a l coupling reagent to produce a coupled product 

H ^ O - ^ H + 0=̂=0=0 H ^ O - ^ ^ O ^ ^ O f ^ O f H 
1 2 

with an increase i n molecular weight that i s greater than two-fold. 
G e l a t i o n occurs when the coupling reagent i s t r i f u n c t i o n a l but can be 
avoided i f a s u f f i c i e n t quantity of monofunctional polymer i s also 
present. Examples of such coupling r e a c t i o n s on mono- and d i f u n c 
t i o n a l polymer mixtures are presented i n Table I I . 

Table I I . Coupling Reactions on Mixtures of 1 and 2 
I n t r i n s i c V i s c o s i t y 

Wt. of (dl/g) 
Coupling Reagent a 

Reagent (g) I n i t i a l P o l . Product 
None (Control) - .31 .32 
Isophthaloyl Chloride 0.23 .31 .60 
4,4'-Biphenyl D i s u l f o n y l 
d i c h l o r i d e .39 .31 .70 

Toluene-2,4-diisocyanate .19 .31 .47 
2,3-Bis(bromomethyl)- .35 .31 .53 
quinoxaline 

.55 o,o-D ibromo-p-Xylene .29 .31 .55 
Methylene bromide 7.5 .31 .75 
Methylene c h l o r i d e 4.0 .31 .49 
Cyanuric c h l o r i d e .18 .24 .90 
1,3,5-Benzene-Tricar-
b o x y l i c a c i d c h l o r i d e .55 .24 .79 

(a) For lOg polymer 
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Methylene bromide can f u n c t i o n as the coupling reagent i f i t i s 
used i n an excess. This unusual coupling r e a c t i o n succeeds, presum
ab l y , because the intermediate a-bromo ether, 3, r e a c t s much more 
r a p i d l y w i t h the phenoxide endgroup of another polymer than methylene 
bromide does to produce the formal l i n k e d product, 4. 

Methylene c h l o r i d e a l s o a c t s as a coupling reagent but i s l e s s e f f e c 
t i v e than methylene bromide. Examples of coupling m a t e r i a l c o n t a i n i n g 
s t r u c t u r e 2 are shown i n Table I I . 

Block copolymers co n t a i n i n
polymer can be prepared
In one method, oligomers of the second polymer which co n t a i n a c i d 
c h l o r i d e endgroups are used as the coupling reagent. When the o l i -
gomeric coupling reagent i s b i f u n c t i o n a l , r e a c t i o n w i t h 1 produces an 
ABA b l o c k copolymer while r e a c t i o n w i t h 2 produces an (A B ) q b l o c k 
copolymer. T y p i c a l polymeric coupling reagents are 5 (8) and 6 ( 3 ) . 

Care must be taken w i t h such o l i g o m e r i c coupling reagents because of 
the p o s s i b i l i t y of h y d r o l y s i s of backbone e s t e r or carbonate groups 
during the coupling r e a c t i o n . Reagent 6 and the corresponding b l o c k 
i n the product are p a r t i c u l a r l y s u s c e p t i b l e to cleavage by sodium 
hydroxide i n the presence of the c a t a l y s t . However, high molecular 
weight product can be obtained i f the a d d i t i o n time of the reagent i s 
short and the r e a c t i o n mixture i s a c i d i f i e d immediately a f t e r the 
a d d i t i o n step i s f i n i s h e d . 

A second method f o r preparing b l o c k copolymers i s a c r o s s -
coupling process. A low molecular weight coupling reagent i s added 
to a mixture of poly(phenylene oxide) and a second homopolymer w i t h 
p h e n o l i c hydroxyl endgroups such as 7 (9) or 8 (10) i n the presence 
of sodium hydroxide and c a t a l y s t . 

2 
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8 

The r e s u l t a n t copolymer from 1 and 8 has two glass t r a n s i t i o n tem
peratures (T 's at 97° an
present. In §ontrast, th
value which i s c o n s i s t e n t w i t h the c o m p a t i b i l i t y between 1 and p o l y s * 
tyrene homopolymers. 

Evidence f o r the block-type nature of the copolymers i s provided 
by an a n a l y s i s based on the a b i l i t y of 1 to form a complex w i t h 
methylene c h l o r i d e that i s i n s o l u b l e i n methylene c h l o r i d e . (11) When 
each of the coupled copolymers described above i s d i s s o l v e d i n 
methylene c h l o r i d e , a p r e c i p i t a t e forms and can be i s o l a t e d by f i l 
t r a t i o n . Both 1 and the second polymer are present i n the soluble 
f r a c t i o n and both are present i n the p r e c i p i t a t e . Since 1 normally 
p r e c i p i t a t e s q u a n t i t a t i v e l y from methylene c h l o r i d e s o l u t i o n and the 
other polymers remain s o l u b l e , the coupled products must be block 
copolymers. 

Experimental 

The so l v e n t s and coupling reagents were reagent grade m a t e r i a l s . The 
tricaprylmethylammonium c h l o r i d e (Adogen 464) was not p u r i f i e d 
f u r t h e r . I n t r i n s i c v i s c o s i t i e s were measured i n chloroform at 25 . 
I n f r a r e d spectra f o r hydroxyl a n a l y s i s were measured on 2.5% s o l u 
t i o n s i n carbon d i s u l f i d e (vs. carbon d i s u l f i d e 2 ^ i n a c e l l w i t h a 
1.00 cm path length. The absorbance at 3610 cm was subtracted from 
a s i m i l a r spectrum of \ which had been q u a n t i t a t i v e l y a c e t y l a t e d . 
Gel permeation chromatographic measurements were performed on a 
Waters A s s o c i a t e s HPLC w i t h u-Styragel columns (10 , 10 , 10 , and 
500ANG) i n chloroform w i t h a polystyrene c a l i b r a t i o n . 

Low molecular weight polymers were prepared by Hay's method (12) 
by using short r e a c t i o n times and terminating the r e a c t i o n s by adding 
aqueous Na^EDTA to complex the copper. The r e a c t i o n mixtures were 
then e i t h e r t r e a t e d w i t h methanol to p r e c i p i t a t e 1 or heated at 50-
55 under n i t r o g e n f o r 1-1.5 hrs to discharge t h e ^ c o l o r of the 
3,3',5,5'-tetramethy1-4,4'-diphenoquinone and generate %. Polymer 
c o n t a i n i n g % Was then i s o l a t e d by p r e c i p i t a t i o n w i t h methanol. E v i 
dence f o r the presence of s t r u c t u r e % i n the s t a r t i n g m a t e r i a l was 
obtained by IR (the absorbance of a 2.5% s o l u t i o n at 3610 cm (1 cm 
path) increased 0.12 u n i t s a f t e r the heating s t e p ) . 
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A c e t i c Anhydride Capping. To a s o l u t i o n of 1 (5.0 g, i n t r i n s i c 
v i s c o s i t y 0.49 dl/g) i n 15 mL chlorobenzene was added 0.10g Adogen 
464 and sodium hydroxide (0.10 g 50% aqueous s o l u t i o n ) . The mixture 
was s t i r r e d w i t h a vibromixer s t i r r e r at 25 under n i t r o g e n and 0.5 g 
a c e t i c anhydride was added. A f t e r two minutes the r e a c t i o n mixture 
was d i l u t e d w i t h 20 mL toluene and the polymer was i s o l a t e d by 
methanol p r e c i p i t a t i o n . The d r i e d product weighed 5.0 g; i n t r i n s i c 
v i s c o s i t y 0.49 d l / g ; the hydroxyl absorbance had decreased from an 
i n i t i a l value of 0.092 to 0.000. With l e s s reagents (1.25% a c e t i c 
anhydride, 1.1% 50% aqueous NaOH and 0.50% Adogen 464 based on 1 by 
weight) at 44-48 , the a c e t i c anhydride was added over a two minute 
p e r i o d to the high shear zone of a paddle s t i r r e r a g i t a t e d r e a c t i o n 
mixture to reduce the hydroxyl absorbance of a 20% ( i n toluene) s o l u 
t i o n of 1 to 3% of the i n i t i a l value. 

Coupling Reactions w i t h S o l i d Coupling Reagents. This procedure 
includes a step where 1
p o l y m e r i z a t i o n r e a c t i o
a l s o a p p l i e s to normal 1. 

A 300 mL jacketed Waring Blender equipped w i t h a n i t r o g e n i n l e t , 
thermocouple and septum port was charged w i t h 30 mL monochloroben-
zene and lOg polymer c o n t a i n i n g 2. Water at the d e s i r e d r e a c t i o n 
temperature was c i r c u l a t e d through the blender j a c k e t . Adogen 464 
(0.05g) was added followed by 1.3 mL 50% aqueous NaOH. A f t e r high 
speed mixing f o r 3 minutes, the coupling agent was added a l l - a t - o n c e . 
High shear c o n d i t i o n s were maintained during the a d d i t i o n and 2-3 
minutes t h e r e a f t e r . The r e a c t i o n mixture was d i l u t e d w i t h toluene, 
a c i d i f i e d w i t h cone. HC1 and p r e c i p i t a t e d w i t h methanol. R e s u l t s f o r 
various coupling reagents are l i s t e d i n Table I I . 

A s e r i e s of coupling r e a c t i o n s on u n e q u i l i b r a t e d polymer was run 
using a slower a d d i t i o n of i s o p h t h a l o y l c h l o r i d e than described above 
and at several c a t a l y s t l e v e l s . To a s o l u t i o n of polymer 1 (5.0g, 
i n t r i n s i c v i s c o s i t y 0.36 dl/g) i n 39 mL toluene was added Adogen 464 
(15 mg i n 0.15 mL toluene) and sodium hydroxide (180 mg 50% aqueous 
s o l u t i o n ) . The mixture was s t i r r e d under a n i t r o g e n atmosphere and 
s o l i d i s o p h t h a l o y l c h l o r i d e (73 mg) was added over a 15 min p e r i o d . 
The polymer was p r e c i p i t a t e d by dropwise a d d i t i o n of methanol, then 
washed w i t h methanol and d r i e d . The product weighed 5.0g^ i n t r i n s i c 
v i s c o s i t y 0.57 d l / g . The i n f r a r e d absorbance at 3610 cm decreased 
upon coupling from 0.180 to 0.022. The procedure was repeated at 
s e v e r a l other Adogen 464 concentrations and i n one case without the 
coupling reagent. The products showed the f o l l o w i n g analyses: 

Weight of I s o p h t h a l o y l Coupled Polymer 
Adogen 464 (mg) Chlo r i d e (mg) [T\] (dl/g) 3610cm absorbance 

0 ( c o n t r o l ) ) 0.36 0.180 
0 73 .40 .142 
5 73 .56 .035 

15 73 .57 .022 
25 73 .50 .020 
25 0 .39 .140 
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The r e a c t i o n was repeated on a d i f f e r e n t polymer sample with the 
s o l i d bis(chloroformate) of 2,2-bis(4-hydroxyphenyl)propane which 
r e s u l t e d i n the f o l l o w i n g increase i n i n t r i n s i c v i s c o s i t y of the 
polymer: 0.28 to 0.54 d l / g . 

Coupling with TOCU_ ^Vibromixer_StirrerJK To a s o l u t i o n of polymer 1 
(2.44g, i n t r i n s i c v i s c o s i t y 0.33 d l / g Mw 34,000, Mn 17,000) i n 8.2 mL 
chlorobenzene was added Adogen 464 (0.12 mL 10% s o l u t i o n i n toluene) 
and sodium hydroxide (180 mg 50% aqueous s o l u t i o n ) . The mixture was 
s t i r r e d at 25 with a Vibromixer S t i r r e r under a nitrogen atmosphere 
fo r 30 minutes and phosphorus oxychloride (0.020g) was added over a 
10 minute peri o d with a syringe. The r e a c t i o n mixture was d i l u t e d 
with toluene (10 mL) and the polymer i s o l a t e d by methanol p r e c i p i t a 
t i o n and d r i e d ; i n t r i n s i c v i s c o s i t y 0.72 d l / g . The i n i t i a l polymer 
had an OH i n f r a r e d absorption at 3610 cm of 0.18; the value f o r the 
coupled product was 0.016. 

The r e a c t i o n was repeate
phorous oxychloride (equivalen
i n the polymer). The i n t r i n s i c v i s c o s i t y increased from 0.33 to 0.70 
di/ g and the OH absorbance at 3610 cm decreased from 0.18 to 0.015. 

With a Poly t r o n homogenizer to provide high-shear mixing f o r a 
la r g e r scale r e a c t i o n at 40°, the i n t r i n s i c v i s c o s i t y of a polymer 
(2000g) with an i n i t i a l value of 0.24 d l / g was increased to 0.51 d l / g 
(6 minute P0C1 3 addition) and to 0.40 d l / g (1.5 minute P 0 C i 3 addi
tion) . S i m i l a r r e s u l t s occurred when a Waring blender was used to 
provide high shear mixing f o r intermediate scale r e a c t i o n s . 

Conpling_wjth_P0Cl 3 (Paddle S t i r r e r ) . _To a s o l u t i o n of polymer 1 
(15.Og, i n t r i n s i c v i s c o s i t y ~ 0 . 2 8 dl/g Mw 27,000, Mn 13,000) i n 69 mL 
toluene was added 75 mg cetyltrimethylammonium bromide (CTMAB) and 
sodium hydroxide (1.25 mL 25% aqueous s o l u t i o n ) at 30 under a n i t r o 
gen atmosphere. A f t e r s t i r r i n g with a paddle s t i r r e r i n a 3-neck 
round bottom f l a s k f o r ten minutes, a s o l u t i o n of phosphorus oxy
c h l o r i d e (4.7 mL 2% toluene s o l u t i o n ) was added over a 47 minute 
period at a constant rate using a syringe c o n t r o l l e d with an i n f u s i o n 
pump. The reagent was introduced i n t o the high-shear region immedi
a t e l y above the outer p o r t i o n of the r a p i d l y s t i r r i n g paddle. A 
r e a c t i o n temperature between 40 and 45° was maintained throughout the 
ad d i t i o n . When a d d i t i o n was completed, a c e t i c a c i d was added to neu
t r a l i z e excess base and the polymer was p r e c i p i t a t e d by slowly adding 
500 mL methanol to the r e a c t i o n mixture. A f t e r washing with methanol 
and drying at 80° (10 T o r r ) , the polymer weighed 14.9g. The analyses 
f o r v i s c o s i t y and hydroxyl end groups of the product and two others 
prepared under i d e n t i c a l c o nditions with 150 mg and 30 mg c a t a l y s t 
are presented: 

CTMAB (mg) I n i t i a l Polymer Coupled Product 
[nj (dl/g) 3610 Abs [nJ (dl/g) 36l6~Ab7 

150 0.28 0.20 0.60 0.01 
75 0.28 0.20 .62 0.01 
30 0.28 0.20 .46 0.01 

S i m i l a r r e s u l t s were obtained with s i m i l a r weights of Adogen 464 
instead of CTMAB. 
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Conpling w i t h Methylene Bromide. A 300 mL high speed mechanics1 
blender equipped w i t h n i t r o g e n i n l e t , thermocouple and a d d i t i o n port 
was charged w i t h 30 mL chlorobenzene and 10.0^ of polyphenylene oxide 
c o n t a i n i n g s t r u c t u r e s ^ and 1 0.31 d l / g Mwo32,000, Mn 16,000; OH 
absorbance at 3610 cm 0.301. Water at ~ 70 C was c i r c u l a t e d 
through the blender j a c k e t , 0.05g Adogen 464 and 1.3 mL 50% aqueous 
sodium hydrogen were added to the blender. A f t e r high speed mixing 
f o r 3 minutes, 2.5g methylene bromide was added a l l at once and high 
shear mixing c o n d i t i o n s were maintained f o r 40 minutes. A sharp 
increase i n v i s c o s i t y occurred at about 30 minutes. The r e s u l t i n g 
viscous polymer s o l u t i o n was d i l u t e d w i t h 5 volumes of toluene, 
t r a n s f e r r e d to a l a r g e r blender and a c i d i f i e d w i t h cone, h y d r o c h l o r i c 
a c i d . The polymer was p r e c i p i t a t e d by a d d i t i o n of four volumes of 
methanol, c o l l e c t e d , washed w i t h f r e s h methanol and d r i e d overnight 
i n vacuo at 60°C. [r(\ 0.62 d l / g ; IR absorbance at 3610 cm" : 0.016. 

