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FOREWORD 
The ACS SYMPOSIUM SERIES was founded in 1974 to provide 
a medium for publishing symposia quickly in book form. The 
format of the Series parallels that of the continuing ADVANCES 

IN CHEMISTRY SERIES except that in order to save time the 
papers are not typeset but are reproduced as they are sub
mitted by the authors in camera-ready form. Papers are re
viewed under the supervision of the Editors with the assistance 
of the Series Advisory Board and are selected to maintain the 
integrity of the symposia; however, verbatim reproductions of 
previously published papers are not accepted. Both reviews 
and reports of research are acceptable since symposia may 
embrace both types of presentation. 
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PREFACE 

A lthough the diisocyanate poly addition process was discovered by O. 
Bayer at the end of the 1930s, it was not until after the Second World 

War that some of the commercial possibilities became apparent. Since that 
time, the urethane and related reactions have resulted in a tremendous 
growth of varied industries covering all areas of macromolecules. 

In 1979 the Macromolecular Secretariat of the American Chemical 
Society agreed that a symposiu
was of broad and curren  interes d  suc  symposiu  me e 
requirements of being topical to all of the member divisions of the Secre
tariat. As a result, this symposium was scheduled for 1980, and a group 
of specialists representing each of the member ACS Divisions, as well as 
the Division of Chemical Marketing and Economics, was recruited. These 
individuals subsequently became the associate editors of this book. 

The editors selected the papers presented in their respective fields to 
provide as good an insight as possible into the chemistry and marketing 
of isocyanates, using original research rather than tutorial papers. In this 
regard they succeeded admirably. 

To all the editors and authors whose hard work made the Symposium 
a success, I would like to say "Thank You" for a job well done. 

K E N N E T H N. EDWARDS 

Kenneth N. Edwards Enterprises 
Glendale, California 91206 

June 8 ,1981 
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1 
Worldwide Polyurethane Markets 

PETER J. MANNO 
The Upjohn Company, Polymer Chemicals Division, P.O. Box 685, La Porte, TX 77571 

Discussing any worldwide topic is an awesome task at best 
and fraught with many pitfalls. Political and social and 
economic differences combine to not only confuse the current 
situation; but, also obscure the future outlook as well. The 
next decade will be shaped by many of the familiar economic, 
social and political factors widely discussed in the media. 
Some of the key problems that will affect many of the countries 
of the world include: 

•Energy 
• Inflation 
• Economic Instability 
•Protectionism 
• Economic Nationalism 
• International Balance of Payments 
•Political Instability 
To properly assess the impact of these factors would be far 

beyond the scope of this paper. Nevertheless, a good market 
researcher enjoys facing up to the challenge, and I shall endeav
or to forecast the 1990 worldwide polyurethane markets. 

Let me caution you that a market study is basically a cur
rent snapshot of the market and its outlook, and the future will 
probably differ from projections. How close it comes to the 
actual situation is a measure of the market researcher's ability. 

Worldwide Demand 

Polyurethane products historically have proven to be one of 
the most versatile plastic materials available. The wide range 
of physical properties from supersoft flexible foam; to tough 
elastomers; and to long wearing coatings has resulted in many end 
use applications. As a result, the 1980fs will begin with a 
worldwide demand approaching 6,652 million pounds (3 million t), 

0097-6156/81/0172-0009$05.00/0 
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10 URETHANE CHEMISTRY AND APPLICATIONS 

as shown i n Table I. The t r a d i t i o n a l volume leader among the 
polyurethane products continues to be f l e x i b l e foam, p r i n c i p a l l y 
used f o r f u r n i t u r e and transportation a p p l i c a t i o n s . Despite the 
slowdown i n the U. S. construction, the worldwide demand for 
energy-saving r i g i d foam i n s u l a t i o n should continue strong. 
Elastomer demand i s centered i n shoe sole and auto a p p l i c a t i o n s . 
The balance of polyurethane demand i s rounded out by a v a r i e t y 
of polyurethane products including adhesives, sealants, f i b e r s , 
and coatings. 

The U. S./Canada and West European regions are the volume 
leaders accounting f o r 35% and 33% of the 1980 t o t a l r e s p e c t i v e l y . 
The highly i n d u s t r i a l i z e d countries i n these regions have long 
recognized the excellen
thane products. In a d d i t i o n
ture, bedding, autos, and i n s u l a t i o n has been a s i g n i f i c a n t 
factor i n the growth of polyurethane products f o r these a p p l i 
cations. The Japan/Far East demand w i l l reach 889 m i l l i o n 
pounds i n 1980, as consumer demand continues to increase s t e a d i l y 
for polyurethane-containing products. The Middle E a s t / A f r i c a / 
East European region i s slowly developing as a polyurethane 
market, but i s severely constrained by economic and p o l i t i c a l 
problems. 

The future worldwide demand for polyurethanes w i l l depend on 
the net r e s u l t of a s e r i e s of key impetus and constraint f a c t o r s : 

Demand Impetus 
•Conservation of energy 
•Replacement of natural materials 
•Productivity and economics 
•Safety and Health 
•Aesthetics 

Demand Constraints 
•World economic s i t u a t i o n 
•Increased costs and p r i c e s 
•Some market saturation 
•Governmental r e s t r i c t i o n s 
The impact of these factors w i l l vary from country to 

country and i t i s d i f f i c u l t to quantify. However, the net e f f e c t 
w i l l be an o v e r a l l 7.0% annual growth i n polyurethane demand to 
a 13,051 m i l l i o n pound l e v e l i n 1990 as shown i n Table I. The 
r e l a t i v e ranking of the country grouping w i l l remain the same 
as i n 1980. A discussion of the polyurethane growth prospects 
for various country groupings w i l l be d e t a i l e d i n the following 
sections of t h i s paper. 
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1. MANNO Worldwide Polyurethane Markets 11 

United States/Canada 

The United States f i n a l l y succumbed to s p i r a l l i n g i n f l a t i o n 
and i n t e r e s t rates during the f i r s t quarter of 1980, and the long 
heralded recession was upon us. As a r e s u l t , many estimates of 
1980 demand w i l l r e s u l t i n growth rates to 1990 that are unreal-
i s t i c a l l y high. Thus, some caution should be exercised i n i n t e r 
preting the ten year growth rates. 

The Canadian economic a c t i v i t y i s showing signs of following 
the U.S. pattern despite a reasonably good year i n 1979. With 
70% of the Canadian chemical exports destined for the U.S. 
markets, a mid-1980 recession seems quite probable. This close 
l i n k i n g of the two economie  w i l l probabl  continu  through t h i
next decade. 

Both the U.S. and Canadian demand for polyurethanes w i l l 
continue to escalate during the " E i g h t i e s " , despite the temporary 
setback t h i s year, and w i l l t o t a l 2,350 m i l l i o n pounds as shown 
i n Table I I . The performance of polyurethane products has r e s u l 
ted i n penetration of a number of key markets, p a r t i c u l a r l y 
transportation and construction. Despite soaring raw materials 
costs, polyurethane w i l l continue to make headway as energy con
servation requirements and recognize i t s superior i n s u l a t i o n pro
p e r t i e s . Smaller more f u e l - e f f i c i e n t automobiles w i l l use l i b e r a l 
amounts of polyurethane elastomers i n a v a r i e t y of lightweight 
e x t e r i o r body and s t y l i n g a p p l i c a t i o n s . New uses of polyure
thanes w i l l add a d d i t i o n a l demand that could p r o p e l l U.S./Canada 
1990 usage to l e v e l s w e l l i n excess of the 4,850 m i l l i o n pounds 
forecasted. 

U.S./Canada Markets. F l e x i b l e foam w i l l continue to domi
nate the polyurethane end uses. I t s superior cushioning proper
t i e s w i l l maintain an almost 100% penetration of f u r n i t u r e and 
transportation markets. Furniture demand for f l e x i b l e foam w i l l 
follow consumer demand for upholstered f u r n i t u r e . Some steady 
growth i s expected for bedding a p p l i c a t i o n s , but w i l l probably 
not exceed 30% of the mattress units by 1990. 

Transportation markets have h i s t o r i c a l l y been a major user 
of polyurethane products. Molded f l e x i b l e foam cushioning pro
vides superior seating and s i g n i f i c a n t reductions i n assembly 
labor costs. This demand w i l l experience some decrease early i n 
the 80 fs as autos become smaller but should recover l a t e r i n the 
decade. 

F l e x i b l e polyurethane foam carpet underlay i s used as e i t h e r 
prime or rebonded foam. The polyurethane foam o f f e r s superior 
cushioning and i s p a r t i c u l a r l y a t t r a c t i v e f or contract i n s t a l l a 
tions or premium carpets. The prime foam usage should increase 
s t e a d i l y to about 310 m i l l i o n pounds i n 1990. The demand for 
rebonded foam carpet underlay depends on the a v a i l a b i l i t y of 
scrap foam and w i l l probably not exceed 300 m i l l i o n pounds an
nually . 
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12 URETHANE CHEMISTRY AND APPLICATIONS 

R i g i d foam uses w i l l average a 11.2% annual increase and 
reach 1,608 m i l l i o n pounds by 1990. Most of the impetus w i l l 
come from the i n s u l a t i o n use of r i g i d foam for b u i l d i n g and con
s t r u c t i o n . 

B u i l d i n g and construction use of polyurethane products w i l l 
increase at a record pace during the 1980's. The slow down i n 
r e s i d e n t i a l housing s t a r t s i n 1980 w i l l have a temporary e f f e c t 
on the increasing demand fo r polyurethane foam r e s i d e n t i a l sheath
ing. The return to normal housing s t a r t s (about 1981-1982) should 
further accelerate the demand. Commercial roofing a p p l i c a t i o n s 
have made s i g n i f i c a n t use of polyurethane r i g i d foam panels f o r 
the t y p i c a l asphalt b u i l t - u p roof construction. The asphalt-free, 
s i n g l e - p l y membrane roofin
or more) of i n s u l a t i o
i d e a l l y suited for polyurethane foam. Res i d e n t i a l sheathing w i l l 
probably be the fa s t e s t growing market as consumers attempt to 
of f s e t r i s i n g f u e l and energy costs by increasing the amount and 
e f f i c i e n c y of t h e i r r e s i d e n t i a l i n s u l a t i o n . 

Polyurethane r i g i d foam i n s u l a t i o n also can be applied as a 
spray system to a v a r i e t y of surfaces. R e t r o - f i t t i n g commercial 
roofs as w e l l as i n s u l a t i o n of tanks and pipes has had increasing 
acceptance. The next decade w i l l require even further conserva
t i o n of energy i n a l l manufacturing f a c i l i t i e s , and provide an 
i d e a l market f o r sprayed r i g i d foam i n s u l a t i o n . By the end of 
t h i s decade, the demand f o r spray systems could r e a d i l y double 
the current l e v e l . 

Polyurethane elastomer demand w i l l more than double i n volume 
during the 1980 Ts and e a s i l y reach 552 m i l l i o n pounds. Over 60% 
w i l l be for transportation use as U.S. auto manufacturers work to 
meet federal f u e l economy and bumper damage standards. The use 
of polyurethane elastomers f o r transportation markets has received 
increasing a t t e n t i o n from the auto industry. The need for improved 
f u e l economy to meet government standards has focused on l i g h t 
weight ma t e r i a l s , and polyurethane elastomers have been a prime 
candidate. Their excellent physical properties have been u t i l i z e d 
i n f l e x i b l e bumper f a s c i a , as w e l l as more r i g i d t r i m and decora
t i v e body parts. Recent development of g l a s s - f i l l e d polyurethane 
elastomers composition are being tested f or auto fenders, doors, 
and trunk l i d s . Widespread use of polyurethane elastomer external 
body components could r e a d i l y add an a d d i t i o n a l 100 m i l l i o n pounds 
to t h i s t o t a l . 

Polyurethane elastomer shoe soles have received wide accept
ance f o r women's fashion shoes as w e l l as a v a r i e t y of sports 
footwear. The lightweight m i c r o c e l l u l a r shoe soles have permit
ted wide s t y l i n g f l e x i b i l i t y i n women's shoes. Fine d e t a i l s simu
l a t i n g wood, cork, leather, and hand-stitching can be r e a d i l y r e 
produced. New s t y l e sports shoes incorporate m u l t i - c o l o r and 
multi-density soles. Other polyurethane elastomers w i l l f i n d 
ready use i n high performance applications u t i l i z i n g t h e i r super
i o r wear, corrosion and abrasion resistance properties. 
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1. MANNO Worldwide Polyurethane Markets 13 

The coatings/adhesives and sealants category w i l l post the 
highest growth rate and average 11.5% annually. Polyurethane 
coatings ( i n p a r t i c u l a r high s o l i d s paints f or autos) and the 
emerging use of polyurethane binder adhesives (e.g. foundry cores, 
and woodchip particleboard) could develop s u b s t a n t i a l market 
demand. Polyurethane*s value as an adhesive or binder continues 
to enjoy excellent acceptance by the foundry industry. Their 
use as binders f o r sand cores used i n metal casting provides a 
f a s t , low-energy consuming technology. More re c e n t l y , isocyanates 
have been used as binders f o r woodchip pa r t i c l e b o a r d , or formed 
as a bonded woodchip core between t h i n wood veneers. The i s o 
cyanate containing products o f f e r an excellent weather-resis
tant p a r t i c l e b o a r d , as w e l l  manufacturin  that i
formaldehyde-free and consume

L a t i n America 

L a t i n America i s usu a l l y defined to include Mexico, The 
Caribbean, Central and South America. This market region includes 
about 370 m i l l i o n inhabitants. The i n d i v i d u a l countries repre
sent a wide range of p o l i t i c a l , s o c i a l , and economical scenarios. 
High i n f l a t i o n rates and large trade balance d e f i c i t s are pre
valent i n many of the countries. Limited i n f r a s t r u c t u r e (e.g. 
highways, p u b l i c u t i l i t i e s , etc.) has s e r i o u s l y hampered t h e i r 
economic growth. However, strong raw material p o s i t i o n s (e.g. 
petroleum, metal ores, etc.) have enhanced export income and 
helped improve the national GNP and l e v e l s of i n d u s t r i a l i z a t i o n . 
For example, three major o i l f i e l d s have been discovered i n Mexico 
w i t h i n the past few years, and Venezuela's oil-based economy i s 
w e l l known. 

With a few exceptions, the polyurethane markets i n L a t i n 
America are i n t h e i r e a r l y stages of development and o f f e r a s i g 
n i f i c a n t p o t e n t i a l demand over the next decade. The current poly
urethane demand i s centered i n Argentina, B r a z i l , Mexico, and 
Venezuela, representing 85% of the t o t a l demand of 448 m i l l i o n 
pounds expected i n 1980 as shown i n Table I I I . 

Argentina continues to experience the severe i n f l a t i o n a r y 
problems that have c u r t a i l e d growth during recent years. General 
Motors closed i t s auto assembly plant and consumer prices continue 
to r i s e r a p i d l y . A steady improvement i s expected over the next 
decade as i n f l a t i o n appears to be coming under c o n t r o l ; auto 
production s t a b i l i z e s , and consumer demand strengthens i n f u r 
niture/bedding markets. 

B r a z i l i s to be the volume leader i n urethane demand, r e 
f l e c t i n g strong f l e x i b l e foam demand, p r i n c i p a l l y f o r automotive, 
f u r n i t u r e , and bedding uses. An expected modest decrease i n i n 
f l a t i o n rate and strong auto production w i l l give impetus to t h i s 
growth through the e i g h t i e s . 
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14 URETHANE CHEMISTRY AND APPLICATIONS 

TABLE I 
WORLDWIDE POLYURETHANE DEMAND OUTLOOK (MMLBS) 

1980 1985 1990 80/90 
%/Yr. 

U.S./Canada 2350 3541 4850 7.5 
L a t i n America 
W. Europe 
Middle E a s t / A f r i c a / 765 1064 1565 7.4 
E. Europe 

Japan/Far East 889 1236 1750 7.0 
Total 6652 9435 13051 7.0 

TABLE I I 

U.S./CANADA POLYURETHANE DEMAND (MMLBS) 

1980 1985 1990 80/90 
%/Yr. 

F l e x i b l e Foam 1364 1756 2000 3.9 
Rigi d Foam 555 1022 1608 11.2 
Elastomers 199 329 552 10.7 
Others 232 434 690 11.5 
Total 2350 3541 4850 7.5 

TABLE I I I 
LATIN AMERICAN POLYURETHANE DEMAND (MMLBS) 

1980 1985 1990 80/90 
%/Yr. 

F l e x i b l e Foam 306 427 610 7.2 
Rig i d Foam 63 111 180 11.1 
Elastomers 62 78 100 4.9 
Others 17 29 50 11.4 
Total 448 645 940 7.7 
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1. MANNO Worldwide Polyurethane Markets 15 

Mexican urethane demand has been constrained by raw materials 
costs. F l e x i b l e foam markets w i l l show some strength i n the 80 1s, 
r e f l e c t i n g a steady auto production and moderate increases f o r 
fu r n i t u r e and bedding uses. R i g i d foam a p p l i c a t i o n s are s t i l l 
i n the ea r l y stages of market development; but, commercial/indus
t r i a l i n s u l a t i o n uses are increasing w e l l . Mexico leads L a t i n 
America i n urethane elastomer usage, paced by i t s demand f o r 
shoe sole a p p l i c a t i o n s . 

Venezuela i s emerging as a strong L a t i n American market f o r 
urethanes. A strong consumer demand and s i g n i f i c a n t exports to 
Andean Pact countries have provided much of the growth. Contin
ued increases i n auto production, furniture/bedding, and some 
i n s u l a t i o n markets shoul  giv  impetu
demand. 

L a t i n American Markets. F l e x i b l e polyurethane foam for 
premium as w e l l as inexpensive mattresses has been the major 
growth market i n most L a t i n American countries, and often r e 
presented 50% of the f l e x i b l e demand. Growth prospects to 1990 
are good as consumers upgrade some of t h e i r previous purchases, 
and increased market penetration i s r e a l i z e d i n some countries 
(e.g. Mexico) that have considerable p o t e n t i a l . Furniture demand 
for f l e x i b l e polyurethane foam i s r e l a t i v e l y modest compared to 
bedding end uses. S t y l i n g trends and the p r o l i f e r a t i o n of small 
f u r n i t u r e producers have not opted f o r f l e x i b l e urethane foam 
cushioning. Upholstered f u r n i t u r e demand w i l l continue to be 
constrained by low consumer income, as w e l l as small a r t i s a n 
production f a c i l i t i e s . 

B u i l d i n g and construction use of polyurethane markedly t r a i l s 
the volume and v a r i e t y of app l i c a t i o n s prevalent i n North America. 
The use of r i g i d foam f o r i n s u l a t i n g commercial and r e s i d e n t i a l 
b u i l d i n g s i s i n i t s e a r l y stages of development. There are only 
about a h a l f a dozen manufacturers of continuous polyurethane 
laminate panels i n L a t i n America. The u t i l i z a t i o n of r i g i d foam 
i n s u l a t i o n has experienced l i m i t e d success f o r r e f r i g e r a t i o n 
uses, both domestic and commercial. The outlook to 1990 i s not 
p a r t i c u l a r l y encouraging. Considerable government incentives w i l l 
be required to stimulate the construction industry to u t i l i z e 
r i g i d foam i n pub l i c housing. Industry awareness of energy costs 
may provide some incentives f o r commercial usage of h i g h - e f f i 
ciency polyurethane i n s u l a t i o n . In a d d i t i o n , the t r a d i t i o n a l 
b u i l d i n g materials (e.g. stone, b r i c k s , etc.) do not lend them
selves to replacement or simultaneous usage with polyurethane 
foam i n s u l a t i o n . 

The transportation industry has many of the worldwide auto 
producers represented i n seven L a t i n American countries. B r a z i l 
i s the volume leader (over 1 m i l l i o n autos and trucks i n 1979), 
followed by Mexico, Argentina, and Venezuela. These auto pro
ducers are r a p i d l y adopting the concept of molded polyurethane 
foam seating in c l u d i n g the superior cushioning of high r e s i l i e n c y 
foams. The pressure f o r increased f u e l economy v i a weight r e -
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16 URETHANE CHEMISTRY AND APPLICATIONS 

duction experienced by U.S. auto producers i s not present i n 
L a t i n American markets. Consequently, the RIM elastomer tech
nology i s j u s t beginning to get a t t e n t i o n and some auto producers 
are considering some app l i c a t i o n s . 

The balance of the polyurethane end uses comprises a myriad 
of a p p l i c a t i o n s , including domestic r e f r i g e r a t i o n , shoes, carpet 
underlay, f i b e r s , foundry core binders, etc. that used poly
urethane products. L a t i n American r e f r i g e r a t o r manufacturers 
are r a p i d l y converting from f i b e r - g l a s s to r i g i d polyurethane 
foam i n s u l a t i o n . As consumer demand f o r these appliances increases, 
the urethane demand should follow. Polyurethane elastomers f o r 
shoe sole have had a dramatic growth i n c e r t a i n L a t i n American 
countries with s i g n i f i c a n  t h e i  norther  neighbors
Barring any major s t y l i n
America to a strong worldwid  polyurethan
market p o s i t i o n . 

Polyurethane adhesives or binders are f i n d i n g acceptance by 
the L a t i n American foundry industry. Growth over the next few 
years should be s u b s t a n t i a l . 

Europe/Middle E a s t / A f r i c a 

The European region consists of Western Europe, Eastern 
Europe and the Middle E a s t / A f r i c a nations. 

Western Europe i s defined geographically as: 
•Benelux 

-Belgium, Netherlands, Luxembourg 
•France 
• I t a l y 
•Nordic Countries 
-Norway, Sweden, Finland, Denmark, Iceland 

•United Kingdom 
•West Germany 
•Other European 

- A u s t r i a , Switzerland, Spain, Portugal, Greece, 
Yugoslavia 

This region includes about 360 m i l l i o n inhabitants. Economic 
trade organizations (e.g. EEC, EFTA) lend some s t a b i l i t y ; but the 
wide spectrum of p o l i t i c a l and s o c i a l idealogy among the i n d i v i 
dual countries causes p e r i o d i c problems. The OPEC crude o i l p r i c e 
increases, i n t e r n a t i o n a l currency f l u c t u a t i o n s , and s t e a d i l y 
increasing i n f l a t i o n rates affected most of the countries. The 
1980 business recession being experienced by the U.S. could w e l l 
portend s i m i l a r problems f o r these countries w i t h i n the next few 
years. 
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The Eastern European countries include: USSR, East Germany, 
Poland, Hungary, Bu l g a r i a , Rumania, Czechoslovakia, and Albania. 
These countries consist of about 400 m i l l i o n inhabitants. These 
s o c i a l i s t i c countries have st a t e - c o n t r o l l e d economies that only 
recently are beginning to swing towards the manufacture of con
sumer items. The USSR i s probably the largest volume consumer 
of polyurethane products, followed c l o s e l y by East Germany. 
F i n a l l y , Hungary, Czechoslovakia and Poland form a second t i e r 
of consumers about ha l f of the l e v e l for the USSR and East Ger
many. 

The Middle East and A f r i c a region consists of: 

•Middle East 
- Turkey, S y r i a , Lebanon, Jordan, I s r a e l , Cyprus, 

Kuwait, Iran, Iraq, Saudi Arabia, Egypt 
• A f r i c a 
- a l l of continental A f r i c a , except Egypt 

The region contains about 640 m i l l i o n inhabitants. The 
Middle East countries are r i c h i n petroleum and o f f e r the prospect 
of being a p r i n c i p a l source of petrochemicals over the next decade. 
Many of the countries i n the Middle East and A f r i c a are j u s t be
ginning to develop markets f o r polyurethanes. Egypt, South A f r i c a , 
and Turkey are the current leaders i n polyurethane usage. 

The Europe/Middle E a s t / A f r i c a polyurethane demand i s summa
r i z e d i n Tables IV and V. The o v e r a l l polyurethane demand for 
Western Europe i s expected to reach about 2,200 m i l l i o n pounds i n 
1980. West Germany alone w i l l account f o r 25% of the t o t a l , f o l 
lowed by I t a l y (20%) , France (13%) and the United Kingdom (9%). 
Based on current growth expectations, o v e r a l l demand should 
increase about 6.0% annually, and reach the 4,000 m i l l i o n pound 
l e v e l by 1990. The Middle East, A f r i c a , and Eastern European 
countries w i l l represent a combined t o t a l demand of 765 m i l l i o n 
pounds i n 1980. Despite the w e l l known s o c i a l , p o l i t i c a l , and 
economic problems for many of these countries. The Middle East/ 
A f r i c a / E . Europe could reach a 1,565 m i l l i o n pound polyurethane 
demand by 1990. 

Europe/Middle E a s t / A f r i c a Markets. F l e x i b l e foam end uses 
account f o r the bulk of the polyurethane demand, p r i n c i p a l l y 
for transportation, f u r n i t u r e and bedding a p p l i c a t i o n s . The 
excellent cushioning pr o p e r t i e s , lightweight, and ease of i n s t a l 
l a t i o n of polyurethane f l e x i b l e foam i s w e l l recognized. A p r i n 
c i p l e user of f l e x i b l e foam i s the West European auto industry 
that produced 15.5 m i l l i o n u n i t s (about 4.1 m i l l i o n from E. Europe) 
i n 1979. The average auto uses 10 kg. to 15 kg. of f l e x i b l e foam 
and s e m i - f l e x i b l e foam, p r i m a r i l y f o r cushioning and safety pad
ding. Molded auto seats are now widely used with f u l l depth, HR 
(high r e s i l i e n c y ) f l e x i b l e urethane foam which i s s t e a d i l y r e 
pla c i n g the t r a d i t i o n a l "bench" or foam topper pad types of con-
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s t r u c t i o n . The HR foam uses ranges from a high l e v e l of accep
tance i n Scandinavia to moderate usage i n I t a l y and West Germany 
and f i n a l l y , to l i m i t e d a p p l i c a t i o n s i n France. Furniture demand 
for f l e x i b l e polyurethane foam has been a slow developing market. 
S t y l i n g trends d i f f e r among the various countries, and many of the 
low volume f u r n i t u r e manufacturers s t i l l use t r a d i t i o n a l cushion
ing materials. 

The future growth prospects w i l l be related to the new r e s i 
d e n t i a l construction and l e v e l of personal income a v a i l a b l e i n the 
various countries. 

Bedding use of f l e x i b l e polyurethane foam f o r premium as w e l l 
as inexpensive mattresses has been a major growth market and r e 
present close to 50% o
foam mattresses are a v a i l a b l
q u a l i t i e s despite moderate promotional e f f o r t s by mattress pro
ducers. Growth prospects f o r the next decade are good. Some 
consumers w i l l upgrade the q u a l i t y of t h e i r previous mattress 
purchases, and a strong demand w i l l continue f o r the low-priced 
units i n c e r t a i n areas, e.g. the Middle East and A f r i c a . 

R i g i d polyurethane foam ap p l i c a t i o n s are centered i n b u i l d i n g 
and construction, r e f r i g e r a t e d transport and domestic appliances. 
The b u i l d i n g and construction markets include r e s i d e n t i a l and 
non-residential construction, commercial r e f r i g e r a t i o n and indus
t r i a l i n s u l a t i o n , e.g. tanks and pipes. West Germany i s the 
European leader i n t h i s market. Thermal i n s u l a t i o n use of poly
urethane foam f o r b u i l d i n g and construction applications are w e l l 
accepted. Both polyurethane and polyisocyanurate foams are used 
to provide excellent thermal i n s u l a t i o n , combined with low mois
ture vapor permability, high strength/weight r a t i o i n composites 
(panels), dimensional s t a b i l i t y , and economy of production by 
continuous processes. There are about 18 to 20 manufacturers 
of continuous PUR laminate panels i n t h i s region. West Germany 
has approved a regulation that a l l r e s i d e n t i a l buildings constructed 
a f t e r June, 1979 must use DIN 4102 B-2 class foam i n s u l a t i o n f o r 
roofs and w a l l s . This trend toward more severe f i r e r atings i s 
l i k e l y to be followed i n the other European countries. A poly
isocyanurate foam insulated s t e e l deck roofing panel has passed 
French f i r e t e s t s and q u a l i f i e s f o r reduced f i r e insurance pre
miums. 

I n d u s t r i a l usage includes a v a r i e t y of tank, v e s s e l , and 
piping i n s u l a t i o n . The PIR foams are often preferred, because 
of t h e i r higher continuous service temperature (150 C). Cut and 
preshaped slabstock i s used f o r many i n d u s t r i a l plant piping a p p l i 
cations. The foam spraying of tanks and p i p e l i n e s i s getting 
considerable a t t e n t i o n i n the Middle East and A f r i c a n markets. 
There i s also i n t e r e s t i n using polyurethane foam f o r the i n s u l a 
t i o n of LNG tankers. These ships use high-density r i g i d foam 
(up to 100 kg/m ) and require s i g n i f i c a n t q u a n t i t i e s per tanker. 
Countries with w e l l established ship b u i l d i n g i n d u s t r i e s are vying 
fo r t h i s market. 
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Movement of perishable food products by r e f r i g e r a t e d transport 
from the Southern European a g r i c u l t u r a l nations to the Northern 
European countries has become a well-developed transport business. 
Low temperature i n s u l a t i o n of transportation equipment such as 
r e f r i g e r a t e d trucks u t i l i z e s the lightweight and superior insu
l a t i o n properties of r i g i d polyurethane foam. Metal-faced poly
urethane foam panels as w e l l as cut slabstock foam are used to 
insu l a t e the vehicles and containers. 

Appliance manufacturers use r i g i d polyurethane foam as insu
l a t i o n f o r r e f r i g e r a t o r s and freezers. The foam provides excellent 
i n s u l a t i o n , i s lightweight, and i s easy to i n s t a l l . Refrigerator 
demand continues strong, matching the increased standard of l i v i n g 
i n many European countrie d r e f l e c t i n  s i g n i f i c a n t t 
markets. Consumer deman
should remain strong t

The polyurethane elastomer demand w i l l receive i t s impetus 
from automotive and footwear a p p l i c a t i o n s . Uses of polyurethane 
elastomers f o r autos i s centered i n a v a r i e t y of s o l i d and micro-
c e l l u l a r a p p l i c a t i o n s , ranging from small e x t e r i o r t r i m s t r i p s 
to f u l l - s i z e d auto bumpers. The use of Reaction I n j e c t i o n 
Molding (RIM) processing i s gaining increasing i n t e r e s t f o r the 
production of large surface area and t h i n cross section polyure
thane elastomer parts. In contrast to t h e i r U.S. counterparts, 
the European auto makers do not have the same pressure to reduce 
auto weight, improve f u e l economy, and meet low damage auto 
bumper standards. Their i n t e r e s t i s p r i m a r i l y f o r export models 
to meet U.S. standards and u t i l i z a t i o n of the s t y l i n g f l e x i b i l i t y 
offered by RIM polyurethane elastomers. Consequently, there i s a 
modest trend toward the use of RIM bumpers and future considera
t i o n of reinforced RIM components (e.g. g l a s s - f i b e r reinforced 
RIM polyurethane elastomer auto fender). 

The footwear industry uses polyurethane as m i c r o c e l l u l a r 
elastomer f o r shoe soles; thermoplastic elastomers f o r s k i boots, 
coatings for shoe uppers, and adhesives. The m i c r o c e l l u l a r e l a s 
tomer shoe soles have been used for over 10 years. The poly
urethane shoe sole o f f e r s lightweight and f l e x i b i l i t y i n s t y l i n g . 
Fine d e t a i l simulating wood, cork, leather, and handstitching can 
be r e a d i l y reproduced. New s t y l e sport shoes have been developed 
to incorporate mu l t i - c o l o r s and multi-density soles. As a r e s u l t , 
these shoe soles are used i n women's high-fashion shoes, work shoes, 
and a v a r i e t y of l e i s u r e and sport shoes. The current demand for 
polyurethane shoe soles i s for continued steady growth and demand. 
There has been a continued s h i f t of the shoe sole market to the 
Middle East and Eastern European areas. 

The use of polyurethane as a binder has found two i n t e r e s t i n g 
a p p l i c a t i o n s : foundry cores and woodchip particleboard. The 
foundry industry has recognized the value of polyurethane adhesive 
binders to bind sand foundry cores for metal casting. This a p p l i 
cation i s increasing s t e a d i l y . The use of isocyanate binders for 
woodchip particleboard i s r e c e i v i n g s i g n i f i c a n t a t t e n t i o n . The 
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coated woodchip can be pressed into a particleboard or formed as 
a bonded woodchip core between t h i n wood veneers. The isocyanate-
containing products o f f e r superior weathering and moisture-resis
tant properties. Developmental program underway, could provide 
some s i z a b l e markets w i t h i n the next few years. 

Japan/Far East 

The Japan/Far East region i s geographically defined to include 
Japan, A u s t r a l i a , New Zealand, Korea, Taiwan, P h i l i p p i n e s , India, 
Peoples Republic of China, and the rest of Southeast Asia. This 
region includes about 2,400 m i l l i o n inhabitants. The countries 
represent a wide range of p o l i t i c a l b e l i e f d economi  l e v e l
of development. Japan
i n t e r n a t i o n a l export program,  p r i n c i p l
the region. Korea and Taiwan are r a p i d l y growing economies that 
are competing with Japan for export markets. Most of the Southeast 
Asian countries are i n ea r l y or agrarian stages of economic develop
ment . 

Japan i s the p r i n c i p l e supplier of both polyurethane and raw 
material products throughout the region. They represent over 60% 
of the 1980 polyurethane demand of 990 m i l l i o n pounds l i s t e d i n 
Table VI. Korea and Taiwan are developing s i g n i f i c a n t polyurethane 
demand, much of i t destined f o r export markets. A u s t r a l i a and 
New Zealand are s t e a d i l y developing t h e i r domestic polyurethane 
markets. F i n a l l y , the other countries (with a few exceptions) are 
i n the preliminary stages of using polyurethane products. 

Japan/Far East Markets. The f l e x i b l e foam demand i s centered 
p r i m a r i l y i n transportation, f u r n i t u r e , and bedding markets. The 
transportation industry w i l l use polyurethane f l e x i b l e foam mostly 
for automotive seating and safety padding. Full-depth molded foam 
seating i s replacing the t r a d i t i o n a l "bench" or foam topper pad 
type of construction. The transportation industry i s a key factor 
i n the Japanese economy, with 1979 production exceeding 10 m i l l i o n 
v e h i c l e s and over h a l f being exported to the U.S. While the demand 
for both f l e x i b l e and se m i - f l e x i b l e foam w i l l remain strong over 
the next decade, the worldwide business slowdown, plus increased 
U.S. production of small-sized autos, may w e l l reduce demand over 
the near term. 

The f u r n i t u r e and bedding industry use of polyurethane f l e x i 
b le foam for mattresses, pads, and cushioning i s a f a i r l y stable 
market. Furniture manufactured with polyurethane f l e x i b l e foam 
o f f e r s excellent cushioning properties and reduced assembly labor. 
Polyurethane foam mattresses are an i d e a l use for f l e x i b l e foam. 
The lightweight and comfort of these foam units has received ready 
acceptance by consumers. 

The polyurethane r i g i d foam usage w i l l t o t a l about 223 m i l l i o n 
pounds i n 1980 and i s expected to increase to about 551 m i l l i o n 
pounds i n 1990. Bu i l d i n g and construction and domestic appliance 
appl i c a t i o n s account f or the bulk of the usage. Construction 
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TABLE IV 
WESTERN EUROPE POLYURETHANE DEMAND (MMLBS) 

1980 1985 1990 80/90 
%/Yr. 

F l e x i b l e Foam 
R i g i d Foam 
Elastomers 157 237 345 8.2 
Others 155 220 290 6.5 
Total 2200 2949 3946 6.0 

TABLE V 
MIDDLE EAST/AFRICA/Ε. EUROPE POLYURETHANE DEMAND (MMLBS) 

1980 1985 1990 80/90 
%/Yr. 

F l e x i b l e Foam 422 599 775 6.2 
Ri g i d Foam 190 273 480 9.7 
Elastomers 141 178 288 7.4 
Others 12 14 22 6.2 
Total 765 1064 1565 7.4 

TABLE VI 
JAPAN/FAR EAST POLYURETHANE DEMAND (MMLBS) 

1980 1985 1990 80/90 
%/Yr. 

F l e x i b l e Foam 493 631 800 5.0 
R i g i d Foam 223 348 551 9.5 
Elastomers 63 112 206 12.6 
Others 110 145 193 5.8 
Total 889 1236 1750 7.0 
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a p p l i c a t i o n s include i n s u l a t i o n f o r roof, w a l l , and i n d u s t r i a l 
uses, e.g. tanks and pipes. The development of the A u s t r a l i a n 
Northwest Shelf o i l and gas f i e l d s w i l l provide a s u b s t a n t i a l 
market demand fo r polyurethane foam i n s u l a t i o n that could approach 
multi-thousand ton l e v e l s . 

The Japanese b u i l d i n g and construction uses of polyurethane 
products have been rather l i m i t e d . The i n s u l a t i o n value of r i g i d 
polyurethane foam has found some acceptance for commercial and 
i n d u s t r i a l use. However, the p o t e n t i a l l y large-volume r e s i d e n t i a l 
market remains e l u s i v e , despite the Japanese government1 s o f f e r 
to provide low-interest loans f o r energy-saving i n s u l a t i o n . Some 
progress has occurred i n the manufacture of polyurethane continuous 
laminate panels, and fou
panels for cold storag

The use of polyurethane elastomers for automotive bumpers 
and body parts i s a r a p i d l y growing transportation market. 
Japanese auto manufacturers have been using RIM processing to 
produce large surface area and t h i n cross-section elastomer parts. 
Toyota introduced a RIM bumper i n 1977 and i s currently using RIM 
bumpers on 8 auto models. Some RIM bumpers incorporate an energy-
absorbing m i c r o c e l l u l a r foam i n s e r t to meet the U.S. auto bumper 
standards. M i t s u b i s h i Motors has RIM bumpers on two models 
(Gallant Sigma and Lancer). Nisson Motors i s also using RIM 
bumper s on the Datsun 280ZX. 

The A u s t r a l i a n auto industry shares the concern of i t s U.S. 
counterparts to reduce auto weight and improve f u e l economy. A 
good example i s the Ford Falcon XD that i s 116 kg. l i g h t e r than 
the previous equivalent model. Part of the weight reduction comes 
from the use of impact energy-absorbing front and rear bumpers 
made from RIM molded polyurethane elastomers. The RIM bumpers use 
about 12 kg. of polyurethane and are attached to a support beam 
of high-strength glass-reinforced polyester. I f other auto pro
ducers begin developing s i m i l a r design, the A u s t r a l i a n RIM usage 
could reach s i g n i f i c a n t l e v e l s w i t h i n the next few years. 

Of the many other end uses for polyurethane products, shoe 
soles and synthetic leather should be mentioned. The polyurethane 
shoe sole usage reached a peak demand i n 1973 before s t y l i n g trends 
and competition from other synthetic materials resulted i n market 
erosion. The expected demand w i l l be centered i n women's fashion, 
sports, and r e c r e a t i o n a l shoes for both domestic and export markets. 

The polyurethane leather demand provides both a domestic and 
export market. There are 6 Japanese producers of poromeric leather 
who w i l l supply about 15 m i l l i o n square meters of leather i n 1980 
fo r shoes (about 50%) , c l o t h i n g , and a v a r i e t y of other products 
(luggage, cases, gloves, b e l t s , e t c . ) . There i s some synthetic 
leather production i n Korea and Taiwan. 

An i n t e r e s t i n g use of polyurethane elastomers i s an a p p l i c a 
t i o n being evaluated by the Japanese r a i l r o a d . The elastomer i s 
applied to the side and bottom surfaces of a concrete r a i l r o a d 
t i e and serves as a sound absorbing medium for sections of the 
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track going through r e s i d e n t i a l areas or over concrete bridges. 
Over 60,000 t i e s w i l l be coated with elastomer (25 mm thickness) 
i n 1980, and represents over 4 m i l l i o n pounds of elastomer. 

The Peoples Republic of China (PRC) i s embarked on an ambi
tious program of economic and i n d u s t r i a l growth, directed to over
come many years of p o l i t i c a l and s o c i a l upheavals. The PRC has 
had to scale down i t s o r i g i n a l plans and i s focusing on a slower, 
more balance and s e l e c t i v e development program. The i n i t i a l 
emphasis w i l l be on a g r i c u l t u r e and l i g h t i n d u s t r i e s , to supply 
consumer needs and encourage exports. The polyurethane sector has 
not been neglected. A 22 m i l l i o n pound isocyanate plant i s sche
duled f o r completion i n l a t e 1981, with a capacity of producing 
crude and pure methylen
of t h i s production w i l
f o r export markets i n Southeast As i a . 

The PRC markets f o r polyurethanes are centered i n a range of 
ap p l i c a t i o n s from conventional f l e x i b l e cushioning and r i g i d foam 
i n s u l a t i o n to more sophisticated uses, such as shoe soles, synthe
t i c leather and gymnasium playing surfaces. While s t a t i s t i c s are 
not r e a d i l y a v a i l a b l e , the PRC consumes about 10 m i l l i o n pounds 
of r i g i d foam and 8 m i l l i o n pounds ψ f l e x i b l e foam annually. 
Recent plans to b u i l d a 3 m i l l i o n m per year poromeric polyure
thane synthetic leather plant should give impetus to polyurethane 
demand i n 1982/83. 

RECEIVED June 1,1981. 
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Polyurethane Foam in Furnishings Markets 

R. C. SNYDER 

The Dow Chemical Company, Organic Chemicals Department, Midland, MI 48640 

Industry Structure 

The furnishings market for flexible urethane foam can be divided 
into three major segments
layment . These markets are supplied flexible foam by a larger 
number of firms known as the flexible slab foam industry which 
convert liquid chemicals to large foam buns made on a continuous 
conveyor. An infinite variety of cushion shapes are fabricated 
from the large foam buns. 

Although on the order of 90% of the foam volume used by the fur
nishings industry is made by the flexible slab foam industry, 
molded flexible foam is also used for some commercial furniture 
and mattresses. Most of the molded foam is used by the auto 
industry. 

The flexible slab foam industry is characterized by a large 
number of individual firms which frequently have multi-site foam 
production and fabricating locations. These are located around 
the major furniture manufacturing centers of the U.S. and the 
other major metropolitan markets for serving the bedding and 
carpet underlayment markets. 

The Total Market 

The furnishings industries account for about 60% of the almost 
l.U billion pound production of flexible urethane in 1979· 
About 60% of the furnishings volume is used by the furniture 
industry while mattresses and carpet underlay about equally 
divide the remainder. 

The consumption of polyurethane foam has matured since 1973· 
Rapid growth occurred through 1973 due to penetration and/or 
replacement of rubber and spring cushions in upholstered fur
niture, other seating including auto and transportation, and 
bedding applications. 
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Beginning with the period of the 197^-75 recession, f l e x i b l e ure-
thane foam appears to be experiencing the more mature segment of 
i t s l i f e c ycle. Over the span of 13 years, f l e x i b l e urethane 
foam has experienced a compounded growth rate of 11% per year 
(Figure l ) . Economic cycles impacted the growth twice during 
t h i s period: 1970-71 and 1 9 7 ^ - 7 5 · The peak-to-peak growth rate 
over the five-year period 1973 to 1978 was 3·8% per year 
(Figure 2 ) . Growth had continued during the period but at a 
moderate rate as f l e x i b l e polyurethane foam has b u i l t volume l ) 
in carpet underlay at the expense of sponge rubber, and 2) 
because of the popular waterbed which uses foam for a dual 
s t r u c t u r a l and cushion purpose. 

Foam volume i n 1980 w i l
response to the decreased l e v e l of economic a c t i v i t y . Auto, 
truck, and rec r e a t i o n a l v e h i c l e production declines contributed 
to the 1979 foam volume drop. The large production worker l a y 
o f f s i n these and related i n d u s t r i e s i n early 1980 caused a 
reduction i n consumer purchasing power and impacted o v e r a l l 
consumer psychology, thus the f a l l - o f f i n home furnishings demand 
i n I 9 8 O . 

Expectations are for a 12% decline i n f l e x i b l e foam production i n 
I 9 8 O . The t o t a l peak-to-valley decline over the three-year 
period 1978-80 i s forecast at 15%. This compares with a 1 5 · 5 % 
decline over the two-year period of 1 9 7 ^ - 7 5 · 

F l e x i b l e Urethane Foam 

1977 1978 1979 1980 1981F 1982F 1983F I98I+F 
B i l l i o n l bs 1 .35 1.U2 1 .38 1.21 1 .30 1.1+1 1.51 1.60 
% Change +9 +5 - 2 . 5 -12 +7 +9 +7 +6 

The peak-to-peak (1978-8*0 growth rate expected during the cur
rent business cycle i s only 2% per year even though the l a s t four 
years w i l l be i n the 7-9% per year range (Figure 3 ) · The u t i l i 
zation of f l e x i b l e urethane foam i s believed to be i n the mature 
phase of i t s l i f e c y c l e ; thus the growth outlook i s dependent on 
the l e v e l of consumer spending for durable goods during the 
growth years coming out of the current recession (1982-81+). 

The Furniture Segment 
Demographic data suggests that 1975 to 1985 should be a strong 
period for home furnishings sales. The age group 18-3*+ w i l l 
increase by 28% during t h i s ten-year period. The Conference 
Board predicts that the number of households with heads under 35 
w i l l reach an unprecedented 35% of t o t a l households by 1985· 
Home furnishings buying should be stimulated by t h i s rate of 
household formation by people i n t h e i r prime buying age. 
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Figure 1. Compound growth rate of poly ether flexible urethane foam. 

Billion Pounds 
2.0 

66 67 68 69 70 71 72 73 74 75 76 77 78 79 80 

Figure 2. Peak-to-peak growth rate of poly ether flexible urethane foam. 
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Figure 3. Projected peak-to-peak growth rate of polyether flexible urethane foam. 
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F l e x i b l e urethane foam for fu r n i t u r e applications i s the largest 
single end use accounting for an estimated 31% l a s t year. Con
sumption of foam i n fur n i t u r e was estimated to be f l a t l a s t year 
and i s expected to decline i n 1980. This should be followed by 
strong growth years i n I 9 8 I - 8 3 which we are estimating at 1-9% 
per year (see below). 

Foam Consumption: Furniture 

1977 1978 1979 I98O 1981 1982 1983 1981* 

M i l l i o n lbs 1*86 505 1*96 1*58 I+96 5**0 576 60I* 
% Change +1* 2 8 +8 +9 +7 +5 

This forecast assumes tha
trated by f l e x i b l e urethane foam. Style changes may impact 
cushion dimensions somewhat, but are considered an i n s i g n i f i c a n t 
factor i n the forecast. Flammability issues remain unsettled; 
however, t h i s forecast assumes technology development w i l l con
tinue to keep urethane foam i n the forefront as the best choice 
for cushioning a p p l i c a t i o n s . 

The Bedding Segment 
Data on the bedding industry i s incomplete for 1 9 7 9 · Foam mat
tress production appeared to have declined r e l a t i v e to 1978 but 
o v e r a l l adult mattress shipments were probably up around 2%. The 
penetration of the adult mattress market by foam core u n i t s 
appears to have slowed i n 1 9 7 9 · The a v a i l a b l e industry data 
indicates foam core i s about 17-18% of the adult mattress market 
and innerspring units comprising the remainder. 

Foam Consumption: Bedding 

1977 1978 1979 I98O 1981 1982 1983 1981+ 

M i l l i o n lbs 155 160 157 150 158 166 173 178 
% Change +3 - 2 - 6 +5 +5 +1* +3 

The growth i n waterbed production has had a p o s i t i v e impact on 
urethane foam demand. Boarder or dam components made from a 
fi r m , high density f l e x i b l e urethane foam has bouyed foam con
sumption i n bedding despite foams lack of growth i n other bedding 
a p p l i c a t i o n s , i . e . foam cores and topper pads. 

About 30% of the foam used by the bedding industry i s used to 
upholster adult innerspring mattresses. Quilted covers backed 
with a thin layer of urethane foam contributes to the plush 
upholstered look. Foam topper pads cover the innersprings and 
provide comfort to the sleeper. 
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The topper pad a p p l i c a t i o n for urethane receives strong competi
tion from garneted cotton f e l t pads. The mattress industry con
tinuously evaluates the r e l a t i v e cost and consumer acceptance of 
the two a l t e r n a t i v e padding materials. U t i l i z a t i o n of f l e x i b l e 
urethane foam and the r e l a t i v e share of the a v a i l a b l e topper pad 
volume appears to cycle with the competitive price pressures 
perceived to e x i s t i n the r e t a i l mattress market. When mattress 
prices weaken due to slack demand, mattress manufacturers appear 
w i l l i n g to cut costs at the expense of consumer comfort and 
consequently s h i f t a higher r a t i o of production to cotton f e l t . 

During 1 9 7 6 and 1 9 7 7 cotton l i n t e r s for f e l t i n g enjoyed a low 
rate of price escalatio
(Figure h). However, i
has moved up r a p i d l y to the same range of urethane raw materials. 

The cotton l i n t e r s s i t u a t i o n i s l i k e l y to continue to follow i t s 
h i s t o r i c a l c y c l i c a l price pattern; therefore, over the five-year 
forecast period i t i s not expected that e i t h e r a l t e r n a t i v e topper 
pad material w i l l gain a secure p o s i t i o n r e l a t i v e to the other. 

Carpet Underlay 
The consumption of prime f l e x i b l e urethane foam i n carpet under
l a y i s estimated at l U 7 M lbs i n 1 9 7 9 · A d d i t i o n a l l y , 2kM l b s of 
foaming bonding agent i s used i n manufacturing bonded urethane 
scrap underlay. The t o t a l consumption of v i r g i n urethane mate
r i a l i s estimated at 171M l b s . Scrap urethane foam consumed i n 
bonded underlay i s not included i n t h i s underlay volume to avoid 
double counting. Scrap generated i n the processing of urethane 
foam for each of the app l i c a t i o n s previously described i s 
included with the foam for that a p p l i c a t i o n . 

Prime urethane underlay continues to grow at the expense of 
waffle sponge rubber and f i b e r pad. Since 1 9 7 7 prime urethane 
underlay has grown from 19% of shipments to 3h% while rubber 
sponge has declined from 3h% to 22%. This erosion of rubber's 
p o s i t i o n i s expected to continue during the forecast period. 

3/80 P r i c e Index ( 1 9 7 5 = 1 0 0 ) 

Cotton l i n t e r s 
F l e x i b l e foam polyol 
TDI 

189* 
162% 
182% 

Foam Consumption: Carpet Underlay 

1 9 7 7 1978 1979 I 9 8 O 1 9 8 1 1 9 8 2 1 9 8 3 198U 
M i l l i o n l b s Ilk ikO 171 155 165 l 8 U 200 210 
% Change +23 +22 - 9 +6 +11 +9 +5 
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Figure 4. Cotton linters vs. urethane intermediates. Price index (12/1975 
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Summary 

The furnishings market for f l e x i b l e urethane foam w i l l rebound 
from the current economic downturn with strong growth i n the 
1982-81* period. The f i r s t volume upturn i s expected i n those 
portions of the market that are related to new housing s t a r t s 
which w i l l revive i n l a t e I98O and early I 9 8 I due to improved 
i n t e r e s t rates and mortgage money a v a i l a b i l i t y . The major foam 
volume, however, i s dependent on the replacement market i n f u r 
nishings which w i l l not show s i g n i f i c a n t improvement u n t i l unem
ployment rates and consumer psychology improves. The timing of 
the turn-around and the magnitude of the upturn w i l l depend on 
future economic p o l i c d th  impac  th  l e v e l f spendin  b
consumers for durable

F l e x i b l e Urethane Foam 
Pounds, B i l l i o n s 

1979 I98O 1981 1982 1983 1981* 

A l l Uses 1.38 1 .21 1 .30 1.1*1 1.51 1 .60 
Furniture O.5O 0.1*6 O.50 0.51* 0 . 5 8 0 . 6 0 
Bedding 0.16 0.15 0 . 1 6 0 . 1 7 0 .17 0 . 1 8 
Underlay 0.17 0 . l 6 0 .17 0 . 1 8 0 . 2 0 0 . 2 1 

% Furnishings 60 63 63 63 63 62 

RECEIVED June 1,1981. 
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Automotive Uses for Polyurethanes 

DONALD G. LEIS 

Silicones and Urethane Intermediates Division—Section Κ1487, 
Union Carbide Corporation, Old Ridgebury Road, Danbury, CT 06817 

The automobile has become an integral part of the American 
economy and way of l ife
been reinforced by th
ies which has resulted in a dispersal of traditional city func
tions to the suburbs. Surburban residential communities, offi
ces, plants and shopping centers could not exist without the 
automobile. 

As a result, for the majority of American people, there is 
no viable short term alternative for personal transportation 
without incurring very major population shifts and economic dis
locations. 

During the past 25 years, while this move to suburbia was 
taking place, the number of licensed cars in the United States 
has been increasing at an average annual rate of 4.3%, while 
domestic car production had been increasing at an average an
nual rate of 1.6%. (Table I) 

The extent of the dependence of the American people upon 
the automobile is gained from the following statistics. 

The U.S. Department of Transportation has estimated that 
by 1978 (Table 2), there were an estimated 154 million licensed 
vehicles and 142 million licensed drivers with an average of 
1.09 vehicles per driver. Of the total vehicles, 76% or 117 
million were automobiles and 71% of the licensed drivers owned 
cars. 

In 1978 (Table 3), motor vehicles travelled 1.54 tril l ion 
miles with an average of nearly 10,000 miles per vehicle and 
consumed an estimated 277 billion gallons of fuel which repre
sented nearly 40% of the total domestic petroleum usage. 

During the 1970fs, with the formation of the OPEC cartel, 
a major change occurred in the price structure of crude petro
leum and as a result the price of gasoline. The extent of this 
change is shown in Figure I. 

The initial price increase was followed by four years of 
relative price stability. However, this was followed by a rap
id escalation of price which started in 1979. With the removal 
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TABLE 1 

LICENSED VEHICLES AND CAR PRODUCTION 

GROWTH RATE - 1953 - 1978 

ANNUAL GROWTH RATE, % 

LICENSED CARS 4.3 

CAR PRODUCTION 1.6 

TABLE 2 

MOTOR VEHICLE STATISTICS 

1978 

TOTAL LICENSED VEHICLES 154 MILLION 

TOTAL LICENSED DRIVERS 142 MILLION 

TOTAL PASSENGER CARS 117 MILLION 

SOURCE; DOT 

TABLE 3 

MOTOR VEHICLE STATISTICS 

1978 

TOTAL VEHICLE, MILES 

TOTAL FUEL USAGE, GALLONS 

PETROLEUM USAGE 

1.54 TRILLION 

277 BILLION 

^ 40% 

SOURCE: DOT 
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Figure 1. Petroleum and gasoline 1972-1980 price index (1972 = 100). 
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of p r i c e controls on domestic petroleum, the p r i c e should reach 
that of the i n t e r n a t i o n a l market. 

The extent of the pr i c e e s c a l a t i o n i n 1979 i s shown i n the 
fact that i n the 15 month period January 1979 to March 1980, the 
weighted average i n t e r n a t i o n a l p r i c e f o r petroleum increased 
from $13.77 per b a r r e l to $29.65 per b a r r e l . 

In the past eight years, while the i n t e r n a t i o n a l p r i c e of 
petroleum has increased 957%, the domestic composite pr i c e has 
increased 540% and the p r i c e of gasoline increased 300%. Be
cause the highest rate of increase occurred i n the past year, 
the e f f e c t has been a sharp market trend from large to small 
cars and i n the American Buyer's requirement for a new car. 

As a r e s u l t of t h i
e x i s t s i n the United State
cars, many of which were b u i l t i n an era of r e l a t i v e l y cheap 
and a v a i l a b l e gasoline, which are now r a p i d l y being obsoleted 
i n terms of f u e l e f f i c i e n c y . 

This need can be met only by a new generation of cars, de
signed and engineered for a market environment s i m i l a r to that 
which e x i s t s i n Japan and Western Europe, where gasoline has 
always been r e l a t i v e l y expensive. 

The s i t u a t i o n i s s i m i l a r to that which occurred when the 
large, heavy, powerful cars of the 1920 1 s were replaced by the 
small, simple cars of the 1930 1s to meet the needs of a popula
t i o n emerging from the great depression. 

The Present Market 

During the past two decades the use of a l l p l a s t i c s has i n 
creased s i g n i f i c a n t l y i n the American automobile industry. Ur-
ethanes of a l l types have played an important r o l e i n t h i s grow
th. Thus, as shown i n Figure 2, the average use of p l a s t i c s 
has grown from an estimated 20 pounds per car i n 1960 to a l e v 
e l of 204 pounds per car i n 1979. During t h i s period the aver
age use of urethanes increased from four pounds per car to 43 
pounds per car. 

The f i r s t s i g n i f i c a n t use of a urethane i n the automotive 
industry was the 1957 model year with the use of cut urethane 
f l e x i b l e foam topper pads f o r automotive seating i n several 
cars. These topper pads replaced non-woven cotton padding. 

The use of urethane foams and elastomers has grown r a p i d l y 
(Figure 3), with urethane foam growing from an average of 4 
pounds per car i n 1960 to an average of 35 pounds per car i n 
1979 and with urethane elastomers growing from 0.5 pound per 
car i n 1969 to 8 pounds per car i n 1979. In 1977 (Figure 4), 
urethane was the major p l a s t i c used i n the American car by one 
major manufacturer. 

The growth of urethane foam was accelerated i n 1972 with 
the development of high r e s i l i e n c e f l e x i b l e urethane foam for 
automotive deep foam seating. One of the f i r s t s i g n i f i c a n t uses 
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Figure 3. Automotive use of urethane foam and elastomers 1960-1979. 
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Figure 4. A verage plastics use per car in 1977 model year. 
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of a urethane elastomer occurred i n 1973 with the i n j e c t i o n 
molded thermoplastic urethane f o r sight shields and fender ex
tenders. The use of urethane elastomers increased r a p i d l y a f t e r 
the introduction of RIM molded urethane f a s c i a s i n the 1975 mod
e l year. 

In the 1979 model year (Table 4 ) , the use of urethane foam 
and elastomers averaged 43 pounds per car. Of t h i s 35 pounds 
was urethane foam. This breaks down to 24 pounds per car of 
molded foam for seating, 6 pounds of molded foam for other ap
p l i c a t i o n s , 4.7 pounds of slabstock f o r upholstery and trim and 
0.3 pounds f o r energy managing bumpers. 

The average of 8 pounds per car of urethane elastomer was 
composed of 1.3 pound
tomer and 1.9 pounds o

Future Market 

Over the past several years, responsible spokesmen have 
projected s i g n i f i c a n t l y greater use of a l l types of p l a s t i c s i n 
the American car by 1985. Some of these projections have been: 
(Table 5) 

Thus, the average use of p l a s t i c s i n 1985 i s projected to 
be 51 to 146 pounds per car higher than current use. 

The design of the smaller, l i g h t e r , more f u e l e f f i c i e n t 
cars of the future w i l l r e s u l t i n s i g n i f i c a n t changes i n the 
various materials used i n the car. A major manufacturer (Table 
6) has projected the following composition of the average auto
mobile i n 1987 compared to the t y p i c a l 1978 automobile. 

The car of the 1980 1 s w i l l have a s i g n i f i c a n t l y lower con
tent of i r o n , s t e e l and lead but a s i g n i f i c a n t l y higher content 
of aluminum and p l a s t i c s . 

The p l a s t i c content of the car i s projected to increase 
from 5.4 to 9.1 percent of the car i n the period 1978 to 1985. 

H i s t o r i c a l l y , the bulk of urethanes and other p l a s t i c s have 
been f o r i n t e r i o r seating and trim and for mechanical and elec
t r i c a l parts. With i t s f i r s t use i n 1970, SMC was the major 
p l a s t i c used on the outside of the car. The promulgation of the 
Motor Vehicle Safety Standard 215, the bumper standard, resulted 
i n an increase i n the external uses of urethanes and other p l a s 
t i c s . This resulted i n the use of various types of elastomers 
for bumper sight s h i e l d s , fender extenders and f a s c i a . 

Most of the future growth of the use of p l a s t i c for auto-

DATE SOURCE LB/CAR 

2/8/78 
2/8/78 
6/20/79 
12/4/79 

R. W. G a r r i t y Ford 
W. Maki GM 
J . T u t t l e GM 
J . Degnon Ford 

350 
350 
255-350 
285-350 
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TABLE 4 

AND ELASTOMERS 

1979 MODEL YEAR 

AVERAGE LB/CAR 

URETHANE FOAM 

MOLDED SEATING 24,02 

MOLDED OTHER 5.97 

SLABSTOCK 4.73 

ENERGY MANAGING 0.30 

TOTAL 35.02 

URETHANE ELASTOMER 

Τ Ρ U 1.30 

RIM THERMOSET 4.85 

CAST THERMOSET 1.89 

R R I M 

TOTAL 8.04 

GRAND TOTAL 43.06 
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TABLE 5 

PROJECTED USE OF PLASTICS IN THE 

AUTOMOTIVE INDUSTRY 

DATE SOURCE AVERAGE LB/CAR 

2/8/78 R. W. GARRITY FORD 350 

2/8/78 W, MAKI GM 350 

6/20/79 J . TUTTLE GM 255-350 

12/4/79 J . DEGNAN FORD 285-350 

TABLE 6 

COMPOSITION OF THE AMERICAN AUTOMOBILE 

MATERIAL 1 9 7 Γ 1987 1978 1987 

IRON 625 293 17.9 10.4 

STEEL 2,066 1,687 59.0 59.9 

ALUMINUM 121 180 3.5 6.4 

LEAD 22 22 0.6 0.8 

RUBBER 99 81 2.8 2.9 

GLASS 95 79 2.7 2.8 

ZINC 18 9 0.5 0.3 

PLASTICS 189 255 5.4 9.1 

OTHER 264 210 7.6 7.4 

TOTAL 3,499 2,816 100.0 100.0 

SOURCE: GM 
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motives applications i s expected to be external with composite 
p l a s t i c s replacing sheet metal for the body s k i n . 

A recent report by the Arthur Anderson Co., has projected 
an increase i n the use of composites from 60 pounds per car i n 
1980 to an estimated 200 pounds i n 1990. (Table 7). During 
t h i s period the use of composites would increase from 5% of the 
external body panels i n 1980 to 25% i n 1990. 

Future Urethane Use 

With the smaller and l i g h t e r cars of the future, the amount 
of urethane foam used for seating and i n t e r i o r trim w i l l de
crease. The use of energ
applications w i l l increas
i b l e f a s c i a increase. The use of urethane foam for a l l a p p l i 
cations i s projected to drop about 7% by 1985 model year. 

The use of urethane elastomers w i l l grow as the use of s o f t 
bumpers and f a s c i a increase. Most of t h i s growth w i l l be RIM 
thermoset elastomers. The use of 4.8 pounds per car should grow 
to 15.3 pounds per car by 1985. 