When the r e a c t i o n was repeated using methylene c h l o r i d e (3.0 mL) 
i n s t e a d of methylene bromide
and OH: 0.134. 

ggegftgation of P o l y f o r m a l ^ 8^ A s o l u t i o n of 45.6g (0.20 mole) of 
bisphenol-A i n 62 mL of methylene c h l o r i d e and 93 mL of N-
methylpyrrolidone (NMP) was s t i r r e d v i g o r o u s l y under a n i t r o g e n atmo
sphere w i t h 16.Og (0.50 mole) sodium hydroxide p e l l e t s at 80 C f o r 5 
hours. A d d i t i o n a l methylene c h l o r i d e was added and the mixture was 
f i l t e r e d w hile warm. A mixture of 250 mL methanol and 250 mL acetone 
was added to the f i l t r a t e to p r e c i p i t a t e the polymer. The polymer 
was c o l l e c t e d on a f i l t e r and d r i e d at 60°C and 10 Torr f o r 20 hours. 
The weight of dry polymer was 35.8g. I n t r i n s i c v i s c o s i t y : 0.21 d l / g 
i n chloroform at 25°C; number average molecular weight from i n f r a r e d 
a n a l y s i s of hydroxyl end groups: 8150. Using e i t h e r l e s s sodium 
hydroxide or l e s s methylene c h l o r i d e w i t h a s i m i l a r procedure y i e l d e d 
lower molecular weight p o l y f o r m a l . Thus, w i t h 5% l e s s sodium hdyrox-
ide , the polymer had an i n t r i n s i c v i s c o s i t y of 0.08 d l / g i n c h l o r o 
form at 25°C; M was 2560 and T was 52°C. With 70% l e s s methylene 
c h l o r i d e : 8.13 d l / g , M q 37?0. 

Cross-coupling of Poly(phenylene oxide) and P o l y f o r m a l s . A 300 mL 
mini-blender was equipped w i t h a n i t r o g e n i n l e t , a thermocouple near 
the high shear i m p e l l e r region of the blender and a port f o r the 
i n t r o d u c t i o n of a coupling agent. The blender was charged w i t h p o l y 
mers 1 (5g [i)] 0.24 d l / g and 8 (5g), 20 mL of chlorobenzene, 0.5 mL 
of a 10% (W/V) s o l u t i o n of Adogen 464 (methyl tricaprylammonium 
c h l o r i d e ) and 50% aqueous sodium hydroxide. The r e a c t i o n medium was 
maintained under an i n e r t n i t r o g e n atmosphere at a temperature of 
approximately 50 C, while the r e a c t i o n i n g r e d i e n t s were premixed 
v i g o r o u s l y f o r 2 minutes. I s o p h t h a l o y l c h l o r i d e (IPC) p e l l e t s were 
then added. Within 2 minutes, a viscous r e a c t i o n mixture r e s u l t e d 
which was d i l u t e d w i t h 20mL of chlorobenzene and added to 300 m i l l i 
l i t e r s of methanol wit h vigorous s t i r r i n g . A r e s u l t i n g s o l i d p r e c i p 
i t a t e was f i l t e r e d , washed w i t h methanol, d r i e d at 80°C f o r 20 hours 
under a vacuum of 10 Torr. A d e s c r i p t i o n of reactants and products 
f o r s e v e r a l polyformals i s l i s t e d below: 
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8 
W (dl/g) 

8 
(Mn) 

50% 
NaOH 
(g) 

IPC 
(g) (g) 

Product 
(n) (di/g) Tg (°C) 

0.08 2560 2.06 1.04 8.82 0.33 81 • 

.11 3440 1.66 .84 9.65 .80 97 202 

.13 3770 1.56 .60 9.85 .51 96 * 

.21 8150 .99 .50 9.54 .80 96 
•Higher t r a n s i t i o n not measured. 

Pr e p a r a t i o n of g± Styrene (lOOg, 0.96 mole, f r e s h l y d i s t i l l e d ) , azo-
b i s i s o b u t y r o n i t r i l e (0.05g) and b i s ( 4 - t r i m e t h y l s i l o x y p h e n y l ) d i s u l 
f i d e (5.83g, 0.15 mole) were heated under n i t r o g e n i n a 4 oz. screw-
cap b o t t l e f o r seven days at 50°±3°C The c l e a r viscous l i q u i d was 
d i l u t e d w i t h toluene and p r e c i p i t a t e d by adding to 500 mL methanol 
con t a i n i n g a s o l u t i o n of 2g calcium n i t r a t e i n 50 mL ethanol i n a 
s t i r r e d blender. The polyme
tat e d as above, then d r i e d
by dropwise a d d i t i o n i n t g , 
h y d r o c h l o r i c a c i d . A f t e r f i l t e r i n g and d r y i n g , the polymer weighed 
50.4g, e x h i b i t e d an i n t r i n s i c v i s c o s i t y (measured i n chloroform at 
25°C) of 0.20 d l / g , and an i n f r a r e d OH absorbance at 3590 cm of 
0.238 (500 mg/10 mL CS 2 ) . 

Cross-coup l i n g %t and 3, with^ X . ^ A 300 mL jacketed Waring blender 
equipped w i t h a n i t r o g e n i n l e t — i n order to provide an i n e r t n i t r o g e n 
purged r e a c t i o n medium, a the r m o c o u p l e — l o c a t e d i n the high f l u i d 
shear s t r e s s r e a c t i o n r e g i o n , and septum port was charged w i t h 14 mL 
chlorobenzene, 2 g of a,o>-(bis-4-trimethylsiloxyphenylthio)poly-
styrene as prepared above, and 2g of a mixture of polyphenylene 
oxides 1 and Water at 45°C was c i r c u l a t e d through the blender 
j a c k e t . A s o l u t i o n (0.2 mL) co n t a i n i n g 10% Adogen 464 i n toluene, 
was added to the blender followed by 0.2 mL of a 50% aqueous s o l u t i o n 
of NaOH. A f t e r high speed mixing f o r 2 minutes, i s o p h t h a l o y l 
c h l o r i d e was added as a s o l i d over a 2-minute p e r i o d . High shear 
r e a c t i o n c o n d i t i o n s were maintained throughout the a d d i t i o n of i s o 
p h t h a l o y l c h l o r i d e and f o r 2 minutes t h e r e a f t e r . The r e s u l t i n g reac
t i o n mixture was d i l u t e d w i t h toluene and slo w l y poured i n t o a l a r g e r 
blender c o n t a i n i n g s e v e r a l volumes of methanol. The block polymer 
product was c o l l e c t e d by f i l t r a t i o n , washed and d r i e d overnight i n 
vacuo at 60°C. [«] 0.51 d l / g ; OH absorbance at 3610 cm : 0.01. 

Methylene Chloride F r a c t i o n a t i o n of Cross-Coupled 1, 2 and 7. A sam
pl e of the blo c k polymer (above; 0.50g) was d i s s o l v e d i n 10 mL of 
methylene c h l o r i d e . The sol u t o n was stored at 2°C f o r 2 days. A 
polymer:methylene c h l o r i d e complex p r e c i p i t a t e formed which was 
removed by f i l t r a t i o n at 2°C. The p r e c i p i t a t e was then heated at 50° 
to d r i v e o f f the methylene c h l o r i d e . The d r i e d polymer weighed 0.43g 
and contained (based on IR a n a l y s i s ) 58% by weight of poly(phenylene 
oxide) and 42% by weight of polystyrene. A n a l y s i s of the f i l t r a t e 
a f t e r evaporation of the methylene c h l o r i d e e s t a b l i s h e d the presence 
of a residue c o n t a i n i n g 17% polyphenylene oxide and 83% poly s t y r e n e . 
On the b a s i s of these r e s u l t s , at l e a s t 72% of the i n i t i a l p o l y s 
tyrene charged to the r e a c t i o n medium was c a l c u l a t e d as having been 
incorporated i n t o an acyl-coupled polyphenylene oxide-polystyrene 
block polymer. 
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Characterization of Hydroxyl-Terminated Liquid 
Polymers of Epichlorohydrin 

SIMON H. YU 

Avon Lake Technical Center, The BFGoodrich Company, Avon Lake, O H 44012 

Hydroxy1-terminated epichlorohydrin (HTE) liquid 
polymers are synthesized by a cationic ring-opening 
polymerization o
a glycol or wate
were removed by extraction. HTE liquid polymers free 
from cyclic oligomers are characterized by gel 
permeation chromatography, infrared, 13C and 1H 
NMR and field desorption mass spectrometry, and 
chemical titrations. The functionality and the 
spectroscopic data are consistent with the general 
structure I for the polymer made using ethylene glycol 
as a modifier. One unit of modifier is incorporated 
into the polymer chain and the functionality of the 
polymer is the same as that of the modifier. The 
terminal hydroxyl groups are predominately secondary; 
there are some head-to-head and tail-to-tail 
linkages. The results provide structural evidence 
that the polymerization proceeds via a polyaddition 
mechanism by propagating simultaneously from both ends 
of the difunctional modifier. 

H-*-0CHCH2 -^nr- 0CH 2CH 20--<~CH 2CH0-)T rH I 

CH2C1 CH2C1 

The cationic ring-opening polymerization of epichlorohydrin in 
conjunction with a glycol or water as a modifier produced hydroxyl-
terminated epichlorohydrin (HTE) l iquid polymers (1^2). Hydroxy1-
terminated polyethers of other alkylene oxides (3^4), oxetane and 
i t s derivatives (5^6), and copolymers of tetrahydrofuran (7-15) 
have also been reported. These hydroxy1-terminated polyethers are 
theoretically difunctional and used as reactive prepolymers. 

Formation of cycl ic oligomers is a characteristic feature of 
the cationic ring-opening polymerization of cycl ic ethers (16-17). 
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Unfortunately, the presence of cycl ic oligomers interferes with 
the determination of molecular weight and consequently function
a l i t y (10) . By def init ion, the functionality in telechelic 
polymers is dependent on the col l igat ive property of molecular 
weight coupled with hdyroxyl number. Therefore, the functionality 
of only few low molecular weight polyethers made by cationic 
polymerization have been determined. Furthermore, the role of 
glycol during the polymerization is s t i l l uncertain. The incor
poration of the glycol at the head of the polymer chain via a 
monocation mechanism has been proposed (5HS). On the other hand, 
according to a newly proposed mechanism (18), the glycol is 
incorporated in the middle of the polymer chain by propagating 
simultaneously at both ends of the glycol through the polyaddition 
of the monomer. The expected structures of HTE polymers made in 
conjunction with ethylene glycol as a modifier according to these 
mechanisms are shown below

Monocation Mechanism

H0CH 2CH 20 —(- CH2CH0 -)n— H 

CH2CI 

Polyaddition Mechanism: 
H - * -0CHCH 2 — )m- 0CH 2 CH 20—(-CH2CH0-)n-H 

CH2C1 CH2C1 

In this presentation, we report the characterization of HTE 
l iquid polymers free from the interference of cyc l ic oligomers. 
Cycl ic oligomers of the higher molecular weight HTE l iquid 
polymers (M n >1200) , including commercial Hydrin 10 l iquid 
polymers, were removed by extraction. The functionality of the 
l iquid polymer was then determined, and structures are proposed as 
determined by infrared, carbon-13 and proton NMR, and f i e ld desorp-
tion mass spectroscopic analyses. 

Experimental 

HTE l iquid polymers were synthesized by cationic ring-opening 
polymerization of epichlorohydrin (ECH) in the presence of water 
or ethylene glycol (EG) as a modifier ( 1 ) . Cyclic oligomers were 
removed by extraction. After extraction, the l iquid polymers were 
essentially free from cycl ic oligomers as determined by gel per
meation chromatography (GPC) (Figure 1 ) . 

Hydroxyl numbers were determined by acetylation with an acetic 
anhydride-pyridine mixture. GPC analysis was carried out at 40°C 
using a Waters GPC Model 200 instrumentQwith columns packed with 
Styrogel [1Q 2A (4 f t ) , 10 3A (2 f t ) , 10*A (2 f t ) , 10*-10 5 A 
(A f t ) , 10 6A (4 f t ) , and 10 6 - 10 7 A (A f t ) ] . THF was used as 
a solvent. Molecular weights were calibrated with respect to 
polystyrene. Molecular weights of several l iquid polymers were 
also determined by vapor-pressure osmometry (VPO) using a Corona 
Wescan molecular weight apparatus. FT infrared spectra were 
recorded with a Nicolet 7199 spectrometer. Samples were prepared 
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by applying a thin coat of l iquid polymers on a KBr crysta l . 
Carbon-13 NMR spectra were acquired at 20.1 MHz using a Bruker 
WP-80 spectrometer. Liquid polymers were examined as a 20 wt. % 
solution in benzene-d$ or chloroform-d with internal tetramethyl-
silane reference at 30°C. Proton NMR spectra were acquired at 
200.13 MHz using a Bruker WH-200 spectrometer, in chloroform-d at 
30°C. Trichloroacetylisocyanate was used as a derivatizing agent 
(19). Fie ld desorption mass spectra were obtained with a Varian 
MAT 311A mass spectrometer in the f i e ld desorption mode. The sam
ples were dissolved in either methanol or tetrahydrofuran. The 
solutions were then saturated with sol id lithium bromide so that 
the l i thiated molecular ions [MLi]+ were produced during analysis. 

Results and Discussion 

Functionality. For reactive l iquid polymers, the most important 
property is the functionality
number average molecula
following equation: 

F n = Hydroxyl Equivalent Weight 
- M n x Hydroxyl Number 

56,100 

The hydroxyl number is defined as the milligram equivalent of KOH 
per gram of the polymer, where a mole of KOH is equivalent to one 
mole of hydroxyl group. 

According to GPC analysis, lower molecular weight HTE l iquid 
polymers (Mn<1200) synthesized by cationic ring-opening polymer
ization in conjunction with water or ethylene glycol are__free from 
cycl ic oligomers; higher molecular weight HTE polymers (Mn>1200) 
contain 10-20 wt. % of cycl ic oligomers. Without the interference 
of cyc l ic oligomers, the determination of functionality of lower 
molecular weight HTE polymers is straightforward. They are 
difunctional (Table I ) . In contrast, higher molecular weight HTE 
l iquid polymers containing cycl ic oligomers show a bimodal molecu
lar weight distribution by GPC. The functionality calculated from 
the observed Mp varies from 0.5 to 1.5. After the cycl ic ol igo
mers are removed by extaction, higher molecular weight l iquid 
polymers no longer exhibit bimodal distribution and the Mp is 
nearly twice that of the observed ffin prior to the extraction; the 
functionality determined is F n = 2.0 (Table I ) . The M n of 
several HTE polymers free from cycl ic oligomers has also been 
determined by vapor pressure osmometry (VPO). For higher molecular 
weight HTE polymers, M n 's obtained from GPC are the same as those 
obtained from VPO. 

Infrared spectra. An FT infrared spectrum of HTE l iquid polymer 
(ffn~500) is shown in Figure 2. A l l spectra of HTE polymers show 
characteristic absorptions: a broad band at 3530 cm"*1 for the 
hydroxyl stretching, three bands at 2958, 2913, and 2875 cm"1 

assigned to the carbon-hydrogen stretching, an extremely strong 
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Figure 1. GPC Curves of Hydrin 10 Liquid Polymers 
Before and After Extraction 
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Table I . Functionality of Hydroxy1-Terminated Epichlorohydrin 
Liquid Polymers( a) 

HTE 500 HTE 1000 HTE lOOOAW 
Lower molecular weight polymers 

containing no cyc l ic oligomers. 
Mn by GPC 623 
OH Number 175 
Functionality 1.9 
Mn by VPO 527 

1,130 
114 

2.3 
874 

1,030 
118 

2.2 

HTE 2000 HTE 3000 
A B A B C 

Higher molecular weight polymers 
before extraction, 

flh by GPC 1,500 1,220 
OH Number 5
Functionality 1.

1,430 1,390 1,530 

Higher molecular weight polymers 
_ after extraction. 
Mn by GPC 2,320 1,920 3,070 
OH Number 56 62 37 
Functionality 2.3 2.1 2.0 
Mn by VPO 2,300 — 2,960 

2,750 3,610 
45 27 

2.2 1.8 

Hvdrin 10X1 Hvdrin 10X2 
Commercial polymers before extraction 
Mn by GPC 1,700 
OH Number 32 
Functionality 0. 
Commercial polymers after extraction 
Mn by GPC 4,080 
OH Number 23 
Functionality 2. 