The development of reinforced RIM urethane materials i s ex
pected to contribute to the future automotive use of urethane 
materials i n external body panels. 

This process, i n which a high modulus urethane elastomer i s 
reinforced by m i l l e d glass f i b e r s i s c u r r e n t l y commercially used 
i n a three piece a i r s p o i l e r used on the 1980 Pontiac Sunbird. 
The f i r s t use of reinforced RIM urethane front fenders i s sche
duled for use on a 1981 model car. 

The use of RRIM for external body panels i s expected to i n 
crease r a p i d l y with the p o t e n t i a l use of an average of 4 pounds 
per car by 1985. 

This material has a number of advantages for external body 
ap p l i c a t i o n s . (Table 8) 

1. Weight i s one-half that of s t e e l ; therefore, a front fender 
with a weight of 9.4 pounds i n s t e e l weighs 4.4 pounds i n 
RRIM. 

2. These parts show the good painting c h a r a c t e r i s t i c s of a 
urethane. 

3. The RIM process makes possible molding of very complex 
shapes. 

4. A RRIM fender w i l l r e s i s t minor denting. 

However, at t h i s state of development of t h i s technology, 
there are several disadvantages. These are: 
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TABLE 7 

AUTOMOTIVE USE OF COMPOSITE PLASTICS 

MODEL YEA

COMPOSITES, LB/CAR 60 100 200 

COMPOSITES, % OF 

BODY PANELS 5 10 25 

SOURCE: A. ANDERSON CO. 

TABLE 8 

REINFORCED RIM URETHANE 

ADVANTAGES 

, LOW WEIGHT 

. PAINTABLE SURFACE 

. CAPABLE OF COMPLEX PARTS 

. RESISTS MINOR DENTING 

DISADVANTAGES 

OFF-LINE PAINTING 

COEFFICIENT OF LINEAR EXPANSION 

PRODUCTIVITY 
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1. At present, o f f - l i n e painting i s required. However, with 
the industry moving to lower paint bake temperatures on
l i n e painting should become f e a s i b l e . 

2. The c o e f f i c i e n t of l i n e a r expansion which i s greater than 
that of s t e e l should be compensated by proper design and 
fastening techniques. 

3. P r o d u c t i v i t y of the process i s s t i l l low by automotive i n 
dustry standards. Process improvement i s needed before 
RRIM can be extensively used i n automotive a p p l i c a t i o n s . 

Automotive uses o
1985 model year are estimate
ded between urethane foam and elastomer as follows: (Table 9) 

The use of molded seating w i l l be 22 pounds per car, a drop 
of 2 pounds. Other molded foam w i l l be 4.78 for a decrease of 
about 1 pound per car. The use of slabstock for upholstery and 
trim w i l l be marginally lower at 4.22 pounds per car while ener
gy managing foam could be about 1.8 pounds for a t o t a l of 32.78 
pounds per car. 

The use of urethane elastomers should markedly increase 
from 8 to nearly 22 pounds per car. The use of TPU and cast 
elastomers i s projected to decrease marginally while RIM ure
thane elastomer increases f o u r - f o l d . With the successful use 
of RRIM composite urethane automotive use i s projected to be 4 
pounds per car. Thus, the use of a l l types of urethane e l a s t o 
mer should increase from 8 pounds i n 1979 to a projected use of 
nearly 22 pounds per car i n 1985. 

Based on the production of 8.45 m i l l i o n cars i n the 1979 
model year and the projected production of 8.4 m i l l i o n cars i n 
1985, the t o t a l automotive market for urethane materials (Table 
10) i s estimated to increase from 364 m i l l i o n pounds i n 1979 to 
459.7 m i l l i o n pounds i n 1985. 

The market for urethane foam i s expected to drop by 20 m i l 
l i o n pounds i n 1985 r e f l e c t i n g the impact of smaller cars. 

The market for urethane elastomers of a l l types i s proje c t 
ed to increase by nearly 116 m i l l i o n pounds as a r e s u l t of i n 
creased use for external body parts. 

The major increase w i l l be the increased use of RIM ure
thane thermoset elastomer for f l e x i b l e f a s c i a and bumpers and 
reinforced RIM urethane materials for fenders and other body 
parts. 
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AUTOMOTIVE URETHANES PROJECTED USE 

AVERAGE LB/CAR 
MODEL YEAR 1979 1985 

URETHANE FOAM 

MOLDED SEATING 24.02 22.00 

MOLDED OTHER 5.97 4.78 

SLABSTOCK 4.73 4.22 

ENERGY MANAGING 0.30 1.78 

TOTAL 35.02 32.78 

URETHANE ELASTOMERS 

Τ Ρ U 1.30 1.00 

RIM THERMOSET 4.85 15.33 

OTHER THERMOSET 1.89 0.73 

R R I M - 4.00 

TOTAL 8.04 21.89 

GRAND TOTAL 43.06 54.67 
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TABLE 10 

MODEL YEAR 1979 1985 

PRODUCTION, MILLION 8.45 8.40 

URETHANE FOAM MILLION POUNDS 

MOLDED SEATING 203.0 185.0 

MOLDED OTHER 50.6 40.3 

SLABSTOCK 40.0 35.2 

ENERGY MANAGING 2.4 15.2 

TOTAL 296.0 275.7 

URETHANE ELASTOMERS 

Τ Ρ U 11.0 8.4 

RIM THERMOSET 41.0 128.5 

OTHER THERMOSET 16.1 13.4 

R R I M - 33.7 

TOTAL 68.1 184.0 

GRAND TOTAL 364.1 459.7 

American Chemical 
Society Library 

1155 16th St. N. W. 
Washington, D. C. 20038 
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Conclusion 

Urethane materials are expected to remain one of the major 
p l a s t i c s used i n the American automobile through the 1980 fs. 
With the coming r e v o l u t i o n i n car design that i s required to 
meet the changed market environment, the American automobile 
companies are faced with a formidable challenge and w i l l require 
the support of the Chemical Industry i n developing improved pro
ducts and processes so that t h i s challenge can be met. 

RECEIVED June 1,1981. 
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4 
Insulation Markets for Isocyanurates and 
Polyurethanes 

E. H. FUHS 

Insulation Products, Celotex Corporation, Tampa, FL 33607 

The decade of the 1980s offers practically limitless market 
potential for polyurethane
that statement are th
to insulate and thereby conserve energy, as well as proposed 
government programs such as the Department of Energy's Residen
tial Conservation Service (R.C.S.) program and Building Energy 
Performance Standards (B.E.P.S.). 

Consumer demands in this regard are not to be taken lightly 
inasmuch as energy-consciousness is not a fad mentality. It is 
a "pocketbook" issue that will be with us on a long-term basis. 

Research released by Data Resources Incorporated related to 
a Consumer Energy Index indicates that a monthly heating bill of 
$100 in 1970 will average $736 by 1990 i f no energy-saving 
action is taken. 

Exhibit I 
Consumer Energy Index - Average Monthly Heating Cost 

1970 - 1990 

$000 
70 75 '80 85 f90 

0097-v,, , M/0172-0049$05.00/0 
© 1981 .in rican Chemical Society 
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Further manifestations of this increasing energy
-consciousness include dramatic changes in insulation-buying 
patterns. Insulation retailers tell us that they are now 
selling insulation longer in the spring...earlier in the fall 
and through the summer. As a matter of fact, the peaks and 
valleys that we used to experience in the sale of insulation 
products have begun to level out. 

E s s e n t i a l l y , the broad marketplace i s being impacted by the 
clamor of an increasingly energy-conscious public whose c r i e s 
for r e l i e f and assistance have prompted governmental agencies to 
develop and propose l e g i s l a t i o n and standards designed to 
protect and s a t i s f y . We are a l l aware of the a d d i t i o n a l factors 
that have a ro l e i n
resources, the heavy relianc
r e l a t e d imbalance of trade, and others. 

As a country we fi n d ourselves aggressively pursuing new 
sources of energy and at the same time taking the necessary 
steps to maximize u t i l i z a t i o n of e x i s t i n g and emerging energy 
supplies. 

While i t would be foolhardy for me to imply or suggest that 
isocyanurates and polyurethanes o f f e r t h i s country the solutions 
to i t s multi-faceted energy-related problems, I strongly believe 
that they represent the most c o s t - e f f e c t i v e way to meet the 
challenges present within the shelter i n s u l a t i o n markets of the 
80s. 

I n s u l a t i o n Markets 

The i n s u l a t i o n markets holding tremendous p o t e n t i a l for 
penetration during the current decade include : commercial, 
i n d u s t r i a l ( r e t r o f i t and new cons t r u c t i o n ) , r e s i d e n t i a l 
( r e t r o f i t and new construction) farm buildings and metal 
b u i l d i n g s . 

On closer examination of the i n d i v i d u a l market segments 
described previously, I would suggest the following as r e a l i s t i c 
estimates of market p o t e n t i a l through 1985: 

Commercial/Industrial Segment. Defined as the commercial, 
manufac t u r i n g , educational and publ i c b u i l d i n g group, t h i s 
segment includes r e t r o f i t and new construction opportunities. 

Exhibit I I 
Commercial/Industrial 

R e t r o f i t : I98O 6,300,000,000 sq. f t . 

1985 4,500,000,000 sq. f t . 
New Construction : 
(excluding roofs) 

I98O 519,000,000 sq. f t . 
1985 513,000,000 sq. f t . 
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In the r e t r o f i t or r e i n s u l a t i o n area, the current p o t e n t i a l 
i s approaching 6.3 b i l l i o n square feet. "By the middle of the 
decade, that p o t e n t i a l w i l l have diminished to U. 5 m i l l i o n 
square feet because many buildings w i l l have undergone r e t r o 
f i t t i n g and new buildings w i l l have incorporated more e f f i c i e n t 
standards. 

With regard to new construction, the p o t e n t i a l i n 1980 for 
penetration i s 519,000,000 square feet of i n s u l a t i o n material 
excluding roofs. We predict thicker material w i l l be used as 
energy costs increase and most of t h i s construction w i l l be i n 
foam p l a s t i c i n s u l a t i o n s . While urethane penetration i s s l i g h t 
i n the commercial area today — with the exception of roof 
i n s u l a t i o n — i t s impact i  t h i  could l 50% f th
market by 1985 as recognitio
p r o f i l e gains i n recognition

Certain emerging i n d u s t r i a l a p p l i c a t i o n s for r i g i d board 
i n s u l a t i o n , such as petrochemical tanks, pre-dryers used i n 
lumber processing and solar c o l l e c t o r s , are not r e f l e c t e d i n 
terms of market p o t e n t i a l i n t h i s presentation. As of t h i s 
date, no source e x i s t s that can r e a d i l y i d e n t i f y the siz e of 
t h i s segment i n terms of r e i n s u l a t i o n s or new construction 
a c t i v i t i e s . This s i t u a t i o n w i l l undoubtedly change, and I am 
c e r t a i n that data, when a v a i l a b l e , w i l l have an a d d i t i o n a l , 
favorable impact on the o v e r a l l i n s u l a t i o n market. 

R e s i d e n t i a l Segment. The penetration p o t e n t i a l within t h i s 
segment again i s divided into r e t r o f i t and new construction 
categories. In terms of r e t r o f i t p o t e n t i a l , we project a 1980 
p o t e n t i a l of 1.6 b i l l i o n square feet with gradual increases to 
1985 where the p o t e n t i a l w i l l be 1.75 b i l l i o n square feet. This 
market segment includes i n s u l a t i n g undercourse for res i d i n g 
a p p l i c a t i o n s and underlayment for do- i t - y o u r s e l f or remodeling 
contractors i n i n t e r i o r a p p l i c a t i o n s under wallboard or 
paneling. 

Ex h i b i t I I I 

R e s i d e n t i a l 

R e t r o f i t : I98O - 1,600,000,000 sq. f t . 
1985 - 1,750,000,000 sq. f t . 

New Construction : I98O - 2,116,000,000 sq. f t . 

1985 - 3,330,000,000 sq. f t . 
Vaulted C e i l i n g s : I98O - 600,000,000 sq. f t . 

1985 - 71̂ ,000,000 sq. f t . 
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When we speak of r e s i d e n t i a l construction that includes 
sheathing and the sub-category of vaulted c e i l i n g s . Sheathing 
p o t e n t i a l w i l l grow through the f i r s t h a l f of the decade from 
2,116,000,000 square feet to 3,330,000,000 square feet. The 
subst a n t i a l increase w i l l make t h i s segment the largest — by 
far — of a l l . That tremendous growth r e f l e c t s foam in s u l a t i o n s 
function as the remedy to "Thermal Short C i r c u i t s " of the 
framing u t i l i z e d i n most of t h i s type construction. 

Farm B u i l d i n g Segment. The farm b u i l d i n g segment consists 
of two basic types of construction: pre-engineered metal frame 
and wood post frame. Both metal frame and wood frame construc
ti o n are usually covered with configurated l roofin d 
si d i n g . These structure
confinement and machine storage. 

The market p o t e n t i a l for i n s u l a t i o n i n farm buildings i s 
estimated at 257,000,000 square feet at present. $y 1985, that 
p o t e n t i a l w i l l have increased to 277,000,000 square feet. 

Metal B u i l d i n g Segment. The present market p o t e n t i a l for 
i n s u l a t i o n materials i s 293,000,000 square feet. We estimate 
that p o t e n t i a l to increase to ̂ 59,000,000 square feet through 
the next four years due to anticipated reductions i n s i t e and 
construction costs plus the increasing speed of construction. 
Metal buildings w i l l become an increasingly viable a l t e r n a t i v e 
to conventional construction. 

Cumulative Market P o t e n t i a l . Having defined market 
p o t e n t i a l by segment, the cumulative impact, both now and 
through the middle of the 1980s o f f e r s s i g n i f i c a n t opportuni
t i e s . At present, the t o t a l p o t e n t i a l within the defined 
i n s u l a t i o n markets equals 11,685,000 square feet. As we 
approach the middle of the decade t h i s p o t e n t i a l w i l l be 
11,5^3,000,000. 

E x h i b i t IV 

Cumulative Market P o t e n t i a l 

I98O - 11,685,000,000 sq. f t . 

1985 - 11,5^3,000,000 sq. f t . 
Plus 

F u l l Commercial/Industrial 

Market, Roof Insulation and 

Emerging Applications 
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Please note that those figures do not r e f l e c t roof 
i n s u l a t i o n , which t h i s year represents a p o t e n t i a l of more than 
3 b i l l i o n board feet of one-inch fiberboard equivalent to 1.25 
b i l l i o n board feet of one-inch urethane. By mid-decade, we 
a n t i c i p a t e the market to grow to h b i l l i o n board feet or 1.66 
b i l l i o n board feet of one-inch urethane. 

While the p o t e n t i a l i s evident, there are factors which 
w i l l have an impact on the successful penetration within the 
marketplace. 

Market Impact Factors. As I had indicated e a r l i e r i n t h i s 
presentation, the federal government w i l l influence i n s u l a t i o n 
markets during the 1980
time i n the h i s t o r y o
t h i s development i s the Department of Energy and i t s R e s i d e n t i a l 
Conservation Service (R.C.S.) program and Building Energy 
Performance Standards (B.E.P.S.). 

In a d d i t i o n , the new Minimum Property Standards announced 
by the Department of Housing and Urban Development i n 1979 are 
generally anticipated to be the norm for a l l r e s i d e n t i a l 
construction. While the new FHA standards apply d i r e c t l y to 
federally-financed housing, they have begun to f i l t e r down to 
the l o c a l l e v e l . This movement has been slow, but steady and 
past h i s t o r y dictates that the new standards w i l l eventually be 
manifest i n most l o c a l housing codes n a t i o n a l l y . 

R e s i d e n t i a l Conservation Service (R.C.S.) Program. The 
Department of Energy's Res i d e n t i a l Conservation Service (R.C.S.) 
program mentioned previously i s geared to the r e s i d e n t i a l r e t r o 
f i t or r e i n s u l a t i o n market. Under the aegis of the program, 
public u t i l i t i e s n a t i o n a l l y w i l l be required to perform energy 
audits at the request of i n d i v i d u a l customers. Upon completion 
of the audits, the u t i l i t i e s must provide the consumer with 
l i s t s of approved products and contractors capable of 
undertaking the recommended r e i n s u l a t i o n task. A d d i t i o n a l l y , 
the u t i l i t i e s must be i n a p o s i t i o n to arrange consumer 
financing for the r e t r o f i t , i f necessary. 

As part of the R.C.S. program, s p e c i f i c a t i o n s for approved 
i n s u l a t i o n products w i l l be provided to the u t i l i t i e s . That 
same data w i l l be used by the I n t e r n a l Revenue Service with 
regard to i t s tax rebate program, should i t continue. 

B u i l d i n g Energy Performance Standards (B.E.P.S.). While 
the scope of the R.C.S. program i s l i m i t e d to r e s i d e n t i a l 
r e t r o f i t s or r e i n s u l a t i o n s on an "as requested" basis by 
consumers i n concert with t h e i r l o c a l u t i l i t i e s , the Building 
Energy Performance Standards are much broader. The standards 
r e l a t e to r e s i d e n t i a l and non-residential construction. 
According to the standards, which are to go into e f f e c t i n 
August of 198l, new structures w i l l be l i m i t e d to the number of 
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B r i t i s h Thermal Units (BTU's) used on an annual basis per square 
foot by type of b u i l d i n g . The standards applicable to a given 
structure are maximums. 

The Department of Energy has estimated that the new stan
dards w i l l r e s u l t i n k2$ increase i n the market for i n s u l a t i o n 
materials. DOE further predicts that the l i o n ' s share of that 
increase w i l l go to foam sheathing i n r e s i d e n t i a l a p p l i c a t i o n s 
over the near term. 

I should point out that the proposed Bu i l d i n g Energy Per
formance Standards have come under heavy f i r e on several fronts. 
For example, the National Association of Homebuilders i s b i t 
t e r l y opposed and has requested a two-year delay so that a p i l o t 
program can be implemente
conditions. The Nationa
opposes BEPS i n t h e i r present form as being overly complex and 
unenforceable. The American I n s t i t u t e of A r c h i t e c t s , National 
I n s t i t u t e of B u i l d i n g Sciences, Building O f f i c i a l Code Adminis
tr a t o r s and others favor the performance standard approach, but 
a l l want the e x i s t i n g standards tempered to a degree or 
gradually implemented. 

This discussion notwithstanding, I f i r m l y believe BEPS w i l l 
become a fact of l i f e within the next two years. They may be 
a l t e r e d , but they w i l l most d e f i n i t e l y come to be. 

While governmental a c t i v i t y i s a n t i c i p a t e d to favorably 
impact the i n s u l a t i o n market i n t h i s decade, there are a number 
of p o t e n t i a l l i m i t i n g factors r e l a t i v e to o v e r a l l penetration. 
Primary among these factors are inadequate "k" factor reporting, 
flammability, t o x i c i t y and the influence of these fac tors upon 
insurance underwriters and code a u t h o r i t i e s . 

"K" Factor Reporting. The outlook I have presented so far 
i s most favorable, but there are also some factors i n the market
place which may tend to reduce the public's acceptance of 
isocyanurates and polyurethanes. These challenges can be 
e f f e c t i v e l y overcome, but i t i s important to analyze them. They 
spring from consumer and industry misunderstandings which can be 
remedied by e f f e c t i v e information programs. One problem i s the 
so-called "numbers game" involving "k" f a c t o r s . Some manufac
tur e r s , i n order to gain the best possible "k Factor" for t h e i r 
products, conduct tes t i n g under conditions that aren't l i k e l y to 
occur i n the r e a l world. They may e s t a b l i s h t h e i r "k Factors" 
on tests done at low mean temperatures, aware t h e i r performance 
w i l l be better t h i s way. Or they may incorporate r e f l e c t i v e a i r 
space into t h e i r test assemblies, even though that a i r space 
i s n ' t l i k e l y to be found i n actual a p p l i c a t i o n s . 

The solution i s s impie : consistent t e s t i n g methods must be 
required, with severe penalties for cheaters. When customers 
are able to compare apples and apples, informed decisions 
follow. The Federal Trade Commission's pending Home Insulation 
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Regulation, which my company has supported, would be a p a r t i a l 
s o l u t i o n . While a f f e c t i n g only the r e s i d e n t i a l market, i t would 
set the precedent of e s t a b l i s h i n g consistent t e s t i n g and report
ing methods for various i n s u l a t i o n materials. The obvious 
s u p e r i o r i t y of polyurethanes and isocyanurates w i l l thus be 
demonstrated. 

Flammability. The flammability issue i s another area where 
consistent t e s t i n g methods can demonstrate that c e r t i n p l a s t i c 
products can perform with predictable safety. In the early 70s, 
there were some admittedly regrettable problems with p l a s t i c 
i n s u l a t i o n s . A regulatory scramble followed, punishing a l l of 
the industry for the abuses of a few. The public became some
what d i s t r u s t f u l , a proble

However, there ar
market that have demonstrated t h e i r superior f i r e performance. 
Our Thermax i s one such product. We developed i t and patented 
the process. We have a team of trained s p e c i a l i s t s working with 
l e g i s l a t i v e and regulatory bodies to demonstrate how i t complies 
with t h e i r codes. Other manufacturers appear to be doing the 
same thing. I t w i l l take t h i s kind of education e f f o r t by our 
industry to prove that today's polyurethanes and isocyanurates 
can overcome the flammability problems of t h e i r predecessors. 

T o x i c i t y . S t i l l another problem i s t o x i c i t y . There has 
been much speculation about the toxic gases produced when 
polyurethanes and isocyanurates burn. However, technology 
hasn't come up with a test or series of tests to measure which 
burning materials pose a greater threat to l i f e - s a f e t y than 
others. Our own tests show that more l e t h a l hydrogen cyanide 
gas i s produced when nylon carpet burns than when foam p l a s t i c 
i n s u l a t i o n materials are i g n i t e d . So, while I concede that t h i s 
i s an unresolved challenge, i t i s being studied in scores of 
private and publicly-funded laboratories around the country. 

The 1980s: A Decade of Challenge and Opportunity. From 
t h i s discussion, I hope each of you can see and appreciate that 
we are i n a decade that w i l l o f f e r us s i g n i f i c a n t challenges and 
opportunities. 

The challenges come from those factors that have the 
p o t e n t i a l to l i m i t penetration of i n s u l a t i o n markets, while the 
opportunities for growth reside i n most every segment of the 
marketplace. 

I personally look forward to the 80s. I hope each of you 
share i n that f e e l i n g . 

RECEIVED April 30, 1981. 
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Urethane Binders and Adhesives 

ROBERT J. SCHAFER and WOLFGANG A. OPLESCH 

Ashland Chemical Company, P.O. Box 2219, Columbus, OH 43216 

Urethane binders and adhesives represented about 5% (120 
million pounds) of tota

Manufacturer sales in the U.S. adhesives industry are 
rapidly approaching 2 billion dollars per year. The industry 
already consumes more polymers than the industiral coating indus
try - 1,350 million pounds compared to 1,250 million pounds in 
1978. About l.4 billion pounds of film forming polymers, resin 
and additives were used by the adhesives industry in 1979. 

Growth of the U.S. adhesives industry is expected to be 
about 8% per year during the 1980's. Howard Ellerhorst, Jr., 
President of Chemical Marketing Services in Cincinnati predicted 
8% per year growth during the 1980's in his presentation to the 
Chemical Marketing Research Association Conference in November 
1979· Stanford Research Institute of Menlo Park, California, 
predicted use of specialty adhesives and sealants would grow at 
8% per year from 1978 through 1983. In mid-1979 Business Com
munications Company of Stamford, Connecticut, predicted a 1% per 
year growth for adhesvies during the time period 1975-1985. 

The value and projections for synthetic adhesives by major 
application is shown in Table II. 

Table I. U.S. Urethane Use 1979 

F l e x i b l e Foam 
Rig i d Foam 
Elastomers 
Surface Coatings 
Adhesives & Sealants 

li+00MM l b s . 
555 
190 
85 

1**0 
2370 

0097-6156/81/0172-0057$05.00/0 
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Table I I . Value and Projections f o r Synthetic Adhesives 
By Major A p p l i c a t i o n 

(In M i l l i o n s of Dollars) Avg. Annual 
Growth Rate, 

%/Yr. 
Market 1979 1985 1979 -1< 

Paper and converting paperboard $ 580 $ 835 6. 3% 
Book binding, gummed products, 

l a b e l s , business forms, tape 130 187 6. 2 
Metal bonding, foundry, assembly 150 190 4. 0 
Transportation 220 295 5. 0 
Construction 
T e x t i l e , apparel, shoe
E l e c t r i c a l / e l e c t r o n i c 124 208 9. 0 
Furniture 320 420 4. 0 
R e t a i l , r esale 90 130 6. 3 
Specialty: space, medical, f l o r i s t 

sport equip., miscellaneous 95 140 6. 7 
Caulk and sealant 342 558 8. 5 

Total $3,098 $4,650 70. 7% 

Source: Business Communications Co., Published i n Adhesives 
Age, J u l y 1979, p. 41. 

Of these markets, the only s i g n i f i c a n t impact of urethane 
has been on the foundry adhesives market where urethanes have 
captured about one-third of the 150 m i l l i o n d o l l a r market. 
Urethane adhesive use i n the United States i n 1979 i s shown 
i n Table I I I . 

Table I I I . U.S. Urethane Adhesive Use 

Average Annual 
Growth Rate, 

%/Yr. 
Market 1979 1980-1985 

Foundry Sand 75MM l b s . 8-10% 
Rebonded Carpet Underlay 25 -Construction 5 20+% 
Transportation 5 20+-% 
Shoe 5 -Other ( T e x t i l e s , Tapes,..) 5 -

T o t a l 120 8-10% 
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The bonding of foundry sand i s by f a r the most s i g n i f i c a n t 
use at 75 m i l l i o n pounds per year. The rebonding of foam f o r 
carpet underlay i s a distant second at 25 m i l l i o n pounds per 
year. Construction, transportation, shoe bonding and other uses 
each t o t a l about 5 m i l l i o n pounds a year. The t o t a l use i s 120 
m i l l i o n pounds per year. The rest of t h i s paper w i l l concen
t r a t e on three market segments : foundry sand, construction and 
transportation. The foundry sand bonding industry w i l l be cover
ed because of i t s s i g n i f i c a n c e and the construction and transpor
t a t i o n i n d u s t r i e s because of the seeming p o t e n t i a l f o r growth i n 
these p a r t i c u l a r i n d u s t r i e s . The growth rates projected are my 
own and are based on a v a r i e t y of sources. 

Foundry Binders 

Urethane adhesives were introduced to the foundry industry 
i n 1965 by ADM Chemicals, which i s now part of Ashland Chemical 
Company. The product was an immediate success, and w i t h i n two 
years more than 10 m i l l i o n pounds of urethane adhesive was being 
sold i n t o the U.S. foundry industry. Ashland Chemical introduced 
a second urethane adhesive to the industry i n 1968 and a t h i r d 
i n 1970. These unique products were highly successful. On a 
worldwide b a s i s , growth rate f o r the use of urethane adhesives 
by the foundry industry has averaged 20% per year over the period 
1970 to 1980. Over 125 m i l l i o n pounds of urethane adhesives 
were used by the foundry industry throughout the world i n 1979. 
U.S. use i n 1979 was about 75 m i l l i o n pounds. The foundry indus
t r y uses urethane adhesives to bond sand. T y p i c a l l y , one to two 
percent adhesive i s used i n combination with a clean, dry sand. 
The resin-sand mixture i s shaped i n t o a core or mold and cured. 
A core forms the i n t e r n a l passageways i n a casting such as the 
passageways from the carburetor to the cylinders i n the intake 
manifold of an automobile engine. A mold i s used to form the 
external shape of a casting. A f t e r the metal i s poured int o the 
mold and around the core, the binder must break down so that the 
casting can be separated from the mold and core. In theory, 
a f t e r the binder has decomposed, the sand should be free-flowing 
and easy to separate from the casting. Although the binder's 
usefulness i s e s s e n t i a l l y spent a f t e r one use, the sand can usu
a l l y be rebonded with a d d i t i o n a l adhesive to make subsequent 
castings. Small cores for pneumatic valves may weigh as l i t t l e 
as an ounce and large cores for castings such as stationary t u r 
bines, might weigh more than 10,000 pounds. Molds can weigh as 
l i t t l e as 10 pounds and as much as 100,000 pounds. 

Two of the three binder systems used by the foundry industry 
are two-component, room-temperature curing adhesives. A l l sys
tems use polymeric MDI as the isocyanate component. A l l of the 
c r o s s - l i n k a b l e components are po l y o l s . The f i r s t p o l y o l i n t r o 
duced i n t o the industry was an alkyd o i l r e s i n c o n s i s t i n g of 
linseed o i l , p e n t a e r y t h r i t o l and i s o p h t h a l i c a c i d . The system 
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i s designed so that there i s an excess of hydroxyl groups to 
react with the isocyanate. The second and t h i r d products i n t r o 
duced to the foundry industry were based on phenolic resins as 
the p o l y o l . The commercial system incorporates a preferred, 
unique phenolic r e s i n . This r e s i n i s based on phenol and formal
dehyde, contains a predominance of ortho-ortho linkages, a high 
percentage of ether linkages between the benzene r i n g s , and i s 
capped on both ends by methylol groups. This r e s i n i s the sub
j e c t of U.S. Patent 3,485,797 dated December 23, 1969. These 
polyols have no counterparts i n the rest of the urethane indus
t r y . 

Two unique processes based upon novel curing mechanisms 
have been developed fo
cess the cure i s i n t e r n a l l
mixed with the p o l y o l , isocyanate and sand components. The cata
l y s t , however, i s unique and provides the advantageous feature of 
t h i s system which i s the long delay a f t e r the components are mix
ed and quick cure once the curing s t a r t s , as shown i n Figure 1. 
The f i g u r e also i l l u s t r a t e s the e f f e c t of c a t a l y s t type on time 
to work with the mix (WT) and on time when the core can be han
dled or stripped (ST)· This innovative feature has allowed the 
foundry industry to increase t h e i r core manufacturing productiv
i t y by as much as 50-100% of what i s achievable with any other 
core binder system. 

The second process involves a three-component room-tempera
ture curing adhesive. A unique method was devised f o r curing 
phenolic polyols based on the f a c t that sand, even when packed to 
maximum density, i s very porous. As a r e s u l t , a gas c a t a l y s t can 
be blown through the core. Using t h i s phenomenon, a novel pro
cess was developed wherein the sand and r e s i n components are 
mixed, formed i n t o the desired shape and then cured by blowing a 
mixture of a t e r t i a r y amine gas and an i n e r t c a r r i e r gas through 
the core. T y p i c a l l y , triethylamine, dimethylethylamine or t r i -
methylamine are used as a curing gas and the c a r r i e r gas i s 
e i t h e r a i r , nitrogen or carbon dioxide. A schematic of t h i s pro
cess i s shown i n Figure 2. Several advantages accrued from the 
development of these urethane adhesives are shown i n Table IV. 

Table IV. Advantages of Urethane Adhesives 
As Used to Bond Foundry Sands 

• Improved Sand F l o w a b i l i t y 
• Increased P r o d u c t i v i t y 
• Room Temperature Cure 
• Lower Energy Consumption 
• Less Expensive Tooling 
• Less Tool Wear 
• Easier Control of Fumes During Core Making 
• Excellent Shakeout i n Iron and Steel 
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Improved sand f l o w a b i l i t y resulted from the o i l nature of 
the urethane adhesives. Increased p r o d u c t i v i t y was achieved be
cause of the unique curing c h a r a c t e r i s t i c s of the urethane adhe
siv e s . In the gas cure process, cure s u f f i c i e n t f o r removal of 
a core from a core box can be achieved i n as l i t t l e time as a few 
seconds. P r i o r to the development of the gas cure or cold box 
process as i t i s sometimes c a l l e d , cores for high production use 
had normally been cured at temperatures of about 300 to 400°F. By 
the cold box process cores are cured quickly at room temperature. 
Several advantages accrued from t h i s f a c t . Less energy was used 
because the core boxes did not have to be heated. Less expensive 
p l a s t i c t o o l i n g could be used instead of the i r o n or s t e e l t o o l 
ing required when temperature
heat and improved sand f l o w a b i l i t
sures and thus low sand v e l o c i t y when the sand was blown i n t o the 
core box, r e s u l t i n g i n l e s s t o o l wear. Control of formaldehyde 
and sometimes phenol fumes from alternate adhesives for core mak
ing are a continual problem. In the cold box process, although 
amine gas fumes must be c o n t r o l l e d , they are easier to c o n t r o l . 
F i n a l l y , the urethane adhesives provided excellent shakeout when 
the cores and molds were used to cast i r o n and s t e e l . Shakeout 
i s r e l a t e d to the breakdown of the binder system and the ease 
of separation of the core or mold sand from the casting. 

Two factors of concern to the foundry industry i n the 80's 
w i l l be better methods for c o n t r o l l i n g smoke and fumes and better 
shakeout for aluminum castings, Table V. 

Table V. Opportunities f o r Improvement 
of Urethane Adhesives As Used 
to Bond Foundry Sands 

• Better Methods to Control Smoke 
Generated During Casting 

• Better Shakeout from Aluminum 
Castings 

Control of smoke and fumes i n foundries has always been a 
concern as organic materials have been used i n cores and molds 
for centuries. However, recent public and government a t t e n t i o n 
have brought these matters i n t o focus. Urethane adhesives have 
not been singled out for s p e c i a l a t t e n t i o n , but l i k e the many 
other organic materials used i n cores and molds, urethane adhe
sives create smoke and fumes as hot metal i s poured i n t o a mold, 
during the time the metal i s cooling, during the shakeout pro
cess and during subsequent cooling and clean-up of the sand for 
reuse. Many improvements have been made i n foundries, e s p e c i a l l y 
through the use of better v e n t i l a t i o n . Control of smoke and 
fumes w i l l be an important challenge of the foundry industry i n 
the 80 fs and improvements through better adhesive technology w i l l 
c o n s t i t u t e an opportunity for better urethane adhesives. 
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Core shakeout i s often d i f f i c u l t from aluminum castings. 
Aluminum i s cast at a much lower temperature than i r o n or s t e e l , 
1400°F versus 2500 to 3000°F, and aluminum has a heat content 
much lower than i r o n or s t e e l . As a r e s u l t , the cores or molds 
are heated to a much lower temperature and the temperatures are 
not always s u f f i c i e n t to adequately break down the adhesive. 
This problem w i l l be even more s i g n i f i c a n t i n the future as more 
and more aluminum castings are used by the automobile industry. 
About 25% of the foundry adhesives are used to make cores and 
molds f o r automotive castings. A very s i g n i f i c a n t change i s tak
ing place i n the automotive casting industry, based on the need 
for reducing auto weight, Table VI. 

Table VI. Chang

Casting Wt.-Avg. Car 
Year Aluminum Ferrous 

1979 70 l b s . 600 l b s . 
1985 120 400 
1990 150 250 

Data from Arthur Anderson Co. as reported 
i n Chemical Week,8/15/79, p. 19. 

The s i g n i f i c a n c e of the change on the use of urethane adhe
sives could be even greater than would be indicated by the f i g 
ures shown as the castings that are changing over from ferrous to 
aluminum are those that are heavily cored. This i s e s p e c i a l l y 
true of engine blocks, heads and intake manifolds. What i s need
ed are adhesives with better shakeout c h a r a c t e r i s t i c s at the low 
casting temperatures of aluminum. There i s an opportunity to 
develop better urethane adhesives for casting aluminum. 

The foundry industry i s expected to have an annual growth 
rate of 5 to 6% through the next f i v e years. During t h i s time 
there i s opportunity for a d d i t i o n a l penetration of urethane adhe
sives i n the core binder area. In the automotive area, which 
constitutes about 25% of the foundry industry p o t e n t i a l , about 
20% of the cores are made using urethane adhesives. Planned and 
future conversions to urethane adhesives should increase the 
percentage of automotive cores made using urethanes from the 
current 20% to 40% w i t h i n the next f i v e years. Pipe shops which 
curren t l y use very l i t t l e urethane adhesive are now converting to 
urethanes. F i n a l l y , the farm implement industry, which i s cur
r e n t l y a heavy user of urethane adhesives, i s planning s i g n i f i 
cant expansion. As a r e s u l t , I expect an annual growth i n the 
use of urethane adhesives i n the U.S. of 8-10% over the next 
f i v e years. 
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Construction Adhesives 

I t i s estimated that the U.S. construction industry current
l y uses about 5 m i l l i o n pounds of urethane adhesives. In s p i t e 
of the current slow-down, the average annual projected housing 
demand i n the United States f o r the period 1980-1989 i s expected 
to be 2.5 m i l l i o n u n i t s according to E. Dickerhoof, T.C. Marcin, 
and C.G. C a r i l of the U.S. Forest Products Laboratory. See 
Table V I I . 

Table V I I . Average Annual Projected Housing Demand i n the 
United States by Census Region and Type of Unit 

for th

Housing Type 

Region 

Total 
A l l 

Housing 
Types 

Total 
Slg.& M u l t i -

Family 
Units 

Single-
Family 
Units 

M u l t i -
Family 
Units 

Mobile 
Home 
Ship
ments 

(In M i l l i o n s of Units) 

Northeast 
North Central 
South 
West 

0.32 
0.49 
1.05 
0.63 

0.29 
0.43 
0.90 
0.54 

0.17 
0.33 
0.73 
0.40 

0.12 
0.10 
0.17 
0.14 

0.03 
0.06 
0.15 
0.09 

Tota l U.S. 2.49 2.16 1.63 0.53 0.33 

* Based on data developed at the U.S. Forestry Products 
Lab., Published i n Plywood & Panel, A p r i l 1980, p.21. 

At the same time, s i g n i f i c a n t changes are taking place i n 
the composition of wood s t r u c t u r a l composite board. These same 
authors, w r i t i n g i n Forest I n d u s t r i e s , A p r i l 1980, stated "In 
the l a s t two years, plans to b u i l d approximately 12 new plants to 
produce some type of wood s t r u c t u r a l composite board have been 
reported. Several of these announced plants are under construc
t i o n or completed, and at l e a s t a dozen or more are reportedly 
being considered. More than half of these plants w i l l produce 
waferboard." 

"Waferboard i s a s t r u c t u r a l board made of wood wafers cut to 
predetermined dimensions randomly d i s t r i b u t e d and bonded with 
phenolic adhesives. 1 1 I t i s estimated that by 1981, 80 m i l l i o n 
pounds of adhesives on a s o l i d basis w i l l be used i n waferboard 
and other types of particleboard bonding. Currently e i t h e r s o l i d 
or l i q u i d phenolic r e s i n s are being used i n these a p p l i c a t i o n s . 
Formaldehyde and phenol fumes and phenol formaldehyde powder dust, 
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when powders are used, are continuing to be a problem. I t i s 
almost c e r t a i n there w i l l be ever-increasing pressures on the 
industry to c o n t r o l these dusts and fumes. Recently i t has been 
shown that isocyanate binders can be used to replace phenolic 
binders. The binder i s e s s e n t i a l l y 100% polymeric isocyanate and 
bonds are formed by reaction with moisture i n the wood as w e l l as 
with hydroxyl groups i n the c e l l u l o s e , hemicellulose, lignon, and 
other products i n the wood surface. In any event, according to 
industry sources, good chemical bonds are achieved at binder 
l e v e l s as low as 5%. Advantages claimed for isocyanate versus 
phenolic adhesives i n bonding particleboard are shown i n Table 
V I I I . 

Table V I I I . Advantage
Adhesives i n Bonding P a r t i c l e Board 

• No formaldehyde release 
• Shorter press cycles 
• Improved hydrolysis resistance 
• Less binder required 
• A b i l i t y to use higher moisture content f u r n i s h 
• No r e s i d u a l binder odor 
• Use of RF heating i f desired 
• Long binder storage l i f e -6 months 

O v e r a l l , i t i s claimed that a l l expenses considered urethane 
adhesives are cheaper to use than phenolic adhesives. 

Obviously, t h i s i s an excellent p o t e n t i a l opportunity f o r 
isocyanates. One of the obstacles that w i l l have to be overcome 
i s the resistance of the powder users to convert to l i q u i d s 
since d i f f e r e n t types of coating equipment are required. In any 
event, the isocyanate manufacturing companies are working d i l i 
gently to prove the advantages of t h e i r product. 

A second type of urethane adhesive i s currently being i n t r o 
duced to the U.S. construction industry. The adhesive was o r i g i 
n a l l y developed i n Japan. The system i s two component. The 
isocyanate component i s a modified polymeric MDI. The cross-
l i n k a b l e component contains water with water-soluble or water-
emulsifiable r e s i n s . The adhesive produces strong, water-resis
tant bonds and has shown promise as a possible lower cost 
substitute f o r r e s o r c i n o l formaldehyde resins i n the adhesion of 
laminated beams. The product i s now being used i n Japan to bond 
wood and various other porous substrates at the rate of about 
10 m i l l i o n pounds per year. The f i r s t U.S. a p p l i c a t i o n of the 
product has been the bonding of wood doors. The opportunities 
for products of t h i s type should be excellent i n view of the 
ever-increasing governmental pressures on solvents. 
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Transportation Industry 

Urethane s t r u c t u r a l adhesives have been very popular f o r 
bonding of p l a s t i c s to p l a s t i c s and p l a s t i c s to metal by the 
transportation industry. As an example, more than 90% of the 
bonds i n Fords' experimental graphite car were urethane adhesives 
rather than r i v e t s or welds. Urethane s t r u c t u r a l adhesives have 
been used by the transportation industry since 1969. I t i s 
estimated that 5 m i l l i o n pounds of urethane s t r u c t u r a l adhesives 
were used i n the transportation industry i n the United States i n 
1979. Some of the advantages of urethane adhesives as used by 
the transportation industry are shown i n Table IX. 

Table IX. Advantage
as Used by Transportation Industry 

• V e r s a t i l e 
• Easy to use 
• Produce good durable bonds 
• Cost e f f e c t i v e 

V e r s a t i l i t y i s a valuable asset. Urethanes can be used to 
bond a v a r i e t y of p l a s t i c s to p l a s t i c s and p l a s t i c s to metal. 
They also can be used with l i t t l e precleaning of surfaces to be 
bonded. They produce good durable bonds and o v e r a l l they are 
cost e f f e c t i v e . Some a u t h o r i t i e s are pr e d i c t i n g growth of 300 to 
400% i n the next 5 years i n the use of s t r u c t u r a l adhesives by 
the transportation industry. With the rush of the automobile 
companies to convert to p l a s t i c s because of energy requirements, 
i t i s not u n l i k e l y that t h i s w i l l occur. 

In summary, urethane binders and adhesives represented about 
5% C120 m i l l i o n pounds) of t o t a l U.S. urethane use i n 1979. Some 
of the key factors which should influence the use of urethane 
adhesives i n the 80's are shown i n Table X. 

Table X. Key Factors Which Should Influence the 
Use of Urethane Adhesives i n the 80's 

Foun- Construe- Trans-
Factors dry t i o n p o r t a t i o n 

Auto conversion from ferrous to 
aluminum castings • 

Increased use of particleboard 
by construction industry # 

Regulation of solvents • • 
Control of worker exposure to 

hazardous chemicals • • 
Auto conversion to more p l a s t i c s 
Increased cost of energy • • 
Increased cost of labor • • 
New Urethane Adhesive Technology • • 
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Automotive conversion from ferrous to aluminum castings, 
c o n t r o l of worker exposure to hazardous chemicals, the increased 
cost of energy, the increased cost of labor, and new urethane 
adhesive technology w i l l a l l influence the use of urethane adhe
sives by the foundry industry. Adhesive use i n the construction 
industry w i l l be influenced by the increased use of p a r t i c l e 
board, the regulation of solvents, the c o n t r o l of worker exposure 
to hazardous chemicals, the increased cost of energy and labor, 
and the development of new urethane adhesive technology. The 
transportation industry should be affected by the regulation of 
solvents, the c o n t r o l of worker exposure to hazardous chemicals, 
the automotive conversion to more p l a s t i c s , the increased cost of 
energy and labor, and th
r e s u l t , i t i s a n t i c i p a t e
sives should be at l e a s t as good as the 8% predicted for s p e c i a l 
ty adhesives. Foundry binders led the growth i n the 70 fs with 
75 m i l l i o n pounds used i n 1979 and growth should continue i n t h i s 
industry at an 8-10% rate f o r the next f i v e years. Although the 
base of use i n the construction and transportation i n d u s t r i e s i s 
rather low at 5 m i l l i o n pounds each i n 1979, the opportunities 
for growth are s i g n i f i c a n t and growth rates of 20% or greater are 
expected over the next 5 years. 

C e r t a i n l y the opportunity f o r growth, at l e a s t i n c e r t a i n 
segments of the industry, i s very good. More than l i k e l y there 
are areas of opportunity that have not yet been i d e n t i f i e d or 
discussed i n t h i s paper. One such area might be adhesives f o r 
the t i r e industry. I t i s known that some work has been done i n 
t h i s area. C e r t a i n l y , there i s a great opportunity for new 
technology. 

RECEIVED June 1,1981. 
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6 
Metal Replacement Opportunities for Urethane 
Systems 

SIDNEY H. METZGER, JR. 

Polyurethane Division, Mobay Chemical Corporation, Pittsburgh, PA 15205 

For the past fifteen years polyurethanes have played an 
important role in the automotiv
role was confined primarily to flexible foam for automotive 
seating and semi-rigid filler foam for instrument panels. The 
combined market for these two applications came to over 400 M 
lbs. in 1979. In 1975, with the introduction of reaction 
injection molded (RIM) polyurethane elastomeric fascia for the 
Chevrolet Monza 2+2 and the corresponding Buick Skyhawk and 
Oldsmobile Starfire, a significant new automotive market opened 
up for polyurethanes. For the first time polyurethanes were 
making a major inroad into replacing external metal in automo
biles. RIM elastomeric fascia were developed to meet damage-
ability regulations. It was not long, however, before it became 
necessary to lower the weight of automobiles in order to reduce 
gasoline consumption. This drive to lower weight has spawned 
many new developments, the primary purpose of which is to 
replace steel for external body panels. Two of the most 
important of these developments are reinforced RIM (RRIM) and 
polyurethane-based SMC (PUR-SMC). 

RIM Fascia 

The impetus for developing the RIM process for producing 
elastomeric fascia parts was furnished by the requirements of 
the Motor Vehicle Safety Standard 215, which went into effect in 
1973- This regulation required that the front and rear ends of 
automobiles had to withstand a 5 mph. impact without impairment 
of functional parts. A more stringent regulation, Standard 58l» 
which came into effect for all bumpers made after September 1, 
1979, required that the bumper withstand the 5 mph. impact with 
no more than a 3/8" dent in the bumper itself. 

RIM polyurethane elastomers are a natural to meet the 
regulations. The process is highly suitable for producing 
complicated large, thin fascia to cover the entire front end 
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of an automobile. A Class A surface i s obtained which can 
be e a s i l y painted, fhe painted elastomers w i l l withstand a 
5 mph. impact at -20 F without damage and retain s u f f i c i e n t 
s t i f f n e s s at the elevated temperatures encountered i n hot 
climates. 

Although the i n i t i a l impetus for RIM development was 
government regulations, i t soon became apparent that the RIM 
technology offered s i g n i f i c a n t advantages i n s t y l i n g and weight 
savings. The s t y l i n g freedom offered i s apparent i n such 
automobiles as the Pontiac F i r e b i r d , Ford Mustang, Plymouth 
Horizon TC3 and Dodge Mirada, a l l of which have f u l l front 
fascia. Additionally, the p o s s i b i l i t y exists of completely 
changing the looks of a
and rear RIM fas c i a covering

A l l the above factors taken together - damageability 
resistance, s t y l i n g freedom, and weight savings - have led to 
a very rapid r i s e i n the RIM polyurethane fascia and bumper 
cover market. Table I h i s t o r i c a l l y summarizes the market from 
1977 to 1980. 

I t should be noted that the 1980 figures do not take into 
consideration the deep recession in which the automotive 
industry presently finds i t s e l f . Actual numbers for 1980 are 
about 60-70% of those shown. 

The future for RIM i n the automotive industry looks very 
bright. The model year 1981 w i l l see the introduction of 
polyurethane fascia on the Oldsmobile Cutlass A-special, the 
Pontiac Grand Prix, the New Chrysler Imperial Y-body, Plymouth 
and Dodge K-body and the Oldsmobile Omega X-body. I t can be 
projected with some confidence that by 1985 at lease 70% of 
a l l U.S. cars w i l l incorporate some form of RIM polyurethane 
elastomer on the front and/or rear, representing a consumption 
of at least 100 M lbs. of raw material. The high volume use 
of RIM elastomers by the autmotive industry has a s i g n i f i c a n t 
impact on the polyurethane raw material market. The major 
ingredients are shown in Table II. Additionally, there are 
usually small amounts of blowing agent and a t i n catalyst i n 
the system. 

At the present time most fascia are about 0.125" - 0.150" 
thick and are manufactured employing a RIM elastomer with a 
nominal room temperature flexural modulus of 172 MPa. But, 
the trend in the automotive industry i s to go to thinner 
fascia produced with the RIM elastomers with 345 MPa nominal 
flex u r a l modulus. In Table III are shown the average usage of 
the major components of both the 172 MPa and 345 MPa RIM 
systems. These average values are the best estimate based 
on known formulations currently being used in production. 

Based on the formulations i n Table III (neglecting blowing 
agent and catalyst) and the projected t o t a l RIM fascia market 
through 1985, Figure I can be drawn to show the impact of the 
RIM market on polyol, isocyanate (pure MDI)* and extender. 
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TABLE II 

MAJOR INGREDIENTS OF RIM ELASTOMERIC 
POLYURETHANES FOR FASCIA APPLICATIONS 

FLEXIBLE BACKBONE 

ISOCYANATE 

Polyether polyols made with 
propylene oxide and "capped" 
with ethylene oxide. 
Graft polyols made from grafting 
p o l y a c r y l o n i t r i l e onto the basic 
polyether (also ethylene oxide -
"capped"). 

by reacting small quantities of 
polyols with MDI. 
Carbodiimide - modified MDI 

EXTENDERS 1. 1, 4 - butanediol 
2. Ethylene glycol 
3. Aromatic diamines 

TABLE III 

AVERAGE USAGE OF MAJOR COMPONENTS 
OF RIM FASCIA POLYURETHANE SYSTEMS 

Basis: 100 lbs. of f i n a l polymer 

172 MPa fle x u r a l modulus 

Avg. r a t i o = 68 isocyanate/100 polyol blend 
Polyol = 50.3 lb. 
Extender = 9.2 
Isocyanate = 40.5 

345 MPa fle x u r a l modulus 

Avg. r a t i o = 73 isocyanate/100 polyol blend 
Polyol = 45.9 lb. 
Extender = 11.9 
Isocyanate = 42.2 
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Figure 1. Projected RIM fascia market divided into major components. 
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*(Although an MDI quasi-prepolymer i s used, for si m p l i f i c a t i o n 
i t w i l l be treated as pure MDI. Quasi-prepolymers are about 
85-90% pure MDI. Carbodiimide - modified MDI1s are prepared 
from pure MDI.) Beginning i n 1981 the t o t a l RIM market was 
based on 9 M cars being produced through 1983, then 9.5 M cars 
in 1984 and 1985. Of the t o t a l RIM fascia systems, the 
calculated d i v i s i o n of products i s based on 10% of the 345 MPa 
system i n 1980 and an incremental increase of 10% i n the 
succeeding years. Average f a s c i a weight was taken at 16 lbs. 
per car. These estimates provide a good picture of market 
impact on polyol, pure MDI and extender to be expected from 
the RIM fascia market for the U.S. automotive industry. 

RRIM 

The necessity to lower the weight of automobiles i n order 
to meet the 1985 government CAFE requirements of 27.5 mpg. has 
spawned the development of high modulus RIM polyurethanes and 
reinforced RIM (RRIM) to replace metal i n fenders, door panels, 
trunk l i d s , etc. The RRIM polyurethanes are well suited for 
the external body panel application where structural require
ments are at a minimum. In addition to s i g n i f i c a n t l y lighter 
weight i n comparison to ste e l , the RRIM panels eliminate 
corrosion problems and improve resistance to damage. 

In cooperation with the automotive companies, physical 
properties and basic performance guidelines for RRIM body 
panels, such as fenders and door panels, are now being defined. 
The following general guidelines have been established to 
date: 

1. S u f f i c i e n t s t i f f n e s s to r e s i s t a i r currents under 
driving conditions and to r e s i s t excessive deformation 
when leaned upon. Part support design w i l l play a 
role. 

2. Low enough c o e f f i c i e n t of linear thermal expansion 
to allow p r a c t i c a l mating with metal and to insure 
no change i n shape during hot/cold cycles. 

3. Ultimately, s u f f i c i e n t resistance to sag and di s t o r 
tion at on-line paint temperatures to allow on-line 
painting with the part mounted on the auto. At 
present shooting for 163°C, but future paint cure 
temperatures w i l l come down. For i n i t i a l fenders, 
automotive i s w i l l i n g to paint o f f - l i n e . 

4. S u f f i c i e n t impact resistance to r e s i s t damage from 
minor parking l o t c o l l i s i o n s , to r e s i s t damage due 
to door opening dents and to be shatter-resistant 
at average impact speeds. 

5. Appearance of painted parts to match exterior sheet 
metal and to retain gloss. 

The primary purposes of adding reinforcement are to 
increase s t i f f n e s s , improve sag resistance at 163°C and lower 
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the c o e f f i c i e n t of linear thermal expansion. Knowing that 
increased s t i f f n e s s lowers impact resistance, one of the 
questions that must be answered i s what i s the best compromise 
for exterior panel applications? 

The properties and performance of reinforced RIM 
polyurethanes are to a large degree dependent upon the pro
perties and performance of the basic high modulus RIM elasto
mers. The road to success i s to develop a s t i f f polymer with 
r e l a t i v e l y high impact resistance and a f l a t response of 
modulus and impact resistance to changes in temperature. This 
property combination normally results i n low sag at 163 C and 
good low temperature impact properties. Systems presently 
being reinforced and evaluate
y i e l d u n f i l l e d elastomer
mately 345-1035 MPa at 25°C. 

Studies of the effects of various types of f i b e r and 
particulate f i l l e r s have shown that milled glass fibers are 
in the near term the most suitable means to achieve part 
s t i f f n e s s and the required reduction in the c o e f f i c i e n t of 
linear thermal expansion to allow p r a c t i c a l mating of RIM 
polyurethane panels with s t e e l . 

The effect of physical properties of RIM urethane systems 
through reinforcement with milled glass fibers and mica flakes 
has been studied i n some d e t a i l . I t was found that i n the 
urethane systems investigated the effects of milled glass f i b e r 
or mica flake reinforcement on c o e f f i c i e n t of linear thermal 
expansion, f l e x u r a l modulus, percent elongation, and notched 
Izod impact are p r a c t i c a l l y independent of the urethane matrix. 
Mil l e d glass fibers orient during the molding, resulting i n 
anisotropic behavior in the physical properties of the molded 
parts. 

The best combination of physical properties for basic 
high modulus systems has been accomplished through the use 
of an amine extender i n combination with a quasi-prepolymer 
modification of MDI. These systems are designated Bayflex" 
110 types. The resultant physical properties of these RIM 
polymers are exceptional, and parts can be demolded i n as 
l i t t l e as 15 seconds with excellent green strength. Tables 
IV and V provide the physical properties both u n f i l l e d and 
f i l l e d of the amine-extended 345 and 483 MPa systems, respec
t i v e l y . The f l a t response of modulus to temperature (-30°C/ 
65 C fle x modulus factor), combined with the high elongation 
and excellent impact resistance of these systems, i s carried 
over to the glass f i l l e d systems. 

Where the part to be molded i s a large thin part (0.100") 
with a very long flow path for the entering reacting system, 
the very fast amine-extended systems are sometimes too fast, 
making i t d i f f i c u l t to properly f i l l the mold. For such parts 
a modified aromatic amine-extended system has been developed 
which i s an excellent compromise between physical properties 
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TABLE IV 

PHYSICAL PROPERTIES OF GLASS-FILLED BAYFLEX 110-50 

25% Glass 

II2 ±3 

Specific gravity 1.04 1.28 1. 

Tensile Str., MPa 26.2 30.3 21. 4 

Elongation, % 280 45 100 

Flexural Modulus, MPa 
RT 
- 30°C 
+ 65°C 

365 
827 
241 

1626 
2944 
1280 

826 
1543 
554 

- 30°C/+ 65°C Factor 3.4 2.3 2. 8 

Heat Sag, mm 
1 hr @ 250°F 
1/2 hr @ 325°F 

5.1 
10.2 

0.5 
3 

1. 
5. 

5 
7 

Hardness, Shore D 61 66 66 

Impact Strength, 
Notched Izod, J/ra 581 208 165 

Tear Str., Die C, 
kN/m 110 142 130 

CLTE,°(x 10""6/°C 180 39 136 

1. Mixture of P-117B and 731 OCF 1" milled glass fib e r 
16 

2. P a r a l l e l to flow d i r e c t i o n 

3. Perpendicular to flow direction 
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TABLE V 

BAYFLEX 110-70 

Un f i l l e d 

Density, pcf. 64.3 

Tensile, MPa 30.8 

Elongation, % 220 

Flexural Modulus, MPa 
RT 482 
- 30°C 849 
+ 65°C 321 

- 30°/65° Flex Mod Factor 2.6 

Heat Sag, mm 
1 hr § 250°F o 2.5 
1/2 hr @ 325°F 9.1 

Hardness, Shore D 63 

Impact Strength, Notched 
Izod, J/m 463 

Tear Str., Die C, kN/m 100 

Coeff of Linear Thermal 
Expansion, 
x 10""6/°C 147.0 
x 10""6/°F 81.7 

20% 1/16" 

II ± 
79.6 

31.7 

30 

1685 
3044 
1122 

2.7 

1.3 
2.8 

75 

133 

126 

46.7 
25.9 

79.6 

24.1 

140 

847 
1926 
593 

3.2 

2.5 
7.6 

75 

101 

111 

131.7 
73.2 
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and improved flowability. The basic physical properties of 
this system both u n f i l l e d and f i l l e d are shown in Table VI. 

Many of the same basic raw materials shown in Table II 
for RIM fascia systems are also used i n high modulus systems. 
Additionally, however, polyether polyols " f i l l e d " with 
dispersions of polyureas are used(2_) m These are the so-called 
PHD polyols developed by Bayer AG, the PHD being an abbrevi
ation for Polyharnstoff-Dispersion. These polyols provide 
the same " f i l l e r " e ffect as the graft polyols (Table II) for 
increasing the modulus of the polymer without increasing the 
amount of extender. 

For most of the classical-extended types, a higher 
functionality MDI typ
which i s a mix of polymeri

At this point i n time i n the development of RRIM techno
logy, i t i s d i f f i c u l t to predict the future market and the 
resultant impact on the polyurethane raw material market. 
RRIM polyurethanes w i l l be able to compete for external body 
panels such as fenders, door panels, deck l i d s and possibly 
hoods. At the present time RRIM has the inside track for the 
material of choice for front fender applications. By the 
end of 1980 or the beginning of 1981, several thousand Olds
mobile Sport Omegas w i l l be equipped with RRIM polyurethane 
front fenders for thorough i n - t h e - f i e l d testing. Once these 
fenders are found suitable, i t i s quite l i k e l y that several 
car models w i l l be equipped with front fenders manufactured 
from RRIM polyurethanes. F i r s t automobiles equipped with such 
fenders w i l l probably be the 1983 model year, and a decent 
guess would be about 0.5 M cars. By the 1985 model year we 
could be seeing in the range of 2 M cars with RRIM polyure
thane fenders. Each front fender should weigh approximately 
5 lbs., which would add up to about 10 lbs. of RRIM per 
automobile. A breakdown of major component usage for both 
amine-extended and classical-extended systems i s shown in 
Table VII (blowing agent and catalyst excluded). Based on 
the above assumptions, a bar graph (Figure 2) can be drawn 
showing the market potential of the major components of the 
RRIM system. For the estimate i t was assumed that the market 
would be shared 50-50 by the amine-extended types and the 
classical-extended types. Again, for s i m p l i f i c a t i o n a l l MDI 
types are treated as pure MDI. 

RRIM fenders have an excellent chance of succeeding, the 
only question mark being timing. I t i s possible that because 
of the necessity to meet the 27.5 miles per gallon CAFE 
regulations, the scramble to lower weight, w i l l be accelerated, 
which could lead to a l o t more RRIM than the 20 M lbs. shown 
in 1985. 

Based on the tremendous momentum that has b u i l t i n the 
polyurethane industry for development of RRIM technology, 
i t can be confidently expected that s i g n i f i c a n t improvements 
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TABLE VI 

PHYSICAL PROPERTIES OF THE GLASS F I L L E D ^ 
BAYFLEX 103/E-512 SYSTEM 

Property U n f i l l e d II 
S p e c i f i c Gravity 1.0k 1.17 1.17 

Tensile S t r . , MPa 

Ultimate Elongation, % 130.00 20.00 20.00 

F l e x u r a l Modulus, MPa 
RT 
-30 °C 
+65 °C 

61+6.00 
123^.00 
1+13.00 

I63I+.OO 
2708.00 
1111.00 

929.00 
1672.00 
539.00 

F l e x u r a l Modulus Factor 
(-30°/65°C) 3.00 2.1+1+ 3.10 

Heat Sag, mm 
1 hr § 250°F 
1/2 hr % 325°F 

1+.00 
ll+.OO 

0.50 
2.20 

1.70 
1+.80 

Notched Izod Impact 352.00 161+.00 157.00 

Die C Tear S t r . , kN/m 122.00 108.00 97.00 

Shore D Hardness 67.00 70.00 70.00 

CLTE,o^x 10-6/°C 
20 > -k0° 
20 > 66° 
20 > 121° 

— 1+3.00 
32.70 
32.20 

89.30 
85.20 
89.̂ 0 

1. 20% 1/16" 731 m i l l e d glass f i b e r s i n the f i n a l polymer 
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TABLE VII 

AVERAGE USAGE OF MAJOR COMPONENTS 
OF HIGH MODULUS RIM ELASTOMERS 

Basis: 

Amine-extender types 

P o l y o l , l b . 
Extender, l b . 
MDI-type isocyanate, l b . 

Classical-extended types 

P o l y o l , l b . 
Extender, l b . 
Higher F u n c t i o n a l i t y MDI type 

100 l b . 
F i n a l Polymer 

1+8.1+ 
H+.5 
37.1 

38.3 
10.1 
51.6 

100 l b . 
F i n a l Polymer 

with 25% glass 

36.3 
10.9 
27.8 

28.7 
7.6 
38.7 

Figure 2. Projected RRIM market for 
automotive front fenders divided into 
major components. Basis: RRIM poly
urethane containing 25% glass fiber; 

weight of each fender — 5 lbs. 