97 

1,570 
11 
0.5 

11,800 
8.2 
1.7 

Synthesized l iquid polymers are designated as HTE followed by M n . 
Hydrin 10 l iquid polymers are commercially available from BFG. 

b. HTE 1000A was synthesized using water as a modifier, other 
synthesized polymers using ethylene glycol as a modifier. 

Table II . Ratios of Infrared Absorbances(a) 

OH/CO CH/CO CC1/C0 
HTE Liquid Polymer 0.0^0.7 0.38 0.37 
PECH Elastomer 0.0 0.31 0.35 

(Hvdrin 100) 
a. The absorbances of OH at 3530, CH at 2875, CO at 1125, and CC1 

at 747 cm" 1. 
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band at 1125 cnr 1 assigned to the single bond carbon-oxygen 
stretching for ether linkages in the polymer chain and a doublet 
at 747 and 710 cm"1 attributed to the carbon-chlorine stretch
ings for trans and gauche configuration, respectively. As the 
molecular weight of l iquid polymers increases, the hydroxyl absorp
tion becomes weaker. For higher molecular weight Hydrin 10X2 
(^^12,000), the hydroxyl band nearly disappears. 

Table II summarized the ratios of major absorbances of HTE 
l iquid polymers. Only the ratio of hydroxyl absorbance is sensi
t ive to the molecular weight, whereas the other two ratios are 
independent of i t . For comparison, the ratios of absorbances of 
high molecular weight elastomers (Hydrin 100) made by a coor
dination catalyst (R3AI/H2O) are also shown in Table II . No 
hydroxyl absorbance is detected. The two ratios of CH/CO and 
CC1/C0 absorbances of HTE l iquid polymers match well with those of 
elastomers and are characteristic feature of polyepichlorohydrin. 

Carbon-13 NMR spectra.
(MpSsTSOO) is shown in Figure 3. The carbon-13 NMR spectra of 
HTE polymers show the carbon chemical shifts at 79.3 and 72.7 ppm 
for the backbone and the terminal methine carbons respectively, at 
43.9 and 46.2 ppm for the backbone and the terminal chloromethyl 
carbons, respectively, and in the range of 69.7-72.0 ppm as a 
multiplet for the methylene carbon. It i s a characteristic fea
ture of hydroxyl-terminated polyethers that the terminal carbon 
exhibits a up-field shift due to the substituent effect of the 
hydroxyl group, whereas the |0 carbon(s) to the terminal hydroxyl 
group exhibits a down-field shift (Table III) . The terminal 
methine carbon also suggests that the hydroxyl groups are pre
dominantly secondary. 

Table III . Substituent Effect of Hydroxyl Groups on Carbon 
Chemical Shifts of Polyethers 

Hydroxyl-
/3 -Carbon terminated -Carbon 1. ppm /3 -Carbon . ppm 

Polyether Backbone Terminal Backbone Terminal Reference 
Epichlorohydrin 79.3 72.7 43.9 46.2 This study 
Ethylene Oxide 70.5 61.6 70.5 72.5 21 
Oxetane 68.4 60.0 31.0 33.8 24 
Tetrahydrofuran 70.4 61.8 26.5 29.7 22 
Propylene Oxide 75.8 66.8 17.5 19.7 23 

75.3 65.6 

The complicated pattern for the methylene carbon of the poly
mers indicates the presence of an irregular structure of head to 
head and t a i l to t a i l linkages. On the other hand, the uniformly 
head to t a i l structure of polyepichlorohydrin elastomers made by 
the coordination catalyst shows a doublet for the methylene carbon 
at 70.2 and 70.0 ppm (21). No peak corresponding to the terminal 
methine or chloromethyl carbons is detected in elastomers. 
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Proton NMR spectra. Since a l l protons of HTE polymers show the 
resonance peaks at 3.4-4.1 ppm, no additional structural informa
tion can be derived from the proton NMR spectra. However, when 
HTE polymers are derivatized by trichloroacetylisocyanate, the 
resonance peaks of methylene and methine protons adjacent to the 
terminal hydroxyl groups shift downfield to 4.4 and 5.1 ppm cor
responding to the primary and secondary alcohols, respectively 
(Figure 4). The proton NMR spectra of the derivatized HTE poly
mers show that more than 90% of the terminal hydroxyl groups are 
secondary. 

FD Mass spectra. A FD mass spectrum of HTE polymers synthesized 
in conjunction with ethylene glycol i s shown in Figure 5. The 
numbers shown indicate the units of ECH incorporated per polymer 
chain. The spectra are s l ight ly complicated by the 5 * c i and 
5 7C1 isotope patterns. A major series of species A with molecu
lar weight of (62 + 92.
identi f ied. A minor
(18 + 92.5n) corresponding to [H2O + n(ECH)] i s also detected as 
impurities due to the presence of trace amount of water during the 
polymerization. This series of impurities can be eliminated by 
careful precluding water in the polymeriation system. Species B 
become the predominant series in HTE polymers synthesized in 
conjunction with water (Figure 6). 

The FD mass spectra provide qualitative distribution of v a r i 
ous species in HTE polymers. Most importantly, the spectra also 
provide the structural information to prove the incorporation of 
one unit of modifier, ethylene glycol or water, in HTE polymers. 
This i s also the f i r s t analysis that distinguishes HTE polymers 
synthesized in conjunction with ethylene glycol and water. The 
incorporation of one unit of modifier into the polymer chain has 
been estimated semi-quantitatively with *H NMR method for the 
copolymerization of tetrahydrofuran and propylene oxide in con
junction with 1,4-butanediol as a modifier (7). 

Proposed structures. The functionality and the spectroscopic data 
are consistent with the general structures as shown. 

Ethylene glycol as a modifier: 

H-£- 0CHCH2--)nr0CH2CH2b-f-CH2CH0-4nH 

CH2C1 CH2C1 

Water as a modifier: 
H-f-0CHCH2-)nr0 — f - C ^ C H O - ^ H 

CH2C1 CH2C1 

The proposed structures are consistent with the polyaddition 
mechanism of cationic ring-opening polymerization of ECH in 
conjunction with a modifier (18). The polymer chain propagates 
simultaneously at both ends of the difunctional modifier through 
polyaddition of monomers. Consequently, one unit of modifier is 
incorporated into the polymer chain and the functionality of the 
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M n *500 

c d c e 
4CH2CH0-^ CH2CH0H 

CH2CI CH2CI 
o b 

Figure 3. Carbon-13 NMR Spectrum (20.1 MHz) of HTE Liquid Polymer 
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Figure 4. Proton NMR Spectrum of Derivatized HTE 
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Figure 5. FD Mass Spectrum of HTE Liquid Polymer (EG as a modifier) 

KXXOi 

>> 500 

671 

B HgO + (ECH)n 579 

577 

369 

KX)0 400 
- I — I — i — | * > 1 

453 469 ^ 4 9 9 *1?557 

450. 
763 

1 — I — i — I — f t * i — r 
500 550 

600 619 639 
- f - r - V 
600 650 

1 

I 5 0 0 . 1 ^ 
T . | .4 @ 

• 693 TIT 731 853Bl 90Z 9 » *>' 
700 750 800 850 900 950 

Figure 6 . FD Mass Spectrum of HTE Liquid Polymer (Water as modifier) 
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polymer is the same as that of the modifier. The proposed struc
tures against the monocation mechanism which suggests only one end 
of the difunctional modifier participates and a modifier unit is 
incorporated at the head of the polymer chain (5.6). 
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Thermal and Photo Stability of Polyarylates 
Styrylpyridine-Based Polymers 

HOH-JIEAR YAN and ELI M . P E A R C E 

Polymer Research Institute and Chemistry Department, Polytechnic Institute of New York, 
Brooklyn, NY 11201 

Improvements in both the thermal and 
UV stabili ty
increasing r igidi t
functional groups in the polymer backbone. 
This may be accomplished in systems con
taining active C=C double bonds capable of 
undergoing a Diels-Alder reaction and 
cyclization and also the Fries rearrange
ment. In this study, styrylpyridine based 
polyesters, polyacrbonates and their 
related model compounds were synthesized 
and characterized by TGA and OI to 
determine the effect of structure on 
thermal s tabi l i ty. In addition, the 
Photo-Fries rearrangement occurring during 
the UV irradiation of the styrylpyridine 
based model compound of the ester and 
carbonate was also investigated. 

I t i s known t h a t i n c r e a s e d c h a r y i e l d i s u s u a l l y 
a s s o c i a t e d w i t h i m p r o v e d f l a m m a b i l i t y b e h a v i o r (J.) . T h i s 
c a n be u n d e r s t o o d i f one c o n s i d e r s t h a t t h e v o l a t i l e 
f l a m m a b l e p r o d u c t s c a n o n l y d i f f u s e w i t h d i f f i c u l t y 
t h r o u g h t h e c h a r , and t h a t t h e t h e r m a l c o n d u c t i v i t y o f a 
p o r o u s c h a r l a y e r i s r e l a t i v e l y p o o r {2). The s t r u c t u r e 
o f t h e p o l y m e r c a n c o n t r i b u t e t o t h e amount o f c h a r 
f o r m e d b a s e d on t h e c h a r a c t e r o f t h e f u n c t i o n a l g r o u p s 
p r e s e n t and t h e n a t u r e o f t h e b a c k b o n e (2,3) . R i t c h i e (4J 
f o u n d t h a t f o r a s e r i e s o f u n s a t u r a t e d p o l y e s t e r s and 
t h e i r c o p o l y m e r s , t h e t e m p e r a t u r e s a t w h i c h c a r b o n 
d i o x i d e i s e l i m i n a t e d was i n t h e r a n g e o f 280 t o 345°C 
d e p e n d i n g on t h e s t r u c t u r e o f t h e p o l y e s t e r . A l i p h a t i c 
p o l y e s t e r s and t h e i r c o p o l y m e r s h a v e l e s s t h e r m a l 

0097-6I56/85/0282-O209$06.00/0 
© 1985 American Chemical Society 

In Reactive Oligomers; Harris, F., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



210 REACTIVE OLIGOMERS 

s t a b i l i t y t h a n t h e p o l y a r y l a t e s . Z. J e d l i n s k i (5) h a d 
s t u d i e d t h e i n f l u e n c e o f c h e m i c a l s t r u c t u r e on f o u r t e e n 
a r o m a t i c c o p o l y m e r s , c o n t a i n i n g n a p h t h a l e n e r i n g s i n t h e 
b a c k b o n e , and f o u n d t h a t t h e t h e r m a l s t a b i l i t y i n c r e a s e d 
a s t h e number o f c o n d e n s e d n a p h t h a l e n e r i n g s and t h e 
s y mmetry o f t h e c o p o l y m e r c h a i n i n c r e a s e d . Van K r e v e l e n 
{6) and P a r k e r (2) h a v e c o r r e l a t e d c h a r y i e l d w i t h t h e 
a r o m a t i c i t y o f p o l y m e r s . L i n and P e a r c e (S) h a v e 
c o n f i r m e d t h e g e n e r a l r e l a t i o n s h i p b e t w e e n c h a r y i e l d a nd 
o x y g e n i n d i c e s f o r p h e n o l p h t h a l e i n r e l a t e d p o l y e s t e r s and 
p o l y c a r b o n a t e s . 

P o l y m e r s c o n t a i n i n g c e r t a i n c h r o m o p h o r e s c a n a b s o r b 
l i g h t t o u n d e r g o p h o t o c h e m i c a l r e a c t i o n s i n v o l v i n g t h e 
f o r m a t i o n o f f r e e r a d i c a l s , p h o t o i o n i z a t i o n , c y c l i z a t i o n , 
i n t r a m o l e c u l a r r e a r r a n g e m e n t , and f r a g m e n t a t i o n . T h e s e 
c a n c a u s e d i s c o l o r a t i o n , e x t r a c t i o n , d i s t o r t i o n , 
s h r i n k a g e , s u r f a c e c r a c k i n g
t h e p o l y m e r i c m a t e r i a l
e f f e c t s , many p o l y m e r s h a v e b e e n p r o t e c t e d a g a i n s t 
p h o t o d e g r a d a t i o n b y t h e a d d i t i o n o f s t a b i l i z e r s . T h e s e 
s t a b i l i z e r s f a l l i n t o t h r e e g e n e r a l t y p e s (9^): l i g h t 
s c r e e n s , u l t r a v i o l e t a b s o r b e r s , and q u e n c h i n g compounds. 
S t u d i e s on s t a b i l i z a t i o n m e chanisms show t h a t t h e s e 
s u b s t a n c e s must be c o m p a t i b l e w i t h t h e p o l y m e r and s t a b l e 
t o u l t r a v i o l e t i r r a d i a t i o n and e l e v a t e d t e m p e r a t u r e s 
( 1 0 - 1 3 ) . F i n d i n g s t a b i l i z e r s w i t h s u c h p r o p e r t i e s was 
o f t e n a d i f f i c u l t p r o b l e m , and t h e s y n t h e s i s o f 
p o l y m e r s c a p a b l e o f s e l f - s t a b i l i z a t i o n due t o an i n h e r e n t 
s t a b i l i z i n g g r o u p i n t h e m o l e c u l e h a s r e c e i v e d 
c o n s i d e r a b l e a t t e n t i o n ( 1 4 , 1 5 ) . The F r i e s a r r a n g e m e n t o f 
p o l y e s t e r s (14 ,16 ,17) and p o l y c a r b o n a t e s (lj>) t o 
o - h y d r o x y b e n z o p h e n o n e s (as a common UV a b s o r b e r (.11) ) h a s 
b e e n s t u d i e d . The r e a c t i o n scheme was: 

A F r i e d e l - C r a f t s type i n t e r - c h a i n e l e c t r o p h i l i c aromatic 
s u b s t i t u t i o n a l s o c o u l d o c c u r ( 9 ) . 
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T h i s e f f e c t d e c r e a s e d t h e f o r m a t i o n o f o - h y d r o x y b e n z o -
p h e n o n e . 

D u r i n g t h e c o u r s e o f t h i s s t u d y , s t y r y l p y r i d i n e 
b a s e d p o l y e s t e r s a nd p o l y c a r b o n a t e s a s w e l l a s t h e i r 
r e l a t e d model compounds wer e s y n t h e s i z e d a nd 
c h a r a c t e r i z e d b y TGA, 01, and UV i r r a d i a t i o n t o d e t e r m i n e 
t h e e f f e c t o f t h e s t r u c t u r e on t h e r m a l a n d UV s t a b i l i t y . 

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

A. M o d e l Compounds 

( I ) P ~ ( $ - 2 v i n y l p y r i d y l ) p h e n y l b e n z o a t e (p-VPPS) 
( I I ) p , p ' - B i s ( 3 - 2 - v i n y l p y r i d y l ) d i p h e n y l i s o p h t h a l a t e 

(p,p'-BVPDPI) 
( I I I ) p , p ' - B i s ( 3 - 2 - v i n y l p y r i d y l ) d i p h e n y l t e r e p h t h a l a t e 

(p,p'-BVPDPT
(IV) P / P ' - 2 , 6 - ( 3 - 2 - v i n y l p y r i d y l ) d i p h e n y

(p,p'-2,6-VPDPDB) 
(V) p , p ' - B i s ( 3 - 2 - v i n y l p y r i d y l ) d i p h e n y l c a r b o n a t e 

(p,p'-BVPDPC) 

In Reactive Oligomers; Harris, F., et al.; 
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The p r e p a r a t i o n o f h y d r o x y - t e r m i n a t e d s t y r y l p y r i d i n e h a s 
b e e n d e s c r i b e d p r e v i o u s l y ( 1 8 ) . The model e s t e r s and 
c a r b o n a t e w e r e p r e p a r e d by an i n t e r f a c i a l r e a c t i o n . The 
scheme f o r t h e r e a c t i o n was as f o l l o w s : 
Aqueous Phase 

Organic Phase 

PyO~Na+ ( C 2 H 5 ) 4 N C 1 - ^ PyO ( C 2 H 5 ) 4 N 
(i o n p a i r A) 

NaCl 

0 
Py-d-Ar (C2H5)4NC1H i t -PyO ( C 2 H 5 ) 4 N ' 

( i o n p a i r B) 

+ Ar -£-Cl 

w h e r e : PyO N a + : ( p - h y d r o x y s t y r y l ) p y r i d i n
O 
II 

A r - C - C l : A c y l C h l o r i d e ( b e n z o y l c h l o r i d e , 
t e r e p h t h a l o y l c h l o r i d e ) . 