M Lb. 
20 r 

15 

10 -

-MM 

1 .25 

1.62 

0.*i6 

1.67 

MM 0.92 

3.3** 

mil 
2-50 mm 

1983 1984 1985 

Glass Fiber 
Polyol 
Extender 
MDI 
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i n the overall technology, both i n the polymer properties and 
processing, w i l l be effected at a very rapid pace. With such 
improvements RRIM polyurethanes w i l l become more and more 
capable of competing with steel i n body panels, and we can 
expect accelerated testing by the automotive industry of RRIM 
door panels and trunk l i d s , i n addition to fenders. 

Polyurethane SMC (PUR-SMC) 

One of the new technologies that has been developed as 
a r e s u l t of the large market potential for the replacement 
of steel by li g h t e r weight p l a s t i c s i s a PUR-SMC (Baypreg) 
developed by Bayer, A
new development, polyurethan
the existing processing technology of unsaturated polyester 
SMC (UP-SMC). The basic design of the equipment used i n the 
manufacture of resin mats can remain unchanged; only the 
metering and mixing configurations for the unsaturated poly
ester chemicals must be changed to accommodate the polyurethane 
technology. Compression molding of the mats i s accomplished 
by the hot press process i n the same steel tools as used for 
UP-SMC. Good demoldability i s possible without using any 
external mold release. One d i s t i n c t advantage of PUR-SMC 
over UP-SMC i s that the resin mat requires no maturation 
period after manufacture and i s stable for many days at room 
temperature. 

The properties of PUR-SMC l i e between those of RRIM and 
UP-SMC (Table VIII). As can be seen, the properties of this 
p a r t i c u l a r PUR-SMC l i e closer to UP-SMC than RRIM. The 
advantages of PUR-SMC over UP-SMC are more e l a s t i c i t y , higher 
elongation and improved impact resistance. 

PUR-SMC i s only i n i t s infancy. One can be sure that, 
given the tremendous v e r s a t i l i t y of polyurethane chemistry, 
there w i l l be developed a variety of PUR-SMC products. The 
material represented by the physical properties i n Table VIII 
has been used i n Europe to produce prototype motorcycle fenders 
and prototype front and rear bumpers for the Porsche 924. The 
improved impact over UP-SMC was cl e a r l y shown through compar-
sion of the impact resistance of the Porsche bumpers made 
with both PUR-SMC and UP-SMC. 

The development of PUR-SMC technology w i l l lead to further 
p o s s i b i l i t i e s for the replacement of steel i n automobiles, 
as well as the replacement of some UP-SMC use where better 
impact resistance i s desired. As more e l a s t i c , lower modulus 
PUR-SMC1s are developed and higher and higher modulus RIM 
systems are developed, competition for the same application 
can be foreseen, especially external body panels for auto
mobiles. I t i s to early for market predictions for PUR-SMC, 
but with successful developments a meaningful penetration into 
replacement for steel i n automobiles can be foreseen by the 
late 1980's. 
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TABLE VIII 

PHYSICAL PROPERTIES OF PU-SMC (BAYPREG) 
COMPARED TO COMPETITIVE MATERIALS 

Property 

S p e c i f i c Gravity, 
g/cc 

F l e x u r a l E 
Modulus, MPa 

UP-SMC PU-SMC 

1.70 

5,000 
Elongation, % 

Tensil e , MPa 

Coeff, Linear Therm. 
Expansion x 10~°, 
mm/ mm/0 C 

Shrinkage, % 

Impact Strength 
at -30°C, KJ/m2 

1.70 

10,000-
15,000 

2 
120 

30 

0.01 

80 

6 
120 

20 
0.05 

100 

RRIM 
~T2j 

1.25 

2,300 

23 

35O) 

0.15 

S t e e l 

7.28 

210,000 

320 

10-12 

A l u . 

2.75 

7̂ ,000 

230 

21+ 

1. 30% glass 
2. 25% glass 
3. Measured p a r a l l e l to flow 
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Market Impact 

How w i l l t h is new market of polyurethane replacement for 
steel i n automobiles impact the t o t a l supply position of the 
polyurethane industry for monomeric MDI and polyethers? 
Table IX shows the MDI supply/demand picture through 1985, 
where MDI here i s the t o t a l of polymeric and monomeric MDI. 

Based on the numbers i n Figures 1 and 2, by 1985 RIM 
and RRIM w i l l require approximately 50 M lbs. of monomeric MDI, 
which i s about one-third of the monomeric MDI supply i n 1985 
(Table IX; based on 20-25
ARCO capacity, = 137-17
leave about 100 M lbs. of monomeric MDI for cast elastomers, 
thermoplastic polyurethanes, shoe soles, semi-rigid foams, 
and some adhesives and sealants, a monomeric MDI supply which 
should be more than s u f f i c i e n t for these applications. As 
RRIM grows, a need for capacity expansion can be seen i n the 
late 1980's. No effects on the market w i l l be seen from PUR-
SMC u n t i l after 1985, and at the present time meaningful 
projections are impossible. 

Table X i s a summary of the polyurethane industry polyol 
supply. With a nameplate capacity of 2.5 b i l l i o n l bs. and 
today 1s market hovering around 1.5 b i l l i o n lbs., no supply 
problem i s anticipated through 1985. The combined RIM and RRIM 
1985 polyol market of about 57 M lbs. hardly makes a dent i n 
the tremendous industry capacity. 

Overall, the polyurethane raw material supply capacity 
appears to be adequate to meet the needs of an expanded RIM 
and RRIM market for replacement of steel i n automobiles, at 
least through 1985. Should i t become apparent that market 
demands w i l l outstrip monomeric MDI supply capability i n the 
late 1980's, then undoubtedly expansions of capacity w i l l be 
forthcoming. 

By 1985, i t has been predicted that i n t e r i o r applications 
for p l a s t i c s w i l l amount to 108 lb./car and exterior applica
tions for p l a s t i c s , to 154 lb./car, giving a t o t a l of 262 l b . / 
car (excluding under the hood applications) (3) . Of the 
exterior applications i t can be expected that the combined 
RIM and RRIM markets for steel replacement w i l l amount to 
approximately 7% of the t o t a l and 12% of the exterior 
applications. 

Non-Automotive Applications 

Up to now p r a c t i c a l l y a l l development and marketing 
eff o r t s have been directed toward automotive applications. But, 
the spin-off into non-automotive applications could be equally 
as important. How fast this spin-off occurs i s a function of 
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TABLE IX 

MDI SUPPLY/DEMAND 

Producer Capacity I98O 1 9 8 1 1 9 8 2 1 9 8 3 1981+ 1985 

Mobay 200 2 5 0 300—- > 

Upjohn 250 280— > 

Rubicon 
BASF - - 100 150— > 

ARCO - - 50 1 5 0 ~ > 

T o t a l e ) 550 630 8 3 0 980 9 8 Ο 9 8 Ο 

85$ of Nameplate 1+68 535 705 833 8 3 3 833 

90% of Nameplate 567 7̂ 7 882 882 882 

Demand 

Domestic 390 1+30 1+90 5 6 Ο 620 680 

Export 90 90 6 0 1+0 1+0 ItO 

Tota l 1+80 520 550 600 6 6 0 720 

Excess Capacity/ ( 1 2 ) 15 55 233 173 113 
S h o r t f a l l - a t 85% 
of Nameplate 

-at 90% 15 hi 197 282 2 2 2 162 
of Nameplate 

( l ) Includes both polymeric and monomeric MDI. The monomeric 
MDI equals 20-2% of t o t a l MDI production (excluding ARCO 
who "will not be producing monomeric MDl). 
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TABLE X 

INDUSTRY POLYOL SUPPLY 

Producer Nameplate Cacpity (M lb.) 

BASF Wyandotte 1+25 
E. R. Carpenter 200 
Dow Chemical h75 

Mobay 

01in Corporation 250 
Jefferson Chemical 100 
Union Carbide 600 
Other 195 
TOTAL 2,1+95 

how much e f f o r t industry can and i s w i l l i n g to d i r e c t toward the 
non-automot ive market. 

Most of the p o t e n t i a l applications foreseen w i l l u t i l i z e 
e i t her high modulus RIM elastomers or RRIM elastomers. Some 
present applications u t i l i z i n g high modulus RIM are : 

1. Motorcycle boots 
2. Ski boots 
3· Snowmobile b e l l y pans 
1+. Sanitary troughs for farm use 
5. Golf c a r t s 
P o t e n t i a l applications are : 
1. A g r i c u l t u r a l machinery 
2. Farm equipment such as watering and feed troughs, 

hoppers, grain dispensers and animal sanitary drainage 
systems 

3· Abrasion r e s i s t a n t l i n e r s for coal chutes and grain 
hoppers 

!+. Lawn and garden equipment, including t r a c t o r parts, 
u t i l i t y c a r t s , spreaders and lawn mower housings. 

The development of non-automotive RIM and RRIM 
applications w i l l be slow unless considerably more e f f o r t i s 
expended i n t h i s d i r e c t i o n by the polyurethane industry. I t has 
been predicted that by 1983 the non-automotive RIM and RRIM 
polyurethane elastomers w i l l be approximately 6 M lbs.ULl. 
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7 
Health Considerations for Isocyanates 

RICHARD HENDERSON 

Health Sciences and Toxicologic Research, Olin Corporation, New Haven, CT 06511 

Isocyanates were discovered by Wurtz in 1849 and their uses 
in polyurethane began i
tions that will be used

Abbreviations of Isocyanates 

Table I 

Toluene diisocyanate TDI 
Diphenyl methane diisocyanate MDI 
Hexamethylene diisocyanate HDI, HMDI 
Napthalene diisocyanate NDI 
Isophorene diisocyanate IPDI 
Dicyclohexylethane 4,4-diisocyanate — -

There were 650,000 metric tons of TDI and 450,000 metric 
tons of MDI produced in 1978, not including production in coun
tries having central economic planning (Table II). These two 
isocyanates constitute the largest volume; the other isocyanates 
were produced in much smaller quantities. 

Production of Isocyanates - 1978 

( 1000 metric tons) 

Table II 

TDI 650 
MDI 450 

Polyurethanes are the major products in which isocyanates 
are used. The percent of total polyuretahnes in different uses 
is given in Table III. 
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Uses of Polyurethanes 

Table III 

Use Percent 

Furniture and mattresses 
Automotive 
Building construction 
Refrigeration 
Shoes 
Text i les 
Coatings 
Other 

40 
20 
11 
6 
4 
6 
5 

It is estimated that there are more than 200,000 workers en
gaged in the production and uses of isocyanates. The isocyanates 
are used for their reactivity as crosslinking agents. Considering 
their reactivity, it is a tribute to the industry that research has 
enabled the establishment of safe work practices and safe levels 
of exposure. 

Even though uses of isocyanates in polyurethanes started in 
1937, it was not until 1951 that the first occupational health 
problems associated with isocyanates appeared in the medical liter
ature. There have been many more cases of effects of excessive ex
posure to isocyanates reported in the 1950's than in the 1970's. 
Greater care is now taken to explain potential adverse effects 
from excessive exposure and to adequately control exposures. 
Fuchs et. al. (1) published observations on an asthmatic syndrome 
in seven out of nine persons exposed to TDI. In 1953, Reinl (2) 
reported cases of respiratory problems in 17 workers exposed to 
TDI and/or other isocyanates; 13 of these cases were severe and 
death of one was attributed to occupational exposures. 

There were many other reports (3-10) published in the 1950's 
of similar cases of occupational health problems, primarily res
piratory, in workers exposed to isocyanates in manufacture of 
polyurethane foams and polyisocyanate-based lacquers and glues. 
One additional fatality was reported (6). Elkins (11) in 1962 
reviewed the published occupational health problems attributed to 
TDI and identified 222 cases in the literature through 1960. The 
concentrations of isocyanates involved in most of the cases and the 
possible exposures to other respiratory irritants were not usually 
reliably determined. It is possible that the concentrations of 
isocyanates to which workers may have been exposed occasionally 
in the 1950's and early 1960's may have been above presently 
accepted allowable limits. 

Examples of concentrations to which workers were reportedly 
exposed are shown in Table IV. 
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Reported Concentrations of Isocyanates 

Table IV 

Type of 
Operation 

TDI Concentration 
(ug/m3) Reference 

Spray 
TDI d i s t i l l a t i o n 
TDI production 

6400 
140 
14-40* 

Gandevia (12) 
Williamson (13) 
Weill et a]_. (15) 

*Depending on job category 

In evaluating any dat
have been exposed, i t must be remembered that ana lyt ica l methods 
require time for sampling; and the longer the sampling time, the 
greater the p o s s i b i l i t y of short term peak concentrations being 
averaged out and missed. Such short term peak concentrations may 
be of great s igni f icance in terms of respiratory i r r i t a n t e f fects . 

Bunge et^ al_. (T4J found a mean concentration of 0.0197 ppm of 
d i f ferent isocyanates (TDI, MDI, and NDI) in the work environment 
of a polyurethane p l a s t i c s laboratory. The concentrations of the 
d i f ferent isocyanates are not speci f ied in the i r paper. 

The allowable exposure l imi t s (TLV) for TDI in major indust
r i a l countries was 0.14 mg/m3 at the time of the studies referred 
to above. 

The fact that these concentrations have been measured does 
not mean that occupational exposures occur; persons may use res 
piratory protection equipped to prevent exposure. A l l persons 
who have excessive occupational exposure to isocyanates may exper
ience primary i r r i t a n t effects in the respiratory t ract depending 
on the extent of excessive exposure. Br ie f accidental exposures 
to concentrations of isocyanates tenfold or more above the TLV 
may cause short term respiratory i r r i t a t i o n with recovery 24-48 
hours following cessation of exposure. Continuing repeated work
day exposures severa l - fo ld higher than the TLV can cause chronic 
respiratory i r r i t a t i o n . A l l indiv iduals w i l l not suffer the same 
degree of respiratory i r r i t a t i o n from excessive exposures due to 
individual biochemical and physiological di f ferences. Studies 
have shown that on the order of f ive percent of persons who have 
had an occupational exposure to TDI develop a bronchial asthmatic 
type of response to subsequent exposures that are below concentra
tions causing any detectable primary i r r i t a t i o n . 

Persons who have developed a bronchial asthmatic r eac t i v i t y 
to one isocyanate may show bronchial asthmatic r eac t i v i t y to other 
isocyanates according to studies reported by O'Brien et_ a]_. (16). 

The mechanism for the development of the bronchial asthmatic 
r eac t i v i t y from exposure to isocyanates has not been c l ea r l y 
defined, although there has been and continues to be considerable 
research on th is e f fect . Bruchner {Y7)9 Scheel 08) , Nava et 
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a]_. (19), Butcher et a K (20), Taylor ( 2 Ί ) , Porter et a l . ( 2 2 ) , 
Karol et^ a l . (23), are among the research workers who have i n v e s t i 
gated the mechanism of bronchial asthmatic response. Only in 
cases that have developed an extreme s e n s i t i v i t y as demonstrated 
by bronchial asthmatic response to a few minutes exposure to con
centrations of isocyanate on the order of 25 ug/m3 has there been 
a demonstration of a c i r cu l a t ing antibody that w i l l react with a 
human serum albumin-toluene monoisocyanate antigen. Research i s 
continuing to define the mechanism or mechanisms of the bronchial 
asthmatic response that some persons develop from exposures to 
isocyanates. 

Of pa r t i cu la r interest i s one case reported by Butcher (24) 
that appears to suggest that the bronchial asthmatic r eac t i v i t y 
to TDI may be revers ib le
of TDI for 15 minutes to confirm c l i n i c a l l y observed r e ac t i v i t y 
resulted in s i gn i f i cant decline in lung function. After the per
son had been removed from occupational exposure for six months, 
there was no decline in lung function following a contro l led c h a l 
lenge exposure. 

The primary respiratory i r r i t ancy and bronchial asthmatic re 
a c t i v i t y discussed above are generally accepted as occupational 
health problems that can occur from excessive exposure to isocyan
ates e i ther as vapor or as inhalable par t ic l es in workplace a i r . 
If s p i l l e d or splashed on the skin or in the eyes, the isocyanates 
can cause i r r i t a t i o n . 

Nava et a]_. (19j have reported a case of eczematous dermatitis 
from TDI. Karol et a]_. (23) reported f inding t o l y l - s p e c i f i c a n t i 
bodies in serum of two persons who displayed skin reactions when 
exposed to TDI. Rothe (25) described 12 cases of contact eczema 
in workers exposed to MDI or p a r t i a l l y polymerized MDI and four 
s imi la r cases in workers exposed to IPDI. 

As with many other chemicals, there have been some reports 
(26-29) of psychological problems in workers having potential ex
posure to isocyanates and other chemicals in polyurethane produc
t ion operations. It i s not possible to determine a cause-effect 
re lat ionship to a pa r t i cu la r chemical exposure nor a level of ex
posure from the published reports. These reports on psychological 
problems are mentioned here for completeness in reviewing the 
l i t e r a tu re on occupational health aspects in the uses of isocyanates 
and not because great importance is placed on this aspect. 

The present Occupational Safety and Health Administration 
legal l i m i t for exposure to TDI and MDI i s 0.02 ppm (0.14 mg/m3 
for TDI and 0.2 mg/m3 for MDI). These are c e i l i n g values. In 
order to operate within th is c e i l i n g l i m i t , the time-weighted 
average concentration w i l l be below 0.02 ppm. Thus, operations 
that are meeting the present legal l i m i t probably would have l i t 
t l e or no d i f f i c u l t y meeting the 0.005 ppm 10 hour time-weighted 
average l im i t proposed by the National Inst itute for Occupational 
Safety and Health. 
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The f ive year prospective study of employees in a TDI plant 
conducted by Weill et a K (15) included preplacement and periodic 
respiratory function and immunologic evaluations as well as 
measurements of exposures using continuous personnel monitors. 
The cost of th is study was over $750,000. A two-year inhalation 
carcinogenicity study of TDI using rats and mice i s costing over 
$400,000. Individual producers of TDI have done experimental 
animal toxicology and employee health evaluations. 

In summary, the major potential occupational health problem 
from excessive exposure to isocyanates i s primary respiratory 
i r r i t a t i o n . A f ract ion of workers exposed may develop a bronchial 
asthmatic reaction to isocyanates and there appears to be some 
cross r e ac t i v i t y . The
baseline respiratory functio
indicat ing that keeping exposures to TDI below 0.02 ppm (0.14 ug/ 
m3) appears to prevent decrement in respiratory function. There 
are less data on exposures and respiratory function of workers 
using other isocyanates. Isocyanates such as MDI are less vo la 
t i l e than TDI. There is less potential for exposure to vapors 
of the lower v o l a t i l i t y isocyanates, but exposures to vapor and 
to part iculates can occur and exposures to a l l isocyanates do need 
to be control led in order to protect workers. 
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Fluorocarbons—Energy Extenders of 
Polyurethane Foams 
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"Energy efficiency" has very quickly become more than just 
buzz words in the Unite
about it anymore. The
at home, at work and at play. 

For many, energy efficiency and energy conservation are a 
recent phenomenon. But that is not the case for the poly
urethane business. This industry has been conscious of the 
nation's need for energy conservation, and has been doing 
something about it , for far longer than the average citizen has 
been aware. 

The key work that gets business going and keeps it going is 
savings: in heat loss or heat gain; in weight; in fabrication 
cost; in product lifetimes; in usable space; and savings in 
labor. 

Our standard of living and the cost of it is dependent to a 
significant extent on the availability of flexible and rigid 
polyurethane foams. 

What kind of stakes are involved? A 1979 "Outlook" annual 
market survey by the Upjohn Company indicates that the total 
United States market for polyurethanes would be 2,444 million 
pounds including 1,450 million pounds for flexible foam, 615 mil
lion for rigid foam and 379 million for elastomers, coatings and 
adhesives. 

A Rand Corporation research study for the Environmental 
Protection Agency ("Economic Implications of Regulating CFC 
Emissions from Non-Aerosol Applications" R-252U-EPA) estimated 
that i n 1979 some 590 m i l l i o n pounds of f l e x i b l e polyurethane 
foam and kQ9 m i l l i o n pounds of r i g i d polyurethane foam were 
produced using chlorofluorocarbons (CFCs) as the blowing agents. 
Rand estimated that about 100 m i l l i o n pounds of CFC was used to 
produce these foams, including kO m i l l i o n pounds for f l e x i b l e 
foam and 60 m i l l i o n pounds for r i g i d foams. 

Before fluorocarbon compounds were discovered by Thomas 
Midgley i n 1928 and introduced by Du Pont to the r e f r i g e r a t i o n 
market i n the 1930f s, r e f r i g e r a n t s then i n use were eit h e r quite 
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t o x i c and/or flammable. Fluorocarbons found a very receptive 
market, because of t h e i r high e f f i c i e n c y , low t o x i c i t y and non-
flammability. In the ensuing years, fluorocarbons have found a 
growing number of a p p l i c a t i o n s because of t h e i r unique combina
t i o n of physical properties and a t t r a c t i v e safety features. 

In many a p p l i c a t i o n s , fluorocarbons are used because of 
t h e i r superior thermodynamic properties. Such i s the case with 
polyurethane and polystyrene i n s u l a t i n g foams. Two main f l u o r o 
carbons used for foams are chlorofluorocarbon 11 and chloro-
fluorocarbon 1 2 . 

CFC 11 and CFC 1 2 . These play an important, energy-
e f f i c i e n t r o l e i n the formation of the uniform c e l l u l a r struc
ture of r i g i d i n s u l a t i n
compared with the i n s u l a t i n
trapped i n the i n t e r i o r c e l l s of the foam. Polyurethane and 
extruded polystyrene foams have "R" values two to three times 
higher than loose f i b e r g l a s s and about twice as high as f i b e r 
glass b a t t s . Even i f r i g i d i n s u l a t i o n foams could somehow be 
made with a i r or carbon dioxide i n the c e l l s , i n s u l a t i o n e f f e c 
tiveness would be reduced by more than h a l f . Fluorocarbons are 
the difference i n making p l a s t i c foams the best energy savers i n 
the i n s u l a t i o n marketplace. 

Thermally e f f i c i e n t foam p l a s t i c s are e s s e n t i a l i n the 
design and operation of large and small r e f r i g e r a t o r s , freezers, 
coolers and transportation equipment. Without the e f f i c i e n c y of 
fluorocarbon-containing foams, i n t e r n a l space and capacity would 
be l o s t . Also b u l k i e r , more energy - i n e f f i c i e n t r e f r i g e r a t i o n 
units would be needed. Large i n d u s t r i a l storage tanks such as 
f u e l o i l and l i q u i d natural gas tanks r e l y on sprayed-on r i g i d 
polyurethane foams which can be blown only with CFCs. There i s 
no other p r a c t i c a l way known today to insulate these tanks. 

Not only are r i g i d polyurethane i n s u l a t i n g foams energy 
e f f i c i e n t , they are durable as w e l l . Du Pont recently completed 
an accelerated aging study to determine the length of time that 
the fluorocarbon remains i n the i n s u l a t i o n . The study found 
that one-half of the fluorocarbon remained i n a one-inch t h i c k 
piece of r i g i d polyurethane i n s u l a t i o n a f t e r more than 80 years, 
and the h a l f - l i f e of fluorocarbon i n a two-inch slab of poly
styrene i n s u l a t i o n i s estimated at 75 years. 

There also are numerous advantages chlorofluorocarbons 
o f f e r s t r u c t u r a l p l a s t i c designers and molders. As the transpor
t a t i o n and construction i n d u s t r i e s become more energy-minded, 
more of those s t r u c t u r a l components are being s h i f t e d to p l a s t i c 
from metal. The optimal material of construction frequently i s 
c e l l u l a r p l a s t i c s . Reduced weight and lower costs of most 
c e l l u l a r p l a s t i c parts are possible without s a c r i f i c i n g the 
necessary strength and other a t t r i b u t e s . 

Furthermore, the use of chlorofluorocarbons i n i n j e c t i o n 
molding and reaction i n j e c t i o n molding has resulted i n more 
uniform c e l l u l a r structure, reduced weight per u n i t , better 
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surface f i n i s h , fewer r e j e c t s and, i n some cases, shorter mold
ing cycle times. Molding technology i s on the move to meet the 
new market needs, and chlorofluorocarbon blowing agents could be 
an important part of the new process innovation. 

However, there are clouds on the regulatory horizon. There 
are i n d i v i d u a l s and i n s t i t u t i o n s who si n c e r e l y believe that 
v a l i d reasons e x i s t to e s t a b l i s h government regulations to l i m i t 
or even eliminate many CFC blown p l a s t i c foam products. Since 
1971*, CFCs and p a r t i c u l a r l y CFC 11 and CFC 12 have been under 
scrutiny by s c i e n t i s t s , environmentalists, and government agen
c i e s because of a theory — based on a computer model — that 
these compounds threaten to deplete the ozone la y e r i n the 
stratosphere. 

The i n t e r n a t i o n a l
mous i n i t s i n t e r p r e t a t i o n of the theory's v a l i d i t y . Many of 
the so-called " r e a l world" atmospheric measurements remain i n 
c o n f l i c t with the predictions of the depletion theory. In 
ad d i t i o n , a n a l y s i s of a c t u a l ozone measurements taken during the 
l a s t 20 years has shown no depletion of the ozone l a y e r . 

Government and industry are funding research to determine 
conclusively whether ozone depletion a c t u a l l y has — or even 
w i l l — occur. These programs include measurement of the s t a b i l 
i t y of CFCs i n the atmosphere, i n v e s t i g a t i o n of the chemical 
reactions which may be occurring i n the atmosphere, and further 
analysis of actual ozone measurements. 

At t h i s time, s i x years a f t e r the a l l e g a t i o n s were f i r s t 
r a i s e d , the threat of any ozone depletion i s as t h e o r e t i c a l as 
the depletion theory i t s e l f . 

C. N. Masten, d i r e c t o r of Du Pont 1s FREON* Products D i v i 
s i on, noted recently i n a public statement: 

" I t makes s c i e n t i f i c and economic sense to postpone regula
tory decisions u n t i l there i s an i n t e r n a t i o n a l r e s o l u t i o n of the 
c r i t i c a l s c i e n t i f i c u ncertainties i n the ozone depletion theory. 
Even i f the theory should eventually be proved c o r r e c t , a f i v e -
year delay i n further U.S. regulatory action to allow needed 
s c i e n t i f i c research would r e s u l t only i n ozone depletion of l e s s 
than one-third of one percent." 

The conclusion i s that the r i s k of waiting i s minimal, but 
the r i s k of damage from precipitous federal regulatory action 
could be enormous. 

Nevertheless, the Environmental Protection Agency recently 
announced that i t plans to propose l i m i t i n g U.S. production of 
CFCs f o r nonaerosol uses. However, no other major i n d u s t r i a l 
ized nation followed the EPA*s lead i n banning CFCs as aerosol 
propellants i n 1978. Since ozone depletion, should i t occur, 
would be a globa l problem, i t would seem to make sense to obtain 
i n t e r n a t i o n a l agreement rather than rushing o f f to e s t a b l i s h 
another regulatory action which would place added economic 
burden on the U.S. industry and consumer. 
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A recent study conducted by B a t t e l l e Laboratories i n 
Columbus, Ohio, ("Energy Consequences of Chlorofluorocarbon 
Regulation") concluded that a t o t a l ban of CFCs would cause a 
net energy penalty of 9.5 b i l l i o n gallons of f u e l equivalent i n 
the tenth year of the ban and a cumulative t o t a l of U9.8 b i l 
l i o n gallons for the f i r s t decade following the ban. The study 
shows that nine b i l l i o n gallons of f u e l w i l l : 

Fuel 12 m i l l i o n average cars for one year (about 10$ of a l l 
cars on the road i n the United States). 

Supply enough energy f o r 11 c i t i e s the size of Toledo 
(population about 500,000)

Save l8 times the f u e l value that "gasohol  i s expected to 
provide by 1985· 

Provide the energy equivalent to k5% of current annual o i l 
production of Alaska's North Slope, 38% of o i l imports from 
Iran i n 1978 or 9.5% of t o t a l U.S. crude o i l imports i n 
1978. 

The conclusion i s s t a r t l i n g : a ban on the use of CFCs 
would ser i o u s l y aggravate already serious energy problems i n the 
U.S.A. 

The B a t t e l l e study also shows how much energy could be 
wasted i f CFCs were not a v a i l a b l e for use i n i n s u l a t i n g foams: 

ENERGY PENALTIES ASSOCIATED WITH THE ELIMINATION OF 

CFCs IN INSULATING FOAMS 

( M i l l i o n s of gallons of f u e l equivalent) 

1981 1990 Decade 

Commercial Construction 106 1565 7010 
R e s i d e n t i a l Construction 8 126 610 
I n d u s t r i a l Construction k 52 26Ο 
R e f r i g e r a t i o n 68 833 hk20 
Tanks & Pipes 30 393 20k0 
Transportation Equipment 1 10 60 

TOTAL 217 2979 

CFCs t r u l y are extenders that provide the ultimate i n 
energy e f f i c i e n c y of urethane foams. Their a v a i l a b i l i t y at 
reasonable cost i n the future may depend upon how e f f e c t i v e l y 
Americans respond to the threat of proposed regulations by our 
government· 
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There i s a p o t e n t i a l c o n f l i c t between national needs for 
energy conservation and an environmental concern based on an 
unv e r i f i e d theory. The energy-conserving contributions of CFC-
containing p l a s t i c foam i n s u l a t i o n are consistent with the goals 
of the U.S. Department of Energy. The Environmental Protection 
Agency has served advance notice of i t s i n t e n t i o n to l i m i t CFC 
production to save the environment. We a l l must c a r e f u l l y watch 
for the r e s o l u t i o n of t h i s s i g n i f i c a n t c o n f l i c t i n the near 
future· 

R E C E I V E D June 1,1981. 
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9 
Future Impact of Reduced Fire Hazards on 
Urethane Foam 

JOHN G. SCHUHMANN 

Urethane Chemicals TS&D, The Dow Chemical Company, Freeport, TX 77541 

Today science is judged equally for its perceived technical 
merit and social effect
are easily measured whil
noted or recordable. For example, society has begun to label 
urethane foams as a fire hazard. Proper management of this fire 
issue may be one of the most influential factors in future 
urethane technology and market opportunities. 

Variables that must be considered in assessing fire risk in 
upholstered furnishings will be examined in this paper. Stan
dards that have been established will be summarized and future 
standards and testing will be discussed. 

Background 

Entering the '80s the fire problem is well defined. We 
know the extent to which furniture and sleeping products are 
involved in fires, but have not been able to specifically 
identify the role of urethane foam involvement. Unmodified 
urethane foam can be ignited by open flames and burn rapidly. 
Modified urethane foams, however, are more ignition resistant. 
Most importantly, overall fire risk involves three important 
elements: l) the material ignited, 2) occupancy, and 3) the 
ignition source. Variance in these three interrelated factors 
will influence potential fire risk (Figure l ) . 

Apart from these technical considerations, of course, fire 
risk is an emotional issue. Measuring the value of human life 
and the social effects of fire are highly abstract and remain 
the most difficult hurdles in establishing fire risk criteria. 
This paper will attempt only to describe the technical variables 
of assessing fire risk. 

Knowing the technical elements illustrated in Figure 1, a 
fire hazard expert can reconstruct a fire event. The overall 
fire problem then is assessed by the number and magnitude of 
those individual fire events. For example, residential fires 
accounted for 95% of al l structural civilian fatalities in 1977· 
About one-quarter of that group started with furniture and 18% 
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with sleeping products. In f u r n i t u r e - r e l a t e d f i r e s , c i g a r e t t e 
i g n i t i o n s caused ten times as many f a t a l i t i e s as small open 
flame i g n i t i o n s . For mattresses, the r a t i o i s 5:1· C l e a r l y , 
c i g a r e t t e - related accidents are preeminent i n f i r e f a t a l i t i e s 
c l a s s i f i e d " r e s i d e n t i a l " occupancy 

In evaluating f i r e s t a t i s t i c s , i t i s important to recognize 
that these numbers are extrapolated from only a few recorded 
actual cases. For instance, the Consumer Product Safety Commis
sion (CPSC) report on upholstered f u r n i t u r e flammability shows a 
t o t a l of only three f a t a l i t i e s recorded for upholstered f u r n i 
ture f i r e s i n i t i a t e d from open-flame sources for the states of 
C a l i f o r n i a and Ohio i n 1977· A single m u l t i - f a t a l i t y f i r e could 
dramatically change thos  number  happened i  1976  That 
year only one f i r e wa
l i g h t e r . 

The urethane industry has a keen i n t e r e s t i n a l l t h i s a c t i v 
i t y because a l o t of f l e x i b l e urethane foam goes into upholstered 
f u r n i t u r e and bedding made today. A very high percentage of ure
thane foam goes into products where strong codes are now i n 
place. About 70% of the f i r e s are i g n i t e d and more than 95% of 
the f a t a l i t i e s occur i n the r e s i d e n t i a l market which represents 
83% of the t o t a l volume. Most a u t h o r i t i e s r e l a t e t h i s high 
f a t a l i t y p r o f i l e to the lack of public awareness of f i r e hazards 
(Figure 2). 

The following two l i m i t e d studies dispute the assumptions 
that h a l f these upholstered f u r n i t u r e related f i r e deaths 
involved urethane foam. These studies also r e f l e c t the s i g n i 
ficance of analyzing the f i r e problem from a composite perspec
t i v e rather than by simply evaluating the components 
i n d i v i d u a l l y . 

One federal study reports 185 random incidents i n which 
upholstered f u r n i t u r e was the f i r s t item to i g n i t e . In that 
study the National Bureau of Standards T e x t i l e Chemists coded 
the composition of inner layer substrates. Seven percent were 
coded as urethane and 13% were combinations of c e l l u l o s i c and 
urethane materials. 

The report also shows only 50% of the outer f a b r i c s weighed 
more than 20 oz. per yard while 95% weighed 12 oz. per yard. 
Approximately 90% of the f a b r i c s were c e l l u l o s i c . In a d d i t i o n , 
nearly 90% of the f u r n i t u r e incidents were coded "ciga r e t t e 
i g n i t e d . " The prominent roles of c i g a r e t t e i g n i t i o n and c e l l u 
l o s i c f a b r i c i n f a t a l scenarios i s apparent i n t h i s study. 

In a second study, only about 6% of the f i r e s recorded 
started i n occupied patient rooms where urethane foam might be a 
contributor to f i r e spread. According to the study of f i r e s i n 
75 Massachusetts h o s p i t a l s , 11% were i n unoccupied areas where 
urethane foams could not be ruled out. However, kl% of the 
f i r e s started i n areas where urethane foam would not normally be 
present. In t h i s case, upholstered f u r n i t u r e with urethane com
ponents probably did not play a s i g n i f i c a n t role i n t h i s i n s t i t u 
t i o n a l f i r e s e t t i n g . 
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Occupancy Ignition Source Material Ignited 

Institutional 2% Open Flame 8% 

Figure 1. Interrelated flammability considerations. 

13.9% 

Figure 2. The 1978 occupancy percentages/use of urethane foam. 
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These studies and a d d i t i o n a l data suggest that generic ban
ning of urethane foam w i l l not solve the problem since the v a r i 
ables are numerous and complex. Tools to assess component, 
composite and o v e r a l l system performance w i l l be needed. Based 
on these c r i t e r i a some urethane materials w i l l be accepted while 
others w i l l not be marketed. Developing r e l i a b l e assessment 
c r i t e r i a has progressed s i g n i f i c a n t l y and w i l l continue to do so 
during the '80s. 

A det a i l e d consideration of the following key variables i n 
r i s k assessment w i l l help to set the stage for discussion of 
future standards work. 

Variables: I g n i t i o n Sourc

A c i g a r e t t e i g n i t i o n test requirement for mattresses has 
existed since 1973 i n the U.S. The CPSC has studied the e f f e c 
tiveness of that test and confirmed a d e f i n i t e reduction i n 
f a t a l i t i e s a t t r i b u t e d to c i g a r e t t e i g n i t e d f i r e s over the four-
year existence of the standard. Mattresses containing f l e x i b l e 
urethane foam meet the requirements of t h i s c i g a r e t t e i g n i t i o n 
test (Figure 3)· 

This rapid s t a t i s t i c a l response in reducing mattress smol
dering f i r e losses i s g r a t i f y i n g . Yet there i s controversy 
about whether the improvements were caused by the standard or by 
public education. "Learn Not to Burn" and other educational 
programs developed by the National F i r e Protection Association 
and the Society of the P l a s t i c s Industry (SPl) seem to have been 
instrumental i n increasing public awareness of f i r e hazards. 
These should be recognized as e f f e c t i v e tools to help the 
general public prevent and respond to f i r e s . 

The other type of i g n i t i o n source considered i n s e t t i n g 
standards i s the open flame. To date the federal government has 
not taken action to set standards to reduce the r i s k of open 
flame i g n i t i o n . However, industry has demonstrated i t can estab
l i s h e f f e c t i v e f i r e t e s t i n g and standards i n l i e u of federal 
codes. 

This has also been accomplished i n c i g a r e t t e smoldering 
standards. The Upholstered Furniture Action Council (UFAC) 
designed i t s own proposal e s t a b l i s h i n g a national industry 
voluntary program of f u r n i t u r e construction standards. Thus, 
industry has produced upholstered f u r n i t u r e that i s more r e s i s 
tant to c i g a r e t t e i g n i t i o n than i n the past. The progress of 
t h i s UFAC program suggests that the CPSC w i l l have no reason to 
regulate because industry w i l l have accomplished and exceeded 
the federal objectives. 

At the state l e v e l , C a l i f o r n i a has been the leader in hand
l i n g the f i r e problem. This state requires a l l f l e x i b l e ure
thane foams used i n fur n i t u r e to be flame retardant ( i . e . , to 
pass a v e r t i c a l open flame test and smolder r e s i s t a n t screening 
as set f o r t h i n the test requirement of the C a l i f o r n i a Bureau of 
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Home Furnishings B u l l e t i n 117)· This state has been successful 
i n acting on the f i r e problem p r i m a r i l y because C a l i f o r n i a i s 
required by state law to take that s p e c i f i c approach toward 
flame resistance unlike the CPSC which i s under general Con
gressional order to reduce f i r e deaths and losses. 

In summary, cigaret t e smoldering and open flame are the two 
types of i g n i t i o n considered in assessing f i r e r i s k . Federal 
c i g a r e t t e standards are i n place for the mattress industry. 
Industry has been the leader i n c i g a r e t t e i g n i t i o n t e s t i n g for 
f u r n i t u r e . An e f f e c t i v e open flame standard has not been 
accepted, but industry and state governments are working toward 
that goal. 

Variables: Occupancy 

Three primary occupancy c l a s s i f i c a t i o n s are used i n f i r e 
r i s k assessment : r e s i d e n t i a l , i n s t i t u t i o n a l and commercial. 
The Urethane D i v i s i o n of the SPI recently conducted an examina
tio n of a l l major areas i n which f l e x i b l e urethane foams are 
used. In June, 1979 they reported : 

"Combustibility performance standards for products i n 
which f l e x i b l e polyurethane foams, or other combus
t i b l e material are used should vary according to types 
of occupancies and c e r t a i n other end use conditions." 

This means that performance standards for c e r t a i n high r i s k 
areas (such as penal and medical i n s t i t u t i o n s , places of public 
assembly and mass transportation) should be d i f f e r e n t than those 
for r e s i d e n t i a l or private transportation. 

In high r i s k areas a greater chance of open flame i g n i t i o n 
e x i s t s whether a c c i d e n t i a l or i n t e n t i o n a l . Other problems i n 
these areas include l i m i t e d m o b i l i t y and high r a t i o s of 
occupancy. 

Non-residential f i r e incidences may be few but they are 
often s i g n i f i c a n t i n severity and are highly v i s i b l e events. 
They represent a major thrust for future standard research. 

Variables: Construction and Fabric 

The f u r n i t u r e industry i s also adapting to address the 
problems presented by f a b r i c and construction i n the f i r e r i s k 
of upholstered f u r n i t u r e . S p e c i f i c a l l y they are t r y i n g to 
improve c i g a r e t t e smoldering resistance i n f u r n i t u r e . 

The dilemma of the f u r n i t u r e industry i s the overwhelming 
customer appeal of c e l l u l o s i c f a b r i c s , though these f a b r i c s 
represent s i g n i f i c a n t f i r e r i s k around c a r e l e s s l y handled c i g 
a rettes. In comparison, most common synthetic f a b r i c s are 
poorly rated i n customer appeal even though they may be a 
s o l u t i o n to the ci g a r e t t e i g n i t i o n problem. 
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Many f u r n i t u r e manufacturers have chosen to r e t a i n c e l l u 
l o s i c f a b r i c s and meet UFAC standards by changing construction 
design. Upholstered f u r n i t u r e construction can be complex. 
Some design requirements d i c t a t e d i f f e r e n t seating and back 
constructions. Block forms are predominantly urethane foam 
construction; q u i l t e d or designed backs are upholstered by a 
fiberpacking technique. Reducing f i r e hazard p o t e n t i a l i n block 
urethane seat cushions would mean a s i g n i f i c a n t construction 
adaptation for the fu r n i t u r e industry. The q u i l t e d or designed 
back construction, on the other hand, would require a simple 
component replacement. 

Unfortunately, because upholstered f u r n i t u r e manufacturers 
are wood and upholster
l e a s t important. Th
precut foam with a fabric covering. Some manufacturers choose 
to add a garnetted f i b e r f i l between the foam and fab r i c covering 
for a plush look and f e e l . Some foamers reproduce t h i s by 
adhering two grades of foam into one item. A t h i r d type of 
construction uses woven f a b r i c s or s o l i d foams as b a r r i e r s to 
reduce open flame combustion of fu r n i t u r e and mattresses used i n 
the commercial or i n s t i t u t i o n a l markets (Figure k). 

The mattress market his t o r y provides an i n t e r e s t i n g view of 
one industry's response to the forced introduction of a flamma-
b i l i t y standard. The message of adaptation, rather than com
plete change, i s perhaps a preview of the future for the 
fu r n i t u r e industry. Whatever the combination of fa b r i c and 
construction, industry recognizes the importance of these 
var i a b l e s i n the o v e r a l l assessment of f i r e r i s k and has adapted 
manufacturing to reduce f i r e hazards. 

Future Testing, Standards and Industry Action 

F i r e codes or standards have governed urethane business for 
some time and have played a prominent ro l e i n the creation of 
bu i l d i n g codes. Unfortunately, f i r e s t a t i s t i c s currently are 
based on a minimum number of c o l l e c t e d f i r e cases which become 
the base for regulatory a c t i v i t y that impacts industry and 
consumers. 

At f i r s t , property protection was the key concern to those 
studying f i r e hazards. However, during the past decade an empha
s i s s h i f t has refocused attention to the non-structural and per
sonal l i f e safety parameters of f i r e . Many technical codes and 
standards r e f l e c t t h i s s i g n i f i c a n t progress of the past decade 
(Figure 5)· This chart i n 1 9 8 9 would show further changes i n 
future flammability standards. 

An analysis of the impact of some of the current standards 
r e f l e c t s a trend which may continue through the ' 8 0 s . For 
instance, the federal c i g a r e t t e i g n i t i o n standard imposed on the 
mattress industry i n 1 9 7 3 resulted i n l i t t l e change i n the pene
t r a t i o n of f u l l foam mattresses into a dominantly innerspring 
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Change in bed-related fire/burn fatalities, -28% 
1974-1978 

Change in number of fire/burn fatalities +17% 
in private dwellings, 1974-1978 

Change in number of fire/burn fatalities, -13% 
1974-1978 

Source: Consumer Product Safety Commission Report 
dated 1980. 

Figure 3. Effectiveness of FF4-72 federal cigarette mattress standard (enforced 
December 1973). 
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Figure 4. Construction options. 

Figure 5. Flammability standards. 
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economy. I t d i d , however, r e s u l t i n a q u i l t replacement and a 
50% switch to urethane foam toppers. Innersprings, however, 
remain unchallenged i n the r e s i d e n t i a l bedding market. 

By contrast i n s t i t u t i o n a l and prison mattress markets have 
s p e c i a l needs best met by a urethane core type mattress. These 
include the need for repeated s a n i t i z i n g and reduced handling 
weight. In prisons, mattresses must be designed to control h i d 
den contraband as w e l l . While t h i s market volume i s only f i v e 
m i l l i o n pounds per year, i t demands open-flame r e s i s t a n t foam. 
I t i s a very v i s i b l e market and regulations developed for t h i s 
market w i l l p o t e n t i a l l y impact the r e s i d e n t i a l sector. 

As we enter the '80s, several future flammability standards 
are i n i n i t i a l stages
sid e r i n g more s t r i c t performanc
some s p e c i a l i s t s believe a l l foam components should pass 
Cal. 117 v e r t i c a l open flame t e s t i n g requirements. Others, 
including CPSC and UFAC representatives, believe f i n a l composi
tion performance must be the bottom l i n e i n s e t t i n g standards. 
However, long-term composite tes t i n g and open-flame test i n g w i l l 
be stressed i n the industry. F i r e growth rates w i l l be the 
basis f o r performance standards i n the i n s t i t u t i o n and commer
c i a l a p p l i c a t i o n s . 

There w i l l be two p a r a l l e l thrusts based on composite and 
component solutions. The composite thrust w i l l be the i n i t i a l 
area of concentrated tests and standards. This emphasis w i l l be 
succeeded by a series of component or product related solutions 
l i k e the UFAC l a b e l i n g and i n t e r l i n e r approaches (Figure 6). 

Though the standards at destination I have been established 
for component foam t e s t i n g , they w i l l become secondary to the 
national industry voluntary controls as outlined i n the UFAC 
program. 

In the next two steps the r e s i d e n t i a l upholstered f u r n i t u r e 
questions should be resolved. The second destination i s an 
appropriate open flame composite assessment test along with an 
improved UFAC cig a r e t t e resistance t e s t . The t h i r d destination 
w i l l be development of a foam that meets UFAC l a b e l i n g test 
requirements and replaces t h e i r construction approach. 

F i n a l l y , urethane foams w i l l have a flammability perfor
mance permitting t h e i r general use i n non-residential occu
pancies. These would include high r i s k mattress and l a t e r 
f u r n i t u r e uses. 

Some d i f f i c u l t y has arisen i n determining appropriate tests 
for s e t t i n g these standards. Cigarette smoldering i g n i t i o n 
t e s ts are predictable because the i g n i t i o n sequence can be 
reasonably defined. Fine tuning i s needed, but f i r e experts are 
relaxed with today's c i g a r e t t e i g n i t i o n t e s t i n g as b a s i c a l l y 
r e a l i s t i c . 

By contrast, the possible i g n i t i o n scenarios are so broad 
for open or diffused flame, f i r e s , that many d i f f e r e n t tests 
have been derived. Though each of these tests has merit, no 
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single method has gained universal acceptance. Consequently, an 
established B r i t i s h f u r n i t u r e standard has been recognized for 
i t s varied i g n i t i o n source resistance and i s the proposed 
European Common Market standard. This concept was used i n the 
prison mattress program at the C a l i f o r n i a Bureau of Home 
Furnishings and the Metro Bus Project at the National Bureau of 
Standards. 

In summary, reducing f i r e hazard — not passing tests — i s 
our industry's goal. We must be a l e r t to the status and changes 
i n our nation's f i r e experience. We are doing t h i s coopera
t i v e l y through industry groups l i k e the Urethane D i v i s i o n of 
SPI. 

Business Impact 

The era of composite solutions w i l l be 1980-83 (Figure 7) · 
Changes w i l l occur i n foam use but no dramatic change i n present 
urethane foam f i r e property mix i s expected during t h i s period. 
In s e t t i n g standards for the industry, UFAC s voluntary program 
w i l l gain national prominence. The C a l i f o r n i a standard w i l l 
change i n importance from foam con t r o l to become the c a t a l y s t 
for f a b r i c improvement. 

UFAC ' s l a b e l i n g program does not c a l l for a unique f i r e 
performing foam unless UFAC q u a l i t y i s a v a i l a b l e . That q u a l i t y 
w i l l not be commercially achieved during t h i s three-year period, 
thus we do not look for a s i g n i f i c a n t s h i f t i n the f i r e perform
ance mix of the urethane foam sold. 

During t h i s period, use of c e l l u l o s i c upholstery f a b r i c s 
could be reduced to a 50% market share to re t a i n as much engi
neered construction as possible. In accordance with UFAC c r i 
t e r i a , construction w i l l be employed to meet UFAC standards. 
However, there may be a higher value placed on urethane foams 
for use with synthetic upholstery f a b r i c s . Commercial and 
i n s t i t u t i o n a l markets w i l l choose "C" type constructions or 
sp e c i a l i z e d combustion r e s i s t a n t foam but market impact w i l l be 
minor. 

The era of component solutions for the r e s i d e n t i a l f i r e 
problem should begin about 1984. In the f u r n i t u r e market both 
foam and fa b r i c w i l l meet UFAC requirements i n order to pass 
smoldering t e s t s . During t h i s stage a dramatic change should 
take place i n the f i r e performance property mix of foams sold 
into the fu r n i t u r e industry. Creative technology w i l l achieve 
cost e f f e c t i v e foams that c o n t r o l smoldering and demonstrate 
open flame resistance as defined by Cal. 117· The upholstered 
f u r n i t u r e industry w i l l then revert back to conventional 
constructions and pay a premium price for foam. 

Concurrently the fa b r i c industry w i l l announce a s i m i l a r 
achievement for c e l l u l o s i c upholstery f a b r i c s . These w i l l be 
treated for a class "A" ratin g without property penalty. While 
the c l a s s "A" heavyweight cotton upholstery f a b r i c represents a 
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1985 
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IV. HIGH RISK FURNITURE AND 
BEDDING STANDARD 

High Risk Performance Standard 

III. UFAC FURNITURE SMOLDERING 
RESISTANCE STANDARD 

High Risk Construction Criteria 
II

I. CAL. 117 SMOLDERING/OPEN FLAME 
COMPONENT TEST 

High Risk Test Concept 

UFAC Construction Criteria 

PRODUCT APPROACH Composite Approach 

Figure 6. Flammability standards and action during the 1980's. 
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Figure 7. Market changes due to flammability concern: residential upholstered 
furniture. 
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UFAC smoldering s o l u t i o n , i t also i s the most p r a c t i c a l open-
flame i g n i t i o n solution for the upholstered f u r n i t u r e market. 

By 1 9 8 6 , the impact on urethane foam w i l l be a conversion 
to about k0% UFAC grade foam for the fu r n i t u r e industry. An 
estimated 10% of the upholstery f a b r i c s w i l l be cotton. S i x t y 
percent of that w i l l be UFAC "A" grade. I n d i v i d u a l l y , f u r n i t u r e 
manufacturers w i l l choose either or both solutions but i t w i l l 
be common to revert back to conventional construction. 

Not only w i l l an i n d i v i d u a l product r i s k performance be 
questioned, but i t s rol e i n the o v e r a l l environment w i l l be 
brought into focus. This era of the l a t e ' 8 0 s , therefore, may 
be c a l l e d the era of environmental or system solutions as 
d i f f e r e n t i a t e d from component  composit  solutions

We have an opportunit
benefit society by ou  struggl g
i s a challenge the urethane industry has already begun to meet. 

Summary 

This paper recognizes the presence of a f i r e - r i s k i n many 
products, as we l l as components. F i r e r i s k was described by 
s t a t i s t i c s f o r products that contain urethane foams. Those 
products can be related to f i r e f a t a l i t i e s , i g n i t i o n source, or 
occupancy facto r s . The federal data c o l l e c t e d about frequency 
and consequences of our nation's f i r e losses cannot t e l l us 
which, or how many, of these products did contain urethane foam. 
Our a v a i l a b l e data i n that area cannot give a persuasive 
d e s c r i p t i o n of the s i t u a t i o n . 

The paper presents evidence to show that the urethane i s o 
cyanate industry i s doing something to minimize f i r e r i s k asso
c i a t e d with i t s materials. The framework of codes and standards 
now i n place should lead to a future reduction of f i r e losses. 
S t i l l , we are not sure we have f u l l y resolved the question of 
"how to" assess f i r e r i s k . But, as an industry we are working 
on that and our route i s i n place. 

For the urethane industry, the immediate future w i l l be 
affected only by a s l i g h t decrease i n the volume of foam used by 
the f u r n i t u r e industry with no change i n present combustion 
performance mix. 

This i s the r e s u l t of the fur n i t u r e industry's option for 
construction adaptation, rather than component change. 

Component solutions i n foam and fa b r i c w i l l characterize 
1983 to I 9 8 6 . Foam w i l l reclaim i t s market p o s i t i o n and a 
s i g n i f i c a n t portion of foam sold w i l l be highly r e s i s t a n t to 
smoldering. F o r t u i t o u s l y , the best open flame solution w i l l be 
a by-product of t h i s a c t i v i t y . 

The l a t e '80s w i l l f i n d the urethane market affected by the 
rougher problems of managing more severe open-flame f i r e s i t u a 
t i o n s . The i n s t i t u t i o n a l market size involved w i l l be small, 
but w i l l have a subtle e f f e c t on the r e s i d e n t i a l market for 
urethane foams. 
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We must communicate to a l l users of urethane foam accurate 
f i r e r i s k information. SPI 1 s b u l l e t i n , "Using F l e x i b l e Urethane 
Foams Safely" and other safety documents are valuable only as 
they are read and understood. This i s a c r i t i c a l task. 

Foam w i l l burn. Though we make i t more i g n i t i o n r e s i s t a n t 
or slower i n f i r e growth, the r e a l test i s i n the fi n i s h e d prod
uct 1 s performance. Today's urethane foam fi n i s h e d products are 
improving our q u a l i t y of l i f e and w i l l have an even more 
p o s i t i v e impact on reducing f i r e hazard i n the future. 

RECEIVED April 30, 1981. 
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The Effects of Regulatory Actions on the Marketing 
of Rigid Polyurethane Foam Insulation 

ROBERT G. PILMER 

CPR Division, The Upjohn Company, Torrance, CA 90503 

It is estimated that 615 million pounds of rigid poly
urethane foam were made
foamed plastics has been growing at an annual 15 percent rate 
for the last few years. It is projected that similar growth may 
resume in future years. The construction market is the key to 
future growth, as the greatest share of rigid polyurethane foam 
is used in thermal insulation applications. 

The rate of buiding construction has been down for some 
while due to high interest rates and the scarcity of funds. 
This condition is expected to improve gradually. The consump
tion of rigid polyurethane foams as thermal insulation can be 
expected to increase with the renewed building activity. 

Regulations in various stages of adoption require energy 
conservation in the design of new buildings. The installation 
of thermal insulation is one of the means of meeting these pro
posed energy conservation standards. The Federal Department of 
Energy has a proposal out for comment called Energy Performance 
Standards for New Building(2). The state of California has 
also moved in this direction(3). As standards of this sort are 
introduced, the demand for thermal insulation for new construc
tion should increase sharply. Because of their high thermal 
resistance, chlorofluorocarbon (CFC) blown rigid polyurethane 
foams may gain a greater share of this market in the future. 

Thermal insulation materials are rated by their resistance 
to heat flow. This is generally stated as the "R" value. The 
greater the R value, the better the insulation. Let us consider 
insulation sufficient to give an R of 19. In conventional 2 x 4 
stud construction, sufficient thicknesses of some types of 
insulating material s cannot be emplaced in the nominal 3-5/8 
inch space avail able to yield an R-19 rating. On the other 
hand, this level of thermal resistance can be achieved easily 
within this space when it is filled with a rigid CFC blown poly
urethane foam. In addition, rigid polyurethane foams sprayed-in-
place effectively seal the structure against air infiltration, a 
benefit derived from few other types of insulation. 

0097-6156/81/0172-0113$05.00/0 
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Like most materials that have become a s i gn i f i cant item of 
commerce, r i g i d polyurethane foams have become regulated. When a 
regulation i s f i r s t introduced, i t i nh i b i t s the sales of the 
affected materia ls , and the experience with r i g i d polyurethane 
foams has been no exception. What follows i s a descript ion of the 
actions of four di f ferent types of organizations that wi l l a f fect 
the future sales of r i g i d polyurethane foams. 

The Model Bui lding Codes 

Approximately 55 percent of the sales of r i g i d polyurethane 
foams has been in the construction market in recent years. This 
has not always been so. The uses and qua l i t i e s of materials used 
in construction are regulate
Generally, the local governing body adopts one of the model 
bui lding code s . Three organizations presently write these 
model codes: The International Conference of Bui lding O f f i c i a l s 
(ICBO), Building O f f i c i a l s and Code Administrators (BOCA), and 
The Southern Building Code Congress (SBCC). Each organization 
provides a means for bui lding o f f i c i a l s , a rch i tec t s , engineers, 
e tc . to meet with the i r peers, exchange ideas, and act to 
regulate building construction in a uniform manner. 

Rigid polyurethane foams were not considered d i s t inc t i ve in 
the way they burn and were regulated, along with a l l other 
bui lding materia ls , sole ly on the basis of flame spread*. 
(^References to flame spread or numerical flame spread ratings 
throughout th is paper are not intended to re f l ec t hazards 
presented by these or any other materials under actual f i r e 
condit ions. ) The surface burning characte r i s t i cs (flame spread 
rating) of construction materials i s determined by a procedure 
ca l l ed a tunnel tes t . For most appl icat ions a maximum flame 
spread rating of 75 or 200 was considered su i tab le . In the late 
I960's, r i g i d polyurethane foams able to meet these flame spread 
requirements were finding the i r way into more and more 
construction appl icat ions . Because of the i r high insulat ion 
e f f i c i ency , architects and builders were becoming increasingly 
interested in polyurethane foams. It was not c lear to either the 
polyurethane industry or to the construction industry that foamed 
p las t i cs could present an unacceptable f i r e r isk i f l e f t exposed 
in an in t e r i o r app l icat ion , and no special precautions for 
i n s t a l l a t i on were recommended. As a consequence, some foamed 
p l a s t i c s were ins ta l l ed on the insides of buildings and l e f t 
exposed or given only a coat of ordinary paint . In l i gh t of 
today's knowledge, these were misapplications of the product. 

In 1974, the Federal Trade Commission brought i t forc ib ly to 
the attention of 26 manufacturers of foamed p l a s t i c s , raw 
material suppl iers , and The Society of the P las t ics Industry 
that , among other things, the tunnel test did not correct ly 
evaluate the actual f i r e hazards of these mater ia ls . Ttie 
bui lding codes responded accordingly, and the f i r s t code language 
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spec i f i c a l l y addressing foamed p las t ics was introduced. As often 
happens, the result ing regulatory actions were not inc lus ive and 
are probably excessive. At best, i t must be stated that there 
are inequit ies in the present bui lding codes. Here b r i e f l y are 
the key points in the building codes of today. 

1. A l l foamed p las t i cs shall be covered by a thermal 
barr ier with the i gn i t ion inh ib i t ing characte r i s t i cs of 
1/2 inch gypsum wall board (15-minute f in i sh rat ing ) . 

2. The foamed p l a s t i c , when tested in the thicknesses 
intended for use, shall have a flame spread rating no 
greater than 75 and a smoke developed rating of no 
greater than 450

3. Each building code has a l i s t of spec i f ic conditions and 
requirements for the use of foamed p l a s t i c s . Typ i c a l l y , 
these cover t r im, masonry construct ion, cold storage 
bui ld ings , metal faced bui lding un i ts , roofing 
appl icat ions , doors and exter ior sheating. 

4. Alternate materials or conditions of use may be 
permitted i f d i ve r s i f i ed tests establ ish that the intent 
of the code has been s a t i s f i ed . 

These regulations, although conservative, are atta inable . 
The ef fect of these bui lding codes has been to i n h i b i t the sales 
of r i g i d polyurethane foams. Conversely, competing thermal 
insulat ion materials have benefitted from the r e s t r i c t i ons placed 
on foamed p l a s t i c s . However, I fear that had not these 
regulations been put into e f fect , incidents involving the 
misapplication of r i g i d foamed p las t i c s might be occurring with 
alarming frequency. The news media have been known to pick up on 
a series of incidents and prepare an expose. A series of such 
a r t i c l e s has appeared in The Los Angeles Times. The a r t i c l e s 
were c r i t i c a l of the combustible nature of f l ex ib le polyurethane 
foams. Statements made in these a r t i c l e s have been interpreted 
by some as applying equally to r i g i d foams. This includes some 
of the less knowledgeable bui lding o f f i c i a l s. The bad press for 
f l ex ib le polyurethane foams has effected the perception of r i g i d 
polyurethane foams. Frankly, I would rather have a r e s t r i c t i v e 
regulation than a bad press. 

Where the building codes have been enforced, r i g i d 
polyurethane foams have established a remarkably good f i r e - l o s s 
record. I feel that we are regarded with far less suspicion 
today than we were four or f ive years ago and that acceptance has 
contributed greatly to the increased sales of the past few years . 

I would l i k e to c i t e an example of a manufacturer who has 
taken note of the bui lding codes and created a new product in 
response. In dry, windy weather, f i r e can jump from bui lding to 
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bui lding by burning brands being blown from roof to roof. This 
has placed the wood shingle manufacturers in a d i f f i c u l t 
pos i t ion . The f i r e experience for wood shake roof ing, with the 
current trend towards bui lding houses c loser and c loser together, 
has been gradually getting worse. The county of Los Angeles 
recently acted by banning untreated wood shingles for roofs. 

This part icu lar manufacturer created a composite panel 
consist ing of a g lass - f iber reinforced p l a s t i c outer shel l backed 
with a r i g i d polyurethane foam. The product looks l i k e a c luster 
of hand s p l i t wood shakes. When i n s t a l l ed , the panels inter lock 
and look exactly l i ke a shake shingle roof to the casual 
observer. These panels have been tested and quali fy as a Class A 
bui l t -up roof covering. In addit ion, they provide a much greater 
resistance to the transmissio
The panels are fast and easy to i n s t a l l and quite durable. 

In the future, I ant ic ipate greater acceptance of r i g i d 
polyurethane foams in construction appl icat ions , and with the 
greater acceptance wi l l come growth. I would also ant ic ipate 
that the inequit ies in the bui lding codes wi l l be dealt with. 
Whether these changes wi l l take the form of greater r e s t r i c t i ons 
on competing materials or less r e s t r i c t i ons on r i g i d polyurethane 
foams, I cannot predict . Either event w i l l be beneficial to the 
growth of the r i g i d polyurethane foam market. Las t l y , innovative 
ways of using r i g i d polyurethane foams, such as the roof panels I 
have discussed, w i l l surely occur. These new appl ications w i l l 
also add to the growth. 