S o l v e n t : o r g a n i c p h a s e (1,2 d i c h l o r o e t h a n e ) . 

i o n p a i r : d e p e n d s on t h e p a r t i t i o n c o e f f i c i e n t o f 
aqu e o u s and o r g a n i c s o l v e n t . 

( C 2 H 5 ) 4 N + C 1 ~ : p h a s e - t r a n s f e r a g e n t . 

I n t h e a b o v e r e a c t i o n , t h e w a t e r s o l u b l e n u c l e o p h i l e 
was d i s s o l v e d i n an a q u e o u s NaOH s o l u t i o n . The 
p h a s e - t r a n s f e r c a t a l y s t , ( C 2 H 5 ) 4N +C1~", a l l o w s f o r t h e 
t r a n s f e r o f t h e n u c l e o p h i l e as an i o n - p a i r 
(PyO ( C 2 H 5 ) 4 N + ) i n t o t h e o r g a n i c p h a s e where l a t e r 
r e a c t i o n w i t h t h e o r g a n i c r e a g e n t , A r - C O - C l o c c u r r e d . 
M i g r a t i o n o f t h e c a t i o n i c c a t a l y s t b a c k t o t h e aq u e o u s 
p h a s e c o m p l e t e d t h e c y c l e , w h i c h c o n t i n u e d u n t i l t h e 
n u c l e o p h i l e , PyO"", o r t h e o r g a n i c compound, Ar-£-Cl, h a v e 
b e e n c o m p l e t e l y consumed. 0 

S y n t h e s i s o f E s t e r 

A 500 ml r e s i n k e t t l e was f i t t e d w i t h a s t i r r e r , d r o p p i n g 
f u n n e l , and a c o n d e n s e r c o n n e c t e d w i t h a d r y i n g t u b e . 
A l l t h e e q u i p m e n t was d r i e d and f l u s h e d w i t h n i t r o g e n f o r 
10 m i n u t e s . M o n o h y d r o x y - t e r m i n a t e d s t y r y l p y r i d i n e (0.02 
m o l e ) , NaOH (0.05 mole) and 200 ml o f d i s t i l l e d w a t e r 
w e r e p l a c e d i n t h e r e s i n k e t t l e a nd c o o l e d w i t h s t i r r i n g 
t o 0°C i n an i c e - w a t e r b a t h . A s o l u t i o n o f mono o r 
d i a c i d c h l o r i d e ( 0.01 t o 0.02 mole) i n 150 ml o f 1,2 
d i c h o l o r o e t h a n e was p l a c e d i n a d r o p p i n g f u n n e l . The 
( C 2 H 5 ) 4 N C 1 . H 2 0 (10 gram) a p h a s e t r a n s f e r a g e n t , was 
d i s s o l v e d i n 50ml o f 1,2 d i c h l o r e t h a n e and p o u r e d i n t o 
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t h e r e s i n k e t t l e . The r a t e o f a d d i t i o n o f d i a c i d 
c h l o r i d e was c o n t r o l l e d a n d t h e c o m p l e t e a d d i t i o n 
r e q u i r e d a b o u t 3 h o u r s . A f t e r c o m p l e t i o n o f t h e 
r e a c t i o n , s t i r r i n g was c o n t i n u e d f o r one more h o u r u n t i l 
t h e r e a c t i o n k e t t l e r e a c h e d room t e m p e r a t u r e . The 
s o l i d s w e r e f i l t e r e d , w ashed t w i c e w i t h 20% NaOH (300 ml) 
and s u b s e q u e n t l y r i n s e d w i t h w a t e r . R e c r y s t a l l i z a t i o n 
was done f r o m 1,2 d i c h o l o r o e t h a n e / e t h a n o l ( i n a 4:1 
v o l u m e r a t i o ) and d r i e d i n a vacuum o v e n a t 80°C f o r 2 
d a y s . The p r o d u c t s w e r e c h a r a c t e r i z e d by v a r i o u s methods 
( T a b l e s I a n d I I ) . I n t h e c a s e o f p,p'-2,6-VPDPDB, t h e 
a c i d c h l o r i d e a n d d i h y d r o x y - t e r m i n a t e d s t y r y l p y r i d i n e 
w e r e m i x e d by d r o p p i n g d i h y d r o x y - t e r m i n a t e d 
s t y r y l p y r i d i n e i n t o t h e a c i d c h l o r i d e . 

S y n t h e s i s o f C a r b o n a t e 

A 500ml r o u n d - b o t t o
c o n d e n s e r w i t h a d r y i n g t u b e , and a g a s i n l e t a d a p t o r 
t u b e w h i c h r e a c h e d t h e b o t t o m o f t h e f l a s k . A l l t h e 
e q u i p m e n t was d r i e d and f l u s h e d w i t h n i t r o g e n f o r 10 
m i n u t e s . M o n o h y d r o x y - t e r m i n a t e d s t y r y l p y r i d i n e ( 0.01 
m o l e ) , 0.015 mole o f NaOH and 200 ml o f d i s t i l l e d w a t e r 
w e r e p l a c e d i n t h e f l a s k . The m i x t u r e was s t i r r e d 
v i g o r o u s l y and c o o l e d w i t h i c e - w a t e r . The (C 2H 5)4NCI.H^O 
(0.08 mole) a p h a s e t r a n s f e r a g e n t , was d i s s o l v e d i n 50 
ml o f 1,2 d i c h l o r o e t h a n e and p o u r e d i n t o t h e f l a s k . 
P h o s g e n e g a s was b u b b l e d i n t o t h e s o l u t i o n a t a 
c o n t r o l l e d r a t e o f 1 m l / m i n . A f t e r 2 m i n u t e s t h e 
s o l u t i o n became c l o u d y a n d the pH o f the 
s o l u t i o n d e c r e a s e d a s a r e s u l t o f t h e a d d i t i o n o f 
p h o s g e n e . s m a l l amount o f p r o d u c t was o b t a i n e d , and i n 
o r d e r t o i n c r e a s e t h e y i e l d , 10 ml o f 20% NaOH was a d d e d 
and p h o s g e n e was a g a i n b u b b l e d t h r o u g h t h e s o l u t i o n f o r 
30 m i n u t e s . The p r o d u c t was p a l e y e l l o w i n c o l o r , and 
a f t e r w a s h i n g t w i c e w i t h 50 ml o f 20% NaOH, t h e c o l o r o f 
t h e m a t e r i a l became w h i t e . S u b s e q u e n t l y , t h e p r o d u c t was 
washed g e n e r o u s l y w i t h w a t e r and r e c r y s t a l l i z e d f r o m 
e t h a n o l . The c h a r a c t e r i z a t i o n d a t a i s shown i n T a b l e s I 
and I I . 

P o l y a r y l a t e s 
(VI) p o l y ( 2 , 4 ( 3 - v i n y l p y r i d y l ) d i p h e n y l i s o p h t h a l a t e ) 

[ p o l y ( 2 , 4 - V P D P I ) ] 
( V I I ) p o l y ( 2 , 4 ( 3 - v i n y l p y r i d y l ) d i p h e n y l t e r e p h t h a l a t e ) 

[ p o l y ( 2 , 4 - V P D P T ) ] 
( V I I I ) p o l y ( 2 , 6 ( 3 - v i n y l p y r i d y l ) d i p h e n y l i s o p h t h a l a t e ) 

[ p o l y ( 2 , 6 - V P D P I ) ] 
(IX) p o l y ( 2 , 6 ( 3 - v i n y l p y r i d y l ) d i p h e n y l t e r e p h t h a l a t e ) 

[ p o l y ( 2 , 6 - V P D P T ) ] 
(X) p o l y ( 2 , 4 ( 3 - v i n y l p y r i d y l ) d i p h e n y l c a r b o n a t e ) 

[ p o l y ( 2 , 4 - V P D P C ) ] 
(XI) p o l y ( 2 , 6 ( 3 - v i n y l p y r i d y l ) d i p h e n y l c a r b o n a t e ) 

[ p o l y ( 2 , 6 - V P D P C ) ] 
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( X I ) 

S y n t h e s i s o f P o l y e s t e r s 

0.01 mole o f d i ( p - h y d r o x y s t y r y l ) p y r i d i n e , 0.8 gram o f 
NaOH, and 1.5 gram o f t e t r a e t h y l a m m o n i u m c h l o r i d e 
m o n o h y d r a t e w e r e d i s p e r s e d i n 200 ml o f w a t e r u s i n g a 
h i g h - s p e e d b l e n d e r . To t h i s m i x t u r e , 0.01 mole o f d i a c i d 
c h l o r i d e i n 50 m l % d i c h l o r o e t h a n e was ad d e d q u i c k l y and 
t h e r e s u l t i n g m i x t u r e was s t i r r e d v i g o r o u s l y f o r f i v e 
m i n u t e s . The p o l y m e r was r a p i d l y p r e c i p i t a t e d on t h e 
w a l l o f t h e b l e n d e r . A f t e r f i v e m i n u t e s , 250 ml o f 
n-hexane was ad d e d and s t i r r i n g was c o n t i n u e d . The 
p o l y m e r was c o l l e c t e d , washed w i t h 100 ml p o r t i o n s o f 20% 
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NaOH. The p r o d u c t was t h e n w ashed w i t h w a t e r and 
s u b s e q u e n t l y w i t h e t h a n o l and t h e n d r i e d i n a vacuum o v e n 
a t 80°C f o r 2 d a y s . The c h a r a c t e r i z a t i o n d a t a i s shown 
i n T a b l e I I . 

S y n t h e s i s o f P o l y c a r b o n a t e s 

The p r o c e d u r e u s e d f o r t h e p r e p a r a t i o n o f p o l y c a r b o n a t e s 
was t h e same a s t h e p r o c e d u r e m e n t i o n e d i n t h e s y n t h e s i s 
o f c a r b o n a t e ( A - 2 ) . 

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

F l a m m a b i l i t y C h a r a c t e r i z a t i o n o f S t y r y l p y r i d i n e 
P o l y e s t e r s and P o l y c a r b o n a t e s and T h e i r R e l a t e d M o d e l 
Compounds 

T h e r m a l c h a r a c t e r i z a t i o n d a t a ( c h a r y i e l d s ) and o x y g e n 
i n d i c e s f o r s t y r y l p y r i d i n e b a s e d p o l y e s t e r s and t h e i r 
m odel compounds a r e shown i n F i g . 1 and T a b l e I I . An 
i n c r e a s e o f c h a r y i e l d i s g e n e r a l l y r e f l e c t e d a s an 
i m p r o v e d o x y g e n i n d e x . p,p'-BVPDPI, p,p'-BVPDPT and 
p,p'-2,6-VPDPDB h a v e h i g h e r c h a r y i e l d s and o x y g e n 
i n d i c e s t h a n p-VPPB. T h i s was p r o b a b l y due t o i n c r e a s e d 
d o u b l e b o n d s , p y r i d i n e , and p h e n y l r i n g s i n t h e b a c k b o n e 
a n d / o r o c c u r r e n c e s o f t h e D i e l s - A l d e r r e a c t i o n w i t h t h e 
C=C d o u b l e bond i n t h e b a c k b o n e f o r m i n g h i g h l y 
c r o s s l i n k e d C-C b o n d s . T h e s e c o n c l u s i o n s w e r e s i m i l a r t o 
v a n K r e v e l e n ' s s u g g e s t i o n t h a t p o l y m e r s c o n t a i n i n g h i g h 
a r o m a t i c r i n g c o n t e n t a n d / o r d o u b l e b o n ds i n t h e p o l y m e r 
b a c k b o n e u n i t u s u a l l y g a v e g r e a t e r c h a r y i e l d s a n d 
o x y g e n i n d i c e s t h a n t h e model component f o r s i m i l a r 
r e a s o n s . T h e r e i s no g r e a t d i f f e r e n c e i n c h a r y i e l d s and 
o x y g e n i n d i c e s o f t h e p o l y e s t e r s b a s e d on i s o p h a t h a l o y 1 
c h l o r i d e o r t e r e p h t h a l o y 1 c h l o r i d e b e c a u s e o f t h e i r 
s i m i l a r i t y i n c h e m i c a l c o m p o s i t i o n and s t r u c t u r e . 

The s t y r y l p y r i d i n e b a s e d p o l y c a r b o n a t e s showed 
s i m i l a r c h a r y i e l d and o x y g e n i n d i c e s ( F i g . 2 and T a b l e 
I I ) t o t h a t o f t h e p o l y e s t e r s . 

P h o t o - F r i e s R e a r r a n g e m e n t o f S t y r y l p y r i d i n e B a s e d E s t e r 
and C a r b o n a t e - U V - S p e c t r o s c o p i c S t u d i e s 

The u l t r a v i o l e t (UV) r e a r r a n g e m e n t o f p o l y a r y l e s t e r s and 
t h e i r r e l a t e d model compounds h a v e b e e n p r e v i o u s l y 
s t u d i e d ( 2 0 , 2 1 ) . The c h e m i c a l c h a n g e s w h i c h o c c u r d u r i n g 
t h e UV i r r a d i a t i o n o f s t y r y l p y r i d i n e b a s e d e s t e r and 
c a r b o n a t e w e r e i n v e s t i g a t e d . The UV s p e c t r a o f t h e 
p-VPPB and p,p'-BVPDPC i n 1 , 2 - d i c h l o r o e t h a n e were 
m o n i t o r e d d u r i n g t h e i r r a d i a t i o n ( F i g . 3 and 4 ) . The 
maximum a b s o r p t i o n f o r u n i r r a d i a t e d p-VPPB was a t 319 nm. 
A f t e r UV i r r a d i a t i o n , t h e maximum peak s h i f t e d f r o m 319 
nm t o 350 nm and t h e o b s e r v e d i n c r e a s e d a b s o r p t i o n i n t h e 
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F i g u r e 1. The TGA thermogram of various compounds: 
(1) poly(2,6-VPDPI), (2) poly(2,6-VPDPT), 
(3) poly(2,4-VPDPT), (4) poly(2,4-VPDPI), 
(5) p^'-BVPDPT, (6) p,pf-BVPDPI, (7) p,pf-2,6-
VPDPDB, and (8) p-VPPB; ATM: N 2 (flow rate 0.5 
LPM) and heating rate: 20°C/mIn. 

0 100 200 300 400 ' 500 ' 600 ' 7 0 0 ,~~800 ^ 9 0 0 ~ *~1000 
Temperature (°C) 

Figure 2. The TGA thermogram of various compounds: 
(1) p,pf-BVPDPC, (2) poly(2,4-VTDPC) and 
poly2,6-VPDPC); ATM: N 2 (flow rate 0.5 LPM) and 
heating rate: 20°C/min. 
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260 300 340 380 420 
wavelength (nm) 

Figure 3. Change in UV spectra of p-VPPB in 1,2-dichloro-
thane solution before and after irradiation for 
different periods of time (seconds). 
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Figure 4. Change in UV spectra of p,pf-BVPDPC in 1,2-dichloro-
ethane solution before and after irradiation for 
different periods of time (seconds). 
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340 nm r a n g e w i t h a maximum a t 350 nm was due t o t h e 
f o r m a t i o n o f t h e h y d r o x y b e n z o p h e n o n e s t r u c t u r e d u r i n g t h e 
F r i e s r e a r r a n g e m e n t (20,22) ( s e e e q . 1 ) . The p r i m a r y 
a b s o r p t i o n maximum ( max= 319 nm) r a p i d l y d i m i n i s h e d i n 
i n t e n s i t y , a n d a new a b s o r p t i o n p eak a p p e a r e d on 
i r r a d i a t i o n a t 270 nm. T h i s was p r o b a b l y r e l a t e d t o 
e i t h e r t h e d i m e r i z a t i o n o r t o i s o m e r i z a t i o n o f t h e C=C 
b e t w e e n t h e p h e n y l and p y r i d i n e g r o u p s (23,24,25) ( e q . 
2 ) . I n t h e c a s e o f p,p'-BVPDPC, t h e r e was no i n c r e a s e d 
a b s o r p t i o n a t 270 nm p r o b a b l y due t o s t e r i c e f f e c t s 
a s s o c i a t e d w i t h a l a r g e m o l e c u l e ( p o n d e r a l e f f e c t ) a n d t o 
i n c r e a s e d a p l a n a r i t y o f t h e s t y r y l p y r i d i n e r i n g t o 
s u p p r e s s t h e d i m e r i z a t i o n and i s o m e r i z a t i o n o f t h e d o u b l e 
b o n d p r e v e n t i n g c i s - i s o m e r f o r m a t i o n . 