The Insurance Services Off ice 

There i s a second type of organization which has had an 
influence on the properties of materials used in bui lding 
construct ion. That organization i s the insurance c a r r i e r . If 
the c a r r i e r who insures a bui lding disapproves of a material used 
in i t s construct ion, or the manner in which the material i s used, 
i t can impose a substantial d is incentive to i t s use by increasing 
the insurance premiums on the bu i ld ing . Such an occurrence has 
taken place with the Insurance Services Off ice (ISO) in the 
preparation of the i r Commercial F i r e Rating Schedule ' ! ) . They 
have reached a conclusion in the i r rat ing factors for foamed 
p las t i c s which simply does not correlate with the facts . In 
the i r judgment, less property damage i s l i k e l y to occur using 
exposed 25 flame spread foam (30 percent increase in rating 
factor) than with a 75 flame spread foam ins ta l l ed behind a 15 
minute thermal barr ier (50 percent increase in rating factor ) . 
It i s most d i f f i c u l t to understand how they reached th is 
conclusion. Certainly the Federal Trade Commission, the code 
writing organizations, and the foamed p las t i c s industry would 
disagree. In my experience, a low flame-spread rating for a 
r i g i d polyurethane foam when l e f t exposed does not produce a 
lower level of l i f e safety hazard or expected damage level than 
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that which can be expected from a product with a somewhat higher 
flame spread rating but ins ta l l ed behind an i g n i t i o n - i n h i b i t i n g 
thermal ba r r i e r . Fortunately, most people wi l l follow the 
building codes and wi l l i n s t a l l an i gn i t ion barr ier over the 
foamed p l a s t i c . This rating schedule does not, in my judgment, 
f a i r l y evaluate the differences in performance between products 
with di f ferent flame spreads. These differences are much smaller 
than the rating schedule would have you bel ieve. Secondly, th i s 
rating schedule penalizes foamed p l as t i c insulat ion covered with 
a thermal barr ier disproportionately to other types of i n su l a 
t ions . 

I continue to receive c a l l s from our f i e l d sales represen
tat ives in which the i r customer
several recent contacts
spread foam in a roof in spite of the fact that the foam we 
proposed to offer i s c l a s s i f i e d by the Underwriters Laboratories 
as a component in a Class A bui l t -up roof covering and the 25 
flame spread rated foam chosen has not been rated in roof ing. 
The extra cost for a 25 flame spread rated foam often causes the 
buyer to think twice and reconsider the use of a polyurethane 
foam. The requirement for a 25 flame spread foam in roofing 
seems par t i cu la r ly inappropriate since unregulated asphalt, t a r , 
and roofing f e l t s would be permitted and at no penalty 
whatsoever. 

The ISO rating schedule i s used mostly by the insurance 
companies who write po l i c ies on small industr ia l bui ld ings . 
Large factories are insured by organizations such as Factory 
Mutual, and homes are insured by companies who, to th is point , 
don't care what type of insulat ion i s used in the construction of 
the house. 

If organizations, such as the Society of the P l a s t i c s 
Industry, and the individual members of the foamed p l a s t i c s 
industry can persuade ISO to examine the i r loss record more 
c r i t i c a l l y , I feel confident that a f a i r e r rat ing schedule w i l l 
be forthcoming. When th is takes place, increased sales of r i g i d 
polyurethane foams should resu l t . 

R-Value Representations 

As noted previously, thermal insulat ion materials are sold 
on the basis of R-values. The higher the R-value, the better the 
insu la t ion . Regulations to insure that accurate representations 
are made about the e f f ic iency of thermal insulat ion materials are 
appearing in many places around the country. Such a regulation 
i s in ef fect in the state of Ohio The Federal Trade Commis
sion has promulgated such a rule to be in ef fect nationwide. 
However, congressional action prevented the implementation of 
th is regulation from l a s t August unti l th i s June. The state of 
Ca l i f o rn i a also has adopted a s imi lar ru l e , but i t was enjoined 
by a Ca l i f o rn ia court act ion . The pr incipal motivation for these 
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regulations i s to see that the consumer has accurate information 
upon which to make a decision when he selects insulat ion for his 
home. One of the key features of each of these regulatory 
actions i s that a l l statements about the thermal resistance of a 
product (R-value) must be backed up with substantiating test 
data. In each case, where a regulation has been challenged in 
court, the matter of the substantiating test data i s at issue. 
As example, a r i g i d polyurethane insulat ion manufacturer may not 
make the statement that 5-1/2 inches of his product has an 
R-value of 34 unless he has tested samples 5-1/2 inches thick and 
the product, indeed, had an R-value of 34. That sounds f a i r 
enough. But, test instruments that w i l l accomodate samples of 
th i s thickness are extremely scarce. Rigid polyurethane foams 
are quite e f f i c i en t insu lators
required to achieve large R-values. In the case of the less 
e f f i c i en t insulat ion materia ls , R-value of 34 can be achieved 
only with thicknesses far greater than can be accomodated by any 
test instrument. Therein l i e s the bat t l e . 

The FTC trade regulation rule w i l l now go into ef fect 
September 29, 1980 except f u l l thickness test ing w i l l not be 
required. When the National Bureau of Standards has thick 
ca l i b ra t ion standards avai lab le , the FTC expects to implement the 
f u l l thickness testing requirement of the trade regulation ru l e . 
The new NBS reference standards should be avai lable January 1, 
1981. S imi l a r l y , after a one-year delay, the Ca l i f o rn ia Energy 
Commission i s moving ahead to put the i r insulat ion standards into 
e f fect . Additional hearings were conducted Wednesday, August 27, 
1980. The l i t i g a t i o n , which was the cause of the suspension, has 
been terminated. 

Rigid polyurethane foams have a special problem when i t 
comes to making a f a i r statement about the i r R-values. Essen
t i a l l y , a l l of these products are expanded with chlorof luoro-
carbon 11 (CFC-11), which i s trichlorofluoromethane. At the time 
of formation, a l l of these materials have essent ia l ly the same 
R-value of about 7.5 to 8.0 per inch of thickness. At one time, 
that i s how these products were marketed. The i n i t i a l thermal 
resistance, however, changes with time. Where the foamed p l a s t i c 
i s exposed to a i r , the a i r migrates into the c e l l s , d i l u t ing the 
chlorofluorocarbon gas. The thermal resistance decreases when 
th i s takes place. This i s a slow process and may go on for 
years. To the extent that the foam i s sandwiched between a i r 
impervious skins, the process i s a l l but halted. 

Recall that the bui lding codes do not permit foamed p l a s t i c s 
to be l e f t exposed in any construction app l icat ion . Hence, there 
are always facings in close proximity to the foamed insu la t ion . 
To the extent that the facings are impermeable and are t i gh t l y 
attached, a i r intrusion i s halted. On the other hand, some 
surfacing materia ls , such as asphalt and asphalt-impregnated 
f e l t s which might be placed over the foam in a roofing 
app l i ca t ion , are semipermeable and a i r can enter into the foam. 
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In other i n s t a l l a t i ons , there might be a gap between the foam and 
the required thermal bar r ie r , thus permitting a i r in t rus ion . The 
phenomenon of decreasing R-value has presented the industry with 
a dilemma. What i s the proper statement to make about the 
thermal resistance of one's r i g i d polyurethane foam insulation? 
The lower the R-value statement you make, the less competitive 
your product w i l l be. In the past, i t has been d i f f i c u l t to 
advertise the aged R-values when your competition advertises only 
the i n i t i a l R-values. 

A l l regulatory bodies are in agreement. You cannot 
represent your product based upon i t s i n i t i a l performance. 
Representative samples of the product must be aged pr ior to 
tes t ing . There i s substantia
condit ions. Chiorof 1 uorocarbon-expande
e i ther 90 days at 140°F or two years at room temperature before 
tes t ing . Promotional statements may only be made based upon the 
results of such tes t ing . When these rules are enforced, that 
w i l l end th is debate. 

What effect the reporting of lower R-values for r i g i d poly
urethane foams wi l l have i s not c lear . The values wi l l s t i l l be 
better than for any other type of insu la t ion . One would have to 
presume that these products would look less a t t ract ive and, 
therefore, sales might suffer . However, other insulat ion 
materials wi l l also be impacted by these regulations. Loose f i l l 
materials s e t t l e , and may al so look less a t t r ac t i ve . The 
regulatory agencies have taken note of th is and require that 
tests be performed on these materials in the sett led condit ion . 
Rigid polyurethane foams, of course, do not s e t t l e . To the 
extent that urea-formaldehyde foams shrink creating voids, they, 
too, wi l l be required to advertise what rea l ly happens to the 
thermal resistance of the i r products. Rigid polyurethane foams 
do not shrink in th i s manner. Some types of insulat ion materials 
do not give 1inear increases in thermal resistance with 
increasing thickness. This too, must be accurately reported 
according to the regulations. Rigid polyurethane foams, on the 
other hand, improve in performance above a stra ight 1ine 
re lat ionship . It i s my be l i e f that th i s re f lects the effect of 
fewer torn and broken c e l l s in thicker foams. In the thinner 
cross sections, the torn and broken c e l l s allow greater amounts 
of the chlorofluorocarbon blowing agent to escape and the optimum 
thermal resistance i s not rea l i zed . 

It i s d i f f i c u l t to project, at th is point, how a l l of these 
changes in the reporting of product R-values wi l l ult imately 
af fect polyurethane foam sales. I do not expect any big 
surpr ises . I expect only small sh i f ts in market pos i t ion . It 
should be expected that those products sold with air-impermeable 
faces attached wi l l show the strongest sales performance. 
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EPA vs. Chlorofluorocarbon Blown Foams 
To this date, the Environmental Protection Agency (EPA) has 

restricted the use of chl orof1uorocarbons (CFCs) only when used 
as aerosol propel!ants, and not when used as blowing agents as 
they are in the manufacture of foamed plastics. I am sure you 
are all aware that the EPA intends to expand its regulations on 
the uses of chlorofluorocarbons. At this point, it appears that 
this agency will act to limit the manufacture and sale of CFCs to 
that of the year 1979 and no more. The EPA is also considering 
reducing this maximum in future years. The effect of this action 
could be quite severe. Market forces will , no doubt, drive up 
the price people are wi 11ing to pay for CFCs. Hopefully, other 
materials will become available to replace CFCs in many applica-
tions. There are apparentl
products, such as flexibl
operations may also find acceptable alternate materials. 
Certainly, with a fixed or diminishing supply of CFCs, those 
material s which are most cost effective will best be able to 
afford the increased cost. In mechanical refrigeration uses of 
CFCs, where the refrigerant is vital and adds but a small amount 
of the cost of the total product, it is hard to conceive of a 
price which is prohibitive. In rigid polyurethane foams, the 
impact of a price increase in CFCs will be more strongly felt. 
CFCs constitute a significant portion of the total product (12-18 
percent). In those applications where the rigid polyurethane 
foam is no longer cost effective, a switch to other insulation 
materials will surely take place. Such an application might be 
where the difference in performance of a CFC-expanded poly
urethane and some competitive types of insulation is small. 
There are other applications where rigid polyurethane foams are 
most cost effective and a price increase in the CFC component of 
the foam will have l i t t le , i f any, impact. An example of such an 
application might be where the rigid polyurethane foam permits a 
savings of space and/or weight due to its combination of thermal 
and structural properties. The differences in thermal perfor
mance between CFC expanded rigid polyurethane foams and other 
types of insulation materials are greatest where impermeable 
facings are applied over the foam. 

Summary 

There are other regulatory agencies whose actions have had 
some effect on the cost of making polyurethane foams. OSHA, for 
example, has established an upper limit of 0.02 ppm of isocyanate 
vapors in the atmosphere that workers breathe. This limit has 
been in existence for several years and is not expected to change 
in the future. With the current raw materials in use today, this 
threshold limit is easily met with simple ventilation equipment. 

You will note that three of the regulatory activities 
discussed here are directed toward construction applications — 
the building codes, insurance ratings, and insulation efficiency 
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statements. There is also a substantial market outside of the 
construction industry. This market is not impacted by these 
three regulatory activities, but will be impacted by a limitation 
on the amount of chlorofluorocarbons that may be produced. It is 
typified by the transportation insulation market -- e.g., trucks, 
trailers, and railroad cars. In these applications, the rigid 
polyurethane foam is valued not only as an insulation material 
but also as a structural component. Glass fiber insulation and 
loose f i l l insulation lose some of their insulation efficiency 
due to settling and compaction that occurs from the continual 
bumping and pounding of the road. Rigid polyurethane foams are 
not affected in this way. Rigid polyurethane foams are 
particularly valued in this way of application since the amount 
of space which must be devoted to insulation can be reduced. The 
exterior dimensions of thes
therefore, thinner insulation permits a greater interior 
productive capacity. However, this market is much smaller than 
the construction market, and polyurethane foams have fairly well 
saturated this market. 

The greatest potential for future growth lies in the sales 
of rigid polyurethane foams into the construction market. It is 
my strong belief that as building officials cane to understand 
foamed plastics better, and as the manufacturers of foamed 
plastics come to understand the building codes, the codes will 
become less and less of a hinderance to the sale of rigid 
polyurethane foams. I would expect a similar scenario with 
insurance rates. I am less optimistic about the effect of EPA's 
proposal to reduce the amount of chlorofluorocarbons available. 
Our product is already relatively high priced. Further increases 
in price will , no doubt, have a significant effect on some 
segments of sales. Where rigid polyurethane foams can be sold as 
the insulation material with a plus, the future is bright. Where 
rigid polyurethane foams must compete only as straight 
insulation, the future is more uncertain. 

What does the future hold? For the innovative and those who 
learn to live with the regulations, sales should be good. I 
believe it will be worth the effort. 
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A Reaction Sequence Model for Flexible 
Urethane Foam 

F. E. BAILEY, JR. and F. E. CRITCHFIELD 

Research and Development Department, Silicones and Urethane Intermediates Division, 
Union Carbide Corporation, South Charleston, WV 25303 

In the process of makin
urethane foam, a mixture of relatively low molecular weight com
ponents is transformed in a matter of minutes into the controlled, 
highly "engineered," supramolecular architecture of foam. The 
foam produced meets specifications for bedding, seating, carpet 
padding - applications for which there are particular physical 
property criteria. This process is fascinating because it is one 
of the few instances in industrial polymer chemistry in which 
rapid polymerization occurs in such a controlled way that a 
defined supramolecular architecture is simultaneously achieved. 

The very familiar, open-cell foam structure of a flexible 
urethane is shown in the scanning electron micrograph of a 
section of foam in Figure 1. The structure is that of a system 
of regular dodecahedra with open-faced pentagonal cell bound
aries. The problem addressed in this work is the sorting out of 
the sequence of chemical reactions which occurs in the foaming 
process and defining the timing of these reactions which leads 
to stable foam of desired properties. 

In elementary descriptions of the making of urethane foam, 
a set of two reactions is often given: the reaction of a polyol 
and a diisocyanate to yield a polyurethane: 

OCN-R-NCO + HO-R'-OH — £ O-R'-O-C-NHR-NH-C 

and the reaction of diisocyanate with water to y i e l d d i sub s t i -
tuted ureas (polyureas) and carbon dioxide: 

0 0 
I! U 

OCN-R-NCO + H 20 ^ -f NH-C-NH-R-C ± + C0 2 

The sum of these reactions i s described as leading to block 
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Figure 1. Scanning electron micrograph of a section of water-blown, HR urethane 
foam. 
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urethane-urea polymer of the (AB) type, blown into foam by the 
generated carbon dioxide. The f i r s t reaction y i e ld ing urethane 
from a polyol with funct iona l i ty greater than two is referred to 
as the "ge l l ing react ion" leading to the three dimensional 
urethane network while the second, "blowing reac t ion , " i s con
sidered also to contribute to "ge l " pr imari ly through association 
of highly polar species, the polyureas, in the polymer phase of 
the foam. 

It has also been noted that in these polymerizations, some 
further degrees of cross l inking can occur due to post reaction of 
isocyanate with already formed ureas or urethane. Isocyanate can 
react with substituted ureas to form b iuret : 

0 0

R-NCO + -(· NH-C-NH-R'-NH-C -)-—*- -(- NH-C-N-R'-NH-C -)-
ι 
C = 0 
NH 
ι 
R 

or with urethane to form allophanate: 

0 0 0 0 

R-NCO + £ O-R'-O-C-NHR-NH-C • ) - — * > £ 0-R*-0-C-N-R-NH-C -)-

C = 0 

NH 
f 
R 

Conceptually, there are severe problems in accepting the 
simple view of these simultaneously occurring reactions when the 
regular architecture of foam is observed. Further, evidence has 
been presented recently (1_) for the presence of other species 
during foaming pa r t i cu l a r l y at the early stages of reaction (2_, 
3). Infrared analysis of foam short ly after mixing shows only 
very low concentrations of the polymer species, urethane and 
disubstituted urea, but s i gn i f i cant concentrations of carbamic 
acid and arylamine carbamates, due to hydrolysis of isocyanate: 

0 
II 

-R-NCO + H 20 * - -R-NH-C-0H 

carbamic acid 
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-R-NCO + H 20 - H P - -R-NH 2 + C0 2 

0 
+ - » - R - N H 3 0-C-NH-R-

arylamine carbamate 

Carbamic ac id , an intermediate in the hydro lys is , i s an ap
parently persistent species in the reaction forming measurable 
concentrations of carbamate s a l t s . Later in the reaction se
quence these carbamic acid species are converted to polyureas: 

0 0 
II II 

-R-NH-C-OH + -R ' -NH 2 — - R - N H - C - N H - R 1 - + H 20 

Further, water in concentrations measurable by such c l a s s i c tech 
niques as Karl Fischer t i t r a t i o n can be found in the foaming 
system, Figure 2. During the f i r s t minute of foaming, the re 
action of water appears to follow f i r s t order k inet i cs . 

In this paper, instrumental means are used to obtain a 
physical descr ipt ion of the r i s e of urethane foam and ce l l 
opening. Infrared analysis is used to ident i fy the chemical 
species present in reacting foam and to determine the order and 
re l a t i ve rates of reaction of these species. From these data, a 
reaction sequence model i s deduced for the process of making 
stable , water-blown urethane foam. 

Experimental 

In the work described, three urethane formulations have been 
p r inc ipa l l y used. These formulations which produce "good," rep
resentative foam were selected for convenience in laboratory 
manipulation. With water levels of 2.5 phr, these formulations 
given in Table I permit a convenient quantity of polyol to be 
handled to produce one or two-gallon volumes of 2.0 to 2.6 lb per 
cu f t foam. The studies have covered the range of water contents 
from 1.5 to 4.5 phr water while centering on the mid-range 
without loss of general ity in developing the reaction model. 

A standard mixing procedure (_2, 3) for laboratory formu
lat ions has been used. This procedure i s one which has evolved 
in the laboratories empir ica l ly over the years to permit making 
or small sca le , laboratory foams which c lose ly approximate foams 
from the same formulations made on foam machines. The procedure 
involves intensive mixing in a baffled one-quart container for 
60 seconds pr ior to pouring into an open topped one or two-gallon 
container. An e l e c t r i c timer which records total mixing time 
signals end-of-mixing by turning on the instrumented measuring 
system. This end-of-mixing i s taken as time "zero" for k inet ic 
and r i s e p ro f i l e measurements. 
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Figure 2. Disappearance of water as a function of time during the first minute 
after the end-of-mixing: HR Formulation at 105 index. Key: , 2.0 phr water; 
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Foam Rise P ro f i l e . At the end-of-mixing, formulations are 
poured into a one or two-gallon open-topped container and free 
r i s e foaming i s measured. The r i se p ro f i l e and rate of foam r i s e 
has been measured with a Fluidyne System (4-, S). Foam r i s e and 
rate of r i se as functions of time after the end-of-mixing are 
received as graphical output from the Fluidyne System. 

Foaming Pressure. Using the same foam measuring system (4, 
5), a "foaming pressure" can also be determined. It i s possible 
to measure "foaming pressure" with a small transducer placed at 
the s ide , near the bottom, of the container in which foam is 
poured and allowed to expand in f r ee - r i s e . This "foaming pres
sure" in f r ee - r i se can be recorded as a function of time i f 
desired. Formally, i t i
cos i ty " knowing "foam pressure" and r a t e - o f - r i s e . While this 
ca lcu lat ion leads to a quantity with the units of v i s c o s i t y , i t 
must be remembered that the foam i s a multiphase system, one 
phase of which i s an expanding gas; and, that the r i s i n g foam i s 
not flowing as a l i qu id but is a system in anisotropic expansion. 
In any case, the "foaming pressure" in f r ee - r i s e foams is of the 
order of 0.02 psig in a system with a r i s e - r a t e of about four 
inches per minute (.3, 6). 

"Gel P r o f i l e . " During foam r i s e , the i n i t i a l l y f r o th - l i k e 
foam develops some mechanical in teg r i ty . This mechanical integ 
r i t y or "ge l " has been measured in a number of ways and described 
in terms of a "gel p ro f i l e " in para l l e l with " r i s e p ro f i l e " (7_). 
One method of determining a "gel p r o f i l e " of a r i s i n g foam is 
using a "BB" drop test in which "BB's" are dropped, from a height 
of one inch above a r i s i ng foam, in a l ine across the foam sur
face. Later, the posit ion of "BB's" in the foam i s determined. 
This method generates an i n t i t u i v e l y appealing, usually symmetric 
curve re f l ec t ing the posit ion of the "BB's" in the foam ( locat ion 
of the "BB" from the bottom of the foam as a percent of the foam 
height plotted as a function of the time at which the "BB" was 
dropped). While on close inspection such a "gel p ro f i l e " is d i f 
f i c u l t to interpret since only the f ina l posit ion of the "BB" i s 
measured ( i t i s not known whether the "BB" reached th is pos i t ion 
by descending ever more slowly into a " ge l l i ng " structure or by 
being buoyed upward by an expanding foam), "gel p r o f i l e " does 
correspond to the very real circumstance of the development of a 
measurable mechanical strength in the foam and provides some 
measure of the development of structure within the reacting foam. 

Cell -Opening. An important parameter in the formation of 
f l ex ib l e foam i s the time of ce l l -opening. In the formation of 
foam, Figure 1, the regular dodecahedra with open-faced pentagonal 
c e l l boundaries ar ise from gas c e l l s expanding as spheres in the 
reacting foam (8). These c e l l s begin to achieve a c losest 
packing geometry with thinning walls developing in areas of 
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closest contact as l i qu id phase drains into the in te r s t i ce s . 
Rupture of the thin ce l l walls or "windows" produces the open-cell 
foam. Since cel l -opening w i l l lead to a path for the evolution of 
carbon dioxide from the r i s i ng foam, carbon dioxide evolution as 
a function of time has been used to follow the cel l -opening pro
cess. 

I n i t i a l l y , to measure carbon dioxide evolut ion, a mixed fo r 
mulation was poured into a container which was covered and 
through which a ca r r i e r gas, nitrogen, was passed over the r i s i ng 
foam. The ca r r i e r gas was then sparged into lime water. The 
time was noted when a cloud point was observed due to carbon 
dioxide. It was found that this cloud point was reproducible. 
In order to measure c e l l opening more accurately, a simple i n f r a 
red technique was adopted
an infrared gas c e l l in a Perkin-Elmer Model 281B Infrared 
Spectrophotometer set at 2320 cm" and absorbance measured as a 
function of time after the end-of-mixing. 

Infrared Analysis . Infrared analysis has been used to iden
t i f y the chemical species present in reacting foam and to deter
mine the order and re l a t ive rates of reaction of these species. 
For these measurements, a Foxboro/Wilks Model 80 Computing Infra
red Analyzer and a Perkin-Elmer Model 281B Infrared Spectrophoto
meter have been used. Infrared absorption band assignments in 
the carbonyl region are summarized in Table II (1_, 2, 3», 9-17). 
In Figure 3, a portion of the infrared spectrum of a water-blown 
urethane foam is shown. Absorbances can be ident i f i ed due to 
isocyanate at 2270 cm" , urethane.at 1730 c m , biuret at 
1670 cm". , diarylurea at 1645 cm" and aromatic carbon-carbon at 
1605 cm" . Independently, infrared absorbances due to carbamic 
acid and arylamine carbamates have been established in biochem
ica l systems (10). Recently, information concerning competing 
absorbances due to non-hydrogen bonded (soluble) polyureas has 
been developed (Tji, 16̂ , 17_). General agreement, however, i s that 
precipitated disubstituted urea shows an infrared absorbance at 
1645 cm" . For infrared ana lys is , a sample of foam is taken with 
a small spatula very short ly after pouring from the r i s i n g foam, 
spread on the sa l t plate of a thermostated infrared c e l l and 
covered. The sample can e i ther be quenched on a cold sa l t plate 
or held at a reaction temperature. The chemical reactions 
occurring (3) can be followed isothermally. For these measure
ments, a reaction temperature (18) must be selected which w i l l 
allow the measurements to be related to the reaction sequences 
occurring in the f r ee - r i se foam under approximately adiabatic 
condit ions. This temperature has been determined by insert ing 
a f i n e - s i z e , highly responsive thermocouple through the side of 
the reaction container to a point in the center, about three 
inches from the bottom of the reacting foam. Omega subminiature 
thermocouples (SC PSS-020G-6, copper-constantan) and BLH HT 
Microminiature thermocouples (TCC-ES 200, copper-constantan) have 
been used. 
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TABLE II 
INFRARED ABSORPTION BAND ASSIGNMENTS 

Isocyanate 2270 cm" 1 

Urethane 1730 

Carbamic Acid 1710 

Allophanate 1710 

Arylamine Carbamat

Biuret 1660-1680 

Diarylurea 1645 

Aromatic Carbon-Carbon 1605 

χ 8 0 % TRANSMISSION 

I 1 I ι I I I l 
2 4 0 0 2 0 0 0 1800 1600 

WAVENUMBERS, C M . 

Figure 3. Infrared spectrum of a water-blown polyether polyol polyurethane 
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Results and Discussion 

Physical Description of Foam Rise. In Figures 4, 5 and 6, 
the r i s e p r o f i l e , rate of foam r i se and "gel p ro f i l e s " for the 
three formulations "A, " "B" and "HR" are summarized. The results 
for formulations "A" and "B" are s imi l a r . The maximum rate of 
foam r i s e occurs between 20 and 40 seconds after the end-of-
mixing and f u l l r i s e is achieved in about three minutes. Struc
ture which develops within the r i s i ng foam and is measured by 
"gel p r o f i l e " occurs after the maximum ra t e - o f - r i s e and i s gener
a l l y complete before f u l l r i s e height i s achieved. The major 
difference observed in
is in the shape and timing of the "gel p r o f i l e , " in comparison, 
the "gel p ro f i l e " for "HR" begins to r i s e l a t e r , r i ses more 
abruptly but i s complete at about the same time. 

For these formulations, the maximum "foam pressure" (_3, 6) 
of 0.02-0.03 psig is observed at about the same time as the 
maximum foam r a t e - o f - r i s e , ca. four inches per minute. It i s 
formally possible to ca lculate a "foam v i scos i ty " which, after 
appropriate factors are mult ip l ied to adjust dimensions, w i l l be 
of the order of 10 cps at the time of 30 to 60 seconds after the 
end-of-mixing. During this time, the foams w i l l have reached 30 
to 60 percent of f ina l r i s e height. Without further analysis of 
the complexities, i t i s possible to say that the very low foaming 
pressure in f r e e - r i s e , f l ex i b l e foam coupled with the rapid r i s e -
rate i n t u i t i v e l y supports the ca lcu lat ion of a r e l a t i v e l y low 
l i qu id phase v i s cos i t y , about the same as that of the start ing 
polyol at this stage of the foaming process. 

Cel l -Opening. In the e a r l i e r experiments using a cloud point 
detector, a surge in carbon dioxide evolution was observed repro-
ducibly at a point in the foaming process at which there was a 
change in shape, an in f l ex ion , in the r a t e - o f - r i s e curve. In 
Figure 7, the rate of foam r i s e i s shown as a function of time 
for Formulation "B . " After the maximum r i se rate at about 50 
seconds, the rate of foam r i se decreases rap id ly . At 90 seconds, 
there i s an in f lex ion after which there i s a less rapid decl ine 
in r i s e - r a t e . This point of in f lex ion corresponds c lose ly to the 
time the cloud point would be observed. 

It should be noted that the shape of the r a t e - o f - r i s e curve 
after the maximum r i s e - r a t e can be associated with fami l iar but 
unwanted s i tuat ions also related to ce l l -opening. If after the 
maximum r a t e - o f - r i s e , the r i s e - r a t e fa l ls sharply to zero as a 
resu l t of ce l l -opening , foam col lapse is catastrophic. I f the 
decl ine in r i s e - r a t e to zero i s sharp without in f lex ion and 
without appreciable ce l l -opening , foam shrinkage i s severe. 

In Figure 8, the evolution of carbon dioxide from formulation 
"B" during foaming i s shown measured by infrared absorbance at 
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TIME

Figure 4. Rise and ''gel" profiles, Formulation A. Key: , rise rate; 
rise profile; - · - ·, "gel" profile. 
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Figure 5. Rise and "gel" profiles, Formulation B. Key: 
rise profile; - · - ·, "gel" profile. 
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Figure 6. Rise and "gel" profiles, Formulation HR. Key: 
rise profile; - · - ·, "gel" profile. 
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TIME, S E C O N D S , A F T E R THE END-OF-MIXING 

Figure 7. Rate of foam rise, Formulation B. 

0 6 0 120 180 2 4 0 

TIME, SECONDS,AFTER THE E N D - O F - M I X I N G 

Figure 8. Evolution of carbon dioxide from reacting foam, Formulation B, meas
ured by infrared absorbance at 2320 cm"1. 
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2320 cm" 1 of the ca r r i e r gas passed over the r i s i n g foam. A maxi
mum in absorbance is measured at about 90 seconds corresponding 
c lose ly to the inf lexion in the r a t e - o f - r i s e curve, Figure 7. 

In Figure 9, the rate of evolution of carbon dioxide from 
formulation "A" i s compared with the r i s e and "gel p ro f i l e s " for 
this formulation. A maximum in cel l -opening i s measured before 
f u l l r i se height i s achieved and at the time of an in f lex ion in 
the r i s e - r a t e curve. This maximum in the rate of cel l -opening 
happens while the processes measured by "gel p r o f i l e " are 
occurring. 

In Figure 10, th is comparison of r a t e - o f - r i s e and carbon 
dioxide evolution i s shown for "HR" foam. Again a close corre 
spondence i s found between a maximum in the rate of evolution of 
carbon dioxide and an in f lex io

This discussion of the cel l -opening has been l imited to the 
f i r s t two or three minutes after the end-of-mixing. It i s c lear 
from these data that carbon dioxide evolution continues and 
accelerates after these early times of react ion. In Figure 11, 
the evolution of carbon dioxide from r i s i n g , reacting formu
lat ions "A" and "HR" i s shown for a more extended time. Two 
maxima are found. The f i r s t has been discussed in terms of the 
in f lex ion observed in the r i s e - r a t e curve. The second maxima, 
close to the times of f u l l r i s e of foam, correspond to the times 
usual ly taken as c e l l opening (1) when in large scale foaming 
larger bubbles erupt from the surface or when there is a very 
noticeable gas evolution. 

From these observations of carbon dioxide evolution from 
r i s i n g , reacting foam, i t i s c lear that there are very broad 
d i s t r ibut ions of ce l l -opening times. Further, ce l l -opening 
appears to be separately associated with two character i s t ics of 
the physical r i s e of foam. F i r s t , there i s a surge in c e l l 
opening at the time when there i s an in f lex ion in the rate -o f -
r i s e curve. Later, there i s a second maximum near the completion 
of foam r i s e . After these maxima, the rate of evolution declines 
sharply in the case of formulation "A. " With high r e s i l i ency 
formulations, s i gn i f i cant quantit ies of carbon dioxide are 
evolved for an extended time. This difference may be associated 
with the t yp i ca l l y incomplete cel l -opening in "HR" foams. 

The continuous evolution of carbon dioxide from water-blown 
foam from the ea r l i e s t times of reaction i s a mechanism for s i g 
n i f i cant heat loss from f ree - r i se foam, the magnitude of which 
w i l l depend on the scale of foaming. This observation offers an 
explanation for the departure from ad iaba t i c i ty , lower than 
expected maximum reaction temperature, in smaller scale foaming. 

Infrared Measurements. In Figure 12, the infrared spectra 
of two foam formulations are shown which have been quenched on 
cold sa l t plates 20-30 seconds after the end-of-mixing. The f i r s t 
formulation i s "A" ; the second,a s imi lar formulation also at 105 
isocyanate index but with 4 phr water. In each, the strong 
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Figure 9. Comparison of the rise profile and "gel" profile of Formulation A with 
the evolution of carbon dioxide measured by infrared absorbance at 2320 cm'1. 
Key: , rate of rise; , rise profile; - · - ·, "gel" profile; - — -, carbon 

dioxide evolution. 
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Figure 10. Comparison of the rate of foam rise and evolution of carbon dioxide 
of Formulation HR. Key: , rate of foam rise; , evolution of carbon 

dioxide. 
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Figure 11. Evolution of carbon dioxide from reacting water-blown urethane foam 
measured by infrared absorbance. Key: - · - ·, Formulation A; , Formula
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Figure 12. Infrared spectra of two formulations, quenched on cold salt plates. 
Key: , Formulation A, 30 s after the end-of-mixing; , Formulation A but 

with four parts water, 20 s after the end-of-mixing. 
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absorbance at 1710 cm" 1 typica l of carbamic acid i s observed. 
In the high water formulation, weak absorbance in the 1660-1680 
region assigned to arylamine carbamate is observed. In Figure 13, 
these same formulations have been held at 120 C for 30-,minutes. 
The absorbances have changed. Absorbances at 1730 cm" due to 
urethane and at 1645 cm" due to diary!urea have developed. 

The transient species, carbamic acid and arylamine carbamate, 
are present early in the foaming react ions . . The absorbance 
assigned to arylamine carbamate at 1670 cm" i s to weak to i n t e r 
fere s i gn i f i c an t l y with the measurement of the absorbance at 
1645 cm" used to follow the rate of formation of diary!urea in 
the reacting foams. The absorbance at 1645 cm" is observed 
30-40 seconds after the end-of-mixing, close to the time of maxi
mum r a t e - o f - r i s e . The absorbanc
times less than two minutes. For such early times of react ion , 
a high resolut ion infrared spectrophotometer i s required. The 
post reaction species, allophanate and b iuret , do not inter fere 
with measurements centering on the e a r l i e r stages of the foaming 
process and when formulations are not of high isocyanate index (3. 

In Figures 14, 15, and 16 absorbances due to urethane and 
substituted urea are given re l a t i ve to aromatic carbon-carbon, 
which i s constant for any one formulation, as functions of time 
for formulations "Α," "Β , " and "HR" at 120°C. The general 
features are that the concentration of urea increases rapid ly 
with time reaching an apparently l im i t ing value after three to 
f ive minutes. Urethane concentration increases more slowly than 
urea over the f i r s t eight to ten minutes of reaction after which 
i t continues to increase monotonously for 30 minuted and longer. 
It i s important to note that the early increase in concentration 
of urea i s faster in the "HR" formulation than in e ither "A" or 
" B . " 

In Figure 17, the absorbance due to substituted ureas at 
1645 cm" for the three formulation at early times of reaction 
are given as functions of time. These data are compared with the 
r i s e p r o f i l e , gel p ro f i l e and cel l -opening times previously d i s 
cussed, Figures 4-10. Concentrations of ureas are measurable 
from about the time of the peak rate of foam r i s e and achieve an 
apparently l im i t ing value after about four minutes, about the 
time foam r i s e i s complete. "Gel p ro f i l e " appears to monitor 
structural developments in the foams which are occurring at the 
same time as the increase in urea concentration. In the "HR" 
formulation, onset of " ge l " i s delayed. This delay in onset of 
" ge l " in high r e s i l i ency foams has often been observed (χ , 7 ) . 
No such delay, however, i s observed in formation of d iary lurea . 
While no d i rect measurement i s yet ava i lab le , i t i s taken that 
"gel p ro f i l e " measures associat ion of the polyureas into domains. 
In "HR" foams th is domain formation i s delayed, permitting larger , 
more completely aligned polyurea domains and accounting for the 
pr inc ipa l property character i s t ics which d ist inguish high 
r e s i l i ency foam (3). 
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Figure 13. Infrared spectra
tion A after 30 min; , Formulation A but with four parts water after 25 min. 
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Figure 14. Relative absorbance due to urethane ( ) and ureas (-
function of time for Formulation A. 
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Figure 16. Relative absorbance due to urethane ( ) and ureas (-'--) as a 
function of time for Formulation HR. 
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Figure 17. Absorbance due to substituted ureas at 1645 cm"1 as a function of time 
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Conclusions 

The objective of these studies has been to develop a reaction 
sequence model for f l ex i b l e urethane foam which would account for 
the physical stages in the foaming process evident from foam r i s e 
measurements. In Figure 18, a generalized r i se p ro f i l e and "gel 
p ro f i l e " i s used to summarize the reaction sequence model. 

In the ea r l i e s t stage of foaming, the r i s ing foam i s a f roth 
l i ke multiphase system of expanding gas c e l l s surrounded by liquid 
phase which contains out-of-phase carbamic acid and arylamine 
carbamates which tend to s t a b i l i z e the foam. At about the time 
disubstituted urea can be measured by infrared in the foam, the 
system achieves i t s maximum r a t e - o f - r i s e . These highly polar 
species begin to "thicken

As the gas c e l l s expand and begin to pack, in the multiphase 
structure , the regions of c losest packing of the ce l l s thin as 
the s t i l l r e l a t i ve l y low molecular weight l i qu id phase drains 
into the in te r s t i ce s . Rise-rate drops sharply. At this po int , 
there i s an i n i t i a l surge in the rupture rate of the membranes 
separating the gas c e l l s which permits a relaxing of the foam 
resu l t ing in an inf lex ion in the descending r a t e - o f - r i s e curve. 
A p r inc ipa l l y physical gel develops in the l i qu id phase as the 
highly polar urea groups aggregate into polyurea domains. 
F i n a l l y , as the foam achieves f u l l r i s e , urethane network form
ation becomes the predominant chemical reaction and the foam 
develops a true, longer-range bulk modulus. 

This sequence model of chemical reactions c l ea r ly emphasizes 
the de l icate balance required between the urea and urethane 
reactions in order to achieve the optimum foam structure and 
properties. The desired supramolecular architecture of foam 
develops before the pr inc ipa l molecular weight building reactions 
predominate. Liquid flows and phase development occur while v i s 
cos i t i e s are s t i l l r e l a t i v e l y low. The urethane forming reactions 
then proceed at rates which are reasonable in the l i ght of cur
rent ly postulated mechanisms (19) cross l inking the system. The 
timing of this cross l inking i s c r i t i c a l r e l a t ive to the formation 
of polyureas in order to obtain the stable foam with good bulk 
modulus. 

Abstract. Infrared analysis of reacting foams has been used 
to determine the sequence of chemical reactions that occurs in 
the foaming process and to relate this sequence of reactions to 
the stages evident in the formation of foam measured by rate-of
-rise techniques. A reaction sequence model has been developed in 
which at the earliest stage of foaming, out-of-phase carbamic 
acid and carbamic acid salts, formed by hydrolysis of isocyanate, 
are the main species present tending to stabilize the froth-like 
foam. These species are in turn converted into polyureas. In 
the latter stages of the reaction sequence, urethane formation 
becomes predominant as the foam develops substantial bulk modulus 
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with growth of polymer molecular weight. This sequence of chem
ical reactions permits polymerization and molecular architecture 
to be achieved simultaneously to produce useful structures from 
these very fast reactions. 
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12 
Urethane Block Polymers 
Kinetics of Formation and Phase Development 

S. L. HAGER, T. B. MACRURY, R. M. GERKIN, and F. E. CRITCHFIELD 
Union Carbide Corporation, South Charleston, WV 25303 

Polyurethane elastomers are normally prepared by reacting 
an aromatic diisocyanat
molecular weight "extender
(≥1000) macroglycol. This leads to a multiblock copolymer 
consisting of alternating macroglycol soft segments and diol 
extended isocyanate hard segments. These segments often 
separate into "soft" and "hard" phases. 

Polymerization in such systems is based on the reaction of 
isocyanate with hydroxyl groups to form the urethane linkage. 
Organometallic compounds (especially organotin) are often used 
to catalyze this reaction in commercial applications such as 
Reaction Injection Molding. Formation of elastomers with good 
mechanical properties is dependent on both reaction kinetics 
and development of two phase morphology. 

Most studies of the kinetics of the isocyanate-hydroxyl 
reaction have been done in systems composed of monofunctional 
reactants in various solvents (1,2). Even in these ideal 
systems, which have little resemblance to the more complicated 
polyurethane formulations, the reaction mechanism and kinetics 
are not well understood especially for the catalyzed reaction. 
This coupled with the added complexities encountered in 
polyurethane systems requires empirical determination of 
kinetic data if conversion during polymerization is to be 
predicted. A few kinetic studies on simple polyurethane 
systems have been reported (3,4). Infrared spectroscopy was 
used to measure reaction rates in low catalyst formulations (3) 
while adiabatic temperature rise methods have been used to 
study fast systems (3,4,5). 

Separation of hard and soft phases during polymerization is 
a complexity that may occur in very incompatibIe systems. 
T irre l l et. a l . (6) have predicted the effect this might have 
on the polymerization reaction. Experimental evidence for 
phase separation during polymerization has been limited to 
observation of turbidity development during the reaction 
(7,8). Several investigators (9,10) have studied phase 

0097-6156/81/0172-0149$05.00/0 
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s e p a r a t i o n on l o n g e r t i m e s c a l e s i n t h e f i n a l p o l y m e r . 
In t h i s w o r k , we d e s c r i b e an a u t o m a t e d d i f f e r e n t i a l 

s c a n n i n g c a I o r i m e t r i c (DSC) t e c h n i q u e t h a t can be u s e d t o 
measure p o l y m e r i z a t i o n k i n e t i c s f o r f o r m a t i o n o f u r e t h a n e b l o c k 
p o l y m e r s . The same t e c h n i q u e i s a l s o used t o measure p h a s e 
s e p a r a t i o n d u r i n g f o r m a t i o n o f p o l y u r e t h a n e e l a s t o m e r s and t h e 
e f f e c t t h a t s e p a r a t i o n has on t h e p o l y m e r i z a t i o n . The 
e l a s t o m e r f o r m u l a t i o n s c o n s i s t e d o f m o d i f i e d l i q u i d 
p , p f - d î p h e n y I m e t h y I d î î s o c y a n a t e (MDI), 1 , 4 - b u t a n e d i o l and an 
( o x y p r o p y I e n e - o x y e t h y I e n e ) m a c r o g l y c o l f o r t h e s o f t segment. 

E x p e r i mentaI 

The chemi caI s u s e d
and were u s e d as r e c e i v e d e x c e p t as n o t e d . A p o l y o x y p r o p y l e n e -
p o l y o x y e t h y l e n e p o l y o l (30% o x y e t h y l e n e c a p - U n i o n C a r b i d e 
C o r p o r a t i o n e x p e r i m e n t a l P o l y o l 1 2 - 5 6 ) was used t o p r o v i d e t h e 
s o f t segment. T h i s c a p p i n g gave a p r i m a r y h y d r o x y ! c o n t e n t 
o f >λ;83%. The p o l y e t h e r had a 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 2000 and a f u n c t i o n a l i t y v e r y c l o s e t o 2 . 0 . I t was f r e e o f 
m o i s t u r e and a c i d ( <0.05%). D i s s o l v e d g a s e s were removed j u s t 
p r i o r t o u s e by s t r i p p i n g under vacuum f o r a b o u t 30 m i n u t e s . 
A n h y d r o u s b u t a n e d i o l (GAF C o r p o r a t i o n ) was u s e d as t h e e x t e n d e r . 
T h i s was s t o r e d o v e r 5A m o l e c u l a r s i e v e p r i o r t o u s e . M o d i f i e d 
l i q u i d MDI ( U p j o h n I s o n a t e I43L) was u s e d as t h e d i i s o c y a n a t e . 

The m o d i f i e d MDI, w h i c h c o n t a i n s 5-9% o f MDI a d d u c t s , had an 
e q u i v a l e n t w e i g h t o f I 4 4 . I t was u s e d i n s t e a d o f p u r e 
c r y s t a l l i n e MDI s o t h a t r e a c t a n t m i x i n g c o u l d be c a r r i e d o u t a t 
low t e m p e r a t u r e s ( 1 0 - 2 5 ° C ) where t h e u r e t h a n e r e a c t i o n r a t e 
i s s Iow. D i b u t y I t î η d î I a u r a t e (M&T chemi caI s ) was u s e d as t h e 
c a t a l y s t . 

R e a c t i o n m i x t u r e s were p r e p a r e d by w e i g h i n g t o g e t h e r o r by 
c o m b i n i n g p r e w e i g h e d amounts o f t h e r e a c t a n t s a t room 
t e m p e r a t u r e o r s l i g h t l y b e l o w . The f o r m u l a t i o n s c o n t a i n e d 
a p p r o x i m a t e l y e q u a l e q u i v a l e n t s o f f r e e i s o c y a n a t e and 
h y d r o x y ! . The r a t i o of h a r d t o s o f t segment c o n t e n t was 
c o n t r o l l e d by v a r y i n g t h e r e l a t i v e amounts o f e x t e n d e r and 
m a c r o g l y c o l i n t h e f o r m u l a t i o n . C a t a l y s t , when u s e d , was 
c o n t a i n e d i n t h e m a c r o g l y c o l . L i t t l e r e a c t i o n o c c u r r e d d u r i n g 
t h i s f o r m u l a t i n g s t a g e b e c a u s e t h e d î î s o c y a n a t e d i d n o t d i s s o l v e 
r a p i d l y i n t h e m a c r o g l y c o l and e x t e n d e r b u t s t a y e d a s a 
s e p a r a t e l i q u i d p h a s e u n t i l a g i t a t e d . A f t e r w e i g h i n g t h e 
r e a c t a n t s , t h e y were r a p i d l y mixed and s a m p l e d e i t h e r i n t o a 
DSC cup and i n t o a p r e c o o l e d DSC c e l l f o r immediate a n a l y s i s o r 
i n t o l i q u i d n i t r o g e n t o quench t h e r e a c t i o n f o r l a t e r a n a l y s i s . 
In some r u n s t h e m i x t u r e was c a s t i n t o a mold and s p e c i m e n s 
were removed and quenched i n l i q u i d n i t r o g e n as t h e r e a c t i o n 
p r o c e e d e d . T h i s " h a n d - c a s t i n g " t e c h n i q u e f o r p r e p a r i n g 
p o l y u r e t h a n e e l a s t o m e r s has been d e s c r i b e d e l s e w h e r e ( 1 1 ) . 

A duPont 990 Thermal A n a l y z e r w i t h Model 910 DSC c e l l b a s e 
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was used for measuring thermal changes in the reaction mixture. 
The cell base was enclosed in a glove box purged with dry 
nitrogen so that very cold specimens could be transferred to 
DSC cups and to the DSC cell without moisture pick-up. DSC 
scans were made from low temperatures ( -70°C) by heating at 
10°C/min in a dry nitrogen atmosphere. Indium was used to 
calibrate the temperature scale and heat flow response. The 
temperature scale was also corrected for the thermal lag of the 
specimen behind the temperature measured by the instrument. 
The Thermal Analyzer was interfaced directly to a Digital 
Equipment Corporation PDP 1134 minicomputer Q 2 ) . This computer 
performed real time data collection during the run and did the 
subsequent data analysis and plotting. The data analysis 
included transformation
reaction peak to provide information about kinetic parameters. 

Results and Discussion 

Kinetic Analysis of DSC Data. The reaction of isocyanate 
with hydroxy! groups is highly exothermic and appears as a 
strong exothermic peak in the DSC heating curves (Figure 1). 
This peak can be extracted from the overall DSC curve by 
subtracting a specific heat baseline from reaction onset to 
completion. A linear change in specific heat with temperature 
was assumed. This procedure yields a plot of the heat 
generation rate as a function of temperature which can be 
integrated on a time base to give the total heat generated also 
as a function of temperature (Figure 2). If we assume a 
constant heat of reaction independent of conversion and no 
significant interferences from side reactions then this data is 
readily converted to fractional reaction rate and fraction 
remaining as a function of temperature. These data can then be 
f i t to various kinetic models. The assumptions made in 
converting the DSC peak to reaction data are essentially the 
same as those used in studies by the adiabatic temperature rise 
method (3.Ί>5.)· Richter et. al. (3) have discussed these in 
some detail and have concluded that they should not introduce a 
significant error. Phase separation and gelation are two 
additional factors that may alter the reaction rate. Indeed, 
the discontinuity seen (Figures 1,2) in the DSC reaction peak 
for a typical polyurethane formulation (47.8% hard segment 
content) is attributed to phase separation (discussed later). 
This often 1imits the kinetic analysis of data from systems 
containing butanediol extender to low conversion (< 60%). 
Additionally, the kinetic analysis may be complicated by 
reactivity differences between the hydroxy! groups on the 
macroglycol and those on the extender. This complication was 
neglected for the extended system studied here because of the 
low percentage (^20%) of total hydroxyl content contributed by 
the macroglycol. 

In Urethane Chemistry and Applications; Edwards, K., et al.; 
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-100 -60 -20 20 60 100 140 180 220 
TEMPERATURE, C 

Figure 1. DSC curve of urethane reaction formulation (extended), 18 mg specimen 
heated at 10°C/min in nitrogen. 

-40. -20. 0 20. 40. 60. 80. 100. 120. 
TEMPERATURE (C ) 

Figure 2. Exothermic reaction peak and integral after peak isolation from DSC 
curve (Figure 1). 
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In its simplest form the urethane reaction is depicted by: 

RNCO + R*0H RNC-OR* ( ] ) 
H 

An nth order rate equation is normally used i n fitting 
the reaction data for both catalyzed and uncatalyzed reactions 

- JIÇJ = k [ C ] N (2) 
where [C] is the concentration of isocyanate or hydroxyl groups 
and η is an empirically determined reaction order. 
Incorporating the Arrhenius expression for k and converting to 
fractional reaction rate (F = [C]/[Co]), we obtain 

R(F) = - -ILttL = A [ C O ] N - ] exp (-E/RT) ( 3 ) 

For catalyzed systems the apparent k and A values in equations 
2 and 3 will be dependent on catalyst concentration. This 
dependence has also been f it with an nth order expression (_3) 

k = kc [CAT]"0 A = Ac[CAT]nc (4) 
where kc is the rate constant and Ac is the pre-exponential 
factor for the catalyzed reaction. 

If equation 3 is to be used in fitting reaction data then a 
reasonably straight line should be obtained for some value of η 
when log (R(F)) is plotted _vs 1/T. A graphical approach 
similar to that described by Hauser and Field (13) was employed 
to determine n. The order was incrementally varied and the η 
value giving the "best" straight line selected to f it the data 
(Figure 3). In some cases where this method did not reveal a 
clear order preference, isothermal reaction studies were also 
run by DSC. Here the heat generation rate was measured vŝ  time 
at constant temperature to yield a plot (after computer 
transformation) of log reaction rate vs log fraction left 
(Figure 4). The slope of this line can then be taken as the 
reaction order for fitting the dynamic heating data. 
Isothermal studies were limited to low temperatures and low 
catalyst levels so that excessive temperature rise did not 
occur in the specimen during the measurement. 

Polymerization Kinetics. DSC reaction studies were 
performed on catalyzed and uncatalyzed formulations containing 
diisocyanate (modified MDI) and polyether macroglycol (ethylene 
oxide capped polyoxypropylene) or containing diisocyanate, 
macroglycol and butanediol. Figures 1-4 demonstrate the 
procedure for extracting kinetic data from the DSC reaction 
profile and provide a typical example for a catalyzed ( 0 . 5 mM 
dibutyltin dilaurate) formulation containing 5 2 . 2 % macroglycol, 
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l / T ( I /DEG Κ Χ ΙΟ 1 " 3 ) 

Figure 3. The R(F) function (see test) obtained by computer reduction of reaction 
data in Figure 2 assuming reaction orders of 1.0,1.5, 2.0, and 3.0. 

FRACTION LEFT 

Figure 4. Log fractional reaction rate vs. log unreacted fraction taken from 
isothermal DSC measurement of heat released during urethane polymerization 

(extended formulation); 32°C. 

In Urethane Chemistry and Applications; Edwards, K., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



12. HAGER E T A L . Urethane Block Polymers 155 

3 8 . 6 $ d î î s o c y a n a t e and 9 . 2 $ BDO. T h î s r a t i o o f 
m a c r o g I y c o I / d i î s o c y a n a t e / B D O was u s e d f o r most o f t h i s s t u d y 
and w i l l be r e f e r r e d t o as t h e e x t e n d e d f o r m u l a t i o n . 
U n c a t a l y z e d s y s t e m s g i v e a s u b s t a n t i a l l y b r o a d e r and h i g h e r 
t e m p e r a t u r e e x o t h e r m i c p e a k . F o r example t h e f i r s t r e a c t i o n 
peak o c c u r s a t 3 5 ° C w i t h 0 . 5 mM c a t a l y s t compared t o ^ 7 0 ° C 
w i t h o u t c a t a l y s t . H i g h e r c a t a l y s t l e v e l s r e d u c e t h e peak t o 
s t i l l lower t e m p e r a t u r e s . Systems w i t h o u t t h e BDO e x t e n d e r 
( 8 6 . 6 $ m a c r o g l y c o l , 1 3 . 4 ? d î î s o c y a n a t e , u n e x t e n d e d f o r m u l a t i o n ) 
y i e l d s m a l l e r r e a c t i o n p e a k s a t s l i g h t l y h i g h e r t e m p e r a t u r e s 
( 3 9 ° C f o r s y s t e m w i t h 0 . 5 7 mM c a t a l y s t ) . T h i s i s due t o t h e 
lower c o n c e n t r a t i o n of r e a c t i v e g r o u p s i n t h e s t o i c h i o m e t r i c 

m i x t u r e . No d i s c o n t i n u i t y o r s e c o n d peak i s seen i n t h e 
u n e x t e n d e d f o r m u l a t i o n
r e a c t i o n o f BDO w i t h i s o c y a n a t e a c c o u n t s f o r a l m o s t 80$ o f t h e 
t o t a l h e a t r e l e a s e d w i t h t h e r e m a i n i n g 20$ c o m i n g f r o m t h e 
m a c r o g I y c o I - i s o c y a n a t e r e a c t i o n . 

T a b l e I summarizes t h e k i n e t i c p a r a m e t e r s e x t r a c t e d f r o m 
t h e DSC d a t a f o r t h e s e f o r m u l a t i o n s . The r e a c t i o n i n t h e 
u n c a t a l y z e d s y s t e m s gave a poor f î t t o an n t h o r d e r r e a c t i o n 
model e s p e c i a l l y above 50$ r e a c t e d . T h i s may be due t o 
a u t o c a t a l y s i s by c a r b a m a t e g r o u p s (]_,2^) as t h e y f o r m o r 
c o m p l e x î t î es due t o mi nor i m p u r i t i e s i n t h e s e s y s t e m s . S e c o n d 
o r d e r k î n e t i es p r o v i ded a r e a s o n a b I y good f i t t o t h e e a r I y 
p o r t i o n ( < 50$) o f t h e r e a c t i o n and were u s e d t o o b t a i η t h e 
a p p a r e n t p r e - e x p o n e n t i a I f a c t o r s (A) and a c t i v a t i o n e n e r g i es 
( Ε ) shown î η Tab Ie I. Re I a t î v e l y smaI I va Iues o f Ε and A were 
o b t a i ned i n b o t h t h e e x t e n d e d and u n e x t e n d e d formuI a t i o n s 
w î t h o u t c a t a l y s t . 

A s e c o n d o r d e r r e a c t i o n model gave a good f î t t o 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 i n b o t h t h e c a t a l y z e d formuI a t i o n s . I η 
t h e c a s e of t h e e x t e n d e d s y s t e m , t h i s was a I s o c o n f irmed by 
î sothermaI measurements a t 3 2 ° C (F i gure 4 ) . The s lope o f t h e 
ρ l o t o f l o g r e a c t i o n r a t e _vs l o g f r a c t i o n remai η i ng was 2.1 
b e f o r e t h e dî s c o n t i nu î t y and ^ 2 a f t e r w a r d s . Th i s imp I i es t h a t 
s e c o n d o r d e r k î n e t i c s a r e s t i I I f o l lowed a f t e r t h e 
di s c o n t i nu i t y w h i c h o c c u r s between 55 and 60$ r e a c t e d . 

The a c t i v a t i o n energy and p r e - e x p o n e n t i a I f a c t o r s f o r t h e 
c a t a l y z e d r e a c t i o n s were s î g n î f î c a n t l y h i g h e r t h a n f o r t h e 
u n c a t a I y z e d ones (Tab Ie I ) . Th i s c a u s e s t h e e x o t h e r m i c peak i n 
t h e DSC h e a t i ng c u r v e t o be much s h a r p e r t h a n t h a t o b t a i ned 
w i t h o u t c a t a l y s t . I η sp i t e o f t h e i r h i gher a c t i v a t i o n 
e n e r g i e s , t h e c a t a l y z e d r e a c t i o n s o c c u r much f a s t e r due t o t h e 
very I a r g e i n c r e a s e i n t h e p r e - e x p o n e n t i a I f a c t o r s . A d î a b a t i c 
t e m p e r a t u r e r î s e s t u d i es o f p o l y u r e t h a n e k i n e t i c s have shown 
s i m i l a r c h a n g e s î η Ε and A w i t h c a t a l y s i s (_5 ) . The p r e s e n c e o f 
e x t e n d e r seems t o d e c r e a s e A and p o s s i b l y Ε a I though t h e e f f e c t 
i s s u b s t a n t i a l l y l e s s t h a n t h a t o f t h e c a t a l y s t . 

In Urethane Chemistry and Applications; Edwards, K., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 
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T a b l e I 

K i n e t i c P a r a m e t e r s f o r P o l y m e r i z a t i o n o f 
E x t e n d e d (48$ H a r d Segment) and 

U n e x t e n d e d U r e t h a n e F o r m u l a t i o n s 

S y s t e m Ν b 

C 

A 
(1/M-s) 

Ε 
(kJ/M) 

U n c a t a l y z e d - U n e x t e n d e d 2 c - 5 χ 1 0 4 50 

U n c a t a l y z e d - E x t e n d e d 2C - 5 χ 1 0 3 41 

C a t a l y z e d - U n e x t e n d e d 

C a t a l y z e d - E x t e n d e d 2 0 . 6 5 3 . 5 χ 1 0 1 0 64 

E s t . S t d . Dev. d - +0.1 e +3 

a . C o n c e n t r a t i o n dependence on a c t i v e g r o u p s . 
b. C a t a l y s t c o n c e n t r a t i o n d e p e n d e n c e . 
c . P o o r f i t t o n t h o r d e r m o d e l . 
d. C a t a l y z e d s y s t e m s . 
e . S t a n d a r d d e v i a t i o n of ^ + 0 . 3 i n l o g ( A ) . 

C a t a l y s t c o n c e n t r a t i o n dependences i n t h e two s y s t e m s were 
o b t a i ned by mak i ng measurements a t s e v e r a I c a t a l y s t I eve I s 
between 0.1 and 2mM. A dependence o f 1 .1 was f o u n d f o r t h e 
u n e x t e n d e d s y s t e m by p e r f o r m i ng a I e a s t s q u a r e s f i t o f t h e Iog 
k vs l o g [ C a t ] d a t a (F i g u r e 5 ) . The r a t e c o n s t a n t s were 
caI eu I a t e d us î ng t h e A and E va l u e s f r o m f i t t i n g t h e DSC d a t a 
and s u b t r a c t i n g t h e r a t e c o n s t a n t p r e d i c t e d f o r t h e u n c a t a l y z e d 
r e a c t i o n . Th i s c o r r e c t i o n was I e s s t h a n 20$ e x c e p t a t v e r y Iow 
c a t a l y s t I eve I s ( < 0 . 2 mM). The va lue o f 1 .1 î s wî t h î η 
e x p é r i m e n t a I u n c e r t a i nty o f 1 . 0 , w h i c h i s t h e va l u e p r e d i c t e d 
by most r e a c t i o n mode Is î n v o l v i ng c a t a l y s t c o m p l e x a t i o n w i t h 
one o r b o t h o f t h e r e a c t a n t s as t h e i n i t i a l s t e p i n t h e r e a c t i o n 
scheme (]_,2_). The e x t e n d e d formu I a t î o n y i e I ds a c a t a l y s t 
c o n c e n t r a t i o n dependence o f 0 . 6 5 , w h i c h i s s î gn î f î c a n t I y be low 
t h a t o f t h e u n e x t e n d e d s y s t e m . C a t a l y s t dependences between 
0 . 5 and 1 . 0 have been o b s e r v e d i n o t h e r u r e t h a n e s y s t e m s (3_) 
and have been a t t r i b u t e d t o a p r e a c t î v a t i o n s t e p f o r t h e 
c a t a l y s t , p o s s î b l y i o n i z a t i o n , p r i o r t o c o m p I e x a t î o n . A I t h o u g h 
t h i s d a t a i s cons i s t e n t w i t h s u c h a pathway, t h e c o m p l e x i t i es 
i n v o l v e d i n t h e e x t e n d e d s y s t e m d i s s u a d e aga i n s t r e a c h i ng any 
def i η i t i ve cone I us î ons c o n c e r n i ng t h e r e a c t î on mechan i sm b a s e d 
s o l e l y on t h e s e measurements. S imi I a r l y , t h e A and E va Iues 
t h a t have been o b t a i ned a r e p a r a m e t e r s f o r f î t t i ng t h e r e a c t i o n 
d a t a . T h e i r s i gn i f i c a n c e i n t e r m s o f k i n e t î c t h e o r i es î s open 
t o q u e s t i o n . 

In Urethane Chemistry and Applications; Edwards, K., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 
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[ C A T A L Y S T ] 

Figure 5. Catalyst dependence of rate constants (50°C) for polymerization 
extended (Φ) and unextended (O) formulations. 

In Urethane Chemistry and Applications; Edwards, K., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 
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T h e s e d a t a do, however, p r o v i d e t h e i n f o r m a t i o n needed t o 
a p p r o x i m a t e l y p r e d i c t t h e r a t e c o n s t a n t as a f u n c t i o n of 
t e m p e r a t u r e and c a t a l y s t l e v e l . A s s u m i n g t h e c a t a l y z e d and 
u n c a t a l y z e d r a t e c o n s t a n t s a r e a d d i t i v e we o b t a i n f o r t h e BDO 
e x t e n d e d s y s t e m 

k ( M ~ 1 s " 1 ) = 5.1 χ 1 0 3 exp (-4900/T) 

+ 3 . 5 χ 1 0 1 0 [ C A T ] 0 - 6 5 exp ( - 7 6 6 0 / T ) . (5) 

The f i r s t t e r m i n t h i s e x p r e s s i o n r e p r e s e n t s t h e c o n t r i b u t i o n 
f r o m t h e u n c a t a l y z e d r e a c t i o n and t h e s e c o n d t e r m , t h a t f r o m 
t h e c a t a l y z e d r e a c t i o n . A t t y p i c a l r e a c t i o n t e m p e r a t u r e s 
(above 2 5 ° C ) , t h e c a t a l y z e d r e a c t i o n d o m i n a t e s even a t v e r y 
low c a t a l y s t l e v e l s (0.

p r e - e x p o n e n t i a I f a c t o r . E q u a t i o n 5 can be used t o p r o v i d e r a t e 
c o n s t a n t s w h i c h c o u l d r e a s o n a b l y p r e d i c t c o n v e r s i o n _vs_ t i m e a t 
a g i v e n t e m p e r a t u r e up t o a t l e a s t 60$ r e a c t e d . The a c c u r a c y 
o f t h e p r e d i c t i o n w i l l d e c r e a s e above a b o u t 75°C s i n c e t h i s 
r e q u i r e s e x t r a p o l a t i o n o u t s i d e t h e t e m p e r a t u r e r a n g e i n w h i c h 
t h e f i t t i n g was done. A l s o use o f t h e r a t e c o n s t a n t s a t h i g h 
c o n v e r s i o n a r e l i k e l y t o be l e s s s a t i s f a c t o r y due t o t h e 
d i s c o n t i n u i t y o b s e r v e d i n t h e r e a c t i o n p r o f i l e f o r t h e e x t e n d e d 
f o r m u l a t i o n a t 55 t o 60$ r e a c t e d and a v a r i e t y o f o t h e r f a c t o r s 
( s i d e r e a c t i o n s , g e l a t i o n ) t h a t a r e l i k e l y t o become i m p o r t a n t 
e s p e c i a l l y above 90$ r e a c t e d . 

P h a s e D e v e l o p m e n t D u r i n g P o l y m e r i z a t i o n . P o l y e t h e r b a s e d 
p o l y u r e t h a n e s a r e known t o p h a s e s e p a r a t e f a s t e r t h a n t h o s e 
based on p o l y e s t e r s o f t s e g m e n t s . I n d e e d , f o r m u l a t i o n s l i k e 
t h o s e u s e d i n t h i s work become opaque d u r i n g t h e p o l y m e r i z a t i o n 
i n d i c a t i n g t h a t domain s u p e r s t r u c t u r e s (14) have f o r m e d . 

D e v e l o p m e n t o f t h i s o p a c i t y has been u s e d t o i n d i c a t e 
phase s e p a r a t i o n d u r i n g t h e p o l y m e r i z a t i o n a l t h o u g h q u e s t i o n s 
a r i s e as t o w h e t h e r f o r m a t i o n o f s m a l l domains t h a t do n o t 
s c a t t e r v i s i b l e l i g h t o c c u r b e f o r e t h i s . 

The d i s c o n t i n u i t y i n t h e DSC r e a c t i o n peak t h a t l e a d s t o 
t h e s e c o n d maximum i s b e l i e v e d t o be c a u s e d by t h e o n s e t o f 
phase s e p a r a t i o n . V i s u a l o b s e r v a t i o n s o f s p e c i m e n s ( e x t e n d e d 
f o r m u l a t i o n ) d u r i n g DSC s c a n s r e v e a l e d t h a t t h e f i r s t 
i n d i c a t i o n o f o p a c i t y o c c u r s s l i g h t l y ( w i t h i n ^ 3 ° C ) a f t e r 
t h e o n s e t o f t h i s d i s c o n t i n u i t y . S m a l l s a m p l e s and s l o w 
h e a t i n g ( 5 ° C / m i n ) were used when making t h e s e o b s e r v a t i o n s t o 
r e d u c e t h e t i m e l a g between t h e r m a l c h a n g e s i n t h e s a m p l e and 
d e t e c t i o n by t h e DSC. 

The s o u r c e o f t h e i n c r e a s e d r a t e o f h e a t g e n e r a t i o n may be 
due t o p h y s i c a l and/or c h e m i c a l c h a n g e s . S p o n t a n e o u s 
s e p a r a t i o n o f t h e h a r d and s o f t p h a s e s c o u l d r e l e a s e e n e r g y and 
p r o d u c e a s e c o n d p e a k . The o b s e r v e d m a g n i t u d e o f t h e c h a n g e , 
^ 1 0 J / g , i s l a r g e r t h a n w o u l d be e x p e c t e d f r o m p h a s e 
s e p a r a t i o n u n l e s s t h e h a r d segments c r y s t a l l i z e as w e l l . One 

In Urethane Chemistry and Applications; Edwards, K., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 
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o r more e n d o t h e r m i c p e a k s , t h a t may r e p r e s e n t m e l t i n g o f 
c r y s t a l l i n e h a r d segments formed d u r i n g t h e p o l y m e r i z a t i o n , 
have been d e t e c t e d by DSC a f t e r t h e e x o t h e r m i c r e a c t i o n peak 
( F i g u r e 1 ) . However, t h e s e do n o t a l w a y s o c c u r whereas t h e 
r e a c t i o n d i s c o n t i n u i t y i s h i g h l y r e p r o d u c i b l e . A n o t h e r 
e x p l a n a t i o n i s t h a t p h a s e s e p a r a t i o n l e a d s t o an i n c r e a s e i n 
t h e r e a c t i o n r a t e . T h i s c o u l d o c c u r i f t h e m a t e r i a l t h a t 
s e p a r a t e s i s p r e d o m i n a n t l y r e a c t e d t h u s c o n c e n t r a t i n g t h e 
u n r e a c t e d components i n t h e r e m a i n i n g p h a s e . An example o f 
t h i s w o u l d be s e p a r a t i o n o f r e a c t e d h a r d segment l e a v i n g b e h i n d 
a p h a s e c o n s i s t i n g o f u n r e a c t e d components and r e a c t e d s o f t 
s e g m e n t s . A d e f i n i t e c h o i c e between t h e s e h y p o t h e s e s i s n o t 
p o s s i b l e b a s e d on t h i s d a t a . 

To c o n f i r m t h a t p h a s
f o r m u l a t i o n a t a b o u t 60$ r e a c t e d , s t u d i e s were made o f c h a n g e s 
i n t h e low t e m p e r a t u r e g l a s s r e l a x a t i o n d u r i n g t h e c o u r s e o f 
t h e p o l y m e r i z a t i o n . T h i s was done by r e m o v i n g s p e c i m e n s d u r i n g 
r e a c t i o n m o l d i n g and q u e n c h i n g i n l i q u i d n i t r o g e n t o f r e e z e t h e 
r e a c t i o n and m o r p h o l o g i c a l s t a t e . T h e s e were t h e n t r a n s f e r r e d 
c o l d ( < - 4 0 ° C ) t o DSC sample pans and t h e n i n t o t h e DSC ( s e e 
E x p e r i m e n t a l S e c t i o n ) . F i g u r e 6_ shows t h e change i n t h e g l a s s 
r e l a x a t i o n as a f u n c t i o n o f c o n v e r s i o n f o r t h e p a r t i a l l y 
r e a c t e d m i x t u r e s ( t o a v o i d c o n f u s i o n , c u r v e s l - l I I were n o t 
p l o t t e d t h r o u g h t h e e x o t h e r m i c p e a k ) . E a r l y i n t h e r e a c t i o n a 
s i n g l e s h a r p g l a s s r e l a x a t i o n i s o b s e r v e d due t o t h e amorphous 
m i x t u r e . T h i s r e l a x a t i o n s h i f t s t o h i g h e r t e m p e r a t u r e s as t h e 
r e a c t i o n p r o c e e d s p r o b a b l y due t o t h e i n c r e a s e i n m o l e c u l a r 
w e i g h t . A t h i g h e r c o n v e r s i o n s , t h e t r a n s i t i o n b r o a d e n s and 
f i n a l l y shows e v i d e n c e of s p l i t t i n g i n t o two d i s t i n c t p a r t s a t 
a b o u t 99$ r e a c t e d (240 s e c o n d s i n t h e mold a t - ^ 1 0 0 ° C ) . The 
lower t e m p e r a t u r e r e g i o n r e s e m b l e s t h e s o f t segment r e l a x a t i o n 
a f t e r p o s t - c u r e o f t h e p o l y m e r f o r 16 h o u r s a t 1 0 0 ° C . The 
h i g h e r t e m p e r a t u r e p o r t i o n may be e i t h e r a g l a s s r e l a x a t i o n f o r 
a l o o s e l y formed h a r d p h a s e o r p o s s i b l y a m e l t i n g t r a n s i t i o n 
f o r t h i s p h a s e . No s u b s t a n t i v e t r a n s i t i o n i s o b s e r v e d i n t h i s 
t e m p e r a t u r e r a n g e a f t e r p o s t - c u r e , i n s t e a d a d i s t i n c t h a r d 
segment m e l t i n g peak i s s e e n a t 184°C ( n o t shown) w i t h an 
a p p a r e n t h e a t o f f u s i o n o f 1 3 . 4 J o u l e s p e r gram o f s a m p l e (28 
J o u l e s p e r gram o f h a r d s e g m e n t ) . 

Much o f t h e b r o a d e n i n g i n t h e g l a s s r e l a x a t i o n t h a t o c c u r s 
d u r i n g t h e p o l y m e r i z a t i o n i s l i k e l y due t o t h e e a r l y s t a g e s o f 
phase s e p a r a t i o n . A f t e r s e p a r a t i o n has begun, t h e o n s e t 
t e m p e r a t u r e o f t h i s t r a n s i t i o n s h o u l d i n d i c a t e t h e most 
s e p a r a t e d s o f t segments w h i l e t h e c o m p l e t i o n t e m p e r a t u r e s h o u l d 
i n d i c a t e t h e most s e p a r a t e d h a r d s e g m e n t s . T h e s e two 
t e m p e r a t u r e s a r e f o u n d t o i n c r e a s e a t a b o u t t h e same r a t e up t o 
a p p r o x i m a t e l y 60$ r e a c t e d ( F i g u r e 7 ) , w h i c h i s t o be e x p e c t e d 
i f we a r e m e a s u r i n g t h e o n s e t and c o m p l e t i o n o f a one p h a s e 
s y s t e m . A f t e r 60$ r e a c t e d , however, t h e o n s e t t e m p e r a t u r e 
p e a k s and d r o p s w h i l e t h e c o m p l e t i o n t e m p e r a t u r e c o n t i n u e s t o 

In Urethane Chemistry and Applications; Edwards, K., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 
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TEMPERATURE, C 

Figure 6. Low-temperature glass relaxation for reaction specimens taken from 
mold and quenched in liquid nitrogen at various times during the polymerization. 
Key: 1,1% reacted at 17 s; 11, 54% reacted at 40 s; III, 84% reacted at 45 s; IV, 

95% reacted at 60 s; V, 99% reacted at 240 s; VI, post-cured 16 h at 140°C. 

In Urethane Chemistry and Applications; Edwards, K., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 
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Figure 7. Change in onset (O) and completion (A) of low-temperature transition 
for specimen removed from mold and quenched at various degress of reaction; 

solid points are for post-cured specimen (see Figure 6). 

In Urethane Chemistry and Applications; Edwards, K., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 
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i n c r e a s e r a p i d l y w i t h c o n v e r s i o n . The p o i n t where t h e s e two 
t e m p e r a t u r e s s e p a r a t e r a p i d l y i s v e r y near 60$ r e a c t e d ; w h i c h 
i s e s s e n t i a l l y t h e same as t h e p o i n t o f o c c u r r e n c e of t h e 
d i s c o n t i n u i t y i n t h e r e a c t i o n peak ir^ 51% r e a c t e d ) . T h i s 
combined w i t h t h e o p a c i t y o b s e r v a t i o n s i s s t r o n g e v i d e n c e t h a t 
t h e d i s c o n t i n u i t y i n t h e DSC c u r v e i s c a u s e d by p h a s e 
s e p a r a t i o n . 

The s h a r p n e s s o f t h e DSC d i s c o n t i n u i t y makes t h i s a good 
means o f i d e n t i f y i n g a c c u r a t e l y t h e p o i n t d u r i n g t h e r e a c t i o n 
a t w h i c h p h a s e s e p a r a t i o n b e g i n s . From t h e c o n t i n u o u s i n t e g r a l 
of t h e r e a c t i o n peak ( F i g u r e 2 ) we can d e t e r m i n e t h e t o t a l 
amount o f h e a t r e l e a s e d d u r i n g t h e r e a c t i o n i n t h e DSC and t h e 
amount b e f o r e and a f t e r
w h i c h r e a c t i o n p r i o r t o
u s i n g low c a t a l y s t l e v e l s and low t e m p e r a t u r e m i x i n g y i e l d e d an 
a p p a r e n t h e a t o f r e a c t i o n o f 85 k J / e q . C a l o r i m e t r i c 
measurements ( 1 5 ) have g i v e n v a l u e s i n t h e r a n g e 8 2 - 1 0 5 kJ/eq 
f o r t h e r e a c t i o n o f v a r i o u s î s o c y a n a t e s w i t h η - b u t y l a l c o h o l . 
The d e g r e e of r e a c t i o n when p h a s e s e p a r a t i o n o c c u r s i n t h e 
u r e t h a n e f o r m u l a t i o n s was c a l c u l a t e d u s i n g 

where Δ Η γ i s t h e t o t a l h e a t o f r e a c t i o n e x p e c t e d b a s e d on 
t h e i n i t i a l c o n c e n t r a t i o n o f -OH o r -NCO a s s u m i n g 85 kJ/eq as 
t h e h e a t o f r e a c t i o n and A H y i s t h e measured r e a c t i o n h e a t 
r e l e a s e d a f t e r s e p a r a t i o n t a k e n f r o m t h e DSC r e a c t i o n d a t a . 
The f i r s t d e t e c t a b l e d e v i a t i o n f r o m t h e r e a c t i o n p r o f i l e was 
t a k e n as t h e o n s e t o f s e p a r a t i o n . T h i s p r o c e d u r e c a n be u s e d 
f o r s a m p l e s t h a t a r e p a r t i a l l y r e a c t e d when l o a d e d i n t o t h e DSC 
s i n c e i t i s n o t n e c e s s a r y t o measure t h e t o t a l h e a t o f r e a c t i o n . 

The d e g r e e o f r e a c t i o n a t p h a s e s e p a r a t i o n was d e t e r m i n e d 
by t h i s method f o r a s e r i e s o f f o r m u l a t i o n s based on BDO, 
m o d i f i e d MDI, and t h e p o l y e t h e r m a c r o g l y c o l i n w h i c h t h e s o f t 
segment c o n t e n t was v a r i e d . S t o i c h i o m e t r y was m a i n t a i n e d by 
c h a n g i n g t h e r e l a t i v e amounts o f BDO and m a c r o g l y c o l and t h e 
c a t a l y s t l e v e l was k e p t c o n s t a n t ( 0 . 3 mM) t o m a i n t a i n r o u g h l y 
t h e same r e a c t i o n t e m p e r a t u r e ( T a b l e I I , F i g u r e 8 ) . (NOTE: 
Measurements a t d i f f e r e n t c a t a l y s t l e v e l s have n o t shown a 
s i g n i f i c a n t dependence o f s e p a r a t i o n on t e m p e r a t u r e . ) P h a s e 
s e p a r a t i o n o c c u r r e d e a r l i e r i n t h e r e a c t i o n as t h e s o f t segment 
l e v e l was d e c r e a s e d f r o m 73$ fc£=1.0) t o 28$ 
( ^ = 0 . 4 5 ) . A t s t i l l lower s o f t segment l e v e l s s e p a r a t i o n 
a p p e a r e d t o o c c u r l a t e r i n t h e r e a c t i o n ; however, i t was 
d i f f i c u l t t o d r i v e t h e r e a c t i o n t o c o m p l e t i o n due t o r e d u c e d 
m o b i l i t y i n t h e s e r i g i d , h i g h h a r d segment s y s t e m s . 

By d e c r e a s i n g t h e s o f t segment c o n t e n t we a r e i n c r e a s i n g 
t h e l e n g t h o f t h e h a r d segments t h a t e x i s t a t a p a r t i c u l a r 
degree of r e a c t i o n . T a b l e II l i s t s t h e number and w e i g h t 

Δ Η τ " Δ Η , U (6) 
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Figure 8. Effect of soft segment content on point of phase separation during 
polyurethane polymerization as indicated by discontinuity in DSC reaction profile. 
Dotted line shows theoretical prediction assuming separation at constant number-

average sequence length (1.3) of hard segments (see text). 
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a v e r a g e s e q u e n c e l e n g t h s c a l c u l a t e d a t t h e t i m e o f p h a s e 
s e p a r a t i o n by a p p l y i n g e q u a t i o n s d e v e l o p e d by L o p e z - S e r r a n o e t . 
a I. (16) and m a k i n g s e v e r a l a s s u m p t i o n s . T h e s e e q u a t i o n s a r e 

Ν = ! 5- (7) 
η , 2 

1 Α. 2 

Ν = • =± (8) 
w , 2 

Ί <Ί 
where i n o u r c a s e N n i s
î s o c y a n a t e - B D O u n i t s , N
t h e s e , r - i s t h e i n i t i a l r a t i o o f BDO c o n c e n t r a t i o n t o 
î s o c y a n a i e and q 1 i s t h e f r a c t i o n a l c o n v e r s i o n o f BDO a t t h e 
p o i n t of phase s e p a r a t i o n . T h e s e e q u a t i o n s assume a f i r s t 
o r d e r c o n c e n t r a t i o n dependence on t h e -NCO and -OH and e q u a l 
r e a c t i v i t y a t b o t h ends of t h e m o l e c u l e s . The r e a d e r i s 
r e f e r r e d t o r e f e r e n c e 16 f o r a d e r i v a t i o n and c o m p l e t e 
d i s c u s s i o n o f t h e s e e q u a t i o n s . I f we assume t h a t t h e h y d r o x y l s 
on BDO r e a c t a t t h e same r a t e as t h o s e on t h e m a c r o g l y c o l t h e n 
q̂  i s e q u a l t o cA and N n and N w a r e r e a d i ly c a l c u l a t e d 
f rom t h e e x p e r i m e n t a l d a t a . 

T a b l e I I 

F r a c t i o n o f F u n c t i o n a l G r o u p s R e a c t e d A t 
P h a s e S e p a r a t i o n ( c < ) P l u s C a l c u l a t e d 

Number A v e r a g e and W e i g h t A v e r a g e H a r d 
Segment Sequence L e n g t h s a t S e p a r a t i o n 
As a F u n c t i o n o f S o f t Segment C o n t e n t . 

S o f t Segment 
C o n t e n t (%) N w 

10 1 . 0 - -20 0 . 5 5 1 . 4 0 1 .81 
28 0 . 4 5 1 .23 1 .46 
33 0 . 4 6 1 .24 1 . 4 7 
3 7 . 5 0 . 4 8 1 .26 1 .51 
43 0 . 5 0 1 .27 1 .54 
5 2 . 2 0 . 5 7 1 . 3 5 1 .69 
63 0 . 6 6 1 . 3 5 1 . 6 9 
73 1 . 0 - -

B a s e d on t h e s e e q u a t i o n s and a s s u m p t i o n s ^ p h a s e s e p a r a t i o n 
i s f o u n d t o o c c u r a t R n o f 1 . 2 3 t o 1 . 4 0 and N w o f 1 . 4 6 t o 
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1.81 o v e r t h e s o f t segment r a n g e f r o m 2 8 - 6 3 $ ( T a b l e I I ) . T h i s 
i n d i c a t e s t h a t v e r y s h o r t h a r d s e g m e n t s , p r o b a b l y c o n t a i n i n g 
o n l y two i s o c y a n a t e m o l e c u l e s , can p h a s e s e p a r a t e . A l s o i t 
a p p e a r s t h a t phase s e p a r a t i o n o c c u r s a t a b o u t t h e same h a r d 
segment l e n g t h i n t h e s e s y s t e m s . The d o t t e d l i n e i n F i g u r e 8 
shows t h e p r e d i c t e d c u r v e i f p h a s e s e p a r a t i o n a l w a y s o c c u r r e d 
a t Rn = 1 . 3 . E x c l u d i n g t h e v e r y low s o f t segment 
f o r m u l a t i o n s , t h e e x p e r i m e n t a l d a t a g i v e a c u r v e s i m i l a r t o t h e 
p r e d i c t e d c u r v e e x c e p t f o r a s t e e p e r r i s e w i t h i n c r e a s i n g s o f t 
segment c o n t e n t . T h i s d e v i a t i o n c o u l d be due, a t l e a s t i n 
p a r t , t o t h e dynamic n a t u r e o f t h e DSC measurement w h i c h may 
d e l a y s e p a r a t i o n by d i f f e r e n t amounts i n t h e s e f o r m u l a t i o n s 
d e p e n d i n g on t h e r a t e o
( p r e v i o u s l y d i s c u s s e d )
on m a c r o g l y c o l i s s l i g h t l y d i f f e r e n t f r o m t h a t o f t h e e x t e n d e r 
and t h i s would a l t e r t h e segment m o l e c u l a r - w e i g h t d e v e l o p m e n t . 

R e c e n t l i g h t t r a n s m i s s i o n measurements by C a s t r o e t . a l . 
(8) on s y s t e m s s i m i l a r t o t h o s e s t u d i e d h e r e have y i e l d e d 
s i m i l a r r e s u l t s . U s i n g o p a c i t y d e v e l o p m e n t as an i n d i c a t o r , 
t h e y f i n d t h a t p h a s e s e p a r a t i o n o c c u r s a t N n e q u a l t o ~ 1 . 3 . 

C o n c l u s i o n s 

D i f f e r e n t i a I s c a n n i ng c a l o r i m e t r y can be u s e d t o measure 
b o t h r e a c t i o n k i n e t i c s and p h a s e s e p a r a t i o n d u r i n g t h e 
p o l y u r e t h a n e p o l y m e r i z a t i o n . Aut o m at ed d a t a r e d u c t i o n g r e a t l y 
f a c i l i t a t e s t h e measurement. U s i n g t h e s e methods k i n e t i c 
e x p r e s s i o n s were d e v e l o p e d f o r p r e d i c t i n g r a t e c o n s t a n t s as a 
f u n c t i o n o f t e m p e r a t u r e and c a t a l y s t l e v e l f o r a p o l y e t h e r 
based p o l y u r e t h a n e . P h a s e s e p a r a t i o n was d e t e c t e d by DSC 
d u r i n g t h e p o l y m e r i z a t i o n by m e a s u r i n g b r o a d e n i n g o f t h e low 
t e m p e r a t u r e g l a s s r e l a x a t i o n . The o n s e t o f t h i s b r o a d e n i n g was 
f o u n d t o c o r r e l a t e w i t h development o f o p a c i t y i n t h e r e a c t i n g 
mi x t u r e s and w î t h a di s t i n e t d i s c o n t i nu i t y i n t h e DSC r e a c t i o n 
p e a k . Th i s di s c o n t i nu i t y coup l e d w i t h t h e i n t e g r a t e d r e a c t i o n 
peak o f f e r s an e x c e I I e n t means f o r rap i d l y measur i ng p h a s e 
s e p a r a t i o n . D e c r e a s i n g s o f t segment c o n t e n t (70 30%) c a u s e s 
p h a s e s e p a r a t i o n t o o c c u r a t a lower d e g r e e o f r e a c t i o n . 
E s t i m a t e s o f s e q u e n c e l e n g t h s r e v e a I t h a t s e p a r a t i o n o c c u r s a t 
rough I y equaI h a r d segment Iength o v e r a w i de compos i t i o n a I 
r a n g e and t h a t v e r y s h o r t l e n g t h s , p r o b a b l y on I y two MDI un i t s 
Iong, a r e I i k e l y t o s e p a r a t e . 
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13 
Flow Mechanics of Polyurethane Foam 
Formation 

J. T. LINDT and W. KOSTRZEWSKI 

Department of Metallurgical and Materials Engineering, University of Pittsburgh, 
Pittsburgh, PA 15261 

The foam architectur
between the physico-chemical and operating parameters character
izing a given processing situation. While considerable attention 
has been devoted to the chemistry and, to a somewhat lesser extent, 
to the morphology of polyurethanes, only a severely limited amount 
of information is available on flow phenomena occurring during the 
foam formation. As a result, rational methods for neither rheolo
gical characterization nor scale-up have been developed. Large 
scale experiments are often required to analyze and solve process
ing problems. 

The inability to analyze flow-related material defects is a 
serious drawback; shear and normal stresses associated with the 
foaming process can be responsible for a variety of defects such 
as cell structure irregularities, large voids, excessive curva
ture or even splitting of the foam-free surface, local density 
gradients and leakages from molds. 

Presently, an exploratory attempt is made to examine, in 
phenomenological terms, the flow behavior of a water-blown 
urethane foam prior to appreciable chemical gelation taking place. 
The objectives are: 

- to generate a quantifiable flow field associated with 
appreciable (macroscopic) shear stresses, 

- to investigate the nature of momentum transfer involved, 
- to make a quantitative assessment of the time-dependent 

shear stress field leading to an evaluation of the apparent vis
cosity as a function of time, 

- to examine briefly the effect of the flow field on the 
terminal foam morphology. 

0097-6156/81/0172-0167$05.00/0 
© 1981 American Chemical Society 
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GROWING FOAM AS A FLUID MEDIUM 

From a phenomenological standpoint, g a s - l i q u i d mixtures can 
be divided into dispersions, macro-mixed and s t r a t i f i e d systems. 
Fine dispersions are considered pseudo-homogeneous, t h e i r flow 
mechanics being e s s e n t i a l l y those established for true homogeneous 
f l u i d s . 

Fine dispersions contain f l u i d p a r t i c l e s that are small by 
both geometrical and dynamic c r i t e r i a . Thus, the growing foam 
may be regarded as a pseudo-homogeneous mixture as long as: 

- the bubbles ar
dimension of the apparatus

the bubble Reynolds number i s vanishingly small (Reg<<l). 

In growing polyurethane foams these two c r i t e r i a are usually 
s a t i s f i e d . 

In the following treatment the foaming medium i s considered 
a pseudo-homogeneous f l u i d . In contrast to conventional f l u i d s , 
however, t h i s f l u i d gradually expands as the foaming progresses, 
generating a macroscopic flow f i e l d of measurable i n t e n s i t y . The 
v e l o c i t y i s a function of both the p o s i t i o n and time. 

Analogously to the well-behaved systems, the flow of the 
foaming mass should be described by a pressure drop-flow rate 
r e l a t i o n s h i p (the foam flow c h a r a c t e r i s t i c ) . (In view of the fact 
that the flow i s generated by volume expansion only, the foam flow 
c h a r a c t e r i s t i c , f o r a given formulation and a given set of geo
me t r i c a l and operational conditions, can be characterized by a 
(unique) pressure drop-nominal density function.) 

APPROACH PROBLEM DEFINITION 

Using a continuum rather than c e l l u l a r model implies that 
the growing foam i s regarded as a f l u i d with a continuously d i s 
t r i b u t e d source of flow. Hence, the flow rate i s also a function 
of p o s i t i o n ; the (hydrodynamic) pressure gradient i s resulted from 
i n e r t i a , g ravity and stress mechanisms operating i n the f l u i d . 

Although the proper understanding of the o v e r a l l momentum 
transfer pattern i s the ultimate goal, at t h i s stage, a choice 
has been made to concentrate on a study of the shear component 
of the stress f i e l d . At the same time, i t i s convenient to sur-
press the accelerating nature of the flow. (In addition to the 
methodological aspect s t r e s s i n g a separation of the major p a r t i c i 
pating transport mechanisms, t h i s choice has been supported by 
the b e l i e f that viscous stresses concentrated i n the neighborhood 
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of the mold walls are responsible for a v a r i e t y of defects i n the 
foam structure observed i n large scale processing.) 

The r e l a t i v e importance of the viscous stresses can be i n 
creased by l e t t i n g the foam flow through a narrow channel or a 
c a p i l l a r y : e.g., when connecting a c a p i l l a r y of inner diameter d 
to*a c y l i n d r i c a l r e servoir of diameter D serving as a foam source, 
a flow governed by viscous forces establishes i n the c a p i l l a r y as 
long as d<<D, and the c a p i l l a r y Reynolds number being s u f f i c i e n t l y 
small. ( A d d i t i o n a l l y , the above c r i t e r i a for pseudo-homogeneous 
mixture must be s a t i s f i e d . ) 

Accepting t h i s concept
formulated as one of lamina
a x i a l pressure p r o f i l e and flow rate are i d e n t i f i e d as the key 
macroscopic v a r i a b l e s . 

The a v a i l a b i l i t y of the pressure gradient-flowrate r e l a t i o n 
ship forms a basis for the determination of apparent v i s c o s i t y . 

A post-mortem evaluation of the terminal c e l l structure i n 
the c a p i l l a r y i s to serve the purpose of a q u a l i t a t i v e examination 
of the processing-morphology c o r r e l a t i o n . 

EXPERIMENTAL 

The apparatus b u i l t to measure the i n t e n s i t y of viscous 
forces i s shown i n F i g . 1. A c y l i n d r i c a l s t e e l vessel of an inner 
diameter of 122 mm and height of 150 mm i s used as a source of 
foam. I t i s f i t t e d with a c a r e f u l l y sealed aluminum l i d 12.7 mm 
thi c k . A perspex thick-walled " c a p i l l a r y " of 12.7 mm inner d i a 
meter has been i n s t a l l e d at the center of the l i d ; i t s length has 
been varied from 600 to 1500 mm by 300 mm increments. In a l l 
cases, s t r a i n gauge pressure transducers (Entran EPS-1032) have 
been i n s t a l l e d at 1/4, 1/2 and 3/4 of the t o t a l tube lengths. 
Temperatures at the i n l e t and outlet of the tube were measured 
using thermocouples. A f t e r the passage through the instrumented 
test section the foaming mass was co l l e c t e d i n a c y l i n d r i c a l over
head vessel of an inner diameter 92 mm. The foam r i s e has been 
monitored using a modified u l t r a s o n i c depth measuring device 
(CRANE PRO-TECH, MODEL UDX). To f a c i l i t a t e the measurements of the 
foam r i s e a styrofoam f l o a t was i n s t a l l e d i n the overhead v e s s e l . 

Output signals from the pressure and u l t r a s o n i c transducers 
and from the thermocouples were registered using multichannel 
recorders (HOUSTON INSTRUMENT, OMNISCRIBE B-5000). 

As a model system, a conventional f l e x i b l e urethane foam 
formulation developed by Union Carbide for automotive seat a p p l i 
cations has been used. I t consists of: 
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T H E R M O C O U P L E 
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Figure 1. Scheme of the apparatus (L, = 600 mm; L 2 = 900 mm; L3 = 1200 
mm; Llf — 1500 mm). 
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60/40 blend of NIAX p o l y o l s 11-34/34-28 
cat a l y s t s (A-l, DABCO, A-4) water 
surfactant (L-5308) and c a t a l y s t (T-12) 
80/20 blend of TDI/PAPI (SF-58) 

11.85 pbw 
2.31 pbw 

96.00 pbw 

300 pbw 

This mixture (410.16 g) was thoroughly mixed i n the lower 
vessel at about 14°C. Afte r the mixing step the vessel was 
promptly attached to the instrumented test section ( F i g. 1). 

After each experiment the foam was removed from the appara
tus and analyzed. 

The mixing equipment  th  lowe d  vessel
thoroughly cleaned and

RESULTS DISCUSSION 

Preceeding an evaluation of the flow c h a r a c t e r i s t i c s , v i s u a l 
examinations were made of the terminal foam morphology i n the 
tube. In the absence of e x p l i c i t information on the c e l l s i z e 
d i s t r i b u t i o n during the foaming stage, r e s u l t s on morphology of 
the cured foam have been used to support an e a r l i e r assumption 
of f i n e dispersion. Plate 1 shows an enlarged view (15X) of the 
cross-section of a cured foam sample taken from the downstream 
end of a 6.35 mm I.D. tube. (For a conservative estimate a 
small diameter tube has been chosen.) As can be seen, even the 
largest " c e l l s " i n the cured foam are more than an order of mag
nitude smaller than the tube diameter. 

I t i s also i n t e r e s t i n g to note that inside the tube a s i g n i 
f i c a n t o r i e n t a t i o n e x i s t s . Long c y l i n d r i c a l c e l l s (tunnels) 
p a r a l l e l to the flow axis can be observed rather than the usual 
dodecahedra commonly found i n f r e e - r i s e foams. Moreover, the 
pattern of Pla t e 1 indicates appreciable shear s e n s i t i v i t y of the 
c e l l structure to e x i s t ; at the w a l l where most shearing has 
occurred the largest c e l l defects are found. 

Data on the time-dependent flow of foam through the test 
section ( c . f . F i g . 1) consists of continuous records* of the 
a x i a l pressure p r o f i l e , and of foam r i s e i n the overhead reser
v o i r . (An example i s given i n F i g . 2.) 

Generally, the measurements indicated the existence of the 
following d i s t i n c t regimes : 

developing flow 
The instrumented section i s getting f i l l e d with a highly 

The time was measured from the instant when the isocyanates 
were added to the mixture. 
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Plate 1. Scanning electron micrograph of a foam sample from the flow measure-
ment apparatus (enlargement 12χ). 

Figure 2. Experimental results (L — 120 cm). Key: O , pressure at ζ — 30 cm; 
Δ, pressure at ζ = 60 cm; • , pressure at ζ = 90 cm; Φ, foam height in over

head reservoir. 
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mobile, r e l a t i v e l y high density, foaming mass. The flow i s gov
erned by unsteady-state e f f e c t s . 

- viscous flow 
Viscous stresses dominate the flow ( i n F i g . 2 , a f t e r cca. 

30s). 

- s t a t i c p r e s s u r i z a t i o n 
The foam appears to be chemically g e l l e d , flow stops 

( a f t e r cca. 100s have elapsed). 

The subsequent analysis i s l i m i t e d to the viscous flow 
regime. As shown below
enough to give Re<l. Also
steady nature of the flow are small compared to the viscous forces 
beyond the i n i t i a l developing flow stage. 

When r e p l o t t i n g the pressure data of F i g . 2 against a x i a l 
p o s i t i o n a l i n e a r function (within an experimental error) has 
been found; see F i g . 3. The same f i n d i n g applies to the pressure 
measurements on the tubes 600, 900 and 1500 mm long. 

The fact that the a x i a l pressure p r o f i l e i s l i n e a r over a 
r e l a t i v e l y broad time i n t e r v a l i s extremely important. Most 
probably, i t indicates that under the present experimental con
d i t i o n s : 

- the properties of the foaming mass are v i r t u a l l y indepen
dent of the a x i a l p o s i t i o n w i t h i n the instrumented portion of the 
tube, 

- the flow rate along the tube i s nearly constant (as i t 
should f o r d«D) . 

These conclusions are v a l i d w i t h i n the present l i m i t s of 
accuracy. They also exclude a p o s s i b i l i t y of the l i n e a r pressure 
p r o f i l e being resulted from a compensation e f f e c t balancing a x i a l 
dependences of the phenomenological quantities involved. ( I t 
should also be noted that the entrance and end e f f e c t s have been 
eliminated experimentally by placing the pressure tranducers no 
closer than 11.8 L/d from e i t h e r end.) 

Results of the pressure measurements are c o l l e c t e d i n F i g . 4. 
The pressure gradients show a sca t t e r p a r t i c u l a r l y v i s i b l e at 
the lower end of the time i n t e r v a l . As there i s no c l e a r i n d i c a 
t i o n of the tube length e f f e c t on the pressure gradient, the 
spread can most l i k e l y be a t t r i b u t e d to mixing problems. (The 
progressive mixing due to the elongational flow associated with 
the bubble growth may lead to a reduced scatter with the increas
ing time.) In view of the data s c a t t e r , a l i n e a r approximation 
of the pressure gradient-time dependence has been used. 
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Figure 3. Pressure profile as a function of time ÇL — 120 cm). Key: O, 66 s; 
Δ, 78 s; 90 s; • , 102 s; Φ, 114 s. 
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Figure 4. Pressure gradient as a function of time. Key: • , L = 60 cm; Φ, L = 
90 cm; Δ , L = 120 cm; 0,L = 150 cm. 
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The average density of the foaming mass contained i n the 
apparatus as a function of time has been determined from the read
ings of the foam r i s e i n the upper v e s s e l ( c.f. F i g . 1). Assuming 
no loss of mass, the mean density can be evaluated from the u l t r a 
sonic transducer readings by: 

M 
V 1 + V T + 1 T R 2 H 

(1) 

where M i s the t o t a l ( i n i t i a l ) mass, and V T volumes of lower 
vessel and tube, r e s p e c t i v e l y . R£ i s the radius of the upper ves
s e l , and H i s the changing foam height i n i t . 

The present data o
The scatter i s r e l a t i v e l

The density data of F i g . 5 can be converted i n t o flow rate 
through the tube. Assuming constant density throughout the appa
ratus* at a given i n s t a n t , the flow rate as a function of time 
can be determined from: 

Q = - ^ £ <2> 
Ρ 

Based on data points of F i g . 5, the volumetric flow rate i n the 
tube as a function of time has been calculated and p l o t t e d i n 
Fi g . 6. (The r e l a t i v e l y large spread i n Q has been introduced by 
numerical d i f f e r e n t i a t i o n . ) 

F i n a l l y , the information on the pressure gradient and flow 
rate i s used f o r an assessment of the v i s c o s i t y buildup during 
the foaming stage. The apparent v i s c o s i t y i s determined by: 

nA - Tk^A ( 3 ) 

where the apparent shear stress and shear rate are given 
by, resp., : 

τ Α = | | R/2 and γ Α = 4Q/TTR 3 (4) 

In view of the crude concept of apparent v i s c o s i t y , the v i s c o s i t y 
function given i n F i g . 7 has been evaluated using the s t a t i s t i c a l 
representations of the consistency variables ( s o l i d l i n e s i n 
Figs. 4 and 6) rather than the actual data points. 

*The average densities i n the lower and upper vessels have 
been found not to d i f f e r by more than 10 percent. 
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Figure 6. Volumetric flowrate in capillary as a function of time. Key: • , L = 
60 cm; · , L = 90 cm; Δ , L = 120 cm; O , L = 150 cm. 
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Figure 7. A pparent viscosity as a function of time. 
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CONCLUSIONS 

The above r e s u l t s indicate that: 

1. The foam formation process can be analyzed as a macro
scopic flow problem. 

2 . For a given set of physico-chemical, geometrical and 
operational parameters, the flow c h a r a c t e r i s t i c s can be s p e c i f i e d 
f u l l y by measurements of the foam r i s e and of the pressure p r o f i l e 
i n the mold. 

3 . From the characterizatio  standpoint  dat  th  foa
riseand pressure p r o f i l
density and v i s c o s i t y functions. 

In addition to the determinations of the density and v i s c o s i t y 
functions, the present technique can be used for examinations of 
the shear s e n s i t i v i t y of the foam c e l l structure. 
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14 
The Structure of the Hard Segments in 
MDI/diol/PTMA Polyurethane Elastomers 
J. BLACKWELL, M. R. NAGARAJAN, and Τ. Β. HOITINK 
Department of Macromolecular Science, Case Western Reserve University, 
Cleveland, OH 44106 

Polyurethane elastomers derive t h e i r elastomeric properties 
from phase separation
such that the hard (urethane
l i n k s between the amorphous soft segment domains, which are 
usually polyesters or polyethers. We are interested i n the 
systems i n which the hard segments are prepared from diphenyl-
methane 4,4 f-diisocyanate (MDI) with a l i n e a r d i o l as the chain 
extender: 

- [ - 0 - CO - NH C H 2 ^ ^ - NH - CO - 0 - (0Η 2) χ- ] n ~ 

The s o f t segments are poly(tetramethylene adipate) (PTMA; 
^ * 2089). In these preparations the hard domains are c r y s t a l 
l i n e and there has been considerable i n t e r e s t i n the way the 
hydrogen bonding and chain packing contribute to the s t r u c t u r a l 
s t a b i l i t y . The mechanical properties are dependent on the choice 
of chain extender, which a f f e c t s the extent of phase separation. 
Development of c r y s t a l l i n i t y i s thought to be an important factor 
c o n t r o l l i n g phase separation, and we are i n v e s t i g a t i n g the e f f e c t 
on the molecular conformation, packing, and the c r y s t a l l i t e per
f e c t i o n , due to v a r i a t i o n of the chain extender. 

In our i n i t i a l studies we concentrated on the structure of 
poly(MDI-butandiol). I n i t i a l proposals for the structure of 
these hard segments were made by Bonart and co-workers (1-3) and 
by Wilkes and Yusek. (4) The x-ray pattern of the oriented an
nealed elastomer f i l m showed a si n g l e r e f l e c t i o n which could be 
assigned to the hard segments, at d ~ 7 . 9 Â , azimuthally i n c l i n e d 
at ^ 30° to the meridian. This r e f l e c t i o n must o r i g i n a t e from 
Bragg planes i n c l i n e d at ̂  60° to the chain a x i s , and Bonart 
et a l proposed that these planes a r i s e from a staggering of ad
jacent chains so that intermolecular hydrogen bonds can be formed 
between the urethane groups. Formation of C = 0 · · · Η - Ν hydrogen 
bonds which are approximately perpendicular to the chain neces
s i t a t e s staggering of the chains, as occurs for example i n the 
structure of the α-form of Nylon 66. (5) 

0097-6156/81/0172-0179$05.00/0 
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The above studies provided i n s i g h t i n t o the structure of 
the hard segments, but more d e t a i l e d proposals could not be de
veloped without a knowledge of the stereochemistry of the MDI 
uni t . In addition to the standard bond lengths and angles f o r 
the phenyl, urethane, and butandiol groups, we need to determine 

( i ) the bond angle at the c e n t r a l C-CH2-C bridge; 
( i i ) the o r i e n t a t i o n of the phenyl rings with respect to each 

other and to the c e n t r a l C-CH2-C plane; 
( i i i ) the degree of p l a n a r i t y of the urethane groups and t h e i r 

o rientations with respect to t h e i r adjacent phenyls; and 
(iv) the conformation of the -(CH 2)^- chain and i t s o r i e n t a 

t i o n with respect to the diphenylmethane diurethane. 
In order to determin

gating the structures o
with alcohols. The f i r s t of these structures was methanol-capped 
MDI (6) [MeMMe, CH2(C6Hi+NHC00CH3) 2 ]. This compound c r y s t a l l i z e s 
i n two polymorphic structures, which w i l l be designated MeMMeI 
and I I . The structure of MeMMeI has been determined i n t h i s labo
ratory, (6) and reveals many features which can be expected to 
occur i n the polymer structure. The conformation of the molecule 
i s shown i n f i g . l a and the bc_ p r o j e c t i o n of the c r y s t a l s t r u c 
ture i s shown i n f i g . l b . The ce n t r a l C-CH2-C bridge angle i s 
114.5° and the phenyl planes are mutually i n c l i n e d at 90.0°. 
Despite the chemical symmetry, the molecule i s not p h y s i c a l l y 
symmetrical, and the two ends of the molecule are d i f f e r e n t i a t e d 
by A and Β labe l s i n f i g . 1 (a and b) ; t h i s asymmetry probably 
occurs i n order to optimize the hydrogen bonding and packing.* 
The phenyl groups are i n c l i n e d at 74.5°(A) and 34.7°(B) to the 
bridge C-CH2-C plane. The urethane groups are planar and i n 
c l i n e d at 39.4°(A) and 10.2°(B) to t h e i r adjacent phenyls; the 
terminal methyl carbons l i e approximately i n the planes of the 
urethane groups. The B-urethane groups form C = 0 ··· Η - Ν hydro
gen bonds approximately i n the b£ plane, as seen i n f i g . l b . The 
molecules are stacked on top of each other along the a. axis (per
pendicular to the be plane), and the A-urethane groups are hydro
gen bonded to each other along t h i s stack. 

In considering the type of packing possible i n the polymer 
structure, i t i s c l e a r that the hydrogen bonding seen for the A-
urethanes i s l i k e l y to occur for the polymer, but not that f o r 
the B-urethanes. Another feature of the MeMMe structure i s that 
the molecules have c r y s t a l l i z e d end-to-end: see the shaded mole-
cules i n f i g , l b . A model for the polymer chain was derived (9) 
* I t i s i n t e r e s t i n g that i n the structure of MeMMeII, as deter
mined by Born et a l , (7) the molecules are symmetrical, with 
the two ends of the molecule related by a twofold axis through 
the CH 2 group. This twofold molecular symmetry also occurs for 
HO-BMB-OH (butandiol-capped MDI; CH2[C6Hi+NHC00(CH2)^OH], as de
termined i n t h i s laboratory. (8) However, neither "of these two 
structures has intermolecular hydrogen bonding networks that 
could be analogous to s i t u a t i o n i n the polymers. 
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Figure 1. Structure of MeMMe (methanol-capped MDI) (6): (a) conformation of 
molecule; (b) be projection of the structure showing the packing and intermolecular 

hydrogen bonding. 
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by ad d i t i o n of a -CH2-CH2- chain to form the butandiol u n i t , 
which was assumed to have a planar zigzag conformation (as i n 
polyethylene). The stacking of the molecules along the a. axis 
of the MeMMe structure was retained f o r the polymer, such that 
the ac projec t i o n of the polymer structure i s as shown i n f i g . 2, 
where the hydrogen bonding of the A-urethane groups can be seen. 
The B-urethane groups are hydrogen bonded to the next sheet of 
chains, and thus the structure i s s t a b i l i z e d by hydrogen bonding 
i n two (approximately perpendicular) d i r e c t i o n s . This proposed 
structure has a t r i c l i n i c u n i t c e l l with dimensions a. = 5.2A, 
b = 4^81, c = 35.OA, α = 121°, 3 = 116°, and γ =85°. The space group 
i s PI since the center of symmetry between molecules i n the MeMMe 
structure r e l a t e s the tw
repeat. 

Confirmation f o r t h i s structure was obtained i n l a t e r x-ray 
work, (10) i n which a more highly resolved x-ray f i b e r diagram 
was obtained f o r the poly(MDI-butandiol) hard segments. Twelve 
unique r e f l e c t i o n s were observed and these were indexed by a t r i 
c l i n i c u n i t c e l l with dimensions a. = 5.05Â, ID = 4.67Â, £= 37.9Â, 
α = 116°, 3 = 116°, and γ =83.5°. Given the experimental uncer
t a i n t y i n the measured d-spacings, and the assumptions i n the 
model b u i l d i n g , the agreement between the observed and predicted 
unit c e l l s i s s t r i k i n g . The most s i g n i f i c a n t difference i s 
probably i n the f i b e r repeat ( c ) , which indicates a more elonga
ted conformation than that predicted from the "monomer" s t r u c 
ture. 

This paper describes a continuation of the above work, 
f i r s t l y to apply conformational analysis to predict the confor
mation of the poly(MDI-butandiol) chain, and secondly to extend 
these x-ray d i f f r a c t i o n and model b u i l d i n g techniques to inves
t i g a t e the structures formed with other chain extenders, notably 
propandiol and ethylene g l y c o l . More det a i l e d accounts of t h i s 
work have been published elsewhere. (11,12) 

EXPERIMENTAL 

Specimens 

The polyurethane specimens used i n t h i s research were 
generously provided by Dr. C.S. Schollenberger of B.F. Goodrich 
Co., B r e c k s v i l l e , Ohio. The specimens were prepared from r e -
actant mixtures containing the r a t i o 6 moles MDI:5 moles d i o l : 
1 mole PTMA (M n* 2089), corresponding to approximately 50% hard 
segment content; the d i o l chain extenders were ethylene g l y c o l 
(EDO), propandiol (PDO), and butandiol (BDO). 

Oriented f i l m s of the BDO and PDO polymers were prepared by 
slowly s t r e t c h i n g 1mm thic k unoriented f i l m s to 700% extension 
on a s t a i n l e s s s t e e l rack at 130°C over a period of 7 days. As 
w i l l be seen, these specimens showed no evidence f o r s o f t seg
ment c r y s t a l l i n i t y . This procedure was unsuccessful f o r the EDO 
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Figure 2. The ac projection of the struc
ture of poly (MDI-butandiol) hard seg
ments proposed by Blackwell and Gard

ner (9). 
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polymer, i n that the films always broke during st r e t c h i n g above 
60°C. The l a t t e r specimens were oriented by str e t c h i n g 400% at 
room temperature. The x-ray patterns obtained showed both hard 
and s o f t segment c r y s t a l l i n i t y . 

X-ray D i f f r a c t i o n 

X-ray d i f f r a c t i o n patterns were recorded using a Searle 
t o r o i d a l focusing camera with n i c k e l f i l t e r e d CuKa r a d i a t i o n 
generated by a Rigaku-Denki r o t a t i n g anode source. 

Conformational Analysis 

The chain conformation
and poly(MDI-EDO) were investigated (11) using both semiempirical 
p o t e n t i a l energy functions and CNDO/2 quantum mechanical 
methods. (13) Standard interatomic distances and angles were 
used for the diphenylmethane and -(C H 2 ) X - u n i t s . Similar para
meters for the urethane group were obtained from a survey of 
24 c r y s t a l structures of low molecular weight urethane compounds. 
The semiempirical c a l c u a l t i o n s determined the t o t a l conforma
t i o n a l energy by summing non-bonded (van der Waals), t o r s i o n a l , 
angular deformations, and e l e c t r o s t a t i c energies. Point charges 
for the c a l c u l a t i o n of the e l e c t r o s t a t i c contributions were c a l 
culated using the CNDO/2 method. The c o e f f i c i e n t s used for the 
po t e n t i a l functions were due to Sheraga and co-workers. (14) 
CNDO/2 ca l c u l a t i o n s were also used to estimate the e f f e c t s of 
in t e r a c t i o n of the π-orbitals of the phenyl and urethane groups. 

RESULTS AND DISCUSSION 

Conformational Analysis of Poly(MDI-BDO) 

The conformation of the poly(MDI-BDO) chain i s defined by 
s i x t o r s i o n angles as shown below. 

(CH 2) ̂ —^C0NHHK\ / V - à r € H 2 — Λ - ^ - N H C O . O — ^ ( C H ^ 

The phenyl and urethane groups are planar and are assumed to be 
r i g i d ; the conformation of the -(CH 2) i f- chain must also be de
fined. The d e f i n i t i o n s of the o r i g i n s f o r the s i x t o r s i o n angles 
are given i n reference 11. 

This polymer has a long chemical repeat and conformational 
analysis would be a formidable task were i t not that the x-ray 
data i n d i c a t e a highly extended conformation: two monomer units 
repeat i n 37.9Â, i . e . a r i s e of 18 . 9 5 Â per repeat. Consequently, 
the conformation w i l l be determined by in t e r a c t i o n s between con
tiguous groups. Conformational energy c a l c u l a t i o n s have been 
used to investigate the phenyl-phenyl, the pheny1-urethane, and, 
af t e r consideration of the possible -(CH 2) i +- conformations, the 
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urethane -(CH^^ i n t e r a c t i o n s . These r e s u l t s have then been 
combined to predict the conformation of the polymer chain. 

For the phenyl-phenyl i n t e r a c t i o n s , the energy of the d i -
phenylmethane unit was minimized as a function of φ} and φ 2 for 
d i f f e r e n t values of the C-CH2-C bridge angle, τ. Minimum energy 
occurs f o r τ = 110°, the tetrahedral angle. However there i s a 
subsidiary minimum at τ = 118.3°, with energy 1.9 kcal/mole highei 
than the τ = 110° minimum. The subsidiary minimum i s at Φχ,Φ 2 = 
(-60°,-60°) for which the phenyl rings are mutually perpendiculai 
and exactly gauche to the c e n t r a l CH 2 group ( c . f . τ=114.5° i n 
the structure of MeMMeI. (6) This subsidiary minimum also leads 
to a more extended conformation and for these reasons was selec
ted for the diphenylmethan
the phenyl-urethane i n t e r a c t i o n s
X = ±90°, fo r which the phenyl and urethane planes are perpendicu
l a r . The most extended conformation i s Χ χ,X 2=-90°,+90°; a 
monomer repeat of c_ =18.95Â cannot be achieved for the other 
combinations of Χχ,Χ2 for any conformation of the rest of the 
chain. 

The above conformation: Χ χ = -90°, φι = -60°, φ 2 = -60°, 
X 2 = +90° has a length of 14.0Â measured from the terminal oxygens 
of the urethane groups. Minimum energy for the 0-(CH 2) 1 +-0 sec
t i o n i s for an a l l - t r a n s conformation which i s coplanar with the 
urethanes, ω χ,ω 2 = 180°,180°, i . e . the section 

-NH-C0-0-(CH2)lf -O-CO-NH-
i s a planar zigzag. Examination of subsidiary minima Qcontaining 
gauche bonds show that the monomer repeat of _c = 18.95A cannot be 
attained with any but the a l l - t r a n s conformation. 

Thus the predicted polymer conformation i s defined by the 
following t o r s i o n angles ω! = 180°, Χ χ = -90° , φ! = -60°, φ 2 = -60°, 
χ 2 = +90°, ω 2 = 180°, with an a l l - t r a n s -(CH 2) I +- u n i t . The monomei 
repeat for our model was 18.95Â which matches the observed value, 
(V a r i a t i o n of the bond lengths and angles i s possible w i t h i n the 
standard ranges, r e s u l t i n g i n a v a r i a t i o n of approximately ±0. 5Â 
i n the monomer repeat ; the exact agreement i s contrived for con
venience i n l a t e r packing analyses . ) A pro j e c t i o n of the pre
dicted conformation i s shown i n f i g . 3. 

We can be reasonable confident that the actual t o r s i o n 
angles i n the s o l i d state structure w i l l be close to the predic
ted values, except for Xj and X 2, which define the phenyl-
urethane o r i e n t a t i o n s . The model diphenyl-diurethane s t r u c 
tures (6-8) have X angles i n the range 10-37°. The deviations 
from X = 90° could be due to electron d e r e a l i z a t i o n between the 
phenyl and urethane groups, which would favor the s t e r i c a l l y 
disallowed X = 0° conformation. Such elec t r o n d e r e a l i z a t i o n 
has been considered elsewhere for aromatic polyamides and poly
esters . However, a simpler explanation may be that s i g n i f i c a n t 
space occurs between the molecules i f they are hydrogen bonded 
i n the X = ±90° conformations, and that t h i s i s eliminated when 
X i s varied i . e . the urethanes are twisted away from a p o s i t i o n 
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18.95 Â 

Figure 3. Projection of the minimum 
energy conformation of poly(MDI-BDO) 
(11). The fiber repeat is 37.9 Â and 
contains two monomers, that is, the mon
omer repeat along the fiber axis is 18.95 

Â. 
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perpendicular to the phenyl ring s . The energy increase for the 
molecular conformation would be more than compensated by that due 
to the packing e f f e c t s . 

V a r i a t i o n of X has l i t t l e e f f e c t on the length of the mono
mer repeat, owing to the fact that the terminal oxygen of the 
urethane group i s almost colinear with the N-C (phenyl) bond. 
Table 1 shows the monomer repeats for centrosymmetric chains 
with a range of values of Xj and X 2, where i t i s seen that e/2 
does not vary by more than 0.2Â. We are now considering the 
packing of the poly(MDI-BDO) chains i n the proposed t r i c l i n i c 
u nit c e l l , and w i l l report on t h i s i n due course. 

Poly(MDI-PDO) and Poly(MDI-EDO) 

X-ray d i f f r a c t i o n patterns o  oriented s o  the BDO, 
PDO, and EDO preparations (12) are shown i n f i g . 4. The poly-
(MDI-BDO) pattern has been analyzed previously and indicates a 
t r i c l i n i c unit c e l l i n which the base plane i s t i l t e d , i . e . i t 
i s not perpendicular to the f i b e r a x i s , such that the chains are 
i n a staggered hydrogen bonded array. The conformational analy
s i s above shows that the polymer chain i s f u l l y extended, with 
the a l l - t r a n s -(CH^^- unit coplanar with the urethane groups. 

The x-ray pattern of poly(MDI-PDO) and the EDO preparation 
can be seen to be quite d i f f e r e n t from that of poly(MDI-BDO). 
Poly(MDI-PDO) shows meridional r e f l e c t i o n s at d=16.2Â, 8.1Â, and 
^4.OA, and an equatorial at d - 4.7Â, with a row l i n e at that 
p o s i t i o n . This pattern i s c h a r a c t e r i s t i c of a monoclinic un i t 
c e l l with the base plane perpendicular to the f i b e r a x i s , i . e . 
the chains are not staggered but are arranged i n r e g i s t e r . The 
poly(MDI-BDO) and poly(MDI-PDO) specimens had been prepared i n 
the same manner, and the lower q u a l i t y of the x-ray pattern for 
the l a t t e r indicates a lower degree of c r y s t a l l i n e order i n the 
poly(MDI-PDO) hard segments. In the pattern of the EDO prepara
t i o n , meridional r e f l e c t i o n s are seen at 15. OA and 7.5Â, and 
there i s a strong equatorial at d=4.05Â. This specimen had been 
prepared at room temperature, and consequently c r y s t a l l i n e re
f l e c t i o n s for the s o f t segments are to be expected. The 
equatorial r e f l e c t i o n matches that at d=4.05A fo r the α-form of 
PTMA, (15) the more probable polymorph given the method of prepa
r a t i o n . However the meridional r e f l e c t i o n s are not observed for 
eit h e r a- or $-PTMA and these can be assigned to the poly(MDI-
EDO) hard segments. Analogy with the poly(MDI-PDO) pattern 
suggests that the PDO and EDO hard segments have s i m i l a r chain 
conformations, with monomer repeats of 16.2 and 15.OA respec
t i v e l y , and are packed i n an unstaggered array. 

The 1.2Â difference i n the monomer repeats for poly(MDI-PDO) 
and poly(MDI-EDO) i s probably due to d e l e t i o n of a trans-CH?-
group: i n polyethylene the repeat i s 1.27Â per CH 2 group. How
ever, the difference between the poly(MDI-BDO) repeat of 18.95A 
and that for poly(MDI-PDO) of 16.2Â cannot be explained so simply. 
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Figure 4. X-ray diffraction patterns of oriented polyurethane films: (a) MDI/ 
BDO/PTMA stretched 700% at 130°C (10); (b) MDI/PDO/PTMA stretched 
700% at 130°C (12); (c) MDI/EDO/ΡΊΜΑ stretched 400% at room tempera

ture (12). 
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From the conformational analysis poly(MDI-BDO) i s seen to be 
f u l l y extended, with an a l l - t r a n s butandiol u n i t . Thus i t must 
be concluded that the poly(MDI-PDO) and poly(MDI-EDO) conforma
tions are contracted and that there are some gauche conformations 
i n the 0-(CH 2) x-0 sections of the chains. 

Our procedure i n pr e d i c t i n g poly(MDI-PDO and poly(MDI-EDO) 
conformations has been to take the extended minimum energy con
formation for the diphenylmethane diurethane section (Χχ = -90°, 
Φΐ = -60°, Φ2 = -60°, Χ 2 = +90°) and to look at possible conforma
tions of the d i o l sections, comparing t h e i r r e l a t i v e energies 
and f i b e r repeats. (12) These conformations are defined by the 
to r s i o n angles ω 1,ω 2,ω 3 and [for poly(MDI-PDO) only] ω 4, as shown 
below. 

- O ^ H 2 ^ H 2 - ^ H 2 - - ^ C 0 N I  Λ Η :Η 2 - Λ / ) ^ C 0 0 - ^ H 2 — ^ Η 2 ^ Η 2 ^ 

The chemical repeats are symmetrical and i t i s l i k e l y that t h i s 
w i l l lead to symmetry i n the conformations on e i t h e r side of the 
center of the d i o l unit i . e . ω 1 = ω 4 and ω 2 = ω 3 for poly(MDI-PDO) 
and ω 1 = - ω 3 for poly(MDI-EDO). These symmetries lead to monomer 
repeats. The x-ray data appear to be compatible with m u l t i p l e 
repeats e.g. where successive monomer units are re l a t e d by a 
screw a x i s , and we are i n the process of considering these op
tion s . However, there i s no p o s i t i v e x-ray evidence for anything 
more complex than a monomer repeat, and the mu l t i p l e repeat pos
s i b i l i t i e s w i l l not be discussed further. 

An energy map was obtained for the ω 1 ? ω 2 conformations f or 
poly(MDI-PDO) and the positions and r e l a t i v e energies of the 
minima are l i s t e d i n table 2. Not s u r p r i s i n g l y , the lowest 
energy i s for ω χ,ω 2=180°,180°, corresponding to the f u l l y ex
tended a l l - t r a n s conformation. This has a monomer repeat of 
17.6A which i s s i g n i f i c a n t l y longer than the observed value of 
16.2Â. In addition i t can be seen that such a chain cannot form 
s t r a i g h t intermolecular hydrogen bonds since the N-H groups of 
urethanes adjacent to the c e n t r a l - ( C H 2 ) 3 - are pointing i n the 
same d i r e c t i o n . 

The next lowest minimum, 0.9 kcal/mole above the a l l - t r a n s 
conformation i s for ω χ,ω 2= 180°,±60° (+60° and -60° correspond 
to the gauche4" and gauche"" conformations f o r the CH 2 groups) . 
This trans-gauche^-gauche"*"-trans (and trans-gauche"-gauche""-trans) 
option has a f i b e r repeat of 16.20Â. Following t h i s , the t h i r d 
minimum i s 1.4 kcal/mole higher than a l l - t r a n s at ω 1,ω 2= ±80°,180° 
(deviation from ±60° i s due to the CH2- carbonyl i n t e r a c t i o n ) . 
This corresponds to the gauche"*"-trans-trans-gauche"*" (and gauche"-
trans-trans-gauche ) conformation, and has a f i b e r repeat of 
16.24Â. The second and t h i r d conformations are both compatible 
with the observed monomer repeat. The remaining minima are for 
all-gauche options, of which the most extended conformation has 
a repeat of 15.31Â, s i g n i f i c a n t l y shorter than the observed value. 
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The two possible conformations of poly(MDI-PDO) are shown 
i n f i g . 5. We are currently considering packing models for these 
conformations, which may allow f o r s e l e c t i o n of one or the other 
as the more l i k e l y . However, evidence i n favor of the lower 
energy form (trans-gauche +-gauche +-trans) comes from the s t r u c 
ture of another model compound determined i n t h i s laboratory: 
butandiol-capped MDI[CH2{C6HltNHC00(CH2)lt0H}2; HO-BMB-OH], which 
i s shown i n f i g . 6. The terminal -C^-0 chains are approximately 
planar, but are gauche + to the urethane: ω 1,ω 2 = 170.5,69.5°. As 
indicated i n f i g . 6, the C ··· C distance corresponding to the 
poly(MDI-PDO) repeat i s 16.34Â. I t should be noted that i n the 
HO-BMB-OH structure χ = 10.4°, i . e . the phenyl and urethane groups 
are almost coplanar. However  symmetrical v a r i a t i o f Xj d X
changes the f i b e r repea
t i v e l y i n s e n s i t i v e to th  phenyl-urethan ,
the case f o r poly(MDI-BDO). 

The same energy c a l c u l a t i o n s can be used to investigate the 
possible poly(MDI-EDO) conformations. The energy minima and 
monomer repeats are l i s t e d i n table 3. The a l l - t r a n s and trans-
gauche"*"- trans conformations have monomer repeats that are s i g n i 
f i c a n t l y longer than the observed value of 15.0Â, which coincides 
with that for the t h i r d minimum: gauche"*"-trans-gauche". This 
conformation i s proposed for the poly(MDI-EDO) structure, and i s 
shown i n f i g . 7. As was the case for the other polymers, symmet
r i c a l v a r i a t i o n of Xj and X 2 have l i t t l e e f f e c t on the f i b e r 
repeat. We are currently studying packing models f o r a l l three 
polymers, which should throw l i g h t on the more l i k e l y X angles. 