C o n c l u s i o n s 

An i n c r e a s e o f c h a r y i e l
i m p r o v e m e n t i n o x y g e n i n d e x . I n t h e s t y r y l p y r i d i n e b a s e d 
p o l y e s t e r s a n d p o l y c a r b o n a t e an i n t e r m o l e c u l a r t h e r m a l l y 
i n d u c e d D i e l s - A l d e r r e a c t i o n h a s o c c u r r e d t h r o u g h t h e 
d o u b l e b o n d , t h i s i n c r e a s e d t h e c h a r y i e l d a n d d e c r e a s e d 
t h e f l a m m a b i l i t y . The F r i e s r e a r r a n g e m e n t , a s w e l l a s 
d i m e r i z a t i o n a n d i s o m e r i z a t i o n , o c c u r r e d s i m u l t a n e o u s l y 
d u r i n g t h e UV i r r a d i a t i o n o f p-VPPB, b u t no d i m e r i z a t i o n 
o r i s o m e r i z a t i o n o c c u r r e d f o r p,p'-BVPDPC, p r o b a b l y due t o 
s t e r i c e f f e c t s . 
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Glycol Bis(allyl Phthalates) as Cocross-linkers for Diallyl 
Phthalate Resins 

AKIRA MATSUMOTO and MASAYOSHI OIWA 

Department of Applied Chemistry, Faculty of Engineering, Kansai University, Suita, Osaka 564, 
Japan 

First, several glycol bis(allyl phthalate)s (GBAP) as 
reactive oligomer
zation behaviors
polymerization and gelation as compared with diallyl 
phthalate (DAP). Second, DAP was cocrosslinked with 
GBAPs and the resultant crosslinked products were 
evaluated for the elucidation of correlations between 
mechanical properties and cocrosslinkers with the 
intention of improving mechanical properties of 
commercially important DAP resins. Polyethylene glycol 
bis(allyl phthalate) having a long-chain glycol unit 
acted as flexible crosslinked units between microgels 
to form the macrogel with improved flexibility through 
microheterogeneous curing process. This type of micro-
heterogeneous curing process was successfully developed 
to the cocuring of DAP with vinyl monomers having long-
chain alkyl groups. 

The commercial interest i n a l l y l resins can be attributed to their 
excellent e l e c t r i c a l properties and a b i l i t y to maintain these under 
conditions of high temperature and humidity, their excellent 
dimensional s t a b i l i t y , and their chemical resistance. D i a l l y l 
phthalate (DAP) and d i a l l y l isophthalate resins are in widest use, 
being supplied as monomers and B-staged prepolymers for conversion 
to thermosetting molding compounds, preimpregnated glass cloth and 
paper, sealants, coating, etc. The prepolymers are dry, free-flowing 
white powders that are stable on storage and, even when compounded 
by using catalysts decomposing at high temperatures, do not poly
merize at room temperature. Under heat and pressure as in molding 
and laminating, they soften, flow, and crosslink to yield three-
dimensional insoluble thermosets, being used in c r i t i c a l e l e c t r i c a l / 
electronic applications requiring high r e l i a b i l i t y such as electronic 
connectors in communications, computer, and aerospace system (1^,2). 

In spite of these excellent properties, a l l y l resins are, 
however, quite b r i t t l e and have a rather limited application, 
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although DAP-ethylene precopolymer was developed for producing a 
crosslinked copolymer having desirable properties such as resistance 
to cracks, improved f l e x i b i l i t y , and improved d r i l l a b i l i t y (3). 
In this sense, the development of a l l y l resins with improved flex
i b i l i t y would be required for versatile applications. 

We have extensively investigated the radical polymerization of 
a variety of symmetrical or unsymmetrical divinyl compounds including 
d i a l l y l dicarboxylates (4), ethylene glycol dimethacrylate (5), and 
a l l y l unsaturated carboxylates (6) in terms cyclopolymerization and 
gelation. As part of these investigations, we commenced a research 
program concerned with the polymerization of glycol b i s ( a l l y l 
fumarate)s (7_) , glycol b i s ( a l l y l dicarboxylate)s (8), and poly-
functional oligomers or precursors of three-dimensional polymers (9) 
as reactive oligomers, the polymerization of which could provide us 
a useful information for the mechanical elucidation of network 
formation which i s essential for molecular design of three-
dimensional polymers wit
oligomers are applicabl

Thus, as an extension of our continued investigations concerned 
with gelation in the radical polymerization of divinyl monomers, 
this a r t i c l e deals with the application of glycol b i s ( a l l y l 
phthalate)s as cocrosslinkers to the modification of commercially 
important DAP resins. DAP was cocrosslinked with glycol b i s ( a l l y l 
phthalate)s and the resultant crosslinked products were evaluated 
for elucidation of correlations between mechanical properties and 
cocrosslinkers with the intention of improving their mechanical 
properties (10). The improved f l e x i b i l i t y of DAP resins cocross
linked with glycol b i s ( a l l y l phthalate) having a long-chain glycol 
unit are discussed in connection with the microheterogeneous 
polymerization process of DAP beyond the gel-point conversion 
leading to the microgel and, moreover, macrogel formation (11). 
Finally, the above discussion i s developed to the microheterogeneous 
cocuring of DAP with vinyl monomers having long-chain alkyl groups 
resulting in the DAP resins with improved f l e x i b i l i t y (12). 

Preparation and Polymerization of Glycol B i s ( a l l y l phthalate)s 

0 

KO-R-OH ,COOCH2CH=CH2 CH2=CHCH2OOC, 

COO- -R- •OOC 

(m=2,4,6,10) (n=l,2,3) 
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Eight glycol b i s ( a l l y l phthalate)s were prepared via the 
reaction path described above (8,10). 

The purity of each monomer thus obtained was confirmed from the 
I H - N M R spectrum, the saponification value, the bromine value, and 
the molecular weight. 

These monomers were polymerized in bulk using 0.1 mol/L AIBN 
at 80°C; their polymerization rates were reduced compared to DAP. 
This may be ascribable to enhanced steric effect on the inter-
molecular propagation of the uncyclized radical (13). 

The cyclization constant Kc, the ratio of the rate constant 
for the intramolecular cyclization to that for the intermolecular 
propagation of the uncyclized radical, was estimated to be 1.90(m=2), 
1.77(m=4), 1.63(m=6), 1.38(m=10), 1.82(n=l), 1.60(n=2), and 1.24(n=3) 
mol/L; the K c value decreased with increasing the cyclic member of 
the cyclized structural unit. 

In our previous a r t i c l e (14) the gelation in the polymerization 
of d i a l l y l aromatic dicarboxylate
in detail and discussed
discrepancy between actual and theoretical gel point conversion was 
quite large. In this connection, the gelation behavior of glycol 
b i s ( a l l y l phthalate)s was explored in detail from both experimental 
and theoretical standpoints. 

Table I. Comparison of Actual and Theoretical Gel Points(GPs) 

Monomer Gel point (%) Actual GP Monomer 
Actual Theoretical Theoretical GP 

DAP 25 5.5 4.5 

EGBAP (m=2) 31 7.3 4.2 

TMGBAP(m=4) 33 7.6 4.3 

HMGBAP(m=6) 33 7.1 4.6 

DMGBAP(m=10) 34 7.5 4.5 

2-EGBAP(n=l) 36 12.1 3.0 

3-EGBAP(n=2) 40 15.1 2.6 

4-EGBAP(n=3) 43 16.7 2.6 

Table I summarizes the results obtained; the actual gel-point 
conversions increased with an increase in the molecular weight of 
monomer. On the contrary, the discrepancy between actual and 
theoretical gel-point conversions was notably reduced from DAP to 
tetraethylene glycol b i s ( a l l y l phthalate)(n=3). This may be 
ascribed to the reduction of excluded volume effects on crosslinking 
(16,17) with the increase of the molecular weight of monomers, 
although the details of excluded volume effects on crosslinking 
w i l l be discussed elsewhere. 
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Mechanical Properties of DAP Resins Cocrosslinked with Glycol 
B i s ( a l l y l phthalate)s 

Three kinds of glycol b i s ( a l l y l phthalate)s, including ethylene 
glycol b i s ( a l l y l phthalate)(m=2; EGBAP), tetraethylene glycol 
b i s ( a l l y l phthalate)(n=3; TEGBAP), and polyethylene glycol b i s ( a l l y l 
phthalate)(n=l2.2; PEGBAP) were cocrosslinked with DAP and the 
resultant crosslinked products were evaluated for the elucidation 
of correlations between mechanical properties and cocrosslinkers 
with the intention of improving their mechanical properties (10). 
Noteworthily, in the direct preparation of nonfilled DAP resin from 
DAP monomer, an excessively b r i t t l e material i s obtained. This may 
be due to the r i g i d i t y of structural units, particularly crosslinked 
units, and also the high crosslinking density, i.e., the low molecu
lar weight between crosslinking points because 56 mol% of DAP units 
incorporated into the polymer chain obtained in the bulk polymeri
zation have pendant unreacte
crosslinkers, although DA
and 44 mol% of DAP units can form cyclized structural units having 
no functionality of crosslinking (18). 

Figures 1 and 2 show the dependences of glass transition 
temperature, Tg, and the concentration of the network chains, V , on 
monomer composition for the DAP resins cocrosslinked with EGBAP, 
TEGBAP, and PEGBAP, respectively, in which Tg was regarded as the 
temperature where the elastic modulus decreased drastically and the 
damping was maximum and V was also calculated from the equation of 
rubber el a s t i c i t y (19). The high value of Tg and V were estimated 
for DAP resin to be 206°C and 9.3xl0" 3 mol/cm3, respectively, as 
expected. Also, both Tg and V decreased with an increase in the 
mole fraction of cocrosslinkers and their decreasing tendencies 
become remarkable when going from EGBAP to PEGBAP, i.e., with 
lengthening glycol units of cocrosslinkers. 

On the other hand, tensile strength was reduced with an increase 
in the mole fraction of cocrosslinkers, whereas the elongation and 
fracture energy showed reverse dependences. In addition, good 
correlations between the mechanical properties and V were observed, 
regardless of the length of glycol units of cocrosslinkers. 

Thus, the effect of introducing flexible crosslinked units into 
DAP resins was reflected in the improved f l e x i b i l i t y . In particular, 
PEGBAP having a long-chain glycol unit showed a remarkable effect: 
The DAP resin cocrosslinked with only 3 mol% of PEGBAP had a tensile 
strength of 680 kg/cm2, a value comparable to that of commercially 
available gl a s s - f i b e r - f i l l e d DAP resin (1). whereas the DAP resin 
cocrosslinked with 20 mol% of EGBAP was quite b r i t t l e and, therefore, 
could not even be subjected to the measurement of mechanical proper
ties. Furthermore, i t seemed that the mechanical properties of the 
crosslinked DAP resins should be, at least apparently, governed by 
the crosslinking density. The latter fact may suggest that the 
decrease in the crosslinking density, i.e., the increase in the 
molecular weight between crosslinking points, leads to the improved 
f l e x i b i l i t y . In this connection, the DAP-allyl benzate(ABz)(90:10-
20:80 by mol) copolymerization systems were cured for the measurement 
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Figure 1. Dependences of T g on monomer composition for the DAP 
resins cocrosslinked with ( O ) EGBAP, ( (J ) TEGBAP, and {% ) 
PEGBAP. Reproduced with permission from Ref. 10. Copyright 1983, 
John Wiley & Sons, Inc. 
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Figure 2. Dependences of V on monomer composition for the DAP 
resins cocrosslinked with ( O ) EGBAP, O ) TEGBAP, and ( # ) 
PEGBAP. Reproduced with permission from Ref. 10. Copyright 1983 
John Wiley & Sons, Inc. 
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of their mechanical properties because the molecular weight between 
crosslinking points would be increased with an increase in the mole 
fraction of ABz as a monovinyl monomer in the DAP-ABz mixture. 
However, the resulting cured resins were quite b r i t t l e , regardless 
of monomer composition. Thus, the DAP-ABz copolymerization result 
means that the decrease in the crosslinking density of the DAP resins 
cocrosslinked with EGBAP, TEGBAP, and PEGBAP i s not merely relevant 
to the increase in the molecular weight between crosslinking points. 
In other words, this suggests the occurrence of heterogeneous network 
formation such as accompanied by microgel formation, although the 
direct correlation of the crosslinking density to the molecular 
weight between crosslinking points might hold for the homogeneous 
network formation. 

In this connection, our recent results concerned with the 
elucidation of gelation mechanism in the radical polymerization of 
d i a l l y l dicarboxylates should be noticed (11) : DAP was polymerized 
in bulk at 80°C. In Figur
were plotted against polymerizatio
estimated as the conversion at the time, at which gel starts to 
form. Noteworthily, beyond the gel-point conversion, the content of 
gel polymer increased rapidly as polymerization proceeded and reached 
more than 90% at 50% conversion. Then, the swelling ratio of the gel 
polymer thus obtained was measured by using benzene as a solvent. 
Figure 4 shows the dependence of the swelling ratio of gel polymer on 
conversion; the swelling ratio of the gel polymer obtained just 
beyond the gel-point conversion was very high, but i t decreased 
rapidly with conversion in the conversion range of 25-50%. In addi
tion to these results, the molecular weight and molecular weight 
distribution of sol fraction, the residual unsaturation of both sol 
and gel fractions, and the primary chain length were examined in 
detail. Finally, we conclude that the polymerization of DAP 
proceeds microheterogeneously beyond the gel-point conversion, that 
i s , the microgel formation occurs rapidly in the conversion range of 
25-50% and then, the microgels agglomerate to the macrogel, although 
the details w i l l be published elsewhere. In this connection, Erath 
and Robinson (20) observed directly the macrogel as the agglomerate 
of colloidal particles by electron microscopy. 

Thus, in order to interpret the above correlations between 
mechanical properties and cocrossiinkers, the function of glycol 
b i s ( a l l y l phthalate)s as cocrosslinkers on the polymerization process 
of DAP beyond the gel-point conversion should be considered in 
connection with the microgel and, moreover, macrogel formation. Here 
i t should be recalled that PEGBAP showed a rather drastic effect: 
The polyethylene glycol unit in PEGBAP can't be compatible with DAP 
polymer chain and, therefore, most of the PEGBAP units incorporated 
into the DAP polymer chain may come to exist on the surface of 
microgel, effectively playing an important role for crosslinking of 
microgels to form the macrogel. This may result in the formation of 
flexible units between ri g i d microgels. 

In conclusion, DAP resins with improved f l e x i b i l i t y were 
successfully obtained by introducing flexible crosslinked units on 
the surface of the microgel, i.e., by crosslinking flexibly microgels 
to form the macrogel. This finding may become a useful guideline for 
the modification of three-dimensional polymers: As an extension of 
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Figure 3. Time-conversion curves in the bulk polymerization of 
DAP using 0.1 mol/L of BPO at 80°C: ( O ) total polymer, ( # ) 
gel polymer. 
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Figure 4. Dependence of the swelling ratio of gel polymer on 
conversion. 
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the above discussion, a next section deals with the cocuring of DAP 
with vinyl monomers having long-chain alkyl groups because the polymer 
chain having less polar, long-chain alkyl groups which are not 
compatible with DAP polymer chain can exist predominantly on the 
surface of the microgel, resulting in the formation of flexible 
crosslinked units. 

Mechanical Properties of DAP Resins Cocured Microheterogeneously with 
Vinyl Monomers Having Long-Chain Alkyl Groups 

DAP was cocured in bulk with vinyl monomers having long-chain alkyl 
groups, including vinyl laurate (VL), dioctyl fumarate (DOF), lauryl 
methacrylate (LMA), and stearyl methacrlate (SMA) (12). 