At t h i s point the following conclusions can be drawn from 
these i n v e s t i g a t i o n s . The BDO hard segments have better c r y s t a l 
l i n e order than the PDO hard segments, suggesting more e f f e c t i v e 
phase separation i n the BDO preparation. This may have the 
simple explanation that the poly(MDI-BDO) chains can c r y s t a l l i z e 
more e a s i l y , since i n the c r y s t a l structure they have the lowest 
energy f u l l y extended conformation, which forms s t r a i g h t i n t e r -
molecular hydrogen bonds i n both dimensions perpendicular to the 
chain a x i s . Poly(MDI-PDO) however cannot form an equivalent hy
drogen bonding network i f i t adopts the lowest energy f u l l y 
extended conformation, and thus w i l l need to rearrange to a 
higher energy contracted conformation. This structure w i l l then 
be s t a b i l i z e d by intermolecular hydrogen bonds, but w i l l be of 
higher energy than the poly(MDI-BDO) structure, and thus there 
w i l l be l e s s of a d r i v i n g force for phase separation due to 
c r y s t a l l i z a t i o n of the hard segments. The r e s u l t s f o r poly(MDI-
EDO) are more s u r p r i s i n g i n that one might expect that t h i s 
polymer would adopt a structure s i m i l a r to poly(MDI-BDO), since 
EDO has an even number of CH 2 groups. I t may be however that the 
ethylene g l y c o l chain i s too short to allow adequate packing of 
the diphenylmethane diurethane units i n the extended conformation, 
r e s u l t i n g i n adoption of a contracted conformation more analogous 
to poly(MDI-PDO). 
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Table 1 
Minimum Energy Conformations of the MDI-butandiol Fragment 

I n i t i a l Conformation (degrees) Relative Length of the 
Energy MDI-butandiol 

No. ωχ Xl Φι φ 2 Χ 2 ω 2 (kcal/mole) Fragment c_/ 2 
1 -180 - 90 -60 -60 90 180 0.00 18.95 
2 -180 -100 -60 -60 80 180 0.32 19.02 
3 -180 -110 -60 -60 70 180 0.88 19.06 
4 -180 -120 -60 -60 60 180 1.62 19.09 
5 -180 -130 -60 
6 -180 -140 -60 -60 40 180 3.92 19.02 
7 -180 -150 -60 -60 30 180 5.35 18.95 
8 -180 -160 -60 -60 20 180 7.03 18.86 
9 -180 -170 -60 -60 10 180 9.12 18.77 

Table 2 
Minimum Energy Conformations of MDI-PDO Fragment 

Conformational Angles (degrees) Relative Fiber 
Energy Repeat 

ωχ ω 2 Xl Φι φ 2 X2 ω 3 (kcal/mole) c(A) 

180 180 -90 -60 -60 90 180 180 0.00 17.60 
180 60 -90 -60 -60 90 60 180 0.90 16.20 
80 180 -90 -60 -60 90 180 80 1.39 16.24 
60 80 -90 -60 -60 90 80 60 1.64 15.31 

Table 3 
Minimum Energy Conformations of MDI-EDO Fragment 

Xl 
Conformational 

Φΐ Φ2 
Angles 
X 2 

(degrees) 
ω1 ω2 ω 3 

Relative 
Energy 

(kcal/mole) 

Fiber 
Repeat 

c(A) 

-90 -60 -60 90 180 180 180 0.00 16.45 
-90 -60 -60 90 180 60 180 0.94 15.80 
-90 -60 -60 90 60 180 -60 1.28 15.00 
-90 -60 -60 90 60 60 -60 1.98 14.16 
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Figure 5. Projection of predicted conformations of poly (MDI-PDO) (12): (a) 
trans-gauche+-gauche+-trans; fiber repeat 16.20 Â; (b) gauche+-trans-trans-

gauche+; fiber repeat 16.24 Â. 
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Figure 7. Predicted conformation for 
poly(MDI-EDO) (12). The ethylene gly
col unit has the g a u c h e + - t r a n s - g a u c h e + 

conformation; the fiber repeat is 15.0 A. 

15.0 I 
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We have recently obtained x-ray d i f f r a c t i o n diagrams of 
equivalent preparations using pentandiol and hexandiol and are 
extending the above considerations to these and systems prepared 
with other chain extenders. Our research i s supported by A.R.O. 
grant number DAAG29-79G-0070. 

Abstract 

We are using x-ray methods to determine the structure of 
the poly(MDI-diol) hard domains in polyurethane elastomers, in 
order to understand the effect of chemical structure on the crys
talline order and extent of phase separation. Oriented films 
containing approximately 50% hard segments have been obtained for 
preparations using butandio
ylene glycol (EDO) as th ;  segmen
polytetramethylene adipate (Mn = 2089). Poly (MDI-BDO) is the most 
crystalline, and has a triclinic unit cell with a tilted base 
plane such that there is a staggering of adjacent chains in the 
crystal structure. In contrast, poly(MDI-PDO) and poly(MDI-EDO) 
have monoclinic unit cells with adjacent chains in register. In 
order to develop molecular models for these polymers we have used 
single crystal x-ray methods to determine the structures of 
methanol- and butandiol-capped MDI. Based on the data from these 
structures, conformational analysis has been used to predict the 
likely chain conformations for the polymers. A model has been 
developed for poly(MDI-BDO) in which fully extended chains are 
staggered to give a hydrogen bonding network in two dimensions 
perpendicular to the chain axis. In contrast poly(MDI-PDO) and 
poly(MDI-EDO) crystallize in higher energy contracted conforma
tions, which are necessary for the non-staggered packing of the 
chains. This difference may explain the higher crystalline per
fection of the hard segments in the butandiol preparation. 
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Polyether glycols have found wide acceptance as soft 
segment components for polyurethanes. Representative examples of 
useful polyether glycols are obtained by ring-opening polymeri
zation of propylene oxide to polypropylene ether glycol and 
tetrahydrofuran (THF) t
However, the copolymerizatio
produced copolyether glycols which were reported to give poly
urethanes with inferior properties (1). It is now known that 
these early EO/THF copolymers contained macrocyclic oligomers. 
The formation of macrocyclics in the cationic polymerization of 
certain cyclic ethers has been known for some time (2). McKenna 
et al. (3) have reported on the macrocyclics from THF. Dale (4) 
has studied the formation of cyclic oligomers from EO, and 
Hammond (5) has identified some of the macrocyclics produced in 
the copolymerization of propylene oxide and THF. We have 
recently reported (6) on the formation of crown ethers from EO 
and THF using CF3SO3H as a catalyst. 

The present paper deals broadly with the copolymerization of 
ethylene oxide and tetrahydrofuran using cationic ring-opening 
polymerization catalysts. A comparison is made of EO/THF poly
ether glycol with PTMEG and their respective polyurethanes. 

Polymerization 

In t y p i c a l experiments, THF and EO were mixed i n the 
presence of H 20 and polymerized at temperatures from 0-60°C using 
BF3·OEt 2 as a catalyst. Gas chromatograms of samples showed both 
lin e a r and macrocyclic oligomers at the early stages of the 
copolymerization. As the copolymerization proceeded, the 
i n i t i a l l y formed linear low molecular weight glycols were 
consumed. Macrocyclics were generated steadily during the 
polymerization. Polymerization ceased when essentially a l l the 
EO was used. Conversion and degrees of polymerization were 
calculated from 100 MH2 NMR spectra using te trame thy1s ilane as an 
internal reference. 

The composition of the copolymer was varied by adjusting the 
EO/THF r a t i o , and the molecular weight was controlled by the 
amount of H 20 present. Glycols, such as ethylene, tetramethylene 
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and hexamethylenef were also used for molecular weight control 
and to influence end group structure, A range of other cationic 
i n i t i a t i o n s were effective, such as acid forms of Nafion* 
perfluorosulfonic acid resin and certain clays. 

Results and Discussion 

Gas chromatograms taken at the end of EO:THF polymerization, 
producing polyether glycols with number average molecular weights 
above 100Q, show only the presence of macrocyclics, as discussed 
e a r l i e r C6). Identification of each of the macrocyclics was 
made by chemical ionization mass spectroscopy. Figure 1 shows a 
ty p i c a l gas chromatogra
c y c l i c cotetramers are th
with other c y c l i z a t i o n phenomena where tetramers are found i n 
highest concentration. Some of these c y c l i c s present the 
p o s s i b i l i t y for isomer forms, but none have been found to date. 
The 28-membered ring, EO:THF crown 1:5, i s shown as the largest 
ring, although larger rings are present, as apparent by GC peaks 
at longer retention times. It i s interesting that no homologs 
of EO or THF crowns are detected « with the exception of very 
small amounts of dioxane. 

The r e l a t i v e concentration of EO: THF crowns formed i s 
usually i n the range of 8-20% of the linear polyether g l y c o l . 
Variables influencing macrocyclic concentration and composition 
are polymerization conditions, monomer r a t i o , and catalyst. 

Figure 2 shows the EQ:THF crown ethers i d e n t i f i e d by 
chemical ionization mass spectroscopy from a polymerization using 
Nafion R perfluorosulfonic acid resin as the catalyst. A l l of the 
c y c l i c ethers shown i n Figure 1 were obtained but i n s i g n i f i c a n t l y 
d i f f e r e n t concentrations. Again, no homologous EO or THF rings 
were detected. Howeverf the dominance of species high i n the 
THF component, such as 1;3, 1:4 and 1:5, may be a result of the 
efficacy of t h i s catalyst for THF propagation. 

The chemical ionization mass spectra for two of these 
EO:THF crowns are shown i n Figures 3 and 4. The fragmentation 
patterns indicate down-sizing by extrusion of THF and EO 
moieties. In the example of the E0:THF 3:2 crown, the r e l a t i v e 
abundance of 1:1 and 2:1 species may point to d i r e c t formation 
from the 3:2 ring rather than stepwise fragmentation v i a 
3:2—*2:2—>2:1—KL:1 and 3:2—>3zl—>2:1. Interestingly, the 
1:1 ion i s seen as a dominant component i n the decay process 
although t h i s represents a normally strained 8-membered ring 
and one which i s not formed to any s i g n i f i c a n t extent during 
the polymerization process. 

Formation of EO/THF macrocyclics probably occurs v i a t a i l -
b i t i n g and back-biting mechanisms as outlined i n Figure 5. The 
back-biting reaction route appears most l i k e l y for t h i s system. 
Since no THF homocyclic oligomers have been found i n this 
copolymerization and are extremely limited i n THF 
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2:2 

I 1:3 

Response 3:1 

1:2 

Retention Time (min) 

Figure 1. Gas chromatograph for EO.THF crowns.The nomenclature, for example, 
EO.THF crown 2:3, has been found convenient with the smaller monomer desig

nated as the leading number. 

Crown Ether Molecular Weight GC 
|E0:THF) (m/e-l) area % 

1:2 188 3 
3:1 204 1 
2:2 232 16 
1:3 260 51 
3:2 276 3 
2:3 304 5 
4:2 320 1 
1:4 332 10 
3:3 348 2 
2:4 376 1 
4:3 392 t 
1:5 404 4 

•small amounts of higher mol. wt. crown ethers 

Figure 2. Crown ethers identified by chemical ionization mass spectroscopy for 
EO/THF polymerization using Nafion perfluorosulfonic acid resin as catalyst. 

2:3 

 I 
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2:2 

Relative 
Abundance] 2:1 

1:1 
U:l 

1:0 y 2 : 0 

Ml 1 !» j J π , .111 
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m/e 
1-rr 200 

Ί Γ 

Figure 3. Chemical ionization mass spectrum for EO.THF crown 2:3 with frag
mentation pattern to down-sized rings. 

Relative 
Abundance 

m/e 

Figure 4. Chemical ionization mass spectrum for EO.THF 3:2 crown with specu
lative pathways for ion decay. 
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Macrocycles 

Figure 5. Mechanism for formation of EO/THF macrocyclics involving both 
back-biting and tail-biting routes. 

Composition PTMEG EOrTHF Copolymer 
Viscosity 

40CC PA.S .26- 36 .15 

Melting Range C 14-23 <-11 

% Crystallinity 
(-20°C) 55-60 30-35 

H 20 Solubility Negligible -50°,. 

Chain End Groups H0(CH 2 ) 4 0~ H 0 C H 2 C H 2 0 ~ 
80-85",. 

Figure 6. Comparison of PTMEG and EO/THF copolyether glycols stressing 
significant property differences. 
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homopolymerizat ion, the THF propagating oxonium ion does not seem 
a l i k e l y source for involvement i n macrocycles to the high degree 
we see i n EO/THF systems. The highly strained EO oxonium ion on 
the other hand i s a favored candidate for reaction s i t e . We know 
that chain i n i t i a t i o n i n aqueous or hydroxylic environments w i l l 
not occur with THF but w i l l take place with EO to generate 
i n i t i a t i n g chain ends with resultant hydroxy ethyl ether 
structures. From such systems with hydroxy ethyl ether chain 
ends and EO oxonium ions, i f t a i l b i t i n g was the dominant route 
to macrocyclics, the species having two adjacent EO's i n the ring 
would be most favored. Such i s not the case, and back b i t i n g 
appears most l i k e l y . If the random composition of the macro
cy c l i c s found i s indicativ
copolyether glycols produce

The macrocyclic EO/THF crowns have been removed from the 
linear polyether glycol by several methods, including 
d i s t i l l a t i o n under high vacuum. 

EO/THF Copolyether Glycol 

A comparison of the physical properties of an EO/THF 
copolyether gl y c o l with PTMEG i s shown i n Figure 6. The number 
average molecular weight range for each was 950-1050. The 
mole % EO content i n the copolymer was 46-52. Major differences 
are seen i n v i s c o s i t y , melting point, % c r y s t a l l i n i t y , water 
s o l u b i l i t y and chain-end group structure. 

A comparison of polyurethanes prepared from this EO/THF 
polyether glycol with PTMEG, polyester glycols, and polycapro-
lactone glycol was given at the ACS meeting i n May, 1980. The 
EO/THF polyether glycol provides soft segment for polyurethanes 
with good low-temperature properties, o i l resistance and 
favorable compression set. 
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16 
Catalysis of Isocyanate Reactions with Protonic 
Substrates 
A New Concept for the Catalysis of Polyurethane Formation 
via Tertiary Amines and Organometallic Compounds 
GIA HUYNH-BA 
Experimental Station, Polymer Products Department, 
Ε. I. Du Pont De Nemours & Co. Inc., Wilmington, DE 19898 
R. JERÔME 
Laboratory of Macromolecular Chemistry and Organic Catalysis, 
University of Liege, Sart-Tilman, 4000 Liege, Belgium 

A survey of the literature indicates that the catalysis of 
isocyanate-alcohol reactions has produced a variety of mechan
istic explanations. The proposed reaction pathways in the 
literature are often based on limited information and are unable 
to explain many of the experimental observations well known to 
scientists and technologists active in the field (1, 2, 3, 4). 

The catalysis of the polyurethane formation by organo
metallic compounds has especially lead to a number of very 
different interpretations. 

Entelis assumes the formation of an activated alcohol-iso-
cyanate binary complex during the catalysis of the methanol-
phenyl isocyanate reaction by dibutyltin dilaurate (DBTDL) (3, 
5). Activated alcohol-isocyanate-catalyst ternary complexes 
have also been proposed by others. However, significant 
differences can be noted in the structures of either the 
postulated one (2, 4, 6, 7) or two (8) coordination positions of 
the isocyanate to the metal. To explain the synergistic effects 
observed when tertiary amine and organometallic compounds are 
combined, several authors suggest the formation of an activated 
quaternary complex: I, II or III (2, 6, 9, 10, 11, 27). 

4+ 

4+ 

H-0 Sn' 4+ NR! « 
tl 

\ "3 

I I I I I I 

0097-6156/81/0172-0205$05.00/0 
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In these schemes, amine and metal are coordinated on separate 
atoms. In s p i t e of contradictory views of the e l e c t r o n i c 
d i s t r i b u t i o n of isocyanates (3, 12, 13) the metal i s always 
shown as i n t e r a c t i n g with the oxygen and never with the nitrogen 
atom. Furthermore, the organometallic compound i s noted by M n + 

so that the fate of the ligands i s disregarded (6) and c l e a r l y 
o v e r s i m p l i f i e d structures are accordingly proposed. 

Thus, several mechanistic pathways based on p o l a r i z a t i o n 
e f f e c t s have been proposed to explain the c a t a l y s i s of the 
alcohol-isocyanate reaction. These propositions appear to be 
often unsatisfactory and cannot explain even the majority of 
the experimental r e s u l t s reported i n the l i t e r a t u r e . For an 
example, why i s the polyurethan
sium acetate (1) and no
r o l e played by the nature of the metal remains also unexplained. 
Robins reports the incremental temperature r i s e noted 1 minute 
a f t e r the mixing of reagents and c a t a l y s t (7, 16). This 
parameter i s r e l a t e d to the c a t a l y t i c a c t i v i t y and i s an 
e f f e c t i v e way to show the r o l e played by the organometallic 
compound i n i t s i n t e r a c t i o n with the a l c o h o l . A s i m i l a r con
c l u s i o n can be drawn from Table I (15) where the Sn+4 de r i v a t i v e 
i s much more active than the Sn +2 oxidation state or Pb + . 

This paper i s an attempt to further evaluate and to suggest 
a new mechanistic view f o r these important reactions. Knowledge 
of the complexation between reagents and c a t a l y s t s w i l l be the 
basic premise. 

Discussion 

L i t e r a t u r e data confirm the p o s s i b i l i t i e s of complexation 
between reagents (isocyanate, alcohol) and c a t a l y s t ( t e r t i a r y 
amine, organometallic compound) considered two by two. 

The a l c o h o l - t e r t i a r y amine complexation i s w e l l estab
l i s h e d by NMR (2, 17), cryoscopy (10), UV spectroscopy (2) and 
other techniques (18-20). According to F r i s c h , 10 to 20% of the 
amine i s complexed by the alcohol (2) . 

The evidence for the alcohol-metal complexation i s from UV 
and NMR spectroscopy (2, 5, 17, 21). By cryoscopy, F r i s c h 
concluded that the metal i s complexed at about 10-20% by the 
alcohol (10). NMR measurements agree with the formation of a 
meta l - a l c o h o l - t e r t i a r y amine complex (17). The proton of the 
alcohol i s indeed s h i f t e d by the ad d i t i o n of a t e r t i a r y amine 
(0.22 ppm), an organometallic compound (0.25 ppm) and the 
combination of these two c a t a l y s t s (0.72 ppm) r e s p e c t i v e l y . 
Structure IV could account for the alcohol a c t i v a t i o n . 

R-5-H NR^ 

- 4 + XV 
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UV and IR spectroscopy as w e l l as cryoscopy have been used 
to assess the isocyanate-tertiary amine complexation (3, 6, 22, 
27) . D i - and t r i m e r i z a t i o n of the isocyanate can take place 
and complicate the i n t e r p r e t a t i o n ; the occurrence of these side 
reactions i s of course an i n d i r e c t proof of the isocyanate 
a c t i v a t i o n . 

The isocyanate-metal complexation has also been reported by 
UV (23, 24, 25, 26, 27) and cryoscopy (10); DBTDL i s proposed to 
be complexed to the extent of 40-50% by the isocyanate (10). 

We have investigated the IR spectra of DBTDL, triethylamine 
and the 1/1 combination of these compounds respectively ( F i g . l ) . 
When IR-1 and IR-3 are compared s i g n i f i c a n t modifications i n the 
region of 1700 and 165
ent with met a l - t e r t i a r
of the bridge bond between carboxylate and metal and coordina
t i o n of the amine to the metal v i a the nitrogen. E n t e l i s 
reported s i m i l a r observations (27) but disregards them when he 
proposes the structures I I and I I I . 

On the basis of these r e s u l t s , the polyurethane c a t a l y s i s 
by organometallic compounds can hardly be explained by an 
activated binary complex as proposed by E n t e l i s . Ternary or 
quaternary complexes are more r e a l i s t i c c a t a l y t i c pathways but 
t h e i r present d e s c r i p t i o n i s not necessarily the best one (16). 
A l l the complexation p o s s i b i l i t i e s are not taken in t o account. 
The o r b i t a l i n t e r a c t i o n s between metal (s, p, d), alcohol (ηχ, 
n2 lone pai r s of the oxygen) and isocyanate (π, π*), for example, 
are not considered at a l l . 

What type of i n t e r a c t i o n s can a metal form with an alcohol 
and an isocyanate respectively? I t i s us e f u l to consider the 
case of DBTDL where 4 d 1 0 , 5s°, and 5p° l e v e l s of Sn4+ have 
s i m i l a r energy. A vacant o r b i t a l (5p or 5sp or 5s) of Sn can 
i n t e r a c t with the η 2 lone p a i r of the alcohol. 

t 

4+ t - · * 
R OH + Sn -> R'-0:% 

Sn* + 

In other words, R f0 i s a hard base (24, 31) i n t e r a c t i n g simul
taneously with two hard acids H + and Sn^ +. H + i s harder than 
Sn^ +, the hardness of which depends on the nature of i t s 
ligands. More importantly the alcohol-Sn^"*" i n t e r a c t i o n and 
more weakening the 0-H bond should be considered. In t h i s 
respect, E n t e l i s and Thiele (3, 21, 28) report that the 
R mL4- mSn organostannic compounds are the most active when 
m = 2 (L = CI", COO* and R = b u t y l ) . 

Ph ο 
I // 

The reaction of R3SnOMe + Ph-N=C=0 R3Sn-N-C has been 
OMe 
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considered by Davies, who reports that Sn becomes link e d to the 
nitrogen atom of PhNCO (29). The i n t e r a c t i o n between PhNCO and 
S n 4 + could accordingly take place on the C=N double bond. Under 
these conditions, F i g . 2 describes the isocyanate-metal i n t e r 
a ction by assuming: 

- a σ donor-type bond between the vacant 5 py o r b i t a l of 
and the occupied π o r b i t a l of the isocyanate. 
- a π type back bonding between the occupied 4 d V z o r b i t a l 

of the metal M and the π* antibonding o r b i t a l of the isocyanate. 
This i n t e r a c t i o n decreases the double bonding character between 
the C and Ν atoms of the isocyanate (30). 

I f the metal, noted Mx, has not an occupied d o r b i t a l with 
an energy s i m i l a r to tha
the σ coordination (a
bonding π type (b, F i g . 2) i s now impossible; that i s the case 
for Mg 2 + and Cs-*-+ d e r i v a t i v e s . 

From the above i n t e r a c t i o n s schemes, F i g . 3 i s proposed as 
a model for the structure of the activated alcohol-isocyanate-
metal ternary complex; M and M x metals are considered separately. 

The p o t e n t i a l energy curves derived from the angular v i b r a 
t i o n of both metal-0 (alcohol) and metal - j | (isocyanate) bonds 
are q u a l i t a t i v e l y shown. The curves (1) and (1 1) r e l a t i v e to 
M-0 bond are s i m i l a r (see F i g . 3). On the contrary, the curves 
(2) and (2 1) are not. Due to the π type backbonding, M-| bond 
i s indeed shorter than Mx-jj and the p o t e n t i a l energy curve (2 1) 
i s broader than (2). The overlap of the curves ( l f ) and (2 1) 
i s accordingly more important than t h i s one of (1) and (2) and 
the a c t i v a t i o n energy f o r the reaction (AER 1) i s more favorable 
fo r metal M than f o r M X ( A E R ) . 

A non-concerted rearrangement can be ant i c i p a t e d ( F i g . 4): 
a f t e r complexation there i s formation of an oxygen (RO:alcohol)-
carbon(isocyanate) bond together with a donor-type bond between 
nitrogen and metal ( v i a Py); the l a t t e r bond would then hydro-
lyzed by the proton (from alcohol) already present around the 
coordination sphere of the metal. 

Consequences of the Proposed Reaction Mechanism 

The mechanism has only q u a l i t a t i v e s i g n i f i c a n c e but i t 
enables one to explain the experimental r e s u l t s more s a t i s 
f a c t o r i l y than the more often accepted models. Let us now use 
t h i s new concept to i n t e r p r e t some of the u n t i l now unexplained 
observations. 

-To be v a l i d , the mechanism (Figs. 3 and 4) implies the 
p a r t i c i p a t i o n of o r b i t a l s characterized by a s i m i l a r energy: 
vacant ρ and occupied d y z o r b i t a l s of the metal, lone p a i r n£ 
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ft 
Cb> 

F/gwre 2. ( «J The σ bonding between π isocyanate and unoccupied p y of the metal 
(M). (b) The 7Γ back bondings between π* of isocyanate and occupied (or partially) 

d y z o/ //ze me/αϊ (M). 

ft) 

Figure 3. Potential energy curve of the angular vibration of alcohol-metal (Mx) 
(1) and isocyanate-metal (Mx) (2). The rearrangement energy for that system is the 
collapse region of curves 1 and 2 (ΔΕΚ/). Similarly, in the case of M we have 

alcohol-metal (Μ) (Γ), isocyanate-metal (Μ) (2'), and ΔΕ Κ' < ΔΕ Κ. 

Figure 4. Transition structure during 
the rearrangement of the alcohol and 

isocyanate. 
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of the a l c o h o l , π and π* o r b i t a l s of the isocyanate. For a 
given alcohol-isocyanate p a i r , the nature of the metal must 
play an important r o l e . The i n a c t i v i t y of CsCl and MgCO^ s a l t 
(M x type metals) can be e a s i l y explained by the absence of any 
a c t i v a t i o n process. 

-The mechanism assumes a n u c l e o p h i l i c attack of R f0 on the 
carbon atom of the isocyanate. The rearrangement i s accordingly 
favored by a decrease of the e l e c t r o n i c density of the carbon 
atom. The polyurethane formation rate i s indeed higher for an 
aromatic than f o r an a l i p h a t i c isocyanate (1); the substituent 
R of the isocyanate has a favorable inductive e f f e c t i n the 
former but an unfavorable e f f e c t i n the l a t t e r . 

-The nature of th
polyurethane formation
to secondary and f i n a l l y to primary i n the case of non-activated 
alcohols (1, 15). The energy of the lone p a i r n£ of these 
alcohols i s weakly affected by t h e i r molecular structure, the 
alcohol-metal i n t e r a c t i o n should accordingly be s e n s i t i v e to 
s t e r i c groups near the hydroxyl group ( F i g . 3). 

-The k i n e t i c r e s u l t s summarized i n Table I can be 
explained on the basis of the activated ternary complex ( F i g . 3). 
In the presence of DBTDL (R2L2Sn), the rate constants r e l a t i v e 
to d i f f e r e n t alcohol are to be c l a s s i f i e d as follows: 

where BuOHl = 1-butanol and BuOH2 = 2-butanol are non-activated 
al c o h o l , A = CH3-O-CH2-CH2-CH2-OH, Β = CH3-CH(OCH3)-CH20H and 
C = CH3-O-CH2-CHOH-CH3 are activated alcohols. 

DBTDL i s described as an octahedral complex (31, 32); four 
of i t s coordination vacancies are occupied by the ligands where
as the alcohol and the isocyanate can occupy the two l a s t 
p o s i t i o n s . The methoxy group of the activated alcohols i s 
unable to p a r t i c i p a t e to the c r y s t a l l i n e f i e l d and has only a 
s t e r i c and therefore, negative e f f e c t on the rate. 

With Sn2+ and Pb^ + based c a t a l y s t s , two ligands are 
coordinated and the methoxy group of the activated alcohol can 
be involved i n the c r y s t a l l i n e f i e l d (ether-metal bond) and be 
responsible for a donor-type e f f e c t on the metal. The react
i v i t y sequence i s now reversed (Table I ) : 

S n 2 + KA > KBuOHl 

KC > KBuOH2 
P b 2 + V K A > K B u O H l 

KC > KBuOH2 
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S i m i l a r l y , Robins reports an increasing a c t i v i t y (17x) when 1-
butanol i s replaced by 3-dimethylaminoethanol i n the presence of 
Pb2+ (7, 16). I t i s w e l l known that the lone p a i r of nitrogen 
i s more donor than that of oxygen (ether); i t could therefore be 
concluded that the amino group exerts i t s donor e f f e c t through 
coordination with the metal. This view i s non-consistent with 
the structure of the activated quaternary complexes reported 
elsewhere ( I , I I , I I I ) . 

With DBTDL as a c a t a l y s t , the replacement of a non-
activated alcohol (1 or 2-butanol) by an activated one (Α, B, 
or C) has a depressive k i n e t i c e f f e c t . S u r p r i s i n g l y , the same 
behavior i s not observed when 1-butanol i s substituted by 3-
dimethylaminoethanol. Thi
explained by the coordinatio
isocyanate. Two arguments can be forwarded that are i n favor 
of t h i s hypothesis. 

-The donor character of the t e r t i a r y amine i s higher than 
that of an isocyanate. T e r t i a r y amines are indeed recognized 
as powerful donor ligands for metals such as Cu2+, S n 4 + , Sn2+ 
(24, 31, 32). 

-Outside the coordination sphere of the metal, the i s o 
cyanate can be activated by the carboxylate group of laurate or 
acetate ligands. I t i s to be r e c a l l e d that carboxylate s a l t s 
are e f f i c i e n t c a t a l y s t s i n the t r i m e r i z a t i o n of isocyanate (1) 
as w e l l as i n polyurethane formation (4). The i n t e r a c t i o n 
probably takes place through the lone p a i r of carboxylate and 
π* o r b i t a l s of the isocyanate. 

Figure 5 i s proposed to explain the a c t i v a t i o n e f f e c t 
observed i n the systems: isocyanate-organometallic compound-^ 
amino alcohol. This phenomenon i s conclusively re l a t e d to the 
donor e f f e c t of the amine onto the metal and not to the a c t i 
v ation of the isocyanate by the metal [structures I and I I (2, 
6, 27)]. 

Conclusions 

The main experimental r e s u l t s r e l a t i v e to the c a t a l y s i s of 
the polyurethane formation by organometallic compounds can be 
explained by taking into account the structure of the c a t a l y s t s 
and of coordination vacancies. Several cases are to be con
sidered. 

Case 1. The alcohol i s non-activated (no donor group i n 3 
or γ p o s i t i o n of the alcohol) and the metal has at lea s t two 
vacancies. The l a t t e r are occupied by the alcohol and the i s o 
cyanate r e s p e c t i v e l y and the process takes place i n accordance 
to F i g . 6. This mechanism implies metals characterized by at 
lea s t p a r t i a l l y or completely occupied d o r b i t a l s with an 
energy s i m i l a r to the one of the f i r s t unoccupied s, ρ l e v e l s 
(Sn2+, Cu2+ ). 
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L^* 9s" COO 

Figure 5. (a) Structure of an octahedral complex of the metal carrying four 
ligands. The two remaining vacancies will be occupied by an alcohol and amine 
(isocyanate, alcohol, amine, and metal present simultaneously); (b) Same situation 

as in (a) but the metal carries only two ligands. 

1 ' 1 RNCO ' Ι Ν 

J/'V° i «V/ ̂ 
Figure 6. Proposed mechanism for the methane formation catalyzed by organo-

metallic compounds. 
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Case 2. The same system as i n Case 1 i s now added with a 
t e r t i a r y amine. The amine occupies a vacancy on the metal 
instead of the isocyanate. I f the isocyanate i s activated 
outside the coordination sphere of the metal, i . e . by a 
carboxylic l i gand, the process takes place ( F i g . 5a). 

Case 3. Case 2 but the metal has more than two vacancies. 
A l l these components (alcohol, isocyanate and amine) are coor
dinated onto the metal ( F i g . 5b). The r e s u l t s of Frisai (15) 
(Pb2+ and S n 2 + i n Table I ) , Smith (6), and Robins (7) are now 
accordingly explained. 

Case 4. When a (3-amin
2 or 3 are encountered.
however be coordinated onto the metal i n preference to the 
ether group. Under these conditions, a s t e r i c hindrance due 
to the ether group can exert a depressive e f f e c t on the k i n e t i c s 
of the process. 

Further research, of course, i s needed to support the new 
concepts developed i n t h i s paper. Recently we found i n the 
l i t e r a t u r e that the r e s u l t s obtained by Bechara (33) supported 
our concepts. 
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Photochromic processes
rally proceed with considerable deviations from solution. This 
phenomenon is ascribed to particular interactions between the pho-
toreactive molecule and the surrounding matrix (1,2) on a molecu
lar scale (3) as will be shortly illustrated below. It can be 
infered from these findings that photochromic molecules, on the 
other hand, should be suitable probes to detect, e. g., particu
lar motions in solid polymers and changes of the overall chain 
segmental mobility. This is a challenging technique to be applied 
in the field of polyurethane elastomers, since quite a few ques
tions are still unsolved in this area. 

For segmented polyurethane elastomers of the (AB) type i t is 
established that the elastomeric properties are due to physical 
crosslinks of the urethane hard segments Β via hydrogen bonding 
(4,5,6), whereas the soft segments A form the continous soft 
phase. However, the question of 1) how complete the phase separa
tion between the soft phase and the hard domains is, 2) of the 
extent to which single hard segments are dissolved in the soft 
phase and how much they influence the elastomeric properties via 
hydrogen bonding to soft segments and 3) of size and shape of the 
domains and the structure and dimension of the interlayer between 
soft and hard phase are still not yet solved (7,8,9). 

For completeness and better understanding of the method des
cribed i n this paper and the conclusion drawn, the main results ob
tained with azoaromatic chromophores incorporated in linear poly-
(acrylates) and poly(methacrylates) (3,10) are f i r s t presented 
and shortly discussed; then the investigation of the photochromic 
polyurethanes w i l l be described and evaluated. 

Experimental 

The two-phase polyurethanes were synthesized i n the usual way 
star t i n g from a polyester d i o l which i s reacted with a diisocya-
nate and f i n a l l y the chain extension reaction i s achieved by 

0097-6156/81 /0172-0219$05.00/0 
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a d d i t i o n o f a diamine. I n case o f the p o l y u r e t h a n e s w i t h chromo-
p h o r i c s o f t segments (11) , the s t a r t i n g p o l y e s t e r was o b t a i n e d by 
a c o p o l y c o n d e n s a t i o n r e a c t i o n o f a 4,4'-diaminoazobenzene d e r i v a 
t i v e , 1 , 4 - b u t a n d i o l and a d i p i c a c i d ; 2 , 4 - t o l y l e n e d i i s o c y a n a t e 
(TDI) was used f o r the f o r m a t i o n o f the prepolymer and the f i n a l 
p o l y u r e t h a n e was o b t a i n e d by a d d i t i o n o f c a r b o h y d r a z i d . The p o l y 
urethanes w i t h p a r t l y chromophoric h a r d segments (12) were ob
t a i n e d by u s i n g 4,4 Ldiaminoazobenze (DAAB) t o g e t h e r w i t h e t h y l e n e 
diamine (EDA) as c h a i n e x t e n d e r s i n the f i n a l r e a c t i o n s t e p , s t a r 
t i n g w i t h p o l y ( t e t r a m e t h y l e n e a d i p a t e ) as m a c r o d i o l and TDI o r 
4,4*-methylenebis(1,4-phenylene) d i i s o c y a n a t e (MDI) as d i i s o c y a -
n a t e s . The e x p e r i m e n t a l d e t a i l s f o r these two type s o f pho t o c h r o 
mic p o l y ( e s t e r u r e t h a n e ) s a r e g i v e n elsewhere (11,12)

The s i n g l e phase p o l y u r e t h a n e
t i n g a s m a l l amount o
subsequent a d d i t i o n o f p o l y ( t e t r a m e t h y l e n e a d i p a t e ) d i o l , i . e., 
no EDA c h a i n e x t e n d e r was used (13). 

The polymers were p u r i f i e d by r e p r e c i p i t a t i o n from DMF/me
t h a n o l and d r i e d f o r 48 h r s . a t 60 C under vacuo. 

C l e a r , t h i n f i l m s o f a l l polymers c o u l d be o b t a i n e d by m e l t i n g 
the polymer a t 140 c under compression between t e f l o n c o a t e d s t e e l 
p l a t e s . 

The samples were c h a r a c t e r i z e d by DSC-measurements and by 
t o r s i o n a l pendulum experiments. 

F o r the p h o t o c h e m i c a l i s o m e r i z a t i o n , a 150 W Xe-lamp o r a 
200 W Super P r e s s u r e Mercury Lamp were used. The l i g h t was f i l 
t e r e d e i t h e r by u s i n g a monochromator o r an i n t e r f e r e n c e f i l t e r 
w i t h t r a n s m i s s i o n i n the wavelength range o f the maximum absorp
t i o n band o f the t r a n s isomer. The o t h e r c o n d i t i o n s were the same 
as p r e v i o u s l y d e s c r i b e d (3). The p r o c e e d i n g o f the p h o t o c h e m i c a l 
and the t h e r m a l c i s - t r a n s i s o m e r i z a t i o n was f o l l o w e d by measuring 
the change i n the a b s o r p t i o n o f the t r a n s - i s o m e r i n the a r e a o f 
370-400 nm. 

R e s u l t s and D i s c u s s i o n 
1) G e n e r a l d i s c u s s i o n o f photochromism i n polymer m a t r i c e s 

Photochromism means the r e v e r s i b l e change o f a s i n g l e c h e m i c a l 
s p e c i e s between two d i f f e r e n t s t a t e s h a v i n g d i s t i n g u i s h a b l e d i f 
f e r e n t a b s o r p t i o n s p e c t r a ; the change i s induced i n a t l e a s t one 
d i r e c t i o n by the i n t e r a c t i o n w i t h e l e c t r o m a g n e t i c r a d i a t i o n (14). 

T y p i c a l photochromic m o l e c u l e s which b e s t f u l f i l these r e 
quirements a r e the ar o m a t i c azo benzenes : 

TYPICAL WAVE LENGTHS 
II hV2, Δ* H 

350-380 nm 
X 9 » 4 5 0 nm 
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A r e v e r s i b l e c i s - t r a n s i s o m e r i z a t i o n around the a z o - l i n k a g e 
o c c u r s upon i r r a d i a t i o n w i t h U V - l i g h t o f t h e a p p r o p r i a t e wave
le n g t h ? the t y p i c a l U V - a b s o r p t i o n s p e c t r a o f these chromophores 
i n c o r p o r a t e d i n a p o l y ( m e t h y l m e t h a c r y l a t e ) m a t r i x a f t e r d i f f e 
r e n t p e r i o d s o f i r r a d i a t i o n are shown i n F i g . 1. 

In the f o l l o w i n g the t h e r m a l back r e a c t i o n o f the c i s - i s o m e r s 
t o the t h e r m o d y namicall y more s t a b l e t r a n s - i s o m e r w i l l be d i s 
c u ssed; i n the experiment, the polymer f i l m i s i r r a d i a t e d u n t i l 
the p h o t o s t a t i o n a r y s t a t e i s reached, then the l i g h t s o u r c e i s 
c u t o f f and the r e f o r m a t i o n o f the t r a n s - i s o m e r w i t h time i s 
f o l l o w e d by measuring t h e i n c r e a s e o f the U V - a b s o r p t i o n a t t h e 
maximum a b s o r p t i o n band o f t h e t r a n s - f o r m . 

Whereas the t h e r m a
f i r s t o r d e r k i n e t i c s i
g l a s s y polymers ( F i g . 2 ) . The e x p e r i m e n t a l curve can be r e s o l v e d 
by two s i m u l t a n e o u s f i r s t o r d e r p r o c e s s e s , one o f these r e a c t i o n s 
( l i n e 3) b e i n g much f a s t e r than the t h e r m a l back r e a c t i o n i n s o l u 
t i o n a t the same temperature (_3) . 

S i n c e the c i s - i s o m e r s can o n l y be p r e s e n t as a s i n g l e s p e c i e s , 
t h i s phenomenon has t o be a t t r i b u t e d t o two d i f f e r e n t r e l a x a t i o n 
mechanisms. T h i s i s e v i d e n t from the reduced A r r h e n i u s p l o t o f the 
r a t e c o n s t a n t k o f the t h e r m a l c i s - t r a n s back r e a c t i o n i n terms o f 
a^ ( F i g . 3 ) ; a i s the r a t i o o f the t h e r m a l c i s - t r a n s r e l a x a t i o n 
time τ (Vk) a t temperature Τ t o i t s v a l u e a t Tg. 

For a l l g l a s s y polymers i n v e s t i g a t e d , a T o f the normal and the 
s o - c a l l e d anomalously f a s t r e a c t i o n i s g i v e n by two l i n e a r b r a n 
ches. The apparent e n e r g i e s o f a c t i v a t i o n as determined from t h e 
s l o p e s are 68.7 kJ/mol and 26.8 kJ/mol. These v a l u e s c o i n c i d e 
w i t h the c h a r a c t e r i s t i c a c t i v a t i o n e n e r g i e s f o r r o t a t i o n a l (crank
s h a f t (15)) and t r a n s l a t i o n a l c h a i n segmental motions i n g l a s s y 
polymers ( 3 , 1 0 ) . I t was t h e r e f o r e c o n c l u d e d t h a t o n l y c h a i n seg
mental r e l a x a t i o n p r o c e s s e s , which depend on the l o c a l environment 
of the chromophore, are the c o n t r o l l i n g f a c t o r s f o r the i s o m e r i z a 
t i o n . 

The temperature dependency o f the apparent energy o f a c t i v a 
t i o n o f the b l e e c h i n g p r o c e s s as e x h i b i t e d by the c u r v a t u r e i n 
the A r r h e n i u s p l o t ( F i g . 3) i s t y p i c a l l y found f o r , e. g., dynamic 
m e c h a n i c a l r e l a x a t i o n p r o c e s s e s ( 1 7 ) , which l e a d s t o the connec
t i o n w h i t h the f r e e volume t h e o r y . The l a t t e r p r o c e s s e s are b e s t 
d e s c r i b e d by the WLF-equation (18), l o g a =C (T-Tg)/(C 2+T-Tg), 
i . e., a master p l o t i s o b t a i n e d when p l o t t i n g the l o g a r i t h m o f 
a T v s . T-Tg. 

The form o f the WLF-equation, i n d e e d , i s a l s o v a l i d f o r photo
chromic r e l a x a t i o n p r o c e s s e s (3,10); t h i s i s shown by the c o r r e s 
ponding WLF-plot o f the r e l a x a t i o n time o f the azochromophore 
( F i g . 4 ) . 

In c o n c l u s i o n i t can be s t a t e d from these g e n e r a l s t u d i e s 
t h a t photochromic p r o c e s s e s i n polymer m a t r i c e s can be d e s c r i b e d 
by t h e f r e e volume t h e o r y ; moreover, these p r o c e s s e s are con
t r o l l e d by the k i n d o f l o c a l environment around the photochromes, 
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1,0 

λ/ΠΓΤΊ 

Die Makromolekulare Chemie 

Figure 1. The UV absorption of a film of methylmethacrylate/4-methacrylamino-
azobenzene-copolymer after different periods of irradiation (\ — 355 nm) (3). 
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Figure 2. Resolution of the experimentally obtained time-conversion curve by two 
simultaneous first-order reactions (3). 
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Figure 3. Reduced Arrhenius plot of a T (ratio of the relaxation time at tempera
ture Τ and T gj for the thermal cis-trans isomerization of azoaromatic chromophores 

in bulk polymers (3). 
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Figure 4. The WLF plot of aT for the thermal cis-trans isomerization of azo~ 
aromatic chromophores in bulk polymers (3, 10). 
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p a r t i c u l a r l y the mobility of chain segments. As a consequence, 
a photochromic molecule can be expected to probe polymer proper
t i e s on a molecular scale what w i l l be shown in the following with 
the example of polyurethanes. 

2) Photochromism i n polyurethanes 

As outlined before, the question of interest now i s f i r s t , how the 
photochrome would react when incorporated i n the backbone of amor
phous and semicrystalline polymers such as segmented polyurethanes 
and i f the isomerization behaviour of the photochrome would allow 
conclusions on the structure, morphology, and segmental mobility 
of t h i s matrix. 

The segmented structur
chain organization i n
in F i g . 5a and b. These polymers are usually made by subsequent 
addition polymerization reactions: a high molecular weight macro-
d i o l (e.g., poly(tetramethylene adipate) or poly(tetramethylene 
oxide), molecular weight between 1000 and 2000) i s reacted with a 
diisocyanate (TDI or MDI) to form a so-called macrodiisocyanate 
and by the addition of a low molceular weight d i o l or diamine the 
chain extension reaction to the f i n a l segmented elastomer (Fig.5a) 
takes place. Due to the incompatibility of th,e hard and soft seg
ments i n the temperature range of application, phase separation 
occurs resulting i n a domain structure (Fig. 5b); 

The hard segment aggregates act as physical crosslinks and 
this thermoreversible three - dimensional network formation accounts 
for the properties of these thermoplastic elastomers. 

This basic view of the structure and morphology of segmented 
polyurethane elastomers i s well established (19), but as mentioned 
before, on a microscopic l e v e l these polymer systems are far from 
being f u l l y understood; the key questions are linked to the phase 
separation (e. g., sharpness of interlayer between hard and soft 
phase, fraction and ef f e c t of isolated hard segments i n the soft 
phase) and to the resulting chain segmental mobility of hard and 
soft segments i n the regions of di f f e r e n t morphology. 

The approache uf using a photochromic probe for the study of 
these problems was undertaken with three types of photochromic seg
mented polyurethanes (one-phase and two-phase systems) with an 
aromatic azochromophore incorporated i n di f f e r e n t sections of the 
polymer chain; t h i s i s schematically represented i n Fi g . 6. In the 
two-phase systems the chromophore i s s t a t i s t i c a l l y incorporated 
either i n the soft segment or i n the hard segment; i n the single 
phase system , which i s obtained by a polyaddition reaction of 
macrodiol and diisocyanate without using a pa r t i c u l a r chain ex
tender except for a small amount of DAAB, the azochromophore i s 
part of an isolated hard segment unit. Thus, the azochromophore i s 
located i n a variety of representative regions and segments i n 
these polymers, allowing a general study of the influence of 
structural and morphological changes of the matrix on the photo
chromism as well as of the use of a photochromic probe i n multi
phase polymer systems. 
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SEGMENTED POLYURETHANE ELASTOMERS 

SCHEME OF THE CHAIN STRUCTURE: 

H A R D SOFT 

HARD SEGMENT: 
WÊm: - C O N H - ^ ) - C H 2 - < ^ - N H C O O ( C H 2 ) / , O O C N H-<P> - C H 2 - ^ - N H C O -

SOFT SEGMENT: 
r^rv: { 0 ( C H 2 l ^OOC ( C H 2 ) 4 0 θ } η 0 ( C H 2 ) 4 0 -

SCHEMATIC REPRESENTATION OF DOMAIN STRUCTURE: 

Figure 5. Scheme of primary chain structure of segmented polyurethane elasto
mers and chain segment organization. 
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2a) Two-phase polyurethanes with chromophoric soft 
segments (11) 

The basic structure of these poly(ester urethane)s with a DAAB de
r i v a t i v e randomly incorporated i n the polyester soft segment i n 
various concentrations i s shown i n Fig. 7. 

The photochemical cis-trans isomerization of the azochromo-
phore can be achieved by i r r a d i a t i o n at the maximum absorption 
band of the trans isomer at λ=378 nm; the change i n the absorp
tion spectra of a polymer f i l m before and after i r r a d i a t i o n i s 
given i n Fig. 8. Similar fractions of cis-isomers can be ob
tained i n samples quenched from the melt ( i . e . , from above the 
melting temperature Τ of the soft phase ; Τ =45 C) and i n samples 
annealed at temperatur
by which some soft segmen

In contrast to t h i s , d i s t i n c t differences were observed for 
the thermal cis-trans isomerization depending on the samples ther
mal history; the increase i n the trans-isomer content was f o l 
lowed by measuring the change i n the absorption at λ=378 nm 
(Fig. 8) . 

At temperatures above Τ , single f i r s t order kinetics were 
found for the thermal back reaction as one would expect for this 
reaction i n an amorphous matrix/ i n agreement with the results 
obtained for, e. g., the polyacrylate systems (_3) (s. above). 
The same behaviour i s also found at temperatures below Τ i n 
samples quenched from the melt with s t i l l completely amorphous 
soft phase (Fig. 9, l i n e 4), and the rate constants k^ of the 
thermal back reaction i n these samples were similar to those 
found i n solution over the whole temperature range. In contrast 
to t h i s , the kinetics do not follow single f i r s t order kinetics 
in the annealed samples (Fig. 9, l i n e 1), but the experimental 
curve i s given by two exponentials (line 2 and 3, Fig. 9), simi
l a r to what was already found i n glassy polymers. As could be 
shown by DSC-measurements of annealed samples, p a r t i a l c r y s t a l l i 
zation of soft segments occurs due to the annealing procedure at 
about 5 Κ below Τ of the soft phase ; therefore the phenomenon of 
two simultaneous ? i r s t order processes i n these samples with se-
micrystalline soft phase as compared to only one single f i r s t 
order process i n samples with completely amorphous soft phase 
c l e a r l y shows the s e n s i t i v i t y of the photochrome to changes i n 
the morphology of the surrounding matrix. 

The rate constants k obtained for thermally d i f f e r e n t l y trea
ted polyurethanes are represented in the Arrhenius plot, F i g. 10. 
The apparent energy of activation Ε for the thermal cis-trans 
isomerization, as determined from the slopes i n Fig. 10, i s about 
80 kJ/mol (k^) i n polymers with completely amorphous soft phase, 
a similar figure as found i n solution; i n samples with p a r t i a l l y 
c r y s t a l l i z e d soft segments, values of about 60 kJ/mol (k^) and 
19 kJ/mol (k^) are found for the two simultaneous f i r s t order 
processes (line 2 and 3, F i g . 10). The occuring of these two 
apparent energies of activation, which are similar to the energies 
required for rotational (crankshaft (15) ) and translational (3) 
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TWO-PHASE SYSTEM; 
(MACRODIOL+DIIS^ 

1)PHOTOCHROME(t)IN THE SOFT SEGMENT( )· 

2)PHOTOCHROME (§)IN THE HARD SEGMENT! • ) · 

SINGLE-PHASE SYSTEM: 

( M AC RODIO L+Dl I SOC YA Ν AT Ε, NO CHAIN EXTEND Ε R ) 

P H O T O C H R O M E ( · ) IN THE "HARD SEGMENTS — ): 

Figure 6. Scheme of the primary chain structure of photochromic segmented 
polyurethanes with aromatic azochromophores built in the polymer chain. 

PHOTOCHROMIC POLY(ESTER URETHANES) 

Soft Segment A 

-^0(CH 2) 4OCO(CH 2)^CO ^ 0 ~ R - O C O ( C H 2 ) ^ C O ^ O i C H ^ 0 — 

30<*/ y<500 ; z ~ 1 2 

with R =- iCH 2 ) 3 CONH-@-N= N-@~NHCO ( C H ^ 

Hard Segment Β 

NH NHCONHNHCONHNHCONH NHCOf 

Figure 7. Molecular structure of soft and hard segment of photochromic poly
ester urethane with partly photochromic soft segments. 
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Figure 8. The UV absorption spectra of polyurethane film with photochromic 
soft segment before (1) and after (2) irradiation at λ = 378 nm (11). 

In Urethane Chemistry and Applications; Edwards, K., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



EISENBACH Polyester Urethanes 23 

<1 

ι — 
< l 

10 -1 

10 -2 

• • 

T=^0°C 
(•,—): annealed polymer 

(Δ,—) : quenched from the melt 

• 1 • • ι ι I 

50 100 150 
t /min 

Polymer Bulletin 

Figure 9. First-order plot of the thermal cis-trans isomerization of the azo-
chromophore incorporated in the soft segment (solid film) (\ 1). 
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Polymer Bulletin 

Figure 10. Arrhenius plot of the rate constants k of the thermal cis-trans iso
merization of the azochromophore incorporated in the soft segment (solid film): 

k2' and k>, annealed polymer; k3, quenched polymer (11). 
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chain segmental motions, were also found for the two f i r s t order 
processes i n glassy polymethacrylates (3,10,11). Since the a c t i 
vation parameters of photochromic processes i n polymers r e f l e c t 
the chain segmental mobility of the polymer matrix, i t can be 
infered, that the l o c a l segmental mobility i n the soft phase with 
additional physical crosslinks (due to c r y s t a l l i z a t i o n of poly
ester segments by annealing) i s reduced to an extent comparable 
to the glassy state not too far below Τ (10,16). The photochro
mic probe i s not only able to detect chlnges i n the morphology 
of the surrounding matrix, but also allows some conclusion on 
the r e s t r i c t i o n s i n the ov e r a l l segmental mobility and on the kind 
of chain segmental motions i n the matrix upon changes of the mor
phology. 

2b) Two-phase polyurethanes with chromophoric hard 
segments (12) 

The polymers investigated had a small amount of chromophoric hard 
segments incorporated and randomly distributed within the poly 
(ester urethane) chain; the basic structure of these systems i s 
i l l u s t r a t e d i n Fig. 11. 

In contrast to the polyurethane systems with chromophoric 
soft segments discussed above, i n these polymers no photoisomeri-
zation of the incorporated azoaromatic group could be achieved 
i n the s o l i d state for both types of polyurethanes with MDI or 
TDI based hard segments. In solution, however, photoisomerization 
of the azochromophore occurs by exposure to l i g h t i n the region 
of the maximum trans absorption and the same frac t i o n of c i s -
isomers i n the photostationary state could be reached for the chro
mophoric polyurethane as for a model compound of the azoaromatic 
hard segment unit, 4,4*-di(phenylurea)azobenzene. 

In Fig. 12 the absorption spectra of the low molecular model 
compound (curve 1,2) and the polyurethane (curve 3,4) before and 
after i r r a d i a t i o n are depicted. The coinciding spectra of the mo
del compound and the polymer i n solution and their coinciding 
photoresponse are clear evidence for the fact that the chromo-
phore i s b u i l t into the polymer backbone as part of the hard seg
ments as shown i n Fig. 11. The UV-spectra obtained from polyure
thane films were similar to the one i n solution shown i n curve 3, 
Fi g . 12, but did not change upon i r r a d i a t i o n of the films. 

The fact that in these bulk polymer samples no photoisomeri
zation could be detected has to be attributed only to the severe 
r e s t r i c t i o n s of the l o c a l chain segmental mobility around the 
chromophore, i . e., i t i s due to the predominant incorporation 
of the azochromophoric units i n the hard phase; the mobility of 
chain segments within the hard domain i s widely suppressed i n 
t h i s system, cousing a nearly complete immobilization of the chro
mophore in the hard phase. This behaviour i s comparable to systems 
where the photochrome was incorporated i n highly c r y s t a l l i n e 
polyamide or polyimide (2,20,21). 
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Soft Segment A 

-[0(CH2)^00C(CH2)^C0]-0(CH2) z >0-

with χ » 12 

Die Makromolekulare Chemie, Rapid Communications 

Hard Segment Β 

Β 1 
HoC C H 3 

* 4 c O N H i W ^ N H C O - R 1 ' 2 - C O N H ' ^ L N H C O - | -

B 2 . ^ C O N H - ( Q > - C H 2 - ^ 

with R1=HN-(CH2)2NH and R2=HN-<^N=N^>-NH 
mol ratio R 1 / R 2 =100 

Figure 11. Molecular structure of soft and hard segment of photochromic poly
ester methane with partly photochromic hard segments. 

300 400 500 600 
—•WAVELENGTH INnm 

Figure 12. The UV absorption spectra of 4,4'-di(phenylurea)azobenzene (Curves 
1 and 2) and polyurethane with photochromic hard segment (Curves 3 and 4) in 
DMF solution before (1,3) and after (2,4) irradiation at λ — 405 nm; Curve 5: 

pure polyftetramethylene adipate urethane) (12). 
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2 c ) Single-phase polyurethanes with chromophoric hard 
segments ( 1 3 ) 

Polyurethanes with a few chromophoric hard segment units which do 
not show phase separation can be obtained by a polyaddition reac
tion of only a macrodiol and a diisocyanate i n nearly stochiometric 
amount (slight excess of diisocyanate) together with a small 
amount of a difunctional chromophore (DAAB), counterbalancing 
the diisocyanate excess. The structure of such polyurethanes i n 
vestigated here are given i n Fig. 1 3 . 

As compared to the systems discussed in the previous section, 
due to the absence of a chain extender (EDA) i n the synthesis of 
these polyurethanes, th
f i c i e n t to enable phas
of photochromic hard segments here exist i n a medium similar to 
isolated hard segments i n the soft-phase of two-phase polyure
thanes. 

For these polyurethanes, photoisomerization of the azochromo-
phore i n s o l i d films again i s possible, as i t was the case for the 
two-phase polyurethanes with chromophoric soft segments. These re
sults confirm similar observations of r e l a t i v e l y f a c i l e photoiso
merization of azochromophores i n the hard segment of corresponding 
poly(propyleneoxid urethanes) ( 2 2 ) . 

These findings reveal that photoisomerization of aromatic 
azocompounds i s only possible i f the chromophore i s incorporated 
i n a s u f f i c i e n t l y f l e x i b l e matrix. This i s a basic requirement not 
only because of the fact that s u f f i c i e n t free volume has to be 
provided for the trans-cis photoisomerization, but also because 
a chain segment pendent to the azochromophore has to be sliped 
through the matrix since the distance between the para carbons i n 
the azobenzene derivative i s decreased by about 50 % when going 
from the trans- to the cis-isomer ( 2 3 ) . 

For the case of the polyurethanes i t can be assumed that, i n 
dependent of the nature of the matrix, the cis-trans isomerization 
of azobenzene containing hard segments i s possible as long as no 
phase separation occurs, which would cause an incorporation of 
these chromophoric segments into the hard domain. It means that 
the mobility of the chromophoric hard segments i n the single phase 
system, which are representative for isolated hard segments i n 
two-phase systems not contributing to the hard domains, i s , by 
far, not as r e s t r i c t e d as the mobility of the segments i n the hard 
domainsj furthermore, i t can be assumed from the photochromic be
haviour that these isolated hard segments rarely influence the 
properties of polyurethane elastomers to an appreciable extent 
since their mobility i s similar to the soft segments themselves. 
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SOFT SEGMENT A 
-^(ΟΗ 2 ) 4 0 0 0(ΟΗ 2 ) 4 0 0 ^ 0(ΟΗ 2 ) 4 0 -

with χ » 12 

HARD SEGMENT Β 

H 3 C 
-CONH^^NHCO- ( B 1 ) ; -B 1-R-B 1- (B 1 1) 

- C 0 N H - ( ^ C H 2 ^ ) - N H C 0 - (B 2); - B 2 - R - B 2 - ( B 2 2 ) 

with R=HNHQ>-N=N-«<^>-NH 

R1 R 2 

mol ratio b / g H or B / B 2 2 =100 

Figure 13. Molecular structure of a single-phase polyurethane containing a jew 
chromophoric hard segments. 
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Conclusion 

It i s c l e a r l y evident from the data discussed above that the i s o 
merization of the aromatic azochromophore incorporated i n the back
bone of polyurethanes i s markedly affected by i t s position i n the 
backbone of the polyurethanes and also by the morphology of the 
polymer matrix. The kinetics of the photoisomerization and the 
thermal cis-trans isomerization both r e f l e c t the structure, mor
phology and segmental mobility of the surrounding polymer. In par
t i c u l a r i t was shown that the soft segment mobility i s highly re
s t r i c t e d i n ordinary two-phase polyurethanes with additional soft 
phase c r y s t a l l i z a t i o n , that the segmental mobility of hard seg
ments in the hard domains i s neglectably small compared to the 
segmental mobility of sof
that the mobility of isolate
comparable to that of soft segments. 

In conclusion i t can be stated that, based on the already po
s i t i v e results and new findings discussed above, photochromic 
molecules can be used as probes for the study of some of the open 
questions i n the area of polyurethanes mentioned at the beginning; 
this technique w i l l further be employed i n future work with photo
chromic polyurethane elastomers of known segment length d i s t r i 
butions. 
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18 
Thermoplastic Polyurethanes Based on 
Poly(oxyethylene-oxypropylene) Glycols 
The Dependence of Properties and Injection Moldability on 
Molecular Structure 

F. X. O'SHEA 

Uniroyal, Inc., World Headquarters, Middlebury, CT 06749 

Thermoplastic polyurethanes (TPU) are a versatile family of 
elastoplastic materials characterized by outstanding toughness 
and abrasion resistance. These materials are prepared from three 
principal reactants, a difunctional polyol, a difunctional chain 
extender and a diisocyanate in accordance with the following 
reaction: 

They are linear block copolymers of the (AB)x type in which 
A is the "soft" segment derived from the polyol and Β is the 
"hard" segment derived from the diisocyanate and chain extender. 
Theoretically, infinite molecular weight would be achieved at an 
isocyanate to total hydroxyl ratio of 1.0. Thus the number of 
moles of diisocyanate is equal to the sum of the number of moles 
of polyol and chain extender as shown. Hardness of the materials 
can be varied by altering the molar ratio of chain extender to 
polyol which in turn affects the weight ratio of hard segment to 
soft segment in the polymer. 

A principal obstacle to growth in TPU usage has been the 
high cost of these polymers because of the expensive raw 
materials required. Among commercially available diisocyanates 
only methylenebis(phenylisocyanate), pure MDI, produces 

0097-6156/81/0172-0243$05.00/0 
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acceptable i n j e c t i o n moldable polymers and then only with a 
l i m i t e d number of chain extenders such as 1,4-butanediol and the 
bis(hydroxyethylether) of hydroquinone. The structures of these 
compounds are shown i n Figure 1. 

U n t i l r e c e n t l y , the p o l y o l component was r e s t r i c t e d to 
poly(oxytetramethylene)glycol (PTMG), polycaprolactone d i o l and 
to adipate ester d i o l s such as poly(ethyleneadipate)diol. The 
structures of these polyols are shown i n Figure 2. 

This paper describes work which we have c a r r i e d out on 
TPU elastomers derived from poly(oxypropylene)glycols (PPG 
polyols) and from poly(oxyethylene-oxypropylene)glycols as the 
pol y o l components of the elastomers. Our i n t e r e s t i n these 
materials i s based on th
since the p o l y o l comprise
the raw materials used i n preparing most TPU elastomers. 

Figure 3 shows the structure of these p o l y o l s . The poly-
Coxy e thy lene-oxypropy lene) gl y c o l s are often referred to as 
"tipped" PPG polyols since they are commonly prepared by post-
reacting a PPG p o l y o l with ethylene oxide. The reaction 
increases the p o l y o l r e a c t i v i t y by converting secondary hydroxyl 
groups to primary hydroxyl groups although the k i n e t i c s of the 
reaction precludes 100% conversion to primary hydroxyl terminated 
p o l y o l . Therefore, i n the structure shown i n Figure 3, ζ equals 
zero on some p o l y o l molecules. 

The p r i n c i p a l focus of t h i s paper w i l l be on the e f f e c t s of 
po l y o l molecular weight, p o l y o l oxyethylene group content, 
NCO/OH r a t i o and chain extender structure on low temperature and 
elevated temperature properties, thermal s t a b i l i t y during 
processing, and p r o c e s s a b i l i t y , i n p a r t i c u l a r i n j e c t i o n molding 
behavior. 

Experimental 

M a t e r i a l s . 1,4-Butanediol was vacuum dried (60°C., 2mm Hg) 
for s i x hours and then stored over molecular sieves. The PPG 
polyols used were PPG 1025 and PPG 2025 from Union Carbide 
Corporation. Tipped PPG polyols were supplied through the 
courtesy of F. J . Preston of the O l i n Corporation Research 
Center, New Haven, Connecticut. Polyols were vacuum dried 
(100°C., 2 mm. Hg) for one hour immediately p r i o r to use. The 
MDI, Isonate 125 MF from Upjohn Company, was stored at 50°C. and 
decanted p r i o r to use so that only water white, clear material 
was used. The BHEHQ was from Eastman Chemical Products. 

Preparation of Elastomers. Two methods for preparing TPU 
elastomers are commonly used. In the prepolymer method, the 
pol y o l i s prereacted with a l l of the MDI and the resultant pre
polymer, often containing free MDI, i s subsequently reacted with 
the chain extender. In the masterbatch method, the p o l y o l and 
chain extender are premixed and then combined with the MDI, 
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DIISOCYANATE 
0CN^C^" C H 2 N C 0 MDI 

CHAIN EXTENDERS 
HOCH2CH2CH2CH2OH 1,4-Butanediol 

HOCH2CH2O - ^ ^ - O C H 2 C H 2 0 H BHEHQ 

Figure 1.  segment

POLYOLS 

HO [CH2CH2CH2CH2O ] XH PTMG 

Ο Ο 
Η [0(CH 2) 5C]x ORO [C(CH 2 ) 5 0 ]yH Polycaprolactone 

J Diol 

Ο Ο 
» » Polyethylene-

HOCH2CH2O [ C(CH 2 )4COCH 2CH 2 0 ] XH a d i p a t e ) D l o , 

Figure 2. Typical polyols. 

PPG 
CH3 CH3 
1 1 

H [OCHCH2] x ORO [CH2CHO]yH 

"TIPPED" PPG 

CH3 CH3 

H [ OCH2CH2lw IOCHCH2 ]χ ORO [ CH2CHO ] y [ CH2CH2O ] z H 

Figure 3. PPG-type polyols. 
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random polymerization being allowed to take place. We used both 
methods i n our studies. Slabs cast from the reactions were 
granulated, extruded, p e l l e t i z e d , and then i n j e c t i o n molded i n t o 
test plaques. The prepolymer method was used p r i m a r i l y with the 
untipped or l i g h t l y tipped PPG polyols to avoid polymerization 
d i f f i c u l t i e s a r i s i n g from the difference i n r e a c t i v i t y between 
the secondary hydroxyl group of the p o l y o l and the primary 
hydroxyl group of the chain extender. Structure-property 
r e l a t i o n s h i p comparisons were always made between polymers pre
pared by the same method. 

Test Methods. The standard physical-mechanical properties 
of the elastomers were d  ambien  with
INSTRON Tensile Tester

Cold impact was measured by the f a l l i n g dart test  whic
a 3" χ 6" χ 0.125" sample i s positioned i n an inverted U shape, 
conditioned four hours at -30°C, and impacted at the highest 
point of the specimen by a weighted two-inch diameter rod-shaped 
plunger rounded on the end to a one-inch radius. The plunger i s 
dropped from a predetermined height to give 5 mph impact 
v e l o c i t y . 

Heat sag was determined i n a test i n which a four-inch 
extension of a 2" χ 6" χ 0.125" plaque i s heated for 30 minutes 
at 121°C. and i t s d e f l e c t i o n from h o r i z o n t a l i s measured. 

The DTA measurements were made on a DuPont Model 900 Thermal 
Analyzer using a heat-up rate of 20°C./min. 

The DSC cooling curves were obtained using a Perkin-Elmer 
DSC-1B at a cooling rate of 20°C./min. 

Molecular weight determinations were made i n THF at room 
temperature using a Waters Model 200 gel permeation chromatograph. 

The hardness build-up t e s t was c a r r i e d out on a one-half 
ounce laboratory i n j e c t i o n molding machine. Using a 2.5" χ 2.5" 
χ 0.125" plaque mold held at a constant temperature, polymer melt 
was i n j e c t e d i n t o the mold. The mold was opened at various times 
a f t e r i n j e c t i o n , the piece removed, and i t s Shore A hardness 
measured exactly f i v e seconds a f t e r opening the mold. The 
development of hardness could be followed as a function of quench 
time s t a r t i n g with quench times as short as 10 seconds. 

Results and Discussion 

When t h i s work began, an important a p p l i c a t i o n f or TPU 
elastomers was i n automobile e x t e r i o r body components associated 
with impact absorbing bumper systems. Cold impact strength, 
r e s i l i e n c e , resistance to heat d i s t o r t i o n at paint oven temper
atures and rapid i n j e c t i o n molding cycles were a l l required. 

Polymers prepared from untipped PPG polyols have some i n 
herent d e f i c i e n c i e s . Table 1 shows data on i n j e c t i o n molded TPU 
elastomers based on PTMG and PPG po l y o l s . 
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Table 1. TPU Elastomers From PPG & PTMG 
Pol y o l s , MDI and 1,4-Butanediol. 
1-04 NCO/OH, 52% by Weight P o l y o l . 

A Β C 

Po l y o l 
P o l y o l Molecular Weight 
-30°C. Drop Impact 
Tg, DTA 
Heat Sag, 4" Extension, 

PTMG 
1000 
Pass 
-54°C 

PPG 
1000 
F a i l 
-3Q°C 

PPG 
2000 
Pass 
-53°C 

121°C. 
Bashore Rebound 

2.5' 
38 

I I 3.5 
21 

I I 1.5 
34 

I f 

Comparisons were made between polymers containing an equal 
weight percent of so f t
length could be evaluate
the polymer based on 2000 molecular weight PPG p o l y o l i n Table 1 
has both a so f t segment length and an average hard segment length 
twice that of the other polymers even though the weight percent 
of s o f t and hard segments i s the same for a l l three polymers. 

The data show that the TPU based on 1000 molecular weight 
PPG has poorer low temperature properties than the PTMG based 
polymer as indicated by i t s lack of cold impact resistance and 
i t s higher s o f t segment glass t r a n s i t i o n temperature. I t also 
displays poorer heat sag resistance and i s l e s s r e s i l i e n t than 
the PTMG based polymer. In ad d i t i o n , the polymer from PPG 1000 
does not i n j e c t i o n mold w e l l because of slow " f r e e z e - o f f " and 
high shrinkage. 

The comparison to PTMG i s much more favorable when 2000 
molecular weight PPG i s used instead of 1000 molecular weight. 
In ad d i t i o n to improved cold impact resistance, heat sag and 
r e s i l i e n c e , t h i s polymer freezes o f f r a p i d l y on i n j e c t i o n mold
ing and does not shrink excessively. 

The differences between the two PPG based polymers can be 
att r i b u t e d to differences i n polymer morphology. I t has been 
w e l l established through work by Cooper (1 ), by Seefried (2) , by 
Wilkes (3) and others that the properties of TPU elastomers r e s u l t 
from thermodynamic i n c o m p a t i b i l i t y of the so f t and hard segments 
which leads to microphase separation, domain formation and the 
development of long-range order i n the hard segment domains. The 
data i n Table 1 suggest that the PPG so f t segment i s more 
compatible with the MDl/butanediol hard segment than i s PTMG, 
r e s u l t i n g i n le s s complete phase separation. The glass t r a n s i t i o n 
of the PPG s o f t segment, t h e o r e t i c a l l y -78°C. at i n f i n i t e length, 
i s s h i f t e d to a higher temperature because of r e s t r a i n t s imposed 
by segment mixing. In the same way, the softening temperature 
of the hard segment i s s h i f t e d downward leading to poorer 
resistance to heat d i s t o r t i o n . Increasing the segment lengths 
through the use of 2000 molecular weight p o l y o l gives more 
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complete phase separation and l e s s segmental mixing r e s u l t i n g i n 
improved cold impact resistance and better resistance to heat 
sag. The effectiveness of increased s o f t segment molecular 
weight i n promoting phase segregation has been demonstrated by 
Schneider and Paik Sung (4) for polyester-TDI polyurethanes. 

Processing S t a b i l i t y . Despite i t s improved properties, the 
polymer based on PPG 2000 was found to be i m p r a c t i c a l because of 
i n s t a b i l i t y at processing temperatures. Retention of the polymer 
melt at 204°C. i n the b a r r e l of an i n j e c t i o n molding machine f o r 
times as short as 10 minutes gave molded parts with reduced 
t e n s i l e strength and loss of impact resistance. Ineffectiveness 
of antioxidants and nitroge
down indicates that i

Work by Beachell (5) and by Dyer (6) has established that the 
polyurethane bond can d i s s o c i a t e at these temperatures to give 
polymer fragments terminated by isocyanate and hydroxyl function
a l i t y as shown i n Figure 4. 

Although t h i s r eaction i s r e v e r s i b l e i t could be driven to 
the r i g h t i f the dissociated fragments undergo subsequent side 
reactions or i n some way become less a v a i l a b l e to one another 
for recombination. Morphology could play a r o l e since the polymer 
prepared from PPG 1000 i s stable at 204°C. even though i t has 
twice the number of p o l y o l to isocyanate urethane bonds a v a i l a b l e 
for d i s s o c i a t i o n . 

E f f e c t of Qxyethylene Content on S t a b i l i t y . The processing 
i n s t a b i l i t y of TPU elastomers based on PPG 2000 can be overcome 
by the use of ethylene oxide "tipped" PPG p o l y o l s , e s p e c i a l l y 
those containing high l e v e l s of oxyethylene groups, e.g., 30% to 
45% by weight. The improved s t a b i l i t y of the polymers based on 
such polyols i s demonstrated i n Table 2. 

Table 2. E f f e c t of Oxyethylene Group 
Content of 2000 M.W. P o l y o l on 
S t a b i l i t y of TPU Elastomer. 

Wt. % EO Min, @ 204°C* Tensile, MPa 
10 2 22.1 

20 5.5 
1.78 χ 10 5 

0.88 χ 10 5 

30 2 
20 

24.8 
15.9 

1.86 χ 10 5 

1.16 χ 10 5 

45 2 
20 

24.8 
23.4 

2.05 χ 10 5 

1.47 χ 10 5 

*Retention time i n b a r r e l of i n j e c t i o n molding machine before 
i n j e c t i o n i n t o mold. 
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Increased oxyethylene group content i n the p o l y o l r e s u l t s 
i n improved s t a b i l i t y as r e f l e c t e d i n better r e t e n t i o n of t e n s i l e 
strength with thermal exposure. In turn, t h i s coincides with 
better r e t e n t i o n of the weight average molecular weight of the 
polymers as determined by GPC measurements. 

There i s strong evidence that thermal s t a b i l i t y i s dependent 
p r i m a r i l y on oxyethylene group content rather than primary 
hydroxyl content. Table 3 shows that polymer prepared from a 
2000 molecular weight p o l y o l with 45% by weight oxyethylene group 
content but only 46% primary hydroxyl content i s more stable than 
one prepared from a p o l y o l with 30% by weight oxyethylene groups 
but with 82% primary hydroxyl. 

Table 3. Dependenc
Oxyethylene Group Content of 
P o l y o l . 

A Β C 

P o l y o l Molecular Weight 2000 2000 2000 
Weight % EO 45 45 30 
1° -OH Content 93 46 82 
% Tensile Retention* 94 85 64 

*Melt retained 20 minutes i n the b a r r e l at 204°C. before 
i n j e c t i o n i n t o mold compared with melt held for two 
minutes. 

These data suggest that the thermal i n s t a b i l i t y of the 
polymer based on PPG 2000 a r i s e s from d i s s o c i a t i o n of the 
urethane bonds i n the melt but with slow recombination because 
of segmental i n c o m p a t i b i l i t y which gives r i s e to fragment 
separation making the reactive ends unavailable f o r recombination. 
High oxyethylene group content appears to improve c o m p a t i b i l i t y 
of the s o f t and hard segments s u f f i c i e n t l y to allow recombination, 
thus r e s u l t i n g i n a more stable polymer. By t h i s reasoning, the 
polymer based on untipped PPG 1000 i s thermally stable because 
of greater c o m p a t i b i l i t y between the s o f t and hard segments i n 
the melt as a r e s u l t of the shorter segment lengths. 

The e f f e c t s of p o l y o l molecular weight and oxyethylene group 
content on the thermal s t a b i l i t y of these polymers have been 
reported independently by Bonk and Shah (7) · 

I n j e c t i o n M o l d a b i l i t y . The i n j e c t i o n molding behavior of 
these materials i s another response which can be influenced 
s i g n i f i c a n t l y by s t r u c t u r a l v a r i a t i o n s . For example, commercial 
scale molding t r i a l s on a 45 Shore D automotive polymer based on 
a 2000 molecular weight poly(oxyethylene-oxypropylene)glycol 
which contained 45% by weight oxyethylene groups showed that 
achievable cycle times were strongly influenced by the NCO/OH 
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r a t i o of the formulation used to produce the polymer. Although 
an NCO/OH r a t i o of 1.0 t h e o r e t i c a l l y would produce i n f i n i t e 
molecular weight polymer, i n p r a c t i c e a small excess of 
diisocyanate i s often used i n order to account for impurities and 
minor side reactions which would reduce molecular weight. The 
excess isocyanate ensures high molecular weight through the 
branching mechanisms shown i n Figure 5. 

With the automotive grade polymer an NCO/OH r a t i o of 1.05 or 
higher gave polymers which were d i f f i c u l t to demold i n reasonable 
cycle times and tended to s t i c k i n the mold. When made at an 
NCO/OH r a t i o of 1.01, the polymer demolded very r e a d i l y but 
tended to show stress marks a f t e r painting and drying of the de-
molded parts and, i n som
adequately. These difference
basis of melt v i s c o s i t y but appeared instead to r e f l e c t d i f f e r
ences i n the " f r e e z i n g o f f " of the polymer during molding. I t 
was possible to measure these differences by the hardness b u i l d 
up test described i n the experimental section. 

E f f e c t of NCO/OH Ratio on Hardness Build-up. Figure 6 shows 
the dramatic e f f e c t of NCO/OH r a t i o on the development of hard
ness with quench time for the 45 Shore D automotive polymer. A 
r a t i o of 1.01 gives a polymer which develops hardness very 
r a p i d l y while increasing the NCO/OH r a t i o leads to slower and 
slower hardness development, p a r t i c u l a r l y i n the c r i t i c a l e a rly 
seconds a f t e r i n j e c t i o n . This slow hardness build-up can 
account for the long demolding time and tendency for mold s t i c k 
ing observed with materials made at an NCO/OH r a t i o of 1.05 or 
higher. On the other hand, the very rapid freeze-off of the 
polymer made at the 1.01 r a t i o could account for molded-in 
stresses because of premature hardening of the polymer over the 
long distances traveled by the cooling melt i n a commercial t o o l . 

Polymer made at an NCO/OH r a t i o of 1.03 was found to have an 
optimum rate of hardness build-up. I t s hardness build-up curve, 
shown i n Figure 6, was e s s e n t i a l l y superimposable with that of a 
commercially acceptable PTMG-based polymer and i n f i e l d t r i a l s i t 
molded at the same cycle time without d i f f i c u l t y . Thus molding 
behavior i n large automotive molds could be re l a t e d to a simple 
test which can be c a r r i e d out on a r e l a t i v e l y small sample. 
Control of NCO/OH r a t i o was demonstrated to be c r i t i c a l i n these 
materials to obtain polymer which can be molded acceptably and 
reproducibly. 

Another way to represent hardness development i s to se l e c t 
two quench times representing c r i t i c a l points i n a hardness b u i l d 
up curve for the polymer type of i n t e r e s t and adding together the 
two readings to obtain a hardness build-up index. Table 4 shows 
index values obtained from the a d d i t i o n of the 10 second and 15 
second readings for the polymers described i n Figure 6. 

These differences i n hardness build-up (HBU) are believed to 
r e s u l t from differences i n the k i n e t i c s of domain formation taking 

In Urethane Chemistry and Applications; Edwards, K., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



O'SHEA Poly(oxyethylene-oxy propylene) Glycol Polyurethanes 251 
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F/gwre 4. Thermal dissociation of polyurethane. 
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Figure 5. Branching reactions. 

5 10 15 20 25 30 
Seconds Quench Time 

Figure 6. Effect of NCO/OH ratio on hardness build-up for polymer made from 
tipped PPG polyol (45% EO) at NCO/OH ratios of 1.01 (%), 1.03 (φ), 1.05 

(Μ), and 1.08 (k). 
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Table 4. Hardness Build-up Index Values Obtained 
By Addition of 10 Second and 15 Second 
Readings of Polymers Described i n 
Figure 6. 

NCO/OH Ratio 10 Sec. + 15 Sec. Shore A 

1.01 128 
1.03 107 
1.05 72 
1.08 47 

place when the polymer
coworkers have published several studies on the properties of TPU 
elastomers which change with time a f t e r quenching from the melt. 
Figure 7, taken from one of t h e i r publications (9), shows that 
the s o f t segment glass t r a n s i t i o n s h i f t s to progressively lower 
temperature with time a f t e r quenching. This r e s u l t i s consistent 
with continuing microphase separation of sof t and hard segments 
and increasing domain formation with time. Wilkes proposed that 
i n the melt, the s o f t and hard segments of the polymer are mixed 
but on quenching, thermodynamic i n c o m p a t i b i l i t y and hydrogen 
bonding act as re s t o r i n g forces of the domain morphology. The 
k i n e t i c s of t h i s "demixing" process can be affected by s t r u c t u r a l 
features of the polymer chain. He proposed that the rate of "de-
mixing 1 1 can be influenced by temperature, s o l u b i l i t y parameter 
di f f e r e n c e s , hydrogen bonding, c r y s t a l l i z a b i l i t y and rate of 
c r y s t a l l i z a t i o n . 

In the polymers described i n Figure 6, branching introduced 
by excess isocyanate can slow down the demixing process and the 
re-establishment of the domain morphology. Branching can exert 
t h i s e f f e c t by disru p t i n g chain alignment and the r e - e s t a b l i s h 
ment of hydrogen bonding thus slowing the rate of development of 
long-range order and c r y s t a l l i n i t y which lead to developing hard
ness i n the cooling polymer. 

The e f f e c t of NCO/OH r a t i o on slowing the rate of 
c r y s t a l l i z a t i o n also can be seen through the use of DSC cooling 
curves. Figure 8 shows DSC cooling curves obtained f o r a series 
of TPU samples varying only i n NCO/OH r a t i o . They show a s h i f t 
i n the p o s i t i o n and broadness of the hard segment c r y s t a l l i z a t i o n 
exotherm. The peak becomes broader and appears at progressively 
lower temperatures as the NCO/OH r a t i o i s increased, an obser
vation consistent with slower hardness development. 

E f f e c t of Segment Length. Among other s t r u c t u r a l v a r i a t i o n s 
which can a f f e c t the rate of domain formation on quenching from 
the melt are segment length and hard segment structure as 
influenced by the chain extender. The poor i n j e c t i o n molding 
c h a r a c t e r i s t i c s of a polymer derived from 1000 molecular weight 
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Journal of Applied Physics 

Figure 7. Plot of glass transition temperature of the soft segment vs. time after 
quenching for polyester and poly ether polyurethanes (9). 
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Figure 8. DSC cooling curves of TPU elastomers (based on 2000 M.W. tipped 
PPG polyol (45% EO) varying in NCO/OH ratio). 
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PPG compared with one from 2000 molecular weight PPG was 
mentioned previously. Polymers made with an equal weight percent 
of p o l y o l but based on polyols of increasing molecular weight 
have increasing lengths of both the s o f t and the hard segments. 
This increase i n segment length should give increasing rates of 
domain formation on quenching from the melt, not only because of 
the d r i v i n g force of decreased c o m p a t i b i l i t y of the segments but 
also because of the increased c a p a b i l i t y f or the rapid develop
ment of long-range order r e s u l t i n g from the longer hard segment. 

That t h i s does take place i s shown i n Figure 9 which shows 
hardness development curves f o r three polymers varying only i n 
segment length. The dramatic e f f e c t of segment length on hard
ness build-up i s apparent

E f f e c t of Chain Extender Structure. From hardness build-up 
studies i t i s also easy to understand why 1,4-butanediol and the 
bis(hydroxyethylether) of hydroquinone are preferred chain 
extenders f o r TPU elastomers for i n j e c t i o n molding a p p l i c a t i o n s . 
Table 5 gives hardness build-up index values for two polymers 
which i l l u s t r a t e that changing the chain extender from 1,4-
butanediol to 1,6-hexanediol r e s u l t s i n poorer i n j e c t i o n molding 
behavior. The longer polymethylene sequence of the 1,6-hexanediol 
apparently r e s u l t s i n a poorer hard segment f i t , slowing down r e 
alignment and subsequent c r y s t a l l i z a t i o n enough to make i t a poor 
choice as chain extender. 

Table 5. E f f e c t of Chain Extender on Hardness 
Build-up. 

A Β 

% by Weight P o l y o l 50 50 
P o l y o l Molecular Weight 3000 3000 
Weight % EO 30 30 
NCO/OH Ratio 1.03 1.03 
Chain Extender 1,4-Butanediol 1,6-Hexanediol 
HBU Index (10 + 15 Sec.) 140 20 

A s i m i l a r e f f e c t on hardness development can be obtained by 
mixing two polymers made with d i f f e r e n t chain extenders. Table 6 
shows that a polymer made with 1,4-butanediol as chain extender 
and another with the bis(hydroxyethylether) of hydroquinone as 
chain extender each have hardness build-up index values higher 
than does a 50/50 blend of the two. I t i s suggested that the 
poor s p a t i a l f i t of the mixed hard segments r e s u l t s i n slow domain 
formation on cooling. There i s an important p r a c t i c a l consequence 
of t h i s observation as i t r e l a t e s to the mixing of TPU elastomers 
from d i f f e r e n t suppliers i n an i n d u s t r i a l molding operation. 
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Figure 9. Hardness build-up curves of polymers containing 50 wt % polyol made 
at 1.04 NCO/OH ratio and based on 1000 M.W. (A), 2000 M.W. (HJ, and 

4000 M.W. (Φ) polyols. 
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Table 6. E f f e c t of D i s s i m i l a r Chain Extenders 
i n TPU Blends. 

Polymer A Β 50/50 A/B 

Chain Extender 
HBU Index (10 + 15 Sec.) 

1,4-BD BHEHQ 1,4-BD/BHEHQ 
71 90 19 

Conclusions 

Certain aspects of thermoplastic polyurethanes derived from 
poly(oxyethylene-oxypropylene)glycols have been described. Low 
temperature impact resistanc
dependent on segment lengt
being required for acceptable performance i n automobile parts. 
The b e n e f i c i a l e f f e c t of oxyethylene group content on process
ing s t a b i l i t y i s ascribed to improved segmental c o m p a t i b i l i t y . 
Several v a r i a b l e s show a dramatic influence on i n j e c t i o n mold-
a b i l i t y . Most notable examples are NCO/OH r a t i o , segment length 
as determined by p o l y o l molecular weight, and hard segment 
structure as determined by the chain extender. These influences 
are a t t r i b u t e d to the e f f e c t s of these v a r i a b l e s on the k i n e t i c s 
of domain formation on quenching from the melt. 
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Bonding of Isocyanates to Wood 

ROGER M. ROWELL and W. DALE ELLIS 
Forest Products Laboratory, U.S. Department of Agriculture, 
Forest Service, Madison, WI 53705 

Bonding of chemicals to wood cell wall components--
cellulose, hemicellulos
chemical properties of
southern pine with simple epoxides results in a modified wood 
which is resistant to attack by subterranean termites in labora
tory tests (1). Wood modified with acetic anhydride, dimethyl 
sulfate, β-propiolactone and epoxides are highly resistant to 
attack by microorganisms in standard soil block laboratory tests 
(2,3). Southern pine modified by reaction with acetic anhydride 
and propylene and butylene oxides has a reduced tendency to swell 
in the presence of water (4). 

It is speculated that the biological resistance of chemi
cally modified wood is due to chemical alteration of cellulosic 
substrate so that the very specific hydrolytic enzymatic reac
tions cannot take place. Resistance may also be due, in part, to 
reducing the available cell wall moisture to below a level required 
for biological attack. The decrease in swelling of wood in con
tact with moisture--that is, dimensional stability--which results 
from chemical modification of wood is due to the bulking action 
of the added chemical to the cell wall. The bulked wood c e l l 
walls are kept i n a swollen state as long as the bonded chemical 
i s retained. In t h i s swollen condition, wood cannot expand or 
contract further i n response to contact with water. 

C e l l u l o s e , the hemicelluloses, and l i g n i n are d i s t r i b u t e d 
throughout the wood c e l l w a l l (Figure 1), and the hydroxyl groups 
they contain are the most abundant reactive chemical s i t e s . 
These three hydroxyl-containing polymers make up a three-
dimensional polymer composite with a s o l i d phase ( c e l l w all) and 
voids (lumens) (Figure 2). The lumens can be viewed as bulk 
storage reservoirs f or chemicals. For example, the void volume 
of southern pine springwood or earlywood with a density of 

3 3 3 3 0.33 g/cm i s 0.77 cm voids/cm wood or 2.3 cm /g. For summer-
3 

wood or latewood with a density of 0.70 g/cm , the void volume i s 
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Figure 1. Chemical composition of a softwood cell wall. 
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Figure 2. Three-dimensional view of a softwood. 
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0.52 cnfVcm 0 or 0.74 cm°/g. The c e l l wall can also swell and act 
as a chemical storage reservoir. For southern pine the c e l l wall 

3 3 
storage volume from oven dry to water swollen i s 0.077 cm /cm . 

Several requirements must be met for successful wood modi
f i c a t i o n with a chemical bonding system. In whole wood, accessi
b i l i t y of the treating reagent to the reactive chemical sit e s 
(hydroxyls i n the c e l l wall) i s a major consideration. It i s 
necessary, therefore, that the reagents used for chemical modifi
cation swell the wood structure to f a c i l i t a t e penetration of the 
c e l l wall by the reagent. The reagent should be v o l a t i l e for 
ease of removal of unreactive chemical. The reagent must react 
quickly with the wood componen
tions (generally, unde
at temperatures below 120° C). There should be 100% carbon 
skeleton add-on of reagent so that no by-products are formed that 
need to be removed. The chemical bonds formed must be stable to 
ensure permanence and the treated wood must s t i l l possess the 
desirable properties of untreated wood. 

One class of chemicals that meet these c r i t e r i a for chemical 
reagents i s the isocyanates (5): 

Δ 0 
M 

WOOD-OH + R-N=C=0 > W00D-0-C-NH-R 

Isocyanates swell wood and react at 100° to 120° C without a 
catalyst or with a mild alkaline catalyst. The resulting ure-
thane bond i s very stable to acid and base hydrolysis. There are 
no by-products generated from the chemical reaction of isocyanate 
with dry wood. 

Evidence of Bonding 

Evidence that chemical reaction has taken place with wood 
c e l l wall hydroxyl groups i s evident from the infrared (IR) spec
tra of methyl isocyanate-modified southern pine (Figure 3). A l l 
samples run i n the IR were f i r s t milled to pass a 40-mesh screen 
and extracted f i r s t with benzene/ethanol (2/1, v/v) followed by 
water i n a Soxhlet extractor. Any unreacted reagent and isocya
nate homopolymer formed during the reaction with wood would be 
removed by this extraction procedure. The spectrum for unreacted 

wood i n the region of 1,730 cm * shows some carbonyl stretching 
vibrations (Figure 3A). After modification to 17.7 weight per
cent gain (WPG), the carbonyl band i s stronger (Figure 3B) and at 
47.2 WPG (Figure 3C) this band becomes one of the major bands i n 
the IR spectra. The increase i n carbonyl i s due to the formation 

0 H 
Il I 

of R-O-C-N-R i n the urethane bond. There i s also an increase i n 
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4 0 0 0 3200 2400 1800 1400 1000 6 0 0 200 
WAVENUMBER CM"' 

Figure 3. Infrared spectra of methyl isocyanate—modified southern pine. Key: A, 
unreacted wood (control); B, 17.7 WPG; C, 47.2 WPG; D, holocellulose from 

sample treated to 17.7 WPG; E, lignin from sample treated to 47.2 WPG. 
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the absorption bands as the WPG increases: at 1550 cm , due to 
the NH deformation frequencies of secondary amines; at 
1,270 cm which i s C-N v i b r a t i o n of d i s u b s t i t u t e d amines; and 
at 770 to 780 cm which may be due to NH deformation of bonded 
secondary amines (6). No unreacted reagent remains i n the sam
ples as the isocyanate absorption at 2,275 to 2,240 cm 1 i s 
absent (Figure 3B, C). _ 1 _ χ 

The strong absorption at 3,400 cm and 2,950 cm i n a l l 
the IR spectra i s due to hydroxyl absorption. Because s u b s t i t u 
t i o n i s not high enough to eliminate a l l hydroxyl groups, these 
bands are always present

The h o l o c e l l u l o s
methyl isocyanate-modified sample at 17.7 WPG was i s o l a t e d by the 
sodium c h l o r i t e procedure (7). The IR spectra of the h o l o c e l l u 
lose (Figure 3D) shows that urethane bonding has taken place i n 
the carbohydrate component of wood. I s o l a t i n g the l i g n i n from a 
methyl isocyanate-modified sample at 47.2 WPG by the s u l f u r i c 
acid procedure (8) and running the IR spectrum (Figure 3E) also 
shows that urethane bonding has occurred i n the l i g n i n component 
of wood. The l i g n i n spectrum shows the c h a r a c t e r i s t i c aromatic 
s k e l e t a l v i b r a t i o n at 1,515 cm 1 (9). This band i s missing from 
the modified h o l o c e l l u l o s e curve (Figure 3D) which shows that the 
c h l o r i t e procedure does remove substituted l i g n i n s . 

Volume of Chemical Added to Wood 

Add i t i o n a l evidence that bonding has occurred i n the c e l l 
w a l l of methyl isocyanate-modified southern pine can be seen by 
considering the volume increase i n the treated wood and comparing 
that to the t h e o r e t i c a l volume of chemical added a f t e r thorough 
leaching of the treated wood. I f the chemical has entered the 
wood c e l l w a l l , the increase i n wood volume as a r e s u l t of modi
f i c a t i o n should be proportional to the volume of chemical added. 

Southern pine specimens (2.5 χ 2.5 χ 0.75 cm, r a d i a l by tan
g e n t i a l by l o n g i t u d i n a l ) were treated with methyl isocyanate at 
120° C without c a t a l y s t f o r varying lengths of time. A f t e r reac
t i o n , the specimens were extracted f o r 2 hours. Table I shows 
the increase i n wood volume and the calculated volume of chemical 
added. Assuming a density of 0.967 g/ml for methyl isocyanate 
monomer and polymer, the calculated volume of chemical added to 
the wood i s approximately equal to the volume expansion of the 
wood. Even at very high weight gains, t h i s r e l a t i o n s h i p held, 
showing that most of the chemical ended up as c e l l - w a l l bulking 
chemical and not as l u m e n - f i l l i n g m aterial. 

This i s not the case with higher molecular weight isocya
nates such as e t h y l , n-propyl, n-butyl, phenyl and £-tolyl i s o 
cyanates , 1,6-diisocyanate hexane and tolylene-2,4-diisocyanate. 
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At lower weight add-ons f o r e t h y l , η-propyl and η-butyl isocya
nates the increase i n wood volume i s approximately equal to the 
volume of isocyanate added (Table I I ) . At higher weight add-ons 
for these and f o r phenyl and p - t o l y l isocyanates, 
1,6-diisocyanate hexane and tolylene-2,4-diisocyanate, there i s 
far more volume of chemical added to the wood than there i s i n 
expansion of wood volume. This means that polymerization of the 
isocyanate i s taking place i n the lumen (homopolymer formation) 
and l i t t l e of the chemical ends up i n the c e l l w a l l . 

Table I. Volume changes i n southern pine reacted 
with methyl isocyanate 

l/XTnn Increase i-WPG 3 3 

with treatment (cm ) chemical added (cm ) 

12.4 
25.7 
47.7 
51.9 

0.16 
0.21 
0.46 
0.54 

0.14 
0.27 
0.54 
0.58 

1/ Weight percent gain. 
2/ Density used i n volume c a l c u l a t i o n s for methyl 

isocyanate, 0.967 g/ml. 

Dimensional S t a b i l i t y 

The decrease i n tendency of wood to swell i n contact with 
moisture or dimensional s t a b i l i t y i s calculated as (10): 

V - V 2 1 S = - ~ X 100 
1 

where 

S = volumetric swelling c o e f f i c i e n t 
V 2 = wood volume a f t e r wetting with l i q u i d water 
V^ = wood volume of oven-dried sample before wetting 

S2 " S l 
and ASE = -=-= χ 100 

fal 
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where 

ASE = ant i s h r i n k e f f i c i e n c y (reduction i n swelling r e s u l t i n g 
from treatment) 

S2 = treated volumetric swelling c o e f f i c i e n t 
S = untreated volumetric swelling c o e f f i c i e n t 

Table I I . Volume changes i n southern pine 
reacted with isocyanates 

Isocyanate 
Increase i n Calculated 

volum f 

3 
cm 

3 
cm 

Ethy l 11 
34 

0.21 
0.55 

0.26 
0.90 

n-Propyl 13 
24 

0.25 
0.34 

0.34 
0.61 

n-Butyl 8 
24 

0.17 
0.35 

0.22 
0.64 

Phenyl 25 0.13 0.52 

p-Tolyl 22 0.08 0.48 

1,6-Diisocyanate 
hexane 22 0.05 0.49 

Tolylene-2,4-
diisocyanate 27 0.02 0.53 

In those reactions where the isocyanate enters the c e l l w a l l 
and bulking takes place, the ASE values w i l l be high. I f , on the 
other hand, the isocyanate polymerizes i n the lumen and no c e l l 
w a l l bulking takes place, there w i l l be l i t t l e , i f any, ASE as a 
r e s u l t of the treatment. Table I I I shows varying degrees of 
dimensional s t a b i l i t y by reacting southern pine with e t h y l , 
n-propyl and n-butyl isocyanate. Less dimensional s t a b i l i t y i s 
achieved with phenyl and p - t o l y l isocyanates, and 
1,6-diisocyanate hexane and none with tolylene-2,4-diisocyanate. 

In a more de t a i l e d study with southern pine reacted with 
methyl isocyanate (5) repeated ASE values were obtained during 
two water-soaking cycles. A maximum ASE of 76% i s achieved at 
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Table I I I . Reaction and dimensional s t a b i l i t y r e s u l t i n g from 
isocyanate reactions with southern pine 

Isocyanate Time Catalyst WPG -ASE - ASE 

Min 

Eth y l 30 None 11 28 23 
120 None 34 54 49 

ji-Propyl 
300 None 21 36 31 
300 5% TEA 24 42 39 
120 5% DMF 35 43 36 

j i - B u t y l 120 None 5 17 11 
360 5% TEA 8 17 12 

1080 None 19 35 36 
180 5% DMF 24 44 34 
15 35% DMF 32 70 68 

Phenyl 120 None 3 7 1 
120 5% DMF 19 12 12 

1080 None 25 29 18 
360 5% TEA 28 10 3 

p-Tolyl 180 None 4 16 8 
60 5% DMF 16 15 11 

420 5% TEA 22 10 6 

1,6-Diisocyanate 360 None 13 16 7 
hexane 120 5% DMF 22 6 4 

240 5% TEA 52 8 0 

Tolylene-2,4- 180 None 5 4 0 
diisocyanate 420 None 27 0 0 

30 35% DMF 44 19 0 
240 5% TEA 48 4 0 

1/ ASE^ determined from f i r s t oven-dry volume to water-
swollen volume. 

2/ ASE^ determined from second oven-dry volume to second 
water-swollen volume. 
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40 WPG a f t e r the f i r s t water wetting (Table IV). A more r e a l i s 
t i c value, however, i s obtained from the second water-swelling 
t e s t . Specimens treated to 16 to 28 WPG have ASE values of 60. 

Table IV. Dimensional s t a b i l i t y (ASE) of methyl isocyanate 
modified southern pine as a function of weight 
percent gain (WPG) 

WPG ^ A S E , - /ASE 0 - /ASE 0 -'ASE, 1 2 3 4 

11.3 48 39 42 40 
16.3 68 6
25.0 72 6
28.6 75 60 60 59 
40.4 76 47 46 36 
47.7 71 43 46 34 
52.7 57 30 41 38 

1/ ASE^ determined from f i r s t oven-dry volume to water-
swollen volume. 

2/ ASE^ determined from water-swollen volume to second oven-
dry volume. 

3/ ASE^ determined from second oven-dry volume to second 
water-swollen volume. 

4/ ASE, determined from second water-swollen volume to t h i r d 
oven-dry volume. 

At high weight add-ons the ASE values s t a r t to decrease 
(Figure 4). Scanning electron micrographs c l e a r l y show the 
e f f e c t s of high c e l l w a l l added chemical. The untreated southern 
pine specimen shows no swelling (Figure 5A). At 16 WPG and 
32.2 WPG (Figure 5B and C) swelling occurs up to the green v o l 
ume. At 36.9 WPG (Figure 5D) a few checks become v i s i b l e , which 
are more pronounced (Figure 5E) at 47.4 WPG and c e l l w a l l rup
ture i s very pronounced at 72.3 WPG (Figure 5F). The s p l i t t i n g 
occurs i n the tracheid w a l l — n o t i n the i n t e r c e l l u l a r spaces— 
and i n some cases the s p l i t s go through the bordered p i t s . Once 
t h i s s p l i t t i n g occurs, ASE s t a r t s to drop and continues to drop as 
WPG increases. S p l i t t i n g exposes new f i b e r surfaces where water 
can cause swelling. Swelling beyond the green volume takes place 
because the c e l l w a l l i s ruptured and no longer acts as a 
r e s t r a i n t to swelling. 
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Figure 5. Scanning electron micrographs of radially-split southern pine showing 
swelling of wood treated with methyl isocyanate. Key: A, untreated control (245X); 
B, 16.0 WPG (224X); C, 32.2 WPG (224χ); D, 36.9 WPG (224χ); Ε, 47.4 

WPG (224X);F, 72.3 WPG (196χ). 
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Resistance to Attack by Microorganisms 

275 

Standard laboratory s o i l - b l o c k tests were run on chemically 
modified woods according to s p e c i f i c a t i o n s outlined i n ASTM 
D 1413 (_11) . The brown-rot fungus Gloeophyllum trabeum was 
chosen as a te s t organism because i t causes extensive damage to 
untreated southern pine. Southern pine blocks, 2 χ 2 χ 2 cm, 
both untreated (control) and chemically modified to various WPG1s 
with d i f f e r e n t isocyanates were evaluated. A l l samples were 
extracted 2 hours i n a Soxhlet extractor with benzene/ethanol 
(2/1, v/v) p r i o r to s o i l - b l o c k t e s t i n g to ensure removal of any 
unreacted monomer. Samples were removed a f t e r 12 weeks of expo
sure to the fungus and extent f deca  determined b  ovendr
weight l o s s . 

Southern pine modifie  ethy  isocyanat , 
η-propyl isocyanate at 10-26 WPG and η-butyl isocyanate at 
18-36 WPG give good resistance to decay (Table V). A detai l e d 
study of southern pine chemically modified with methyl isocyanate 
gives a clear p i c t u r e of the WPG required to achieve decay 
resistance. A large v a r i a b i l i t y i n decay resistance below about 
13 WPG i s evidenced by the wide range i n weight loss obtained 
(Table VI). The largest v a r i a b i l i t y i s i n those samples with 
WPG1s up to 13. Some of these samples must have an adequate d i s 
t r i b u t i o n of chemicals to prevent s p e c i f i c h y d r o l y t i c enzyme 
reactions from taking place while others at nearly equal WPG do 
not. The data show that above 19 WPG methyl isocyanate-modified 
wood i s very r e s i s t a n t to attack by Gloeophyllum trabeum. 

Table V. S o i l block t e s t of isocyanate-treated southern 
pine inoculated with Gloeophyllum trabeum 

Isocyanate Catalyst WPG Weight loss 
i n 12 weeks 

% % 
Control None 0 39 
Ethyl isocyanate None 7 23 

15 6 
26 3 

η-Propyl isocyanate 5% TEA 10 4 
5% DMF 11 7 

19 4 
26 4 

η-Butyl isocyanate 35% DMF 18 2 
36 2 
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Table VI. S o i l block t e s t of methy isocyanate-treated southern 
pine inoculated with Gloeophyllum trabeum 

Weight loss ,T , ° , Number , , 
f m „ i n 12 weeks x Standard WPG of , . . . deviation « . samples Range Average 

% % 
None (control) 39. .5 - 61.8 48.8 8 7. .6 

6-8 7. .0 

8-13 1. .1 - 24.9 9.2 10 8. .1 

13-18 2. .0 - 5.8 3.4 8 1. .3 

19-22 1, .6 - 3.1 2.4 7 0. .53 

23-28 2, .0 - 3.0 2.3 7 0, .34 

29-33 2, .0 - 3.2 2.7 7 0, .39 

D i s t r i b u t i o n of Bonded Isocyanates 
i n C e l l Wall Components 

I t i s thought that decay resistance of chemically modified 
wood i s due to the blocking of hydroxyl groups required f o r very 
s e l e c t i v e enzymatic reactions to take place. Because of t h i s , i t 
i s of great i n t e r e s t to determine the d i s t r i b u t i o n of bonded i s o 
cyanates i n the h o l o c e l l u l o s e and l i g n i n f r a c t i o n s of the wood 
c e l l w a l l . Protection from biodégradation i s mainly required i n 
the h o l o c e l l u l o s e components because i t i s the main food source 
for microorganisms. I t has been shown that b i o l o g i c a l attack 
r e s u l t s i n large weight and strength losses i n wood due to 
hydrolysis and depolymerization (12). 

The d i s t r i b u t i o n of isocyanate bonded to wood was determined 
by reacting southern pine with methyl isocyanate to various 
WPG's, i s o l a t i n g the h o l o c e l l u l o s e component by the c h l o r i t e 
method (7), and the l i g n i n component by the s u l f u r i c acid method 
(8), and determining the amount of nitrogen present by the 
Kj e l d a h l method (8). Five samples were prepared at WPG's of 5.5, 
10.0, 17.7, 23.5 and 47.2. Nitrogen content was determined on 
each d e l i g n i f i e d sample from the c h l o r i t e procedure, as w e l l as on 
the i s o l a t e d l i g n i n samples from the s u l f u r i c acid procedure. As 
WPG increases so does the nitrogen content of both the l i g n i n and 
h o l o c e l l u l o s e components. 
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I f nitrogen content i s p l o t t e d against l i g n i n remaining i n 
the h o l o c e l l u l o s e samples (Figure 6), a s t r a i g h t - l i n e p l o t 
r e s u l t s . The l i n e s are nearly p a r a l l e l f o r each WPG and d i s 
placed from one another by higher nitrogen content at higher 
WPG's. I f each l i n e i s extrapolated to 0% l i g n i n remaining, t h i s 
point i s the nitrogen content of the hol o c e l l u l o s e at that WPG. 
This value correlates c l o s e l y with the ho l o c e l l u l o s e nitrogen 
content calculated by subtracting the product of the percent l i g 
n i n remaining times the nitrogen content for the s u l f u r i c acid 
i s o l a t e d l i g n i n divided by the weight f r a c t i o n of the h o l o c e l l u 
lose from the t o t a l nitrogen i n the sample (Table V I I ) . 

Table VII. D i s t r i b u t i o
modifie

WPG - Ν i n l i g n i n 
2/ 
— Ν i n h o l o c e l l u l o s e , 

calculated 
Ν i n ho l o c e l l u l o s e 

from Figure 6 

% % % 
5.5 1.42 0.78 0.65 

10.0 2.36 1.50 1.20 

17.7 3.44 2.70 2.25 

23.5 4.90 3.64 3.05 

47.2 7.46 6.41 6.32 

1/ A n a l y t i c a l K j e l d a h l method. 
2/ % Ν i n t o t a l s a m p l e - (% Ν i n i s o l a t e d l i g n i n ) (% l i g n i n r e m a i n i n g ) 
~ 0 . 7 0 

I f the chemical composition of southern pine ( l i g n i n , 27.9%; 
h o l o c e l l u l o s e , 67.0%; c e l l u l o s e , 48.1%; hemicellulose pentosans, 
9%; hemicellulose hexosans, 9.9%) i s used i n these c a l c u l a t i o n s , 
the nitrogen content of each component can be determined on a 
whole-wood basis (Table V I I I ) : At low WPG's the amount of n i t r o 
gen i n the ho l o c e l l u l o s e and l i g n i n are about equal. As the WPG 
increases, the r a t i o of nitrogen i n h o l o c e l l u l o s e / l i g n i n 
increases. This r a t i o should continue to increase as the WPG 
increases because there are many more hydroxyl groups a v a i l a b l e f o r 
s u b s t i t u t i o n i n the ho l o c e l l u l o s e than i n the l i g n i n . Theoreti
c a l l y , t h i s r a t i o can be as high as 3 (Table IX) i f a l l a v a i l a b l e 
hydroxyl groups on both h o l o c e l l u l o s e and l i g n i n are substituted. 

In Urethane Chemistry and Applications; Edwards, K., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



to
 

00
 

d sa
 

M H £ w Π
 w g 00

 H 5β
 

> > ο > Η
 

•Η
 

Ο
 2!
 

In Urethane Chemistry and Applications; Edwards, K., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



19. ROWELL AND ELLIS Bonding of Isocyanates to Wood 279 

Table V I I I . D i s t r i b u t i o n of nitrogen i n methyl isocyanate-
modified southern pine on a whole wood b a s i s — 

WPG Ν i n ho l o c e l l u l o s e Ν i n l i g n i n Ratio 

% % 
5.5 0.546 0.426 1.3 

10.0 1.05 0.708 1.5 

17.7 1.8

23.5 2.55 1.47 1.7 

47.2 4.49 2.24 2.0 

1/ Based on 70% ho l o c e l l u l o s e and 30% l i g n i n . 

Table IX. Theoretical nitrogen content of a l l a v a i l a b l e 
hydroxyl groups i n southern pine 

Component Hydroxyl 
group 

Nitrogen 
content 

% 
H o l o c e l l u l o s e — ^ 30H 20H 25.11 

Hexosans 30H/C6 25.92 

Pentosans 20H/C5 21.20 

L i g n i n 1.16 0H/C9 8.37 

Ratio 
h o l o c e l l u l o s e : l i g n i n = 3.0 

1/ Holocellulose = 87% hexosans + 13% pentosans = 71.8% 
c e l l u l o s e + 14.8% hemicellulose hexosans + 13.4% hemicellulose 
pentosans. 
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The t h e o r e t i c a l nitrogen content f o r each f r a c t i o n can be 
calculated (Table IX). The l i g n i n component i s based on 1.16 
hydroxyl groups per 9-carbon unit (13) . The value of 8.37% 
nitrogen f or the t h e o r e t i c a l nitrogen content of l i g n i n , i f a l l 
a v a i l a b l e hydroxyls were substituted with methyl isocyanate, was 
calculated as: 

MAX WPG = ( % c o mP°?ent \ 
i n sample J 

(No. hydrox 
groups/uni 

Mol. wt. 
methyl isocyanate 

Mol. wt of un i t 

(1) (1.16)(57.05) χ 100 = 34.08 

χ 100 

[1A] 

MAX %N = (MAX WPG) χ W t ; ^ ! f ! f e n > ) = (34.08) Mol. wt methyl 
isocyanate 

14.008 
57.05 

(34.08) (0.2455) = 8.37 [ I B ] 

These figures show that the l i g n i n f r a c t i o n would be com
p l e t e l y substituted at 34.1 WPG i f a l l the su b s t i t u t i o n s were i n 
the l i g n i n f r a c t i o n . 

Calculations f or the ho l o c e l l u l o s e f r a c t i o n s are : 

MAX WPG = (0.718) + (0.148) + (0.134) 
c e l l u l o s e hexosan pentosan 

ν ν î — ' 
hemicellulose 

χ 100 = 75.79 + 15.62 + 11.57 = 102.3 [2A] 

MAX %N = (102.3)(0.2455) = 25.11 [2B] 

Complete s u b s t i t u t i o n of the ho l o c e l l u l o s e f r a c t i o n would 
occur at 102.3 WPG and complete s u b s t i t u t i o n of a l l wood hydroxyl 
groups would occur at 136.4 WPG. The maximum t h e o r e t i c a l n i t r o 
gen content of the ho l o c e l l u l o s e i s 25.11%. This value f o r the 
hol o c e l l u l o s e takes into account the combined contr i b u t i o n of 
c e l l u l o s e (hexosan) hydroxyl as we l l as the hexosans and pento
sans i n the hemicelluloses. 

By using these values f or the maximum t h e o r e t i c a l nitrogen 
content of each component i t i s possible to c a l c u l a t e the degree 
of s u b s t i t u t i o n (DS) of the hydroxyl groups i n each f r a c t i o n 
based on the actual nitrogen content found at each WPG 
(Tables X and XI) . At each WPG given, the DS i s higher i n the 
l i g n i n than i n the h o l o c e l l u l o s e . The r a t i o of l i g n i n / h o l o c e l l u -
lose DS i s 6-7:1 up to 10 WPG; then 4-5:1 up to about 50 WPG. 
This r a t i o w i l l approach a value of 1 as a l l hydroxyl groups are 
substituted i n both f r a c t i o n s . 
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Table X. Degree of s u b s t i t u t i o n of hydroxyl groups i n l i g n i n 
i n methyl isocyanate-modified southern pine 

L i g n i n ( t h e o r e t i c a l maximum 8.37% N) 

WPG Ν i n l i g n i n 
Degree 

of 
s u b s t i t u t i o n 

% 
5.5 

10.0 2. .36 0.28 

17.7 3. .44 0.41 

23.5 4. .90 0.59 

47.2 7, .46 0.89 

Table XI, Degree of s u b s t i t u t i o n of hydroxyl groups i n 
holo c e l l u l o s e i n methyl isocyanate-
modif ied southern pine 

Holocellulose ( t h e o r e t i c a l maximum 25. .11% N) 

WPG Ν i n 
hol o c e l l u l o s e 

Degree 
of 

s u b s t i t u t i o n 

Ratio 
l i g n i n DS/ 

holo c e l l u l o s e DS 

% 
5.5 0.59 0.025 7.4 

10.0 1.19 0.047 6.0 

17.7 2.11 0.084 4.9 

23.5 2.94 0.117 5.1 

47.2 5.24 0.209 4.3 
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C o r r e l a t i n g the s u b s t i t u t i o n data with the s o i l - b l o c k decay 
t e s t data (Table VI) the 23.5 WPG sample represents a WPG where 
very l i t t l e weight loss occurs due to decay. Assuming that the 
h o l o c e l l u l o s e f r a c t i o n i s the most important f r a c t i o n that must 
be substituted to prevent decay, the data show that protection i s 
achieved when only about 12% of the hydroxyl groups are s u b s t i 
tuted. I t i s important to note that the hydroxyl s u b s t i t u t i o n 
c a l c u l a t i o n s are based on the assumption that a l l hydroxyl groups 
are accessible and that the methyl isocyanate i s a s i n g l e - s i t e 
s u b s t i t u t i o n reaction, i . e . , only one methyl isocyanate reacting 
with one hydroxyl and no polymerization. I t has been shown that 
only 60% of the t o t a l hydroxyl groups i n spruce wood are acces
s i b l e to t r i t i a t e d wate
that 65% of the c e l l u l o s
probably not accessible for reactions i n v o l v i n g these hydroxyl 
groups (10). 

Assuming that only 35% of the c e l l u l o s e hydroxyls are acces
s i b l e f or s u b s t i t u t i o n , r e c a l c u l a t i n g 2A gives a maximum WPG 
value of 53.72 and a maximum t h e o r e t i c a l nitrogen value (Eq. 2B) 
of 13.19. Using these values to c a l c u l a t e the DS of h o l o c e l l u 
lose at the 23.5 WPG, the DS i s 0.22. The 17.7 WPG sample has a 
DS 0.16, assuming 35% a c c e s s i b i l i t y . 

Southern pine modified with methyl isocyanate was r e s i s t a n t 
to attack by Gloeophyllum trabeum at weight gains (WPG) above 19. 
A sample analyzed at 23.5 WPG showed a DS i n the l i g n i n f r a c t i o n 
of 0.59 and i n the h o l o c e l l u l o s e f r a c t i o n of 0.12. These 
findings i n d i c a t e that at the point where resistance to b i o l o g i 
c a l degradation i s attained, 59% of the l i g n i n hydroxyls were 
substituted but only 12% of the h o l o c e l l u l o s e hydroxyls, assuming 
that a l l hydroxyls i n both f r a c t i o n s were accessible for reaction 
and that no polymerization of the methyl isocyanate took place. 

These data suggest that high l i g n i n s u b s t i t u t i o n did not 
contribute s i g n i f i c a n t l y to the o v e r a l l protection of wood from 
decay. The degree of s u b s t i t u t i o n i n l i g n i n was high i n samples 
at lower WPG where l i t t l e or no protection was observed. I f the 
DS i n l i g n i n does have an e f f e c t i n the p r o t e c t i o n mechanism i t 
i s only observed at very high l e v e l s . 

Degree of s u b s t i t u t i o n i n the h o l o c e l l u l o s e f r a c t i o n seemed 
to be the most important f a c t o r i n the protection mechanism. A 
minimum DS of 0.12 was required for decay resistance, assuming 
100% a c c e s s i b i l i t y of both c e l l u l o s e and hemicellulose hydroxyls, 
or approximately 0.22, assuming 100% a c c e s s i b i l i t y i n the hemi
c e l l u l o s e f r a c t i o n but only 35% i n the c e l l u l o s e f r a c t i o n . 

Conclusions 

Methyl, e t h y l , propyl, and b u t y l isocyanates react q u i c k l y 
with dry wood to give good s u b s t i t u t i o n of c e l l w a l l component 
hydroxyl groups. Phenyl and p - t o l y l isocyanates and d i f u n c t i o n a l 
isocyanates tend to polymerize i n the lumen with much lower 
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l e v e l s of c e l l w a l l component reaction. Reacted methyl, e t h y l , 
propyl, and b u t y l isocyanates give good dimensional s t a b i l i t y to 
wood except at very high l e v e l s of chemical add-ons. At these 
high l e v e l s , the chemical added to the c e l l w a l l components 
causes the c e l l w a l l to rupture and swelling i n water can go 
beyond the green volume. 

Bonding methyl, e t h y l , propyl, and b u t y l isocyanates to wood 
gives good decay resistance at weight gains above about 20%. 
Determination of the d i s t r i b u t i o n of bonded chemical with methyl 
isocyanate i n southern pine shows that 60% of the l i g n i n hydrox
y l s are substituted and 12% of the h o l o c e l l u l o s e hydroxyls are 
substituted at the point where resistance to b i o l o g i c a l attack 
occurs. 
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Isocyanate Binders for Wood Composite Boards 
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This paper is intended to present the history and current 
development status of a relativel  applicatio  fo  commercial
ly produced polymeric MD
monomer upon which polymeric MDI is based is diphenylmethane 
diisocyanate: 

In polymeric MDI's the 4-4'isomer usually predominates but varying 
amounts of 2-4' and some 2-2' are also present. The polymerics 
are represented by the generalized structure: 

Commercial polymeric MDI's consist of a mixture of molecules of 
varying n values with small amounts of high molecular weight 
species present with n as large as 8. 

Isocyanates are very reactive toward compounds containing 
labile hydrogen atoms, forming addition compounds with the 
hydrogen donors. One such reaction, with hydroxyl-bearing 
compounds to form carbamates, or urethanes, 
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is the basis for the commercial use of isocyanates. Polyiso-
cyanates, such as polymeric MDI, are reacted with polyfunctional 
alcohols, or polyols, to produce polyurethanes. 

Wood contains a multiplicity of hydroxyl-bearing constituents 
such as cellulose, hemi-eellulose and lignin. Rowell and Ellis 
(1) have published evidence that isocyanates can react chemically 
with wood to produce urethane linkages. Hartman (2) has prepared 
r i g i d polyurethane foams by mixing polymeric MDI with c a t a l y s t s , 
surfactant, blowing agent and ground Douglas F i r or Ponderosa Pine 
bark. The bark served as the sole p o l y o l i n the system. 

The i n i t i a l development of polymeric MDI as a partic l e b o a r d 
binder predates the above work but i t i s , we b e l i e v e , based upon 
the same chemistry. E x t e r i o
manufactured i n North Americ
i n a n t l y phenol-formaldehyde binders and, i n a few cases, with 
melamine-modified urea-formaldehyde binders. The f a m i l i a r urea-
formaldehyde resins are subject to hydrolysis and are thus s u i t 
able f o r i n t e r i o r board only. 

Proposed Chemistry of Isocyanate Bonding 

Most investi g a t o r s agree that the strength and d u r a b i l i t y of 
isocyanate-bound wood panels are due to the chemical reaction of 
the isocyanate group with wood hydroxyls as i l l u s t r a t e d by the 
above equation. Thus, the m u l t i f u n c t i o n a l isocyanate molecule 
forms a chemically bonded bridge between two or more adjacent wood 
p a r t i c l e s . This reaction i s only one of several i n v o l v i n g i s o 
cyanates that can and probably do occur i n a hot press during 
formation of particleboards when isocyanate binder i s used. A 
very important reaction i s that of isocyanate with water to pro
duce a very unstable carbamic a c i d which immediately decomposes to 
form a primary amine and COg: 

H 0 A ι i l A 
R - N = C = 0 + H 20 >R - Ν - C - OH R - NH^ + CO^ 

The resultant amine r a p i d l y consumes another equivalent or i s o 
cyanate to form a symmetrical d i s u b s t i t u t e d urea: 

Η 0 Η 
I II ι 

R - NH 2 + Rf N = C = 0 >R - N - C - N - R 1 

By c o l l e c t i n g and measuring the CO2 evolved from a laboratory 
particleboard press, Wittman (3.) has c a l c u l a t e d that l/k to 1/3 of 
the isocyanate groups present, depending upon wood moisture con
tent and binder l e v e l , are consumed i n the water reaction. This 
means that a l i k e amount of isocyanate must react with the r e 
sultant amine to form substituted ureas. Since at l e a s t 50%, and 
l i k e l y more, of the isocyanate i s apparently consumed by the water 
r e a c t i o n , chemical bonding through urethane linkages appears to be 
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e f f e c t i v e at rather low l e v e l s . Loss of some isocyanate moieties 
through urea formation i s not neces s a r i l y harmful to board prop
e r t i e s . Urea formation i s probably the p r i n c i p l e c r o s s - l i n k i n g 
mechanism i n the polymer matrix that i s formed between wood 
p a r t i c l e s . 

Another possible c r o s s - l i n k i n g reaction i s isocyanurate» or 
isocyanate t r i m e r , formation: 

0 
II 

3 R - Ν = C = 0 > Ν 

ι 

The reaction i s known to occur at elevated temperatures and could 
occur during hot pressing depending on the stoichiometry and 
s t e r i c environment of the system. 

The isocyanate-urethane reaction to form allophanates, 
H O 0 
I II ii 

R - N = C = 0 + Rf N - C - O - R >R f - N - C - O - R 
ι 

C = 0 

W - Η 
R 

and the isocyanate-substituted urea reaction to form b i u r e t s , 
Η 0 Η 0 Η 
I II ί H I 

R - N = C = 0 + Rt - Ν - C - Ν - Rff > R! - N - C - N - R " 
ι 

C = 0 

Ν - Η 
ι 
R 

are other possible c r o s s - l i n k i n g mechanisms. I t i s not known 
whether these reactions take place during particleboard formation. 

In summary, i t can be postulated that chemical bonding of 
the isocyanate to wood occurs through urethane linkages while 
other isocyanate groups on the same molecule can c r o s s - l i n k with 
other i s ο cyanat e-woo d ligands through urea or possible isocyan
urate linkages. Figure 1 shows t h i s concept schematically. One 
three-functional isocyanate molecule i s shown binding to a wood 
hydroxyl and c r o s s - l i n k i n g with three other isocyanate-wood 
ligands through a urea and an isocyanurate structure. I t must be 
emphasized that t h i s i s only a s i m p l i f i e d representation of some 
of the c r o s s - l i n k i n g mechanisms that could take place. 
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Figure 1. Cross-linking concept of polymeric MDI wood matrix. 
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History 
Development of isocyanate binders for particleboard began i n 

Europe i n the l a t e 1 9 6 θ ! s . The development gained momentum i n the 
early f J 0 f s . Deppe and Ernst (h) were among the f i r s t to report 
the achievement of V^QO (West German e x t e r i o r s t r u c t u r a l grade) 
boards s u i t a b l e f o r b u i l d i n g construction using polymeric MDI as 
the binder. They demonstrated strength values at l e a s t equivalent 
to phenolic-bound boards and, i n p a r t i c u l a r , found the isocyanate-
bound boards to be more hydrophobic as determined by the West 
German t e s t method. 

The f i r s t commercial production of an isocyanate-containing 
particleboard was achieved by Deutsche Novopan of West Germany. 
They commercialized a product c a l l e d Phenapan-V-100-Iso-Spanplatt
which consists of a polymeri
face l a y e r s . This configuratio  majo
problem areas c h a r a c t e r i s t i c of isocyanate binders - namely adhe
sion to metal surfaces during pressing (k9 5)· Ernst ( 6 ) describes 
Phenapan-V-100-Iso-Spanplatte as a technological advance vs. the 
previous phenolic V - 1 0 0 boards and c i t e s moisture resistance and 
better preformance under permanent load i n outdoor conditions 
among i t s advantages. 

Pioneering work i n the development of an isocyanate-bound 
particleboard i n the U.S. has been conducted by the E l l i n g s o n 
Lumber Company. This work has r e s u l t e d i n a proprietary process 
for bonding c e l l u l o s i c materials with polymeric MDI to produce a 
m u l t i p l e - p l y structure panel ( J , _8, 9)· Advantages c i t e d f o r t h i s 
process include a tolerance for up to 22% moisture i n the wood raw 
material without predrying and the a b i l i t y to also include s i g n i f 
icant quantities of bark and needles. 