Figure 5 shows the dependences of tensile strength of the 
cocured DAP resins on monomer composition; the tensile strength 
decreased with an increase in the mole fraction of comonomers and 
i t s dependency tended t
SMA. Particularly, the
great, being comparable to the result of PEGBAP as the dotted line 
in Figure 5. 

On the other hand, the relationships between elongation or 
fracture energy and monomer composition showed a reverse tendency to 
the case of the tensile strength shown in Figure 5; both elongation 
and fracture energy increased with increasing the mole fraction of 
comonomers and their extents were enlarged in the order VL < DOF < 
LMA < SMA. 

Thus, the introduction effect of long-chain alkyl groups into 
the DAP resins was reflected in the improved f l e x i b i l i t y . In partic
ular, LMA and SMA as comonomers showed a remarkable effect; for 
example, the DAP resin cocured with 10 mol% of LMA had the tensile 
strength of 600 kg/cm2 and the elongation of 9.0%, although the DAP 
resin obtained by homopolymerization was quite b r i t t l e and, therefore, 
could not even be subjected to the measurement of mechanical proper
ties as mentioned above. 

These results may be interpreted considering the copolymerization 
of DAP with the comonomers employed and the function of precopolymers 
in the copolymerization process to form the microgel and, moreover, 
macrogel. In this connection, we have investigated in detail the 
copolymerization of DAP (Mi) with vinyl monomers (M2) (4,21), the 
copolymerization parameters for which were estimated as follows: M2, 
r 1 $ r 2 ; vinyl acetate (VAc), 0.82, 0.88 (at 80°C); DOF, 0.02, 0.96 
(at 60°C); methyl methacrylate (MMA), 0.057, 35.0 (at 80°C). Here 
the r i and r 2 values correspond to those for one a l l y l group of DAP, 
the values which were calculated from the equation derived by 
assuming the nonoccurrence of the intramolecular cyclization reaction 
of DAP (21). By considering that the r^ and r 2 values for VAc or MMA 
may approximately correspond to those for VL or LMA and SMA, respec
tively, we can now calculate the composition of the copolymer formed 
at any instance, the composition which changes with the progress of 
polymerization, according to the method of Skeist (22); Figure 6 
shows the variation of the instantaneous copolymer composition with 
conversion for a starting monomer composition of 20 mol% of M2 for 
the copolymerization of DAP (Mi) with VL, DOF,and LMA (or SMA) (M2) 
as an example; in the case of LMA the copolymer composition was 
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Figure 5. Dependences of tensile strength on monomer composition 
for the DAP resins cocured with ( O ) VL, O ) DOF, ( f) ) LMA, 
( + ) SMA, and (-----) PEGBAP. 
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Figure 6 . Variation of the instantaneous copolymer composition 
with conversion for a starting monomer composition of 20 mol% of 
M2 in the copolymerization of DAP (Mi) with ( ) VL, ( ) DOF, 
and (-----) LMA (M2). 
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rapidly changed from the i n i t i a l value of 78.7 mol% of M2 to 2.3 mol% 
at 50% conversion, whereas for the DAP-VL copolymerization the slow 
change was observed as the opposite tendency accompanied by the 
increase in the mole fraction of M2 with conversion. 

Thus, on the DAP-LMA copolymerization process leading to the 
microgel formation the i n i t i a l l y obtained copolymers or precopolymers 
of high LMA contents can't be compatible with DAP-enriched polymer 
chains which increased rapidly with the progress of polymerization, 
and, therefore, they may exist predominantly at the space among 
microgels, acting as flexible crosslinkers of microgels to form the 
macrogel. On the other hand, in the DAP-VL copolymerization system 
the copolymer compositions don't change considerably with conversion 
as shown in Figure 6; the long-chain alkyl groups incorporated 
uniformly into the DAP chain may come to exist favorably on the 
surface of the microgel, forming a local, non-polar environment 
where the local concentration of unreacted VL monomer may be i n 
creased leading to a microheterogeneou
the extent of heterogeneit
copolymerization. 

This type of the microheterogeneous copolymerization of DAP with 
vinyl monomers having long-chain alkyl groups is now being investi
gated (23); For example, DAP was copolymerized in bulk with 10 mol% 
of LMA at 80°C. Gelation occurred at 33% conversion. No unreacted 
LMA was observed in the unreacted monomer mixture recovered at 30% 
conversion. Once gel started to form, DAP unit was rapidly incorpo
rated into the gel polymer compared to a rather slow incorporation 
of LMA; thus, the LMA content in the sol obtained just beyond the 
gel-point conversion was considerably higher than in the precopolymer 
obtained just before gelation. These results may be strongly 
support the occurrence of the microheterogeneous polymerization 
beyond the gel-point conversion. 

In summary, glycol b i s ( a l l y l phthalate)s as reactive oligomers 
were used as cocrosslinkers for DAP resins with the intention of 
improving their mechanical properties; PEGBAP having a long-chain 
glycol unit acted as flexible crosslinked units between microgels 
to form the macrogel with improved f l e x i b i l i t y through microhetero
geneous curing process. This type of microheterogeneous curing 
process was successfully developed to the cocuring of DAP with vinyl 
monomers having long-chain alkyl groups. 

Further investigation i s now in progress for the control of 
microgel and macrogel formation with the intention of establishing 
a novel guideline for the molecular design of three-dimensional 
vinyl polymers with high performance. 
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Castor oil and styren  polymerize
interpenetrating networks. On reaction, the materials phase 
separate and sometimes phase invert. 

Triglyceride oils are natural products abundant in both plants and 
animals. Common examples include corn oil and tallow. Triglyceride 
oils have glycerol as a backbone and three fatty acids as side 
chains. Most of these triglyceride oils have fatty acids which con
tain only double bonds as functional groups. However, a few of 
these oils are endowed with special functionalities (1,2) which in
clude hydroxyl groups and epoxy (or oxirane) groups. These oils 
can react directly with many chemical reagents yielding polyurethane 
or polyester polymer networks. The most important of these special 
functional group oils is castor oil. Castor oil contains three 
hydroxyl groups, one on each acid residue: 

11 I 
CH2-0-C-(CH2)7-CH=CH-CH2-CH-(CH2)5-CH3 

0 OH 
1 II * 
CH -0-C-(CH2)7-CH=CH-CH-CH-(CH2)5-CH3 (1) 
I 0 OH 
I II I 
CH2-0-C-(CH2)7-CH=CH-CH2-CH-(CH2)5-CH3 

The present research program began in 1974 as an international 
program with Colombia, South America(3-22). Castor beans grow wild 
in Colombia, and i t should be especially pointed out that castor o i l 
does not come from an o i l well. Today, the most important commercial 
sources of castor o i l are India and Brazil. 

Beginning in 1978, the program was broadened to include polymers 
containing oxirane groups. Two types of materials were examined: 
(a) Vernonia o i l , which i s a triglyceride o i l that naturally con
tains 80% epoxy groups on an acid residue basis (22) , and (b) ordi
nary triglyceride o i l s , such as linseed o i l , whose double bonds were 
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deliberately epoxidized (21). These epoxy-containing o i l s can be 
polymerized with materials such as sebacic acid, which i t s e l f i s 
derived from castor o i l , to produce polyester networks. 

Another o i l of interest i s Lesquerella o i l , which comes from 
a desert wild flower native to Arizona, and known locally as pop 
weeds or bladder pods. This o i l i s similar to castor o i l , except 
that i t has two more -CH^- groups in between the glycerol and hy
droxyl groups. Consequently, i t s polymers tend to have slightly 
lower glass transition temperatures (20). 

In addition to esterification, these o i l s can also be reacted 
with isocyanates to make polyurethanes. Some of the most interesting 
products to be described below consist of mixed ester-urethane com
positions, where the ester portion i s made before gelation where the 
water can be evaporated easily, and the urethane component is added 
as a type of postcure. 

Simultaneous Interpenetratin
network, IPN, can be define
network form, at least one of which was polymerized or synthesized in 
the presence of the other (23). These networks are synthesized 
sequentially in time. A simultaneous interpenetrating network, SIN, 
is an IPN in which both networks are synthesized simultaneously in 
time, or both monomers or prepolymers mixed prior to gelation. The 
two polymerizations are independent and non-interfering in an SIN, 
so that grafting or internetwork crosslinking is minimized (23-26). 

The synthesis of an IPN is illustrated in Figure 1, which shows 
both types of interpenetrating polymer syntheses. F i r s t , the reac
tion for a sequential IPN is shown, where monomer I is polymerized 
together with crosslinker I to produce a network. Then monomer II 
and crosslinker II are swollen in and polymerized in a sequential 
mode to make the IPN. 

In the simultaneous interpenetrating networks (SIN), the two 
reactions are run simultaneously. This reaction w i l l be emphasized 
in the present paper. One reaction, for example, can be a poly-
esterification or a polyurethane stepwise reaction, while the other 
is an addition reaction using styrene to make polystyrene via free 
radical chemistry. 

Dual Phase Continuity. Dual phase continuity has been shown to be 
important in numerous polymer blends and IPN's, to achieve special 
properties. Dual phase continuity is defined as a region of space 
where two phases maintain some degree of continuity. An example of 
dual phase continuity i s an air f i l t e r and the air that flows through 
i t . A Maxwell demon could traverse a l l space within the air f i l t e r 
phase, as well as within the air phase. 

Quantities useful for predicting phase continuity and inversion 
in a stirred, sheared, or mechanically blended two-phased system 
include the viscosities of phases 1 and 2, and TI^J and the volume 
fractions of phases 1 and 2, <j> and (J^. (Note: These are phase 
characteristics, not necessarily polymer characteristics.) A theory 
was developed predicated on the assumption that the phase with the 
lower viscosity or higher volume fraction w i l l tend to be the con
tinuous phase and vice versa (23,27). An idealized line or region 
of dual phase continuity must be crossed i f phase inversion occurs. 
Omitted from this theory are interfacial tension and shear rate. 
Actually, low shear rates are implicitly assumed. 
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Taking i n t o account the symmetrical behavior of both the r e 
duced volume f r a c t i o n axes, a r h e o l o g i c a l equation expressing the 
mid-point of the phase i n v e r s i o n region may be w r i t t e n : 

I f the quantity on the l e f t i s greater than u n i t y , phase 2 i s l i k e l y 
to be continuous; i f the quantity i s l e s s than u n i t y , phase 1 i s 
l i k e l y to be continuous. 

This review w i l l emphasize the appearance of phase i n v e r s i o n 
during the synthesis of caster o i l / p o l y s t y r e n e SIN's (19). 

Experimental 

Oil-Based SINs. The SIN
ester-urethane and styren
n i c a l grade (55%) d i v i n y l benzene (DVB) (7). This s t r u c t u r e may be 
w r i t t e n p o l y [ ( c a s t o r o i l , sebacic a c i d , TDI)-SIN-(Styrene, DVB)], 
poly[(CO,SA,TDI)-SIN-(S,DVB)]. Benzoyl peroxide (BP) (0.48%) was 
used as the f r e e r a d i c a l i n i t i a t o r f o r the styrene and 1,4-tolylene-
diisocyanate (TDI) was used as the c r o s s l i n k e r f o r the p o l y e s t e r pre-
polymer. A 500 ml r e s i n k e t t l e equipped with a N ? i n l e t , condenser, 
thermometer, and high torque s t i r r e r was used as the polymerization 
reactor. 

A castor o i l p o l y e s t e r prepolymer was synthesized by combining 
DB grade castor o i l from Cas Chem Inc. with sebacic a c i d from P f a l t z 
and Bauer i n a C00H/0H r a t i o of 0.7 and r e a c t i n g almost completely. 
The r e a c t i o n was c a r r i e d out at 180°C and followed by t i t r a t i n g 
the unreacted carboxyl groups with a standard methanolic KOH s o l u 
t i o n . T y p i c a l a c i d values as a f u n c t i o n of time are shown i n Table 
I. Reaction times ranged from 19-22 hours and the prepolymer formed 
was an amber colored, transparent, viscous f l u i d . C a l c u l a t i o n s of 
the extent of r e a c t i o n v i a the Flory-Stockmeyer equation (28) i n d i 
cated that the extent of r e a c t i o n was 0.916. The Carothers equa
t i o n (29), not q u i t e so s e n s i t i v e i n t h i s range, suggested that the 
system was f u l l y reacted. A p l o t of the inverse c a r b o x y l i c a c i d con
c e n t r a t i o n remaining vs time, not shown, gave a s t r a i g h t l i n e . At 
t h i s point the m a t e r i a l i s a h i g h l y r e a c t i v e oligomer. 

SIN's were prepared by adding the proper amount of o i l pre
polymer to the r e a c t o r and heating to 80°C. The styrene/DVB/BP mix
ture was charged to the r e a c t o r followed by purging with N^ gas f o r 
10 minutes. Next, the required amount of TDI needed to react with 
the remaining hydroxyl groups was added. The TDI c r o s s l i n k s the 
r e a c t i v e oligomers into a three-dimensional network. The r e a c t i o n 
was c a r r i e d out under a flow of gas of 40 cm /min and the tempera
ture maintained at 80°C. 

Figure 2 i l l u s t r a t e s the f o l l o w i n g sequence of steps. During 
the r e a c t i o n s , f o r t y ml samples were removed from the reacto r by 
p i p e t i n g the s o l u t i o n i n t o b o t t l e s , followed by quenching i n an i c e 
bath. Samples were removed every 10 minutes e a r l y i n the r e a c t i o n 
and every 5 minutes c l o s e to the phase i n v e r s i o n p o i n t . 
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Figure 1. The synthesis of sequential IPN above and simultaneous 
interpenetrating networks, SIN, below. For the synthesis of SIN, 
two different reactions operate simultaneously such as conden
sation polymerization and addition polymerization. Reproduced 
with permission from Ref. 23. Copyright 1981, Plenum Publishing. 
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Figure 2. Reaction scheme for castor oil/polystyrene SIN's. 
Samples were removed for optical microscopy, followed by centri-
fugation. The volume fraction and viscosity of each phase 
fraction was determined for values used in equation (2). 
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Optica^ microscopy of the samples was done using a Riechert 
Zetopan-Pol transmission light microscope equipped with a trans
mitted light polarizer and halogen lamp source. Photographs were 
taken using a 35 mm camera mounted on the microscope equipped with 
high speed film. Slide preparation involved placing a small drop 
of sample onto a clean dry slide and covering with a cover s l i p . 
Samples were viewed under 10X and 63X using a 10X eyepiece making 
the overall magnification 100X and 630X, respectively. 

The viscosity and volume fraction of each phase were deter
mined by separate experiments. The two phases were separated by 
centrifugation. Samples were placed into heavy duty, graduated 
centrifuge tubes which in turn were placed in a Precision Scientific 
Vari-Hi Speed Centricone R . Samples were spun at 2500 rpmfs 
(665Gfs) for 4 hours after which the volumes of each phase did not 
change with further time. Volume fractions were recorded by noting 
the volume of each phase in the centrifuge tube. The phases were 
separated by pipeting int
phase was measured usin
Viscometer R . This viscometer is based on Stokes  rheological 
theory. A l l viscosities were measured at 80°C±1°C. Densities of 
each phase were measured by pyconometry at the same temperature. 
Since 80°C i s the reaction temperature, a l l measurements were made 
as rapidly as possible to reduce error. When storage was absolutely 
necessary, the samples were placed in a refrigerator. 

Results 

SINs. Two SIN compositions were studied, one having 10% o i l pre
polymer and the other 20% o i l prepolymer, both dissolved in the 
styrene-DVB monomer solution. During the synthesis several morpho
logical changes occurred in the mixture. Early in the reaction a l l 
components formed a mutual clear solution which was slightly yellow 
due to the original color of the prepolymer. As the free radical 
polymerization of styrene began, the polystyrene f i r s t produced 
remained soluble. At a c r i t i c a l concentration, phase separation 

Table I. Acid Values of Castor Oil Prepolymer Formation at 180°C. 

Time, min. Acid Value 

0 93.66 
30 92.54 
60 78.09 
90 71.38 

120 70.0 
150 69.02 
180 64.35 
210 62.32 
240 61.95 
270 59.26 
300 59.38 
330 54.84 
555 46.84 

1290 36.85 
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occurs. The reaction time necessary for phase separation was 30-35 
minutes for the 20/80 composition and 45-50 minutes for the 10/90 
system. The phase separation point was noted by the onset of tur
bidity leading to a completely opaque solution over a range of 4-5 
minutes. However, at the earliest point of phase separation, the 
phases are so nearly alike that the mixture i s clear. Only on cen-
trifugation was phase separation noted. The results for the 
poly[(CO,SA,TDI)-SIN-(S,DVB)], 10/90 system i s illustrated in Figure 
3. Below 70 minutes, the o i l i s the continuous phase, with growing 
polystyrene droplets dispersed in i t . As the polystyrene-rich phase 
increases in volume, the o i l phase volume decreases due to the loss 
of the styrene monomer. The polystyrene-rich phase remains dis
continuous because the o i l - r i c h phase has a lower viscosity and 
larger volume. Eventually the polystyrene phase reaches a c r i t i c a l 
volume fraction at 80 minutes and dual phase continuity is seen to 
exist. After five more minutes, the polystyrene-rich phase became 
completely continuous. Th
one side by phase separatio
gelation. 

Tables II and III provide the viscosity ratios and volume ratios 
for the poly[(CO,SA,TDI)-SIN-(S,DVB)], 10/90 and 20/80 synthesis, 
respectively. In Tables II and III, §^ and T U represent the poly
styrene-rich phase, and <f> and the o i l - r i c n phase. 

It can be seen from Table I that the o i l phase viscosity i n 
creases at a much slower rate than the polystyrene phase due to i t s 
lower reactivity at 80°C. Also, the volume of the polystyrene-rich 
phase i s increasing at the expense of the o i l - r i c h phase as styrene 
and polystyrene migrate to the polystyrene-rich phase. 

The reaction path is plotted in Figure 4, and compared with the 
theoretical line. For the 20/80 reaction system, polystyrene gela
tion takes place substantially simultaneously with the onset of dual 
phase continuity. The system was consequently not observed to 
undergo phase inversion. 

It should be emphasized that the reaction paths plotted in 
Figure 4 do not cross the idealized phase inversion region. This 
was an unexpected finding, since polymer blend systems (19) exhibit 
phase continuity and inversion according to the theory illustrated 
in Figure 4. A few observations on the centrifugation were impor
tant. After centrifugation was complete, the o i l phase was thought 
to be relatively pure. However, since 0 0 with the polystyrene 
gelation, one would expect the o i l - r i c h phase to become continuous 
again. Thus, these experiments cast a kinetic as well as a morpho
logical aspect on the process. The polystyrene-rich phase appeared 
to be composed of close-packed droplets of polystyrene, with greater 
or lesser amounts of o i l in the i n t e r s t i t i a l regions. Thus, the 
results in Tables II and III may only be approximate. 

After polymerization was complete, transmission electron micro
scopy was carried out on thin sections of the 10/90 and 20/80 compo
sitions. Confirming the optical micrographs, the polystyrene phase 
was continuous for the f u l l y reacted product. As illustrated in 
Figure 5 for the 10/90 system, the o i l phase (stained dark) contains 
a considerable amount of occluded polystyrene. For the 20/80 system, 
data not shown, dual phase continuity was found. The polystyrene 
phase was relatively pure, but the o i l - r i c h phase had much occluded 
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Figure 3. Phase inversion process during the synthesis of a 
poly[(CO,SA,TDI)-SIN-(S,DVB)] 10/90. 
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1 

Phasel = Oil Rich 
Phase 2=PS Rich 

Castor Oil Cont. 

Dual Phase Cont. 
i .-. Phase Inverted 
•• • • • • Gelation 

Figure 4. Phase inversion followed by the reaction path of 
poly[(CO,SA,TDI)-SIN-(S,DVB)]. 

Figure 5. Transmission electron micrograph of poly[(CO,SA,TDI)-
SIN-(S,DVB)], 10/90, after being f u l l y polymerized and postcured. 
Oil phase i s stained dark. 
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polystyrene. This may have influenced the results shown in Figure 
4. It should be emphasized that for non-reacting blends of poly-
butadiene and polystyrene, and other blend systems, equation (2) i s 
followed within experimental error (19). Thus, kinetic restrictions 
imposed by a system gelling simultaneously with phase inversion 
dominate this particular experiment. 

Physical and Mechanical Behavior of the Oils and SIN's. One of the 
most important properties of any polymer i s i t s glass transition 
temperature. This defines i t s range of use, as well as a host of 
fundamental properties. This holds for IPN's and SIN's. In parti
cular, for multiphase materials, the rubber phase must have a T 
below about -40°C i f significant impact resistance i s to be obtlined. 

Table IV summarizes the glass transition temperature of a number 
of special functional oil-based homopolymers. Many of the polymers 
shown indeed have T fs below the c r i t i c a l value. It i s now believed 
that the synthetically epoxidize
ducing materials with unusuall
tended to raise their T g '  beyond the desirable range. 

Table IV. Glass Transition Temperatures of Single Networks Made 
from Special Functional Oils 

O i l Crosslinker 

-66 
-50 
- 4 
-55 

(Ref.) 

Not Synthetically Epoxidized 
Castor 
Castor 
Castor 
Lesquerella Palmeri 

Sebacic Acid 
Sebacic Acid-TDI 
TDI 
Sebacic Acid-TDI 

(12) 
(12) 
(12) 
(20) 

Naturally Epoxidized 
Vernonia anthelmintica Sebacic Acid -50 (22) 

Synthetically Epoxidized 
Linseed 
Lunaria annua 
Crambe abyssinica 
Lesquerella gr a c i l i s 
Lesquerella palmeri 

Dimer Acid 
Dimer Acid 
Dimer Acid 
Dimer Acid 
Sebacic Acid 

-18 
-34 
-35 
-27 
-28 

(21) 
(21) 
(21) 
(21) 
(20) 

The SIN's from castor o i l and the other o i l s were tough ma
teri a l s , either reinforced elastomers or impact resistant plastics 
depending on their composition and whether phase inversion had oc
curred. Impact strengths in the range of 40-60 J/m were obtained. 
The glass transitions of the rubber phase of the SIN's tended to be 
a l i t t l e higher than those shown in Table IV. The polystyrene phase 
has T 's near 100°C (9-14). 8 
Conclusions 

Castor o i l and other special function group triglyceride o i l s can 
be made into low T^ elastomers. In SIN form with polystyrene, a 

A m e r i c a n C h e m i c a l S o c i e t y L i b r a r y 
1155 16th St., N.W. 

Washington, D.C. 20036 In Reactive Oligomers; Harris, F., et al.; 
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range of reinforced elastomers or tough plastics can be made. Points 
of interest both to academia and industry include phase continuity 
and inversion during polymerization, glass transition behavior of 
the phases, and a host of other properties, many of which remain to 
be characterized. 
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polymers, 21 5t 

Chemical structure, influence on 
thermal s t a b i l i t y , 210 

Cleavage 
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groups, 21 
effect of benzyl group i n ketene 
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Coating, high solids, chain extendable 

oligomers, 117-123 
Coating applications, thermosetting 

epoxy resin based on 
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Coating materials, N-cyanourea 
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Condensation polymerization, 
SINs, 240f 

Conjugating substituents, effect on 
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Coupling and capping reactions, 
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Cross-coupling process, PPO, 191 
Cross-linking 

bisphthalonitriles, 48 
N-cyanourea-terminated 

oligomers, 113f 
effect on gelation, d i a l l y l 

phthalate resins, 227 
effect on toughness of AT 

systems, 32 
network structure, polymers from 

bisphthalonitriles, 48 
oligomers of BTDA and nonlinear 

diamines, 87 
urea-urethane oligomers, 119 
urethane-modified epoxy-diol 

oligomers, effect, 119 
Cross-polarization magic-angle 

spinning techniques (CPMAS), 63 

Cure behavior, oligomers of BTDA and 
linear diamines, 83 

Cure mechanism, urea-urethane 
oligomers, 119,121 

Cure reactions, PTEB, 72 
Cured acetylene-terminated imide, 

properties, 11 
Cured ethynyl-terminated ester 

oligomers, preparation, 13 
Cured ethynyl-terminated sulfones, 

properties, 8 
Curing agents, based on 

N-cyanourea-terminated 
oligomers, 106,109 

Curing study, oligomers of BTDA and 
linear diamines, 86 

Cyanamides, preparation, thermally 
curable oligomers  3 

Cyanourea chemistry, schemes, 114 
N-Cyanourea-terminated resins, curing 

and polymerization mechanisms, 105 
Cyclic voltammogram, oxidation of 

2,6-dimethylphenol, 177f,l8lf 
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Diacetylenic polymers, thermally 
stable polymers for electronic 
applications, 64 

Diamines 
containing oxyethylene linkages, 

planarizing coatings, 82 
linear, and oligomers of BTDA, 83-86 
nonlinear, and oligomers of BTDA, 87 

a,a>-Diamino polystyrene 
amination, 141 
molecular weight 

characteri zation, 142t 
Dibenzoyl derivative, 

a,<o-diaminopolystyrene, elemental 
analyses, 142t 

Dibromobenzene isomers, effect on 
synthesis of AT arylether sulfone 
oligomers, 37 

Dibromobenzene structure, effect on 
chain f l e x i b i l i t y , 36 

Diel e c t r i c insulating layers, model 
polymer, 64 

Diel e c t r i c loss peaks, secondary, 
bisphthalonitrile polymers, 47f 

Diels Alder synthetic routes, effect 
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stituted norbornenyl imides, 55 
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Diethyl ketene acetal, chain transfer 
agent, 155 

Differential scanning calorimetry (DSC) 
bisphenol-based AT-resins, 27 
effect of phenylacetylene capping, 

PTEB, 71f 
effect of UV radiation, PTEB, 71f 
ethynyl end-capped polyimide 

oligomers containing oxyethylene 
linkages, 84f 

nature of PTEB curing process, 68 
oligomers of BTDA 

and linear diamines, 83 
and nonlinear diamines, 87 

polyaromatics with styrene 
groups, 97f,101f 

quenching experiment, capped 
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thermal curing of PSU an
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groups, 100 

Difunctional N-cyanourea compound, 
polymerization mechanism, 109 

Difunctional siloxane oligomers, 
a,u-terminated, synthesis and 
characterization, 161-173 

Dihydroxybiphenyl, effect on synthesis 
of AT arylether sulfone 
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a^o-Dilithi urn polystyrene, 
amination, 141 

Diol structure 
effect on chain f l e x i b i l i t y , 36 
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Diol synthesis, 4-methoxyphenol, 38f 
2,6-Disubstituted phenols, 

electrooxidative 
polymerization, 176-178 

Dual phase continuity, SINs, 
defin i t i o n , 238 

Dynamic mechanical properties, 
bisphthalonitriles, 44-46,49 
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Electrochemical features, 
polymerization, 2,6-disubstituted 
phenols, 180 

Electrodes, electrooxidative 
polymerization of phenols, 175-185 

Electrolysis apparatus, polymerization 
of phenols, 177f 

Electronic applications, thermally 
stable polymers, 63-79 

Electrooxidative polymerization of 
phenols, synthesis of 
poly(phenylene oxide)s, 175-185 

End groups, functional, variations in 
the structure and composition of 
siloxane oligomers, 163 

End-capped oligomers, reactive, free 
radical ring-opening 
copolymerization, 147-158 

End-capping agent, bisphenol-based 
AT-resins, 18,21-24,25 

End-groups, semicontinuous 
polymerization, i n i f e r s , 131 

End-reactive polyisobutylenes (PIB) 
comparison between conventional 

batch and semicontinuous i n i f e r 
techniques, 136 

well-defined, semicontinuous 

Epichlorohydrin (ECH), hydroxyl
terminated l i q u i d polymers, 
characterization, 199-208 

Epoxidation, phenyl-substituted 
norbornenyl imides, 60 

Epoxies, preparation, thermally 
curable oligomers, 2 

Epoxy curing agents, 
N-cyanourea-terminated 
oligomers, 109 

Epoxy oligomer, chain extendable 
urethane modified, 
preparation, 118 

Epoxy-diol oligomers, urethane 
modified, discussion, 119 

Equilibration route, synthesis of 
functionally terminated siloxane 
oligomers, 164 

Ether-linked bisphthalonitriles, 
synthesis, 43 

Etherification, PTC, Williamson, 
polyaromatics containing styrene 
groups, 93 

Ethylene glycol (EG), polymerization 
of ECH, 200 

Ethynyl end-capped polyimide 
oligomers, synthesis and 
characterization, 81-90 

Ethynyl-terminated ester oligomers, 
cured, preparation, 13 

Ethynyl-terminated oligomers, thermal 
s t a b i l i t y , 63 

Ethynyl-terminated sulfone (ETS) 
cured, properties, 8 
preparation, 7 

Exo-endo isomer!zation, effect on 
polymerization of norbornenyl 
imides, 58 
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Flame detector mass spectroscopy, HTE 
liq u i d polymers, 205,207f 

Flammability characterization, s t y r y l -
pyridine polyesters and 
polyear bonat es, 217 

Flexible cross-linked units, DAP 
resins cocross-linked with glycol 
b i s ( a l l y l phthalate)s, 228 

Free radical ring-opening 
polymerization, synthesis of 
reactive oligomers, 147-158 

FTIR 
HTE li q u i d polymers, 201,202f 
aw- hydr o xy bu t y l -1 ermi nat ed 

polydimethyl siloxane 
oligomer, I68f 

Functionality, HTE l i q u i d 
polymers, 201,204t 

Functional!zation, polymeric 
organolithium compounds, 139-145 

Functionally-terminated oligomers, 
free radical process, 147 

G 

Gel permeation chromatography (GPC) 
HTE li q u i d polymers, 202f 
polymers by batch and semicontinuous 

i n i f e r technique, 133f 
Gelation 

bisphthalonitriles, 46 
glycol b i s ( a l l y l phthalate)s, 227 
radical polymerization of d i a l l y l 

dicarboxylates, 230 
Glaser oxidative coupling, TEB to give 

PTEB, 68 
Glass transition temperatures (Tg) 

ami no pro pyl-1 erminated 
poly(dimethyl-diphenyl)-siloxane 
oligomers, 171 

AT-type systems, 31 
bisphenol-based AT-resins, 28f 
bisphthalonitrile monomers, 44-46 
DAP resins cocross-linked with 

glycol b i s ( a l l y l 
phthalate)s, 228 

monomeric model of AT matrix 
resin, 36 

phthalonitrile mixtures, 50f 
polyaromatics containing styrene 

groups, 98 
single networks made from special 

functional o i l s , 247t 
Glycol b i s ( a l l y l phthalate), cocross-

linkers for DAP resins, 225-234 
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Halo-terminated intermediate, 
bisphenol-based AT-resins, 19 

Halo-terminated products, bisphenol-
based AT-resins, 25 

High temperature polymers 
definition, 2 
reactive oligomer approach, 1 

Hydrogen donor, curing of phenyl-
substituted norbornenyl imides, 59 

Hydrogenation, phenyl-substituted 
norbornenyl imides, 60 

Hydrolysis 
ethylene-2-methylene-1,3-dioxepane 

copolymer, 152 
hydroxybutyl-terminated siloxane 

poly(phenylene oxide)s, 189 
Hydroquinone, effect on synthesis of 

AT arylether sulfone 
oligomers, 36,37 

oj,u>-Hydroxy butyl-terminated 
polydimethylsiloxane oligomers, 
synthesis, 165 

Hydroxybutyl-terminated siloxane 
oligomers, synthesis and 
characterization, 166-69 

Hydroxyl groups, substituent effect on 
carbon chemical shifts of 
polyethers, 203 

Hydroxyl-terminated 
epichlorohydrin (HTE) 

l i q u i d polymers, 
characterization, 199-208 

synthesis by cationic ring-opening 
polymerization, 199 

Hydro xyl-1 erminated poly(phenylene 
oxide), electrooxidative 
polymeri zation, 182 

Hydroxyl-terminated siloxane 
oligomers, base catalyzed 
equilibrations, 169 

I 

Imides 
cured AT, properties, 11 
su bs t i t uted nor bornenyl, 

intermolecular and intramolecular 
reactions, 53-61 

thermally curable oligomers, 8 
Imidization procedures, general, 89 
Initiator-transfer agents 

( i n i f e r s ) , polyfunctional, new 
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Initiator-transfer agents—Continued 
t e l e c h e l i c polymers and s e q u e n t i a l 
copolymers, 125-137 

Intra-aggregate coupling, carDonation 
of polymeric organolithium 
compounds, 143 

IR analysis 
chain extension reaction, 

oligourethane oligomers, 120t 
cure o f (tert-butyl carbamate) 

terminated urea-urethane 
coating, 121 

Epon 828-di(N-cyanourea) 
mixture, 110f,113f 

monitoring of thermal cure, capped 
PTEB, 74f 

oligomers of BTDA 
and linear diamines, 8
and nonlinear diamines

poly(1,4-phenylene oxide
by electrolysis of phenols, I84f 

urea-urethane oligomers, 122f 
urethane-modified epoxy-diol 

oligomer, 120f 
Isomerization, monomer, substituted 

norbornenyl imides, 55 
Isothermal aging (ITA), bisphenol-

based AT-resins, 27 

K 

Ketene acetal 
chain transfer agents from, 155 
cy c l i c 

nitrogen analogs, free radical 
ring-opening 
polymerization, 152 

sulfur analog, free radical ring-
opening polymerization, 153 

synthesis, free radical ring-
opening polymerization, 149 

seven-membered, free radical ring-
opening polymerization, 150 

Ketones, macromolecular, 
synthesis, 139-145 

Kinetics 
idealized semicontinuous 

polymerization technique, 128-131 
polymerization of isobutylene by the 

inifer-BC13 system, 127 
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Lap shear strength, 
N-cyanourea-terminated 
resins, 108f 

Liquid polymers, HTE, 
functionality, 204t 

Long-chain alkyl groups, vinyl 
monomers with, DAP resins cocured 
microheterogeneously, 232 
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Maieimide-terminated sulfones, 
preparation, thermally curable 
oligomers, 6 

Mechanical damping of thin films, 
bisphthalonitrile polymers, 49f 

Mechanical properties, DAP resins 

2-Methyl-1,3-dioxolane ring system, 
introduction of phenyl group, 156 

Methylene bromide, coupling reagent, 
PTC reaction, poly(phenylene 
oxide), 191 

Methylene chloride, coupling reagent, 
PTC reaction, poly(phenylene 
oxide), 191 

2-Methylene-1-dioxepane, free radical 
ring-opening polymerization, 150 

2-Methylene-1-dioxolane, free radical 
ring-opening polymerization, 149 

Microgel formation, dependence on 
conversion, DAP resins, 230 

Model monomer systems, synthesis, 35f 
Model substrate, synthesis and 

characterization, substituted 
norbornenyl imides, 54 

Molecular weight characterization, 
Of,o>-diamino polystyrene, 142t 

Molecular weight dispersities, 
semicontinuous polymeri zation, 
i n i f e r s , 131 

Mono(bromophenoxy)phenols, 
synthesis, 34f 

Monomer 
AT, synthesis, 25 
BTDA, preparation, 82 
composition effect on DAP resins 

cocross-linked with glycol 
b i s ( a l l y l phthalate)s, 229f,233f 

isomerization, substituted 
norbornenyl imides, 55 

structure 
ether-linked 

bisphthalonitriles, 44 
polymers from 

bisphthalonitriles, 46 
Monomer-oligomer, 

acetylene-terminated, 25 
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Monomeric AT arylether sulfones, 
evaluation, 35f 

Monomeric systems, model, AT matrix 
resins, 33-36 

N 

Nadimide-terminated polysulfones, 
preparation, thermally curable 
oligomers, 6 

Network structure, polymers from 
bisphthalonitriles, 43-51 

Nitrogen analogs, free radical ring-
opening polymerization, c y c l i c 
ketene acetals, 152 

NMR instrumentation, characterizatio
of cured diacetylene oligomers

Norbornenyl imides, substituted, 
intermolecular and intramolecular 
reactions, 53-61 
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Oil-based homopolymers, special 
functional, physical and 
mechanical behavior, 247 

Oil-based prepolymers, SIN 
compositions, 241 

Oil-based SINs, preparation, 239 
Oil-phase viscosity, SINs with special 

functional triglycerides, 242 
Oligomer 

AT arylether sulfones 
evaluation, 38f 
reaction sequence, 34f 

BTDA and diamines, 83-86,87 
chain extendable urethane-modified 

epoxy, preparation, 118 
N-cyanourea-terminated, 106,107 
evaluation, synthesis of AT 

arylether sulfones, 37 
reactive difunctional siloxane, 

synthesis and 
characterization, 161-173 

reactive end-capped, free radical 
ring-opening 
co polymerization, 147-158 

thermally curable, synthesis, 
physical, and mechanical 
properties, review, 1-14 

thermosetting, based on 
N-c yanourea-terminated 
resins, 105 

urea-urethane, preparation, 118 

Oligomer—Continued 
urethane-modified epoxy-diol, 

discussion, 119 
Oligomeric coupling reagents, PTC 

reaction, poly(phenylene 
oxide), 191 

Oligourethane oligomers 
chain extendable, high solids 

coating systems, 117-123 
chain extension reaction, IR 

study, 120 
Organolithium compounds, polymeric, 

functionalization, 139-45 
Organosiloxane-based segmented 

elastomers, discussion, 161 
Oxidation, curing of phenyl -

substituted norbornenyl imides, 59 
Oxyethylene linkages, synthesis, 

Oxygen index, styrylpyridine-based 
polymers, 21 5t 

P 

Palladium catalyst, bisphenol-based 
AT-resins, 21 

Pendant or terminal styrene groups, 
polyaromatics, synthetic 
methods, 91-103 

Pendant unreacted double bonds, DAP 
resins cocross-linked with glycol 
b i s ( a l l y l phthalate)s, 228 

Phase inversion process 
castor oil-polystyrene 

SINs, 243f,246f 
SINs with special functional 

triglycerides, 242 
Phase separation, SINs with special 

functional t r i g l y c e r i d s , 242 
Phase transfer catalysis (PTC) 

etherification of polyaromatics with 
styrene groups, 96 

PPO, 187 
Williamson etherification, 

polyaromatics containing styrene 
groups, 93 

Phenols, electrooxidative 
polymerization, synthesis of 
poly (phenylene oxide )s, 175-185 

Phenyl group, introduction into 
2-methyl-1,3-dioxolane ring 
system, 156 

Phenyl-substituted norbornenyl imides, 
intermolecular and intramolecular 
reactions, 53-61 
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Phen yla cet y l ene 
effect of capping on DSC, PTEB, 71f 
thermal polymerization, 92 

Phenylene R systems, f l e x i b l e , Ullman 
ether reaction, 32 

Phenylquinoxalines-polyphenyl-
qui no xalines (PPQ), pre paration, 

thermally curable oligomers, 12 
Photo-Fries rearrangement, 

styrylpyridine polyesters and 
polyear bonat es, 217 

Photodegradation, polymers, 210 
Phthalonitrile mixtures, Tg 

values, 50f 
Planarizing coatings 

ethynyl end-capped polyimide 
oligomers, 81 

PTEB systems, 64 
Polyamic acid oligomers, genera

procedure, 89 
Polyaromatics with termina  pendan

styrene groups, synthetic 
methods, 91-103 

Polyarylates, thermal and photo 
s t a b i l i t y , 209-221 

Polybenzimidazole (PBI), reactive 
oligomeric precursor, 12 

Polycarbonates, styrylpyridine based, 
synthesis and 
characterization, 209-221 

Poly(diethynylbenzene), synthesis, 65 
Poly(dimethyldiphenyl)siloxane 

oligomers 
aminopropyl-terminated, 

synthesis, 169-73 
characteristics of aminopropyl 

terminated, 171 
Poly(2,6-dimethyl-1,4-

phenylene oxide) (PPO) 
coupling and capping 

reactions, 187-197 
pendant vinyl groups 
DSC of thermal curing, 100-103 
synthesis, 95f,100 

synthesis of polyaromatics 
containing styrene 
groups, 92 

Polyesters, styrylpyridine based, 
synthesis and 
characterization, 209-221 

Polyether sulfone (PSU) 
pendant vinyl groups 

DSC of thermal curing, 100-103 
synthesis, 94f,100 

Polyfunctional i n i t i a t o r - t r a n s f e r 
agents ( i n i f e r s ) , new telechelic 
polymers and sequential 
copolymers, 125-137 

Polyimide (PI) oligomers 
ethynyl end-capped, synthesis and 

characterization, 81-90 
reactive, thermal polymerization, 53 
thermally curable, 8 

Polyisobutylenes (PIB) 
end-reactive, comparison between 

conventional batch and semicon-
tinuous i n i f e r techniques, 136 

well-defined end-reactive, semicon
tinuous polymerization, i n i f e r 
technique, 125-137 

Polymer 
biodegradable addition, free radical 

ring-opening polymerization, 151 
bisphthalonitriles, network 

structure, 43-51 
high molecular weight, based on 

hig  temperature,  oligome
approach, 1 

primary amine end-group 
functionality, 
synthesis, 140-143 

structure, phenyl-substituted 
norbornenyl imides, 59-61 

thermally stable, electronic 
applications, 63-79 

Polymeric organolithium compounds, 
functionalization, 139-145 

Polymeri zation 
free radical ring-opening, synthesis 

of reactive oligomers, 147-158 
glycol b i s ( a l l y l phthalate)s, 226 
mechanism, 2,6-dimethylphenol, 178 
model substrates, substituted 

norbornenyl imides, 56-59 
novel semicontinuous cationic, 

telechelic PIB, 125-137 
onset and peak, bisphenol-based 

AT-resins, 28f 
phenols, electrooxidative, synthesis 

of poly(phenylene 
oxide)s, 175-185 

thermal, reactive polyimide 
oligomers, 53 

variations i n the structure and 
composition of siloxane 
oligomers, 163 

Polyorganosiloxanes, discussion, 161 
Poly(phenylene oxide)s 

bifunctional, coupling and capping 
reactions, 187-197 

synthesis, 175-185 
Polystyrene, poly(styryl)amine, 

o;,a;-di ami no polystyrene, and 
derivatives, TLC, I44f 
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Poly(styryl)amine, preparation, 141 
Poly(styryl)lithium 

amination, 141 
carDonation i n benzene, 143 

Poly(triethynylbenzene) (PTEB) 
cure reactions, 72 
cured, 13C CPMAS NMR, 76f 
effect of phenylacetylene capping on 

DSC, 71f 
effect of UV radiation of DSC, 71f 
highly capped 

IR to follow thermal cure, 72 
synthesis, 66 

physical properties, 78f 
planarizing coatings, 64 
synthesis, 65 
TGA i n a i r and helium, 70f 
thermal curing products, 77 
uncured, 13C CPMAS NMR, 75

Proton NMR 
derivatized HTE, 206f 
HTE li q u i d polymers, 205 
a,a;-hydroxy butyl-terminated 

polydimethyls i l o xane 
oligomer, 170f 

polymers by semicontinuous i n i f e r 
technique, 134f,135f 

Q 

Quaternary ammonium halide catalyst, 
PTC reaction, PPO, 188 

Quenching experiment, DSC, capped 
PTEB, 73f 

R 

Reaction sequence, AT arylether 
sulfone oligomers, 34f 

Reactive difunctional siloxane 
oligomers, synthesis and 
characterization, 161-173 

Reactive end-capped oligomers, free 
radical ring-opening 
copolymerization, 147-158 

Reactive oligomeric precursor, PBI, 12 
Reactivity of siloxane oligomers, 

effect of terminal functional 
groups, 162 

Redistribution reaction, synthesis of 
functionally-terminated siloxane 
oligomers, 164 

Resin 
acetylene-terminated bisphenol-

based, synthesis, 17-29 
cocross-linkers for DAP, glycol 

b i s ( a l l y l phthalate)s, 225-234 
N-cyanourea-terminated, curing and 

polymerization mechanisms, 105 
Resin properties 
ATS, neat, 5 
resorcinol dicyanate cured, 3 

Resorcinol, effect on synthesis of AT 
arylether sulfone oligomers, 37 

Resorcinol dicyanate cured resin 
properties, 3 

Ring-opening polymerization, free 
radical, discussion, 149 

S a l i c y l i c acid, electrooxidative 
polymerization, 183 

Seven-membered ketene acetal, free 
radical ring-opening 
polymerization, 150 

Siloxane oligomers, reactive 
difunctional, synthesis and 
characterization, 161-173 

Simultaneous interpenetrating networks 
(SIN), special functional 
triglyceride o i l s as reactive 
oligomers, 237-249 

Solid-state carbonation, polymeric 
organolithium compounds, 139-145 

Solution thermolysis reactions, 
substituted norbornenyl imides, 55 

Solvents, various, effect on monomer 
isomerization, substituted 
norbornenyl imides, 55 

Special functional triglyceride o i l s 
as reactive oligomers, 
SINs, 237-249 

Stab i l i z e r s , polymers containing 
certain chromophores, 210 

Stoichiometric excess of hydroquinone, 
bisphthalonitrile polymers, 49f 

Structures 
bisphenol-based AT-resins, 23f 
HTE li q u i d polymers, 205 

Styrene groups, polyaromatics with 
terminal or pendant, synthetic 
methods, 91-103 

Styrene-castor o i l , SINs, 237 
Styrylpyridine-based polymers, thermal 

and photo s t a b i l i t y , 209-221 
Substituent effect of hydroxyl groups 

on carbon chemical s h i f t s of 
polyethers, 203t 
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Substituted norbornenyl imides, 
intermolecular and intramolecular 
reactions, 53-61 

Substitution 
effect on monomer isomer!zation of 

norbornenyl imides, 56 
effect on the rate of polymerization 

of norbornenyl imides, 58 
Substrate synthesis and 

characterization, substituted 
norbornenyl imides, 54 

Sulfone oligomers 
arylether, AT, Ullman ether 

reaction, 31-44 
cured ethynyl-terminated, 

properties, 8 
preparation, thermally curable 

oligomers, 3 
Sulfur analog, free radica

opening polymerization
ketene acetal, 153 

Swelling r a t i o of gel polymer, 
dependence on conversion, DAP 
resins, 230 

Telechelic amines, synthesis, 139-145 
Telechelic polyisobutylenes, 

preparation, comparison of 
semicontinuous and conventional 
polymerization techniques, 132t 

Telechelic polymers, d e f i n i t i o n , 
functionality, 200 

Telechelic polymers and sequential 
copolymers, new, polyfunctional 
i n i f e r s , 125-137 

Temperature 
effect on monomer isomerization, 

substituted norbornenyl 
imides, 55 

use, AT type systems, 31 
Temperature dependence, dynamic 

modulus and loss tangent, 
bisphthalonitrile monomers, 47f 

Tensile strength 
DAP resins cocross-linked with 

glycol b i s C a l l y l 
phthalate)s, 228 

effect on monomer composition, DAP 
resins cocross-linked with 
glycol b i s ( a l l y l 
phthalate)s, 233f 

Terminal or pendant styrene groups, 
polyaromatics, synthetic 
methods, 91-103 

Tetrabutylammonium hydrogen sulfate 
(TBAH), etherification of 
polyaromatics with styrene 
groups, 96 

Thermal characterization, 
Qf,o;-bis (hydroxyphenyl) PSU and 
Q!^-bis(vinylbenzyl)PSU, 99t 

Thermal cross-linking, oligomers of 
BTDA and linear diamines, 86 

Thermal curing 
DSC, 96 
possible products, PTEB, 77 

Thermal degradation, linear polymer 
synthesized from di-N-cyanourea 
compound, 111 

Thermal polymerization, reactive 
polyimide oligomers, 53 

Thermal properties 

oligomers of BTDA and nonlinear 
diamines, 87 

Thermal s t a b i l i t i e s , oligomers of BTDA 
and nonlinear diamines, 87 

Thermally curable oligomers, 
synthesis, physical, and 
mechanical properties, review, 1-14 

Thermally stable polymers, electronic 
applications, 63-79 

Thermogravametric analysis (TGA) 
ethynyl end-capped polyimide 

oligomers containing oxyethylene 
linkages, 84f,85f 

PTEB i n ai r and helium, 7Of 
styrylpyridine-based polymer, 218f 

Thermolysis reactions, solution, 
substituted norbornenyl imides, 55 

Thermomechanical analysis (TMA), 
bisphenol-based AT-resins, 27 

Thermooxidative s t a b i l i t y , bisphenol-
based AT-resins, 27 

Thermosets, fast curing, based on 
N-cyano ur ea- termi nat ed 
oligomers, 106 
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