As a r e s u l t of t h i s work, E l l i n g s o n has become the f i r s t , and 
at present, the only commercial producer of a wood panel product 
u t i l i z i n g isocyanate binder i n North America. This product, c a l 
l e d Elcoboard ( 1 0 , 1 1) consists of an isocyanate-bound saw m i l l 
waste core and two surface veneers of varying grades. Elcoboard 
d i f f e r s from s i m i l a r composite panels not only i n the use of i s o 
cyanate, but also i n that the e n t i r e composite i s pressed i n one 
step. Elcoboard has gained I n t e r n a t i o n a l Conference of B u i l d i n g 
O f f i c i a l s 1 (ICBO) approval as an e x t e r i o r grade plywood substitute 
i n b u i l d i n g a p p l i c a t i o n s . 

The West German parent of Mobay Chemical Corporation was very 
a c t i v e , along with Deutsche Novopan, i n the development of i s o 
cyanate as a p a r t i c l e b o a r d binder i n Europe. The work of Sachs 
( 1 2 , 13» lh) and of Deppe (k9 5 .) , along with the aforementioned 
commercial developments, has provided a background f o r i n t e r e s t i n 
isocyanate binders i n North America. This i n t e r e s t i s beginning 
to be r e f l e c t e d i n the l i t e r a t u r e . For example, Hse ( 1 5 ) has 
published papers on the development of both plywood and flakeboard 
adhesives which combine isocyanate and phenolic r e s i n s . In the 
former case, he claims adequate bonding with wetter veneers than 
can be used with conventional phenolic adhesive. In the case of 
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southern hardwood flakeboard, Hse has found a superior performance 
vs. phenolic r e s i n at high f l a k e moisture content, low binder con
tent and low panel density. He has recently been awarded a U.S. 
patent on t h i s development (l6). 

During the past two years, papers have been given at the 
annual Washington State U n i v e r s i t y Symposium on Part i c l e b o a r d by 
Udvardy (17) > Wilson (l8) and Johns (l£). Their laboratory studies 
along with some of the others c i t e d i n t h i s paper have shown that 
a number of advantages are possible when using polymeric MDI, as 
compared to conventional phenolic r e s i n s , f o r binding wood compos
i t e panels i n c l u d i n g p a r t i c l e b o a r d s , flakeboards and waferboards. 
Mob ay has also developed data which contributes to the current 
state of the technology
recognized wood researc

There are two major disadvantages often c i t e d i n the use of 
isocyanate wood binders. The f i r s t i s a higher raw material cost 
as compared to conventional binders and the second i s a tendency 
to adhere to metal t r a n s f e r plates or press platens. The l a t t e r 
problem has been solved on a commercial scale by producing a m u l t i 
l a y e r product with s o l i d veneers or phenolic-bound p a r t i c l e s as 
face l a y e r s . A l l isocyanate-bound non-veneered board can be made 
by t r e a t i n g the metal surfaces with a release material or, more 
rec e n t l y , using a s e l f - r e l e a s a b l e isocyanate. 

The increased costs represented by the above can be o f f s e t 
only i f processing advantages are possible with isocyanates that 
are not possible with competing binders. I t i s the purpose of 
t h i s paper to i l l u s t r a t e some of these advantages f o r the produc
t i o n of e x t e r i o r grade wood composite panels. 

Red Oak Flakeboard 

A j o i n t program i n v o l v i n g Mobay, Purdue U n i v e r s i t y and the 
U.S. Forest Products Laboratory (USFPL) has been documented as 
part of a Purdue U n i v e r s i t y Research B u l l e t i n authored by Hunt, 
e t . a l . ( 2 0 ) . 

The wood raw material used was red oak f l a k e s . Red oak, an 
abundant species i n the North Central United States, i s a r e l a t i v e 
l y dense hardwood, known to be rather d i f f i c u l t to bind. The 
ultimate goal was the development of a roof decking panel which 
required a 1-1/8 inch (29mm) board, considerably t h i c k e r than 
t y p i c a l flakeboard products. An e x t e r i o r grade binder had to be 
used but conventional aqueous phenolics are r e l a t i v e l y slow curing 
r e s i n s . Polymeric MDI was evaluated i n an attempt to achieve the 
necessary e x t e r i o r d u r a b i l i t y without the excessively long press 
times otherwise needed f o r curing such t h i c k boards. 

Procedure. A d e s c r i p t i o n of the type of panels made i s given 
i n Table I . Both the core and face flakes as received from USFPL 
were m i l l e d i n a Condux hammer m i l l so that f l a k e geometry was 
constant throughout the study. Table I I gives the processing 
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Table I 

Panel Characteristics - Red Oak Flakeboard 

Type: 3 -layer lab flakeboard, hand formed 

Dimensions: U60xU60x299mm ( l 8 - l / 8 " x l 8 - l / 8 " x l - l / 8 " ) 

Target Density: 75

Raw Material: Red oak flakes - 65% by wt. i n core 
17.5% by wt. i n ea.face 

Table II 

Constants For A l l Panels - Red Oak Flakeboard 

Flake Moisture Content 1: Face layers - 13% 
Core layer - 11% 

Paraffin Wax: 1% solids based on oven-dry wood 
"Wt. added as kj% aqueous emulsion 

Binder Content: Face layers - 5% solids on 0D wood wt 
Core layer - 6% solids on 0D wood wt 

Press Temp.: 1T6°C (3*+9°F) 

Press Closing Time: U0 sec. to stops 

Open Time: 1 5 - 3 5 min. blender to press 

"Water added to flakes to equal 
these levels when isocyanate used 
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parameters that were constant f o r a l panels. Binder and p a r a f f i n 
wax were introduced to the flakes through an atomizing nozzle i n a 
Drais FSP 80 discontinuous laboratory blender. The two binders 
evaluated were: 

1) Aqueous phenol-formaldehyde r e s i n s o l u t i o n (h3>5% s o l i d s ) 
2) Desmodur PU-1520A 20 polymeric MDI (Bayer AG, West Germany) 

Figure 2 i s a photograph of a section of one of the panels bound 
with Desmodur PU-1520A 2 0 . 

Testing. Two panels were made for each experimental point 
and p h y s i c a l properties measured for each according to the ap
propriate West German "Deutschen Normvorschriften" (DIN) standards. 
The p r i n c i p l e difference between these and the ASTM D - 1 0 3 7 - 7 2 
("Standard Methods of Evaluatin
and P a r t i c l e Panel Materials"
t e s t . In the German procedure t h i s i s determined by measuring 
the i n t e r n a l bond ( t e n s i l e stress applied i n the thickness d i r e c 
t i o n to f a i l u r e ) on wet specimens a f t e r b o i l i n g two hours i n water. 
This i s c a l l e d the V100 t e s t . Other properties measured were dry 
i n t e r n a l bond ( V 2 0 ), bending modulus of rupture (MOR) and e l a s t i 
c i t y (MOE), density and thickness s w e l l , the l a t t e r a f t e r 2 and 2k 
hour water soaks. 

The pattern used f o r c u t t i n g t e s t specimens i s shown i n 
Figure 3 . The property values given i n t h i s report are mean values 
of the number of specimens indicated times two since each board 
was duplicated. Densities were measured on a l l thickness s w e l l , 
i n t e r n a l bond (IB) and bending modulus specimens before those 
respective t e s t s were run. 

In a d d i t i o n , four panels (representing two experimental 
points ) were submitted to Purdue U n i v e r s i t y for l i n e a r expansion 
t e s t i n g . Two specimens were cut from each board at r i g h t angles 
to each other. A f t e r conditioning at 80°F (27°C) and 50% r e l a t i v e 
humidity, the samples were brought to constant weight i n an 80 F 
(27 C) and 90% r e l a t i v e humidity environment and l i n e a r expansion 
measured over a 10 inch (25^mm) gauge length. 

Variable Levels. The v a r i a b l e studied i n the work reported 
here was press time, since we were seeking to produce a f a s t e r 
curing panel. Each binder was evaluated at three press time l e v e l s 
- 0 . 2 , 0 . 3 and 0 . 5 seconds per mm panel thickness. For the nominal 
29mm thickness, t h i s r e s u l t e d i n design press times of 5 · 8 , 8 . 7 
and Ik.5 minutes. 

Results. Physical property values for the panels produced 
are given i n Table I I I . A more ra p i d curing rate with the Des
modur PU-1520A 20 i s strongly ind i c a t e d by the modulus of rupture 
and i n t e r n a l bond r e l a t i o n s h i p s as i l l u s t r a t e d by Figures h and 5 , 
r e s p e c t i v e l y . In both instances i t appears that the phenolic 
r e s i n has not t o t a l l y cured at 8 . 7 minutes press time and perhaps 
not at lU. 5 · The isocyanate, on the other hand, has developed 
e s s e n t i a l l y f u l l MOR and IB values at 5 - 8 minutes. The IB i n 
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Figure 2. Red oak flakeboard with Desmodur PU-1520A 20 binder. 
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Figure 3. Cutting pattern for test specimens. 
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MOR, psi 

Desmodur PU-1520A 20 

6,900 

/ P F 

6,100 

5,300 

• i ι 
5 10 15 

Press Time, min. 

Figure 4. Modulus of rupture vs. press time for red oak flakeboard. 

IB, psi 

240 -
Desmodur 
PU-1520A 20-Dry 

200 -

160 

120 
Desmodur 

^ PU-1520A 20-Wet 

80 

40 
PF-Wet 

I l 

5 10 15 
Press Time, min. 
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p a r t i c u l a r i s a good i n d i c a t o r of degree of cure since i t i s a 
core property, whereas MOR, which measures bending strength, i s 
highly r e l a t e d to surface c h a r a c t e r i s t i c s . 

A comparison of the d u r a b i l i t y of the adhesive bonds formed 
by the two binders i s provided by the wet i n t e r n a l bond and by the 
thickness swell values shown g r a p h i c a l l y i n Figures 5 and 6 , r e 
spec t i v e l y . The former, measured a f t e r a 2 hour water b o i l , are 
s t r i k i n g l y superior f o r the Desmodur PU-1520A 20 vs. the phenolic 
binder at a l l press times. The same can be s a i d f o r thickness 
swell a f t e r 2 and 2k hour water soaks. 

I t seems safe to say that a 50% reduction i n press time i s 
possible with the isocyanates vs. the phenolic r e s i n while main
t a i n i n g equivalent bendin
dry i n t e r n a l bond. Thi
quite so dramatically, by the dimensional s t a b i l i t y data given i n 
Table IV. 

Mixed Hardwood Flakeboard 

Among other hardwoods indigenous to the North Central United 
States are maple, b i r c h and aspen. These species have l i t t l e 
commercial value but are found i n areas close to major markets. 
Mobay sponsored a study, conducted by the I n s t i t u t e of Wood Re
search at Michigan Technological U n i v e r s i t y , to determine the 
ef f e c t s of processing variables on isocyanate-bound flakeboard 
prepared from a mixture of these species and to compare resultant 
panel properties with those of a standard panel prepared with a 
commercial aqueous phenolic r e s i n under t y p i c a l processing condi
t i o n s f o r that type of r e s i n . 

Procedure. Panel c h a r a c t e r i s t i c s are given i n Table V. 
Table VI gives the processing parameters f o r the standard panels. 
Binders and p a r a f f i n wax were introduced in t o the blender by 
spraying. The binders employed i n t h i s study were an aqueous 
phenol-formaldehyde r e s i n and MobayT s Mondur MR polymeric MDI. 

Testing. Three r e p l i c a t e panels were made f o r each experi
mental point and properties were measured, i n general, according 
to ASTM D-103T-72. One s l i g h t deviation was i n the d u r a b i l i t y , or 
accelerated aging t e s t . The ASTM method c a l l s f o r the following: 

- Immerse i n water § 120°F (k9°C) f o r 1 hour 
- Spray with steam and water vapor at 200°F (93 C) fo r 3hours 
- Store at 10°F (-12°C) for 20 hours 
- Heat i n dry a i r at 210°F (100°C) for 3 hours 
- Spray with steam and water vapor at 200 F (93 C) f o r 3hours 
- Heat i n dry a i r at 210°F (100 C) f o r 18 hours 
The cycle i s run s i x times. Since IWRfs unit required some 

time f o r steam generation, the freezing phase and long dry phase 
were each reduced by one hour so that the t o t a l cycle could be 
completed i n kQ hours. 
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16 

14 

12 

I10 
CO 

PF-24 nr. Soak 

Desmodur 1520A 20-24 hr. Soak 

PF-2 hr. Soak 

Desmodur 1520A 20-2 hr. Soak 

6 8 10 12 14 16 
Press Time, min. 

Figure 6. Thickness swell of red oak flakeboards. 

Table IV 

Dimensional S t a b i l i t y : 50 to 90% R.H. 

Press Time Water Thickness Linear 
Binder Min. Absorption % S w e l l % Expansion % 

PF ik.5 8 . 8 6 . 8 0 . 2 0 

Desmodur 
PU-1520A 20 5 . 8 6.k k.k 0.1k 
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Table V 

Panel C h a r a c t e r i s t i c s - Mixed Hardwood Flakeboard 

Type: Single layer 

Dimensions : U60xU60xllmm ( l 8 - l / 8 " x l 8 - l / 8 " x 7 / l 6 " ) 

Target Density: 720 Kg/m 
Raw M a t e r i a l : 5 2 . 5 ? maple, 1 7 - 5 ? b i r c h , 3 0 . 0 ? aspen flakes 

( 2 . 0 " χ 0.U" to 1 . 2 " χ 0 . 0 2 5 " ) 

Table VI 

Processing Parameters For Standard Panels 
Mixed Hardwood Flakeboard 

Flake Moisture Content - 10% 

P a r a f f i n Wax 

Binder Content 

Press Temperatue 

Press Closing Time 

Total Press Time 

1% s o l i d s based on O.D. wood wt. 

5% s o l i d s on O.D. wood wt. 

190°C (375°F) for phenolic 
l63°C (325°F) fo r isocyanate 

- 1 min. to stops 

- 7 min. f o r phenolic 
5 min. f o r isocyanate 
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Thickness s w e l l measurements were made on 2 χ 12 χ T / l 6 " ( 5 1 x 
305 x 11mm) specimens a f t e r conditioning at 21°C (TO F) and 90% 
r e l a t i v e humidity f o r two months. 

Since bending strength values were affected by specimen den
s i t y , and as the densities varied somewhat (from k3-b6 PCF [ 6 8 8 -
736 Kg/m3]), these values were adjusted to correspond to the target 
density. Normalization factors used were based on e a r l i e r work 
with these wood species. The adjusted MOR a f t e r accelerated aging 
(AA/MOR) was c a l c u l a t e d by applying the percent retention of the 
o r i g i n a l MOR to the o r i g i n a l adjusted MOR. Considering the number 
of t e s t specimens cut from each of the three r e p l i c a t e panels f o r 
each experimental point, the thickness swell data are averages of 
three specimens; a l l othe

Variable Levels. In addition to the standard panels as de
scribed above, panels were made with the Mondur MR with v a r i a t i o n s 
from standard conditions as shown i n Table V I I . 

Results. P h y s i c a l properties for the standard, or c o n t r o l , 
panels are given i n Table V I I I . Although the Mondur MR panels were 
cured two minutes l e s s and at 50°F (28°C) lower press temperature, 
o r i g i n a l strength properties and thickness swell values are c l e a r l y 
superior to those of the phenolic-bound panels. There did appear 
to be a s l i g h t l a g i n modulus of rupture retention a f t e r acceler
ated aging. 

Binder Level. Mondur MR-bound panels were made at 3 and k% 
binder l e v e l s while maintaining a l l other parameters at the con
t r o l l e v e l s . The r e s u l t i n g property values are given i n Table IX. 
The 5? binder column represents the control board values f o r each 
of the binders and i s included for comparative purposes. Modulus 
of rupture values, both o r i g i n a l and a f t e r accelerated aging, are 
shown g r a p h i c a l l y i n Figure 7 · I t i s s u r p r i s i n g to note that bend
ing strength values are higher at h% than at 5? Mondur MR l e v e l . 
D u r a b i l i t y of the MR boards also seems best at the intermediate 
binder l e v e l as indicated not only by the M0Rfs a f t e r accelerated 
aging, but also by the thickness swell values i l l u s t r a t e d i n F i g 
ure 8 . D u r a b i l i t y of the isocyanate boards at k% binder exceeds 
that of the phenolic control boards. Values for the l a t t e r are 
shown as si n g l e points i n Figures 7 and 8 . 

At the 3% l e v e l the Mondur MR boards r e t a i n too l i t t l e MOR 
a f t e r accelerated aging, although t h i s may not be the case at a 
higher press temperature. 

Flake Moisture Content. Panels were made with Mondur MR i n 
which the moisture content of the flakes was adjusted to 20% i n t o 
the press. I t i s w e l l known that panels cannot be made with 
phenolic resins at such a high moisture content, since steam pres
sure blows them apart upon opening of the press. Even to a t t a i n 
10? moisture content i n t o the press, raw material must be dried to 
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Table VII 

Variable Levels Studied With Mondur MR 
Mixed Hardwood Flakeboard 

Binder Level - 3? 
k% 
5? 

Flake Moisture
20? 

Total Press Time - 3 minutes 
5 minutes 

Table V I I I 

Average Property Values For Control 
Mixed Hardwood Panels 

Property PF"1" Mondur MR' 

Modulus of Rupture* (psi) 52U5 53^0 

Modulus of E l a s t i c i t y * 
(psi χ 1 0 3 ) 675 721 

I n t e r n a l Bond (psi) 138 286 

Aged MOR* (psi) 3^72 3028 

Thickness Swell (?) 2 0 . 3 3 1 7 . 0 8 

*Adjusted to U5 pcf 
Press time of 7 min. with 375 F press temperature 

2Press time of 5 min. with 325°F press temperature 

In Urethane Chemistry and Applications; Edwards, K., et al.; 
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Table IX 

Effect Of Binder Level On Mixed 
Hardwood Flakeboard Properties 

Property 

Modulus of Rputure* (psi] 

Modulus of E l a s t i c i t y * 
(psi χ 103) 

Internal Bond 

Aged MOR* (psi) 

Thickness Swell (?) 

Binder Level 
Binder 3? k% 5% 

MRp 5223 6673 53UO 
PF — — 52h5 
MR 696 867 721 
PF — 675 

— — 
MR 1917 1+691 3028 
PF — — 3^72 
MR 1 8 . 9 5 1 6 . 5 8 1 7 . 0 8 
PF — — 2 0 . 3 3 

*Adjusted to k5 PCF o 

Press time of 5 min. with 325°F press temperature 
2Press time of 7 min. with 375 F press temperature 
1 and 2 at 1 0 ? MC l e v e l 

7,000 

6,000 

2 
§-5,000 
Κ 
-δ 
m 
3 
f 4,000 

3,000 

2,000 

Original 

After 
Accelerated 
Aging 

(PF-Orig.)o 

Mondur MR 

Figure 7. Modulus of rupture vs. Mondur MR level for mixed hardwood flake-
boards. 
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Figure 8. Internal bond and thickness swell vs. % Mondur MR for mixed hard
wood flakeboards. 
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a l e v e l w e l l below that i f aqueous phenolic resins are used. I f 
panels can be made with isocyanates at 20% moisture content i n t o 
the press, the material need not be dried below 19% (assuming 1% 
water added with the p a r a f f i n wax), since no a d d i t i o n a l water i s 
added with the binder. 

Properties of the panels made with the high moisture raw 
material are compared with those of the control boards i n Table X. 
Bending strengths are somewhat higher and i n t e r n a l bonds are lower 
at 20% MC. This i s to be expected since the p l a s t i c i z i n g e f f e c t 
of the excess water on the wood flakes tends to increase the den
s i t y gradient between the core and surface of the board, weakening 
core properties and increasing surface-related properties. This 
can be corrected by lengthening the press c l o s i n g time  That 
wasn't done here since
er than those of the phenoli

MOR a f t e r accelerated aging increases s l i g h t l y i n going from 
10 to 20% f l a k e moisture content. The dramatic improvement i n 
thickness swell at the higher moisture content i s unexplained. 

The data show the f e a s i b i l i t y of making good q u a l i t y f l a k e 
board with Mondur MR at f l a k e moisture content l e v e l s as high as 20%. 

Press Time. Properties of the Mondur MR-bound boards pressed 
only 3 minutes vs. those of the control boards are given i n Table 
XI. The i n t e r n a l bond strength of the Mondur MR boards did drop a 

as expected, although even at 3 minutes press time at 325 F ( l 6 3°C), 
i t i s higher than that of the phenolic-bound board cured Τ minutes 
at 375 F (191 C). The surprise comes i n the bending strength and 
d u r a b i l i t y properties where the performance a c t u a l l y appears bet
t e r at the shorter press time. 

To summarize the mixed hardwood flakeboard study, i t can be 
s a i d that good q u a l i t y panels were made with Mondur MR at reduced 
press time, temperature and binder l e v e l s and increased f l a k e 
moisture content vs. the commercial phenolic r e s i n . 

Aspen Waferboard 

Another parameter i n which savings can be made with the use 
of polymeric MDI binder i s panel density. Although density v a r i a 
tions were not studied i n e i t h e r of the two above programs, they 
were i n a program Mobay sponsored at the former Eastern Canadian 
Forest Products Laboratory, now Forintek Canada Corp. - Eastern 
Forest Products Laboratory. The work was done with 3 layer aspen 
waferboard with cores bound with Mondur E - U U l , another Mobay 
polymeric MDI, and the faces with a spray-dried powdered phenolic 
novolac r e s i n . Controls were homogeneous boards bound e n t i r e l y 
with the novolac. Although homogeneous boards bound e n t i r e l y with 
Mondur E - U U l were not included i n t h i s study, one such board i s 
shown i n Figure 9 to i l l u s t r a t e the appearance of aspen waferboard. 
Note the much wider wafers as compared to the red oak flakes shown 
e a r l i e r . 
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Table X 

Effe c t Of Flake Moisture Content On 
Mixed Hardwood Flakeboard Properties 

Moisture Content 
Property Binder 1 0 ? 20? 

Modulus of Rupture* (psi) m1 531+0 5785 
PF 52U5 — Modulus of E l a s t i c i t y * MR 721 7^9 

(psi χ 1θ3) PF 675 — I n t e r n a l Bond (psi) 
138 — Aged MOR* (psi) MR 3028 3U83 Aged MOR* (psi) 

PF 3^72 — Thickness Swell (?) MR 1 7 . 0 8 8 . 9 1 
PF 2 0 . 3 3 — 

*Adjusted to 1+5 PCF 
ipress time of 5 min. with 325°F press temperature 
2Press time of 7 min. with 375°F press temperature 
1 and 2 at 5? binder l e v e l 

Table XI 

Effe c t of Press Time on Mixed 
Hardwood Flakeboard Properties 

Press Time 
Property Binder 7 Min. 5 Min. 3 Min. 

Modulus of Rupture* (psi) MRp 53^0 5950 
PF 52U5 — — Modulus of E l a s t i c i t y * MR — 721 733 

(psi χ 1 0 3 ) PF 675 — — I n t e r n a l Bond (psi) MR — 286 167 
PF 138 — — Aged MOR* (psi) MR — 3028 1+230 
PF 3UT2 — — Thickness Swell (?) MR — 1 7 . 0 8 15.71+ 
PF 2 0 . 3 3 — — 

*Adjusted to 1+5 PCF 
l a t 325°F press temperature 
2 a t 375°F press temperature 
1 and 2 at 1 0 ? M.C and 5? binder l e v e l s 
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Subsequent to p u b l i c a t i o n of the o r i g i n a l work done by 
Udvardy (IT ), a multiple c o r r e l a t i o n analysis of a l l r e p l i c a t e s 
of the data points was conducted at Mobay. A set of regression 
equations was generated for each binder studied. Each equation 
predicted one of the board properties i n terms of a number of pro
cessing variables including panel density. Cor r e l a t i o n c o e f f i 
cients were 0 . 8 for i n t e r n a l bonds f o r the Mondur E-UUl. panels 
with a l l others being 0 . 9 or greater. 

Some of the p r e d i c t i v e property equations were p l o t t e d vs. 
panel density for each binder with binder l e v e l and press time 
held constant at 2? and 5 minutes, r e s p e c t i v e l y . Figure 10 shows 
that comparable MOR1 s are attainable with the Mondur E-Ul+1 at 
about a 1 0 ? lower densit
ure 1 1) determined i n t h i
hour water b o i l (Canadian Standard CSA 0188-0MT8) indicates the 
p o s s i b i l i t y of a savings of about T . 5 - 1 0 ? i n density. F i n a l l y , 
Figure 12 shows that comparable i n t e r n a l bonds can be achieved 
by the isocyanate at up to 25? lower density vs. the phenolic r e s i n . 

Summary 

The purpose of t h i s presentation has been to i l l u s t r a t e some 
advantages that are possible i n the use of polymeric MDI as a 
binder f o r e x t e r i o r grade wood composite panels. The data given 
have indicated the p o t e n t i a l f o r savings i n press time, press 
temperature, flake moisture content, r e s i n l e v e l and panel density 
(as compared to conventional phenol-formaldehyde binders) i n 
several types of such panels. 

The panel producer must optimize h i s processing parameters 
to take f u l l advantage of the savings isocyanates can o f f e r . The 
answer as to what the optimum conditions are must be determined on 
a case-by-case basis. To date these optimized conditions f o r 
polymeric MDI have been found favorable versus those of alternate 
binders by several European and at l e a s t one U.S. panel producer. 
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Figure 11. Predicted aged modulus of rupture vs. nominal density-aspen waferboard. 

Figure 12. Predicted internal bond vs. nominal density-aspen waferboard. 
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Lignin-Derived Polyols, Polyisocyanates, and 
Polyurethanes 

W. G. GLASSER, Ο. H.-H. HSU1, D. L. REED2, R. C. FORTE3, and 
L. C.-F. WU 

Department of Forest Products and Department of Chemical Engineering, 
Virginia Polytechnic Institute and State University, Blacksburg, VA 24061 

Lignin. Lignin is a natural polymer of plants which is ex
ceeded in abundance only by cellulose. Plants gain the ability 
of lignifying when they acquire the need for developing "woody 
tissues." This need may be triggered by the requirement for 
mechanical support (reinforcing fibers by binding them together 
with a glue-like substance, lignin); the requirement for a 
sealed water-conducting system; or the requirement for an im
proved natural decay resistance. In response to such require
ments, lignin is deposited as a polyphenolic, three-dimensionally 
cross linked network polymer by maturing plants. Lignin contents 
range from 20 to 30% by weight of plant materials, or between 
30 and 45% by enthalpy (1,2). 

In the common process of making paper by chemical means, 
lignin is separated from mostly cellulosic fibers by dissolution 
processes which often involve structural modification and macro-
molecular breakdown (1). Pulp and paper mills generate approxi
mately 24 million tons of dissolved lignin annually in the Uni
ted States (2,3,4), and this compares to a combined total pro
duction of all synthetic organic materials of approximately 18.5 
million tons per year in the U.S. in 1975 (5). Only about 3%, 
or 1.5 billion pounds per year, of solubilized lignin from spent 
pulping liquors are marketed, mostly (ca. 95%) as lignin sulfonic 
acids for roughly 6-8φ per pound, and the remaining 5% as kraft 
lignin for approximately 20φ per pound (6). Total market value 
f o r l i g n i n products i s estimated at roughly $ 1 0 0 m i l l i o n per 
year i n the United States ( 6 ) . 

The supply of k r a f t l i g n i n i s l i m i t e d by the need of pulp 
m i l l s to incinerate t h e i r l i g n i n and chemicals containing spent 

1 Current address: Masonite Corp., St. Charles, IL. 
2 Current address: Hammermill Paper Co., Erie, PA. 
3 Current address: Kimberly-Clark of Canada, Ltd., St. Catherines, Ontario. 
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pulping liquors f o r the purpose of recovering inorganic pulping 
chemicals. Thus, the p r a c t i c a l a v a i l a b l e supply of k r a f t l i g n i n 
i n the United States i s probably less than 2 m i l l i o n tons per 
year. However, a d d i t i o n a l sources of l i g n i n are l i k e l y to become 
av a i l a b l e i n the future i f any of the novel biomass-to-ethanol 
conversion processes designed f o r a g r i c u l t u r a l residues, waste 
paper, newsprint, or various types of wood sources, ever materi
a l i z e . Such l i g n i n sources w i l l probably be s i m i l a r i n nature 
to k r a f t l i g n i n (6). 

PoZyuJizthan&A. Polyurethanes are a v e r s a t i l e group of poly
mers which span a wide range of physical properties and a p p l i c a 
t i o n s . Polyurethane markets are predicted to grow at an annual 
rate of 7-10% i n the nex  a p p l i
cations are f o r networ
elsewhere i n t h i s t r e a t i s e (7). 

There have been several accounts i n the l i t e r a t u r e f o r the 
involvement of wood or wood components i n polyurethane systems. 
Thus, Senzyu and Ishikawa oxyalkylated wood with ethylene oxide 
i n the presence of a l k a l i i n 1948 (8). Using appropriate l i g n i n -
l i k e model compounds, Ishikawa, 0ki~and Fugita (9) observed that 
phenolic hydroxyl groups react q u a n t i t a t i v e l y with ethylene oxide 
i f the side chains do not contain carbonyl groups or other unsa
turated moieties. Phenolic hydroxyl groups of model compounds 
with unsaturated side chains exhibited great resistance to hy
droxyl - e t h y l a t i o n , probably r e f l e c t i n g the reduced n u c l e o p h i l i -
c i t y of the r e s u l t i n g phenoxide anions. In another series of 
experiments with model compounds, K r a t z l et a l . (10) studied the 
r e a c t i v i t y of the various fu n c t i o n a l groups which are present i n 
l i g n i n and which may react with isocyanate and diisocyanates. 
Since the a l c o h o l i c and phenolic hydroxyl groups d i f f e r i n reac
t i v i t y towards isocyanates, K r a t z l et a l . (10) were able to pre
pare both a mono- and diurethane from guaiacyl propanol-2 using 
a phenyl isocyanate. With hexamethylene diisocyanate, slower 
reactions were observed and s e l e c t i v i t y between a l c o h o l i c and 
phenolic hydroxyl model compounds yielded only polymeric o i l y or 
t a r r y products. However, naphthalene diisocyanate yielded d i -
urethanes i n every case. When these studies were applied to 
te c h n i c a l hydrolysis l i g n i n s , reactions with isocyanates were 
described as very poor. This reaction behavior was i n contrast 
to the behavior of k r a f t and s u l f i t e l i g n i n s i n combinations 
with commercial polyols (11,12). 

Moorer, Dougherty and B a l l (13) have employed l i g n i n i n the 
formation of polyurethane foams by d i s s o l v i n g i t i n g l y c o l s which 
are r i c h i n active hydroxyl groups, and then reacting i t with 
diisocyanates. The reaction was described as the isocyanate 
act i n g as a bridge substance l i n k i n g the two kinds of p o l y o l 
together. The phenolic hydroxyl groups i n l i g n i n were assumed 
to play a key r o l e i n t h i s reaction. However, r e s u l t s showed 
that most l i g n i n by-products y i e l d e d urethanes of i n f e r i o r qua
l i t y when compared with products made with polyethylene g l y c o l . 
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The conversion of the phenolic hydroxyl groups to a l i p h a t i c hy
droxyl functions was recognized as an important step toward the 
a c t i v a t i o n of functional hydroxyl groups by A l l a n (14) and by 
C h r i s t i a n et a l . (15) . Reactions with ethylene oxide, propylene 
oxide, and an a l k y l s u l f i d e were shown to produce o i l s with v i s 
c o s i t i e s and hydroxyl numbers su i t a b l e f o r mixing and reacting 
with diisocyanates i n the formation of r i g i d polyurethane foams. 
B r i t t l e n e s s , high water absorption and low strength appeared to 
constitute the main drawbacks of the r e s u l t i n g oxyalkylated l i g -
nin-urethane foams. These d i f f i c u l t i e s could l a r g e l y be over
come by a carboxylation ρretreatment with maleic anhydride (16). 
Carboxyl-rich l i g n i n s were converted i n t o e s t e r - r i c h polyols by 
oxya l k y l a t i o n , and thes  employed f o  th  preparatio f 
polyurethane foams (17)
ceptable properties. Th  l i g n i  carboxyli
f u n c t i o n a l i t y has also been accomplished by carboxymethylation 
with bromoacetic acid (19). 

Approach and ÛbjZctiveA. In general, inherent disadvantages 
of l i g n i n i n regard to i t s u t i l i z a t i o n f o r materials concern (a) 
i t s resistance to degradative depolymerization to low molecular 
weight chemical feedstocks, and (b) i t s s t r u c t u r a l complexity 
which presents d i f f i c u l t i e s i n a l t e r i n g , c o n t r o l l i n g , and mani
pu l a t i n g the chemical and physical properties of polymeric l i g -
nin-derived materials v i a s t r u c t u r a l features. In addi t i o n , 
polymeric uses of l i g n i n are burdened by an inherent resource 
v a r i a b i l i t y , which, when i t finds entrance to end product cha
r a c t e r i s t i c s , gives r i s e to i n t o l e r a b l e performance v a r i a t i o n s 
(2). 

Therefore, a l i g n i n u t i l i z a t i o n approach was explored which 
promised to s a t i s f y the following p r e r e q u i s i t e s : (a) that l i g n i n 
be used i n i t s polymeric form f o r products which depend i n t h e i r 
performance on typical Hgviin ckanact&LU>tZcA ( s t r u c t u r a l r e i n 
forcement, antioxidant behavior, e t c . ) ; (b) that the chemical 
treatment or treatments involved i n the u t i l i z a t i o n scheme amount 
to a homogmation capable of a l l e v i a t i n g some of the natural 
v a r i a b i l i t i e s ; (c) that the chemical modification(s) introduces 
a measure of f l e x i b i l i t y with regard to end product characteris
t i c s , such that i t becomes possible to taltoK-makd l i g n i n - d e r i v e d 
materials f o r s p e c i f i c end uses; and (d) that the end product 
type belongs to a gfiowtk ma/ikoX i n which l i g n i n can conquer a 
sizab l e market share without d i s p l a c i n g other raw materials. 

Various types of l i g n i n - d e r i v e d polyurethane products and 
t h e i r precursors appeared to s a t i s f y these constraints. This 
paper summarizes experimental e f f o r t s aimed at developing l i g n i n -
derived p o l y o l , polyisocyanate, and polyurethane products. 

Results and Discussion 

LZgyvin-OoXiv^d VolyolM. Polyhydroxy (polyol) components may 
be prepared from l i g n i n using a one-, two-, or three-step modi-
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f i c a t i o n procedure i n v o l v i n g copolymerization with maleic anhy
dride ( o p t i o n a l ) , s a p o n i f i c a t i o n or solvent extraction (option
a l ) , and oxyalkylation with propylene oxide. The general reac
t i o n sequence i s i l l u s t r a t e d i n Figure 1. The r e s u l t of t h i s 
l i g n i n modification i s a l i q u i d p o l y o l with unique f u n c t i o n a l i t y 
i n regard to r e a c t i v i t y with isocyanates. This transformation 
of l i g n i n v i a several chemical modification steps of f e r s f l e x i 
b i l i t y i n terms of degree of carboxylation; concentration of 
ester groups; concentration of a l i p h a t i c ethers; r a t i o of aro
matic vs. a l i p h a t i c polymer components; and extent of network 
vs. chain polymer constituents. Polyol c h a r a c t e r i s t i c s may be 
influenced by v a r i a t i o n s i n the reaction of l i g n i n with maleic 
anhydride; by the method f copolyme  p u r i f i c a t i o n d b  th
conditions of the oxyalkylatio
t i o n may involve solven , s a p o n i f i c a t i o ,
r e p r e c i p i t a t i o n ; and oxyalkylation may be varied v i a reaction 
time and/or temperature, type of c a t a l y s t ( a c i d i c or b a s i c ) , and 
presence of i n i t i a t o r (ethylene g l y c o l ) . 

The e f f e c t of the maleic anhydride content i n the copoly
merization reaction mixture on the degree of carboxylation i s 
i l l u s t r a t e d by the data i n Table I. Carboxylation of k r a f t l i g 
n i n and ligninsulfonates may e a s i l y reach l e v e l s of 0.7 to 0.8 
maleic anhydride units per l i g n i n - b u i l d i n g Cg-unit, i f the l i g 
n i n to maleic anhydride r a t i o i n the reactor increases to 2:1. 

The degree of copolymerization of the carboxylated l i g n i n 
with propylene oxide, and the degree of homopolymerization of 
propylene oxide, can be expected to vary with the reactor pres
sure at the end of the oxyalkylation reaction. A t y p i c a l pres
sure-temperature diagram of t h i s r eaction i s presented i n Figure 
2. Polymerization u s u a l l y commences between 165 and 185°C as i s 
indicated by a retardation of the temperature r i s e and a d i s t i n c t 
peaking of the reactor pressure. The e n t i r e reaction i s comple
ted a f t e r three to four hours, when the f i n a l pressure declines 
to around 180 p s i . 

Parameters which influence the f u n c t i o n a l i t y of the r e s u l t 
ing p olyols include the r a t i o of copolymer to propylene oxide, 
and the presence and concentration of c a t a l y s t and i n i t i a t o r . 
The influence of those parameters on hydroxyl number, carboxyl 
number, and p o l y o l y i e l d are summarized i n Tables II and I I I . 
Low copolymer to propylene oxide r a t i o s make i t obviously d i f f i 
c u l t to t o t a l l y l i q u e f y l i g n i n , Table I I . Such conditions, 
however, seem to favor polyols with low t o t a l hydroxyl numbers. 
The o x y a l k y l a t i o n reaction appears to require c a t a l y z a t i o n by 
zinc chloride or base c a t a l y s t s i n concentrations of about 10% 
or less f o r successful completion. The presence of an i n i t i a t o r 
(ethylene glycol) helps completion of the reaction i n p a r t i c u l a r 
when the unhydrolyzed copolymer i s used as substrate (Table I I I ) . 

The degree to which ph y s i c a l properties of polyols depend 
on the nature and p r i o r treatment of the l i g n i n employed i n the 
oxyalkylation reaction i s i n d i c a t e d i n Table IV. Polyols pre-
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Figure 1. Reaction scheme of alternative polyol formation pathways. 
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Figure 2. Pressure-temperature diagram for an oxyalkylation reaction of a car-
boxylated kraft lignin. 
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Table II 

Poly o l F u n c t i o n a l i t y i n Relation to Method of Preparation--
Ratio of Lignin Copolymer to Propylene Oxide 

( A l l Reactions: 4 hrs. reaction time; 
temperature: 200-250°C) 

Lignin 
Ratio of 

Propylene Oxide 
Catalyst 
System OH COOH 

Preparation to Lignin Copolymer A 1 B z Number Number 

Unhydrolyzed 
Kraft L.-M.A. 
(2:1) Copoly
mer 12: 1 X 333 9 

it 10: 1 X 309±2% 11±2% 
ft 8: 1 X 430±2% 13±12% 
tt 8: 1 X 362 12 
tt 6: 13 X 289 26 
it 6: 1 X 307 18 
tt 4: l 3 X 167 36 
tt 4: 13 X 260 32 

Unhydrolyzed 
L. Sulfo-
nates-M.A. 
(2:1) Copoly
mer 10: 1 X 509 9 

C a t a l y s t System A: 10% ca t a l y s t (ZnCl 2) and 10% i n i t i a t o r 
(ethylene g l y c o l ) . 

2 C a t a l y s t System B: 10% c a t a l y s t and 30% i n i t i a t o r . 
3Resulted i n incomplete s o l u b i l i z a t i o n of the lignin-M.A. copoly
mer. 
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Table I I I 

Polyol F u n c t i o n a l i t y i n Relation to Method of P r e p a r a t i o n -
I n i t i a t o r and Catalyst Concentrations 

( A l l Reactions: 4hrs
Lignin 10:1

Lignin 
Preparation 

I n i t i a t o r 
(%) 

Catalyst 
(%) 

OH 
Number 

COOH 
Number 

Polyol 
Y i e l d 4 

Unhydrolyzed 
Kraft L.-M.A. 
( 2 : 1 ) Copoly
mer 1 

0 0 3 1 8 0 . 8 1 2 

n 2 3 . 3 3 . 3 2 9 5 1 0 6 7 

H 1 0 0 3 5 4 2 1 1 

If 0 1 0 4 1 9 1 0 7 9 

Η 1 0 1 0 3 1 5 1 1 7 2 

I l 3 1 0 1 0 2 8 9 2 6 5 4 

n 3 1 0 3 0 5 6 3 6 1 9 

tt 3 3 0 1 0 3 0 7 1 8 7 4 

Reaction time of 2 hrs. 
Reaction time o f 6 hrs. 
Propylene o x i d e : l i g n i n r a t i o 6:1. 
Liqui d p o l y o l obtained a f t e r dissolving/suspending reactor 
content i n methanol, f i l t r a t i o n of methanol solution/suspen
si o n , and evaporation of f i l t r a t e at 80°C and 2 5 mm Hg; i n % 
of t o t a l reactor content. 
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pared with the hydrolyzed copolymer have apparently a less polar 
s o l u b i l i t y character than those polyols prepared with the unhy
drolyzed copolymer or the uncarboxylated l i g n i n . S i m i l a r d i f f e r 
ences are detected for chemical f u n c t i o n a l i t y , v i s c o s i t y , and 
color (Table IV). 

Suitable l i q u e f a c t i o n during o x y a l k y l a t i o n seems to require 
a r a t i o of propylene oxide to copolymer (or l i g n i n ) of 4:1 or 
greater. This epoxide excess presently constitutes the greatest 
constraint f o r optimizing the incorporation of l i g n i n i n t o a 
polyurethane product. A p o l y o l prepared with such an excess of 
propylene oxide w i l l not contain more than 25% l i g n i n assuming 
that a l l propylene oxide polymerizes. 

LsÎgyLÎn-VQAÂvzd pQ
incorporation of l i g n i
t r a t e d on transforming polymeric l i g n i n s i n t o polyisocyanates 
useful f o r reacting with p o l y o l s . Two a l t e r n a t i v e reaction path
ways have been explored with the three l i g n i n - l i k e model com
pounds shown i n Figure 3. These models were v a n i l l i c a c i d or a 
d e r i v a t i v e thereof (Model Type A); a d e r i v a t i v e of t e t r a l i n d i -
carboxylic anhydride (Model Type B); and a d e r i v a t i v e of a sty-
rene-maleic anhydride copolymer (Model Type C). 

The two reaction pathways studied involve a route from the 
carboxylic a c i d to the isocyanate v i a the acyl chloride and azide 
(Sodium Azide Pathway, Pathway A), Figure 4; and a route from the 
carboxylic a c i d to the isocyanate v i a the hydrazide (Hydrazide 
Pathway, Pathway Β), Figure 5. The reactions were monitored by 
i s o l a t i n g the intermediate reaction products and c h a r a c t e r i z i n g 
them by melting p o i n t s , elemental composition, or IR spectros
copy. 

The sodium azide pathway (Pathway A), Figure 4, begins with 
a t h i o n y l c h l o r i d e treatment of the free acid to form the acy l 
c h l o r i d e . Subsequent treatment with sodium azide may involve a 
non-aqueous environment (1,2-dimethoxy ethane, "dry method"), or 
an aqueous medium ("wet method"). The organic azide i s recovered 
from the reaction mixture and converted i n t o the isocyanate by 
the Curtius rearrangement. This may be accomplished i n s o l i d 
form ("dry method"), or i n a non-aqueous solvent l i k e dioxane or 
DMF ("solution method"). 

The hydrazide pathway (Pathway Β), Figure 5, was f i r s t at
tempted by t r e a t i n g the acyl chloride with hydrazine. Since t h i s 
r e a c t i o n , however, produced the secondary hydrazide i n almost 
quantitative y i e l d s , t h i s approach was abandoned i n favor of one 
employing the methyl ester d e r i v a t i v e . Hydrazinolysis of the 
ester, formed by r e f l u x i n g the free a c i d i n anhydrous methanol/ 
H2SO4, proceeded i n dry methanol to the hydrazide i n good y i e l d . 
Subsequent reaction of the hydrazide with nitrous a c i d , which was 
generated i n the presence of the hydrazide i n aqueous acetone/HCl 
s o l u t i o n at 0-5°C, yielded the organic azide. This, again, was 
rearranged e i t h e r dry or i n s o l u t i o n to the isocyanate. 
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C0 2 H 

Τ Υ Ρ Ι : Λ 

CH 3 0 

OR 
R=H , Ac , C H 3 

TYPE C 

R = H , A c , C H 3 

Figure 3. Lignin-like model compounds. 
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SO CI-

CO CI 

6 
OCH, *OCH, 
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R=CH3 or Ac 

NCO 

aq.NaN, 

CON, 

HEAT 

OCH, OCH, 

OR OR 

PATHWAY A 
Figure 4. Reaction scheme of the sodium azide pathway. 
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Model Type A, v a n i l l i c a c i d and i t s acetylated or methylated 
d e r i v a t i v e , generated the expected isocyanate without major prob
lems e i t h e r v i a the sodium azide or the hydrazide pathway. 
Yiel d s and analysis r e s u l t s are summarized i n Table V. IR spec
t r a of the various intermediary reaction products are given i n 
Figure 6. Formation of the organic azide by the wet method from 
the acyl chloride was superior to "dry" formation; but hydrazin-
o l y s i s of the methyl ester followed by HNO2-treatment worked 
s a t i s f a c t o r i l y as w e l l . 

Model Type Β (Figure 3), t e t r a l i n d i c a r b o x y l i c acid and i t s 
d e r i v a t i v e s , f a i l e d to form a stable free acid. I t s anhydride 
regenerated c o n s i s t e n t l y from i t s sodium s a l t , which was tempo
r a r i l y formed i n aqueou
Therefore, conversion attempt

Model Type C, a copolymer formed by the reaction of i s o
eugenol or i t s methyl ether with maleic anhydride at 170°C i n an 
autoclave and p u r i f i e d by p r e c i p i t a t i n g i t s ethyl acetate solu
t i o n from ether, was reacted following both pathways. The re
su l t s i n Table VI indicate that, although eventual formation of 
azide groups can be documented at least f o r the sodium azide and 
probably also f o r the hydrazide pathway, the accumulation of im
p u r i t i e s along the multi-step conversion pathways present mount
ing problems. Incomplete transformation of f u n c t i o n a l i t i e s of 
intermediary steps i s indic a t e d i n the sodium azide pathway by 
the retention of chlorine a f t e r treatment with sodium azide and 
i n the hydrazide pathway by incomplete methylation and incomplete 
hydrazide transformation to azide by HN02, r e s u l t i n g i n a product 
with low N-content. 

Model Type C, the isoeugenol-maleic anhydride copolymer, 
forms an organic azide and isocyanate by the sodium azide path
way as i s indicated by the IR spectra (A and B) of Figure 7. 
However, o v e r a l l isocyanate y i e l d s remain low. 

Another approach at introducing isocyanate f u n c t i o n a l i t y 
i n t o polymeric l i g n i n d e r ivatives concentrated on "capping" hy
dro x y l groups of l i g n i n - d e r i v e d polyols with diisocyanates. Re
su l t s of these experiments, which employed anhydrous benzene so
lut i o n s of polyols and excess HDI, are given i n Table VII. That 
t h i s method of introducing N-containing f u n c t i o n a l i t y i n t o poly
o l s i s highly successful i s indicated by the high nitrogen con
tents of capped polyols A and B. A strong NCO band i n the IR 
spectrum of the d e r i v a t i z e d p o l y o l , Figure 7C, suggests that 
t h i s p o l y o l has been su c c e s s f u l l y transformed i n t o a polyisocy-
anate. This simple p o l y o l conversion may eliminate the d i f f i c u l 
t i e s associated with the formation of a polyisocyanate from l i g 
n in by multi-step transformation procedures applied to carboxy-
lated l i g n i n d e r i v a t i v e s , which are caused by the accumulation 
of multiple f u n c t i o n a l i t i e s . 

Llgyiin-Vz/UvzcL VolyiVKitkoLViQA. The manufacture of polyure-
thane foams, adhesives and coatings from l i g n i n - d e r i v e d polyes-
ter-ether-polyols and various commercial diisocyanates has been 
accomplished and reported e a r l i e r (16,17,18). Foam properties 
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W A V E L E N G T H (μ) W A V E L E N G T H (μ) 

4 0 0 0 2 8 0 0 1800 1200 8 0 0 

W A V E N U M B E R (cm- 1 ) 

Figure 6. Infrared spectra of isocyanate formation of model Type A (R = CHS) 
via the sodium azide and the hydrazide pathways. 
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W A V E L E N G T H {μ) 

2.5 3 3.5 4 5 6 7 8 9 II 

I I 1 I ι 1 I I 
4 0 0 0 3 4 0 0 2 8 0 0 2 2 0 0 1800 1500 1200 9 0 0 

W A V E N U M B E R ( c m " 1 ) 

Figure 7. Infrared spectra of isocyanate formation of model Type C (R = CHS) 
(Spectrum A, azide and Spectrum B, isocyanate) and of capped lignin-derived polyol. 
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Analysis Data of Two HDI-Capped Polyols 

Elemental Analysis (%) _ 
Prepa
r a t i o n C H Ν S 

Total 
OH 

Fun c t i o n a l i t y 
NCO/OH1 

Kraft 
Lignin 10.39 

Polyol-A 6.23 
-B 9.3 

HDI-Capped 
Polyol^-A 52.01 7.51 13.52 0.69 2.1 

-B 52.55 7.48 12.08 0.74 1.5 

1Assuming that one of the two NCO-groups of HDI survives the re
action as NCO. 

2Analyses were performed on ether-insoluble f r a c t i o n s recovered 
from the t o t a l reaction mixtures i n low (unrepresentative) 
y i e l d s . 
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are summarized i n Table V I I I , where they are compared to a com
mercial low-density foam and to a foam prepared from an uncar-
boxylated l i g n i n - d e r i v e d polyether-polyol. The r e s u l t s demon
st r a t e superior performance c h a r a c t e r i s t i c s of l i g n i n - p o l y e s t e r -
ether-polyol-based urethane foams i n terms of compressive 
strength, recovery, and density, as compared to the two other 
foams. Water sorption ranges generally below 10% for l i g n i n 
p o l y e ster-polyols, and between 10 and 20% for the non-carboxy-
lat e d k r a f t l i g n i n - p o l y o l foams and the commercial product. 

Adhesive properties are l i s t e d i n Table IX. Shear strength, 
wood f a i l u r e , and swelling data f o r two wood species, southern 
pine and hard maple, i l l u s t r a t e excellent performance properties 
of lignin-based urethan

Urethane coatings
based polyester-ether-polyol, have demonstrated exceptional prop
e r t i e s i n terms of solvent and chemical resistance (18), and they 
provide the coated wood surface with an a t t r a c t i v e appearance. 

Capped p o l y o l s , prepared by reacting polyols i n non-polar 
solvents (benzene or ethyl acetate) with excess diisocyanate 
(HDI), reacted with c e l l u l o s e f i b e r s at ambient temperature. 
Simple immersion of preformed f i b e r mats ( b l o t t i n g paper) f o l 
lowed by a i r - d r y i n g resulted i n d r a s t i c increases i n sheet 
strength properties. This i s indicated i n Table X. 

Economic Conb-LdoAcutLoviA. The economic f e a s i b i l i t y of pro
ducing l i g n i n - d e r i v e d polyols from carboxylated and oxyalkylated 
k r a f t l i g n i n has been assessed i n a p u b l i c a t i o n s e r i e s e n t i t l e d 
"How to Design Chemical Plants on the Back of an Envelope," by 
J . P. Clark (20). The r e s u l t s of t h i s economic evaluation, which 
was completed i n 1975 and published i n 1976, are hig h l i g h t e d i n 
Table XI. The "back-of-the-envelope" evaluation concluded that 
commercial production of l i g n i n - d e r i v e d polyester-ether-polyols 
was commercially f e a s i b l e at that time. Where s i m i l a r polyester-
polyols were s e l l i n g f o r 40-60<fr/lb., l i g n i n - d e r i v e d polyols could 
be manufactured at a p r o f i t f o r 34<^/lb. This would require a 
c a p i t a l investment of below $2 m i l l i o n f o r a plant with a 30,000-
tons per year capacity. I t i s l i k e l y that t h i s economic s i t u a 
t i o n has changed i n the past f i v e years to the benefit of the 
concept on the basis of renewable resources. 

Experimental 

ΜαΛζΛΑαΐΔ. Kraft l i g n i n samples were obtained from WESTVACO 
Corp., Charleston, South Carolina; they were commercial prepara
tions traded under the name INDULIN-AT. Lignin sulfonate prepa
rations were procured from GEORGIA PACIFIC Corp., Bellingham, 
Washington; t h e i r commercial name i s LIGNOSITE (spray-dried from 
fermented calcium spent s u l f i t e l i q u o r ) . 

Methods. Carboxylation of Lignin: Mixtures of l i g n i n and 
maleic anhydride were sealed i n a 3.5 χ 20 cm thick-walled glass 
tube and placed inside a s t e e l autoclave. The vessel was heated 
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Table VIII 
Comparison of Foam Properties--

Strength, Appearance, Water Sorption of Three Types of Foam 

Carboxy-
lated 

Kraft Kraft 
Lignin Lignin Commercial 

Property 

I. Strength Properties: 
At Density ( l b s / f t 3 ) 6.1010.27 2.54±0.15 2.54 
Compressive Strength ( p s i ) 3 l l i l . O 23±2.2 17 
Modulus of E l a s t i c i t y (psi) 531±65.4 381±34.5 
Recovery (%)*+ 0 90 80 

I I . Appearance: 
C e l l Structure Collapsed Uniform 
Color Brown Yellow 
I I I . Water S o r p t i o n 5 at lb s / l b s / l b s / l b s / I I I . Water S o r p t i o n 5 at 

f t 3 0. 
Ί3 f t 3 % f t 3 f t 3 

0.15 9 
1.5 l b s / f t 3 Density 0.21 10 

0.386 2.0 l b s / f t 3 Density 0.26 8 0.386 19 6 

3.0 l b s / f t 3 Density 0.34 8 
4.0 l b s / f t 3 Density 0.72 18 0.44 9 0.396 10 6 

5.0 l b s / f t 3 Density 0.93 19 0 
6.0 l b s / f t 3 Density 0.97 16 0.40 7 

Foams prepared with a mixture of 2.4- to 2.6-toluene diisocyan-
ate of 4:1. 

2Data from "Polyurethanes," 2nd ed., Β. M. Dombrow, Reinhold 
Publ. Co. (1965), pp. 82-84. 

3Based on 20% d e f l e c t i o n at 23°C. 
^Following 50% compressive d e f l e c t i o n . 
5 A f t e r subjection to saturated humidity at 23°C f o r 2 months. 
6 A f t e r subjection to 98% r e l a t i v e humidity f o r 120 hrs; from same 
source as given i n footnote #2, p. 89. 
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Table X 

Strengt
and Polyisocyanate-Coate

(Each figure represents an average of 10 measurements) 

Untreated 
Polyisocyanate-

Coated 

% Increase 
through 

Treatment 

Tensile Strength 
(kg/m) 802.4 1659.2 106 

Breaking Length (m) 3379.6 6942.8 106 
Elongation at 

Rupture (%) 10 24 135 
Energy Absorbed at 

Rupture (kg/m) 0.023 0.115 404 

O.D. Wt. of S t r i p 
(g) 1.18 1.44 22 

Basis Wt. (g/m2) 228 279 22 
Thickness (ym) 501 502 <1 
Density 0.46 0.56 22 
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Table XI 

Economic Analysis (1975) of the Production 
of Lignin-Derived Polyols (After Clark (20)) 

Pri c e of Competitive Po l y o l s : 40-60£/lb

Plant Capacit

Mode of Operation: batchwise 

C a p i t a l Investment $ 1,540,000 

Fixed Costs (annual b a s i s ) : 
Depreciation (7 years, s t r a i g h t l i n e ) . . 220,000 
Taxes and Insurance (5% of T.C.I.). . . . 77,000 
Plant Overhead (70% of labor) 37,800 

Total Fixed Costs $ 334,000 

Direct Costs: 
Raw Materials $16,770,139 
Energy 148,643 
Labor 540,000 
Maintenance (10% of T.C.I.) 154,000 
Other Expenses (20% of Direct Costs). . . 4,403,195 

Total Direct Costs $22.015.978 

Total Product Costs $22,350,778 

Cost of Polyol 34φ/lb. 

Cost of Poly o l at 20% return a f t e r taxes on 
investment, at 48% tax r a t e , before tax 
p r o f i t 35φ/lb. 
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at 170°C (oven or o i l bath) for two hours. A f t e r cooling and 
opening, the copolymer was removed, ground to a f i n e powder using 
a mortar and p e s t l e , and e i t h e r Soxhlet extracted with d i e t h y l -
ether ("unhydrolyzed") or saponified by r e f l u x i n g with 2N NaOH 
(1 hr) followed by a c i d i f i c a t i o n (IN H 2 S O 4 ) and recovery of the 
r e s u l t i n g p r e c i p i t a t e by ce n t r i f u g a t i o n ("hydrolyzed"). 

Oxyalkylation: Lignin or lignin-copolymer was mixed with 
varying parts of propylene oxide, i n i t i a t o r (ethylene glycol) 
and c a t a l y s t (1% by wt. KOH or Z n C l 2 ) , and sealed i n a 1 . 5 - l i t e r 
s t a i n l e s s s t e e l pressure reactor equipped with heating mantle and 
mounted on a shaking platform (8-20 cycles/sec with 0.05 i n . 
o s c i l l a t i o n ) . The reaction vessel was heated by a Glass-Col 
heating mantle. A f t e r cooling, the reactor content was c e n t r i -
fuged, and the viscous
pylene oxide by vacuum

Polyurethane Products: Polyurethane foams were prepared by 
reacting a 10% excess of diisocyanate component over the amount 
required by stoichiometric c a l c u l a t i o n , based on hydroxyl and 
carboxyl number determination with the p o l y o l , and e i t h e r water 
or freon f o r blowing agent, s i l i c o n e surfactant (Union Carbide 
L-520), and two c a t a l y s t s , Union Carbide's NIAX A - l (70% by 
weight s o l u t i o n of bis-dimethyl-amino-ethyl ether), and a s t a 
b i l i z e d stannous complex (Union Carbide's Metals and Thermit 
T-9). Blowing agent, surfactant, and c a t a l y s t s were added i n 
concentrations of 1.5, 1.5, 0.2 and 0.3%, r e s p e c t i v e l y , on basis 
of p o l y o l weight. The mixture was agitated vigorously f o r about 
10-15 seconds and then allowed to r i s e . The foams were condi
tioned f o r three days before they were cut i n t o the dimensions 
recommended by ASTM standards. 

Polyurethane adhesives were prepared by mixing p o l y o l , d i 
isocyanate (MDI, TDI or HDI), solvent (DMF, benzene or ethylace-
t a t e ) , and c a t a l y s t (T-9) i n the follo w i n g fashion: The d i i s o 
cyanate dissolved i n h a l f of the t o t a l solvent volume was mixed 
with two-thirds of the p o l y o l i n one-fourth of the solvent i n 
the presence of a trace of the c a t a l y s t . The mixture was heated 
to 50°C u n t i l an exothermic reaction s t a r t s ; then, heat was tem
p o r a r i l y removed and reapplied f o r 10 min to maintain a tempera
ture of 80°C. The rest of the p o l y o l , c a t a l y s t , and solvent were 
then added and mixed completely. The r e s i n was ready f o r a p p l i 
cation when the consistency of the mixture had reached a s u i t 
able l e v e l . The adhesive was spread on 11 3/4" χ 4 1/2" χ 3/4" 
wood (hard maple or southern pine) s t r i p s . The moist adhesive-
coated surfaces were exposed to ambient a i r (vented hood) f o r 
20-30 seconds i f DMF was used as solvent, or f o r 3-5 minutes i f 
e i t h e r benzene or ethylacetate was used. A f t e r pressing (100 
p s i ) , the s t r i p s were cut i n t o small shear blocks and tested 
according to ASTM Standard D905-49. Polyurethane coatings were 
prepared by mixing the p o l y o l (80 parts) i n ethylacetate (60 
parts) and toluene (40 p a r t s ) , with a s o l u t i o n of TDI (53 parts) 
i n 80 parts ethylacetate and 30 parts toluene, and T-9 c a t a l y s t 
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(0.5 p a r t s ) . The r e s i n i s ready f o r a p p l i c a t i o n when the tem
perature of the mixture has returned to ambient. 

Sodium Azide Pathway: The free carboxyl group-containing 
compound was dissolved i n thiony1-chloride and refluxed f o r 10 
hours, followed by vacuum evaporation. To a s o l u t i o n of acyl 
chloride i n 1,2-dimethoxyethane was added, under s t i r r i n g , an 
excess of f r e s h l y activated sodium azide i n s o l i d form ("dry 
method"), or i n aqueous s o l u t i o n ("wet method"). In the dry 
method, the mixture was refluxed overnight, f i l t e r e d , and evapo
rated to dryness. In the wet method, the mixture was s t i r r e d f o r 
20 minutes and p r e c i p i t a t e d by the addition of water (10 times 
i t s o r i g i n a l volume). The p r e c i p i t a t e was f i l t e r e d , washed, and 
freeze-dried. The organi  azid  e i t h e  heated f o  1 hou
100-120°C ( o i l bath) a
fo r 1 hour i n dioxane- o  ("solutio  method"),
was followed by vacuum evaporation. 

Hydrazide Pathway: The unhydrolyzed copolymer (anhydride 
form) was methylated f o r 20 hrs by pressure-heating to 110°C i t s 
absolute methanol s o l u t i o n containing a small amount (ca. 0.5% 
of methanol) of N-N-4 dimethylaminopyridine followed by vacuum 
evaporation. The concentrated s o l u t i o n was p r e c i p i t a t e d from 
ether-pet ether 2:1 by dropwise a d d i t i o n , f i l t e r e d and washed 
(ether-pet ether). 

A dimethylester s o l u t i o n i n dry methanol (ca. 1%) was mixed 
with excess anhydrous hydrazine and refluxed f o r 6 hours. The 
residue from vacuum evaporation was the hydrazide, which was 
freeze-dried from i t s aqueous s o l u t i o n . A s o l u t i o n of the hy
drazide i n 10% aqueous HC1 was cooled to 0 to 5°C, and to t h i s 
s o l u t i o n was added dropwise an aqueous s o l u t i o n of NaNU2. A 
p r e c i p i t a t e formed overnight, which was c o l l e c t e d and dried. 
This product, the acid azide, was subjected to the same kinds of 
Curtius rearrangement conditions as described above. 

Pol y o l Capping: A p o l y o l (hydroxyl no. 315, carboxyl no. 
11) s o l u t i o n i n benzene was added dropwise to a s t i r r e d benzene 
s o l u t i o n of HDI, which was kept i n a 50°C water bath. A f t e r 
heating the mixture f or 1 hour, the s o l u t i o n was cooled and used 
f o r impregnating s t r i p s of bleached board ( b l o t t i n g paper) by 
immersion f o r 30 seconds. A f t e r removing the coated s t r i p s from 
the s o l u t i o n , excess s o l u t i o n was wiped o f f from the paper sur
face, and the s t r i p was a i r - d r i e d . A f t e r conditioning, the ten
s i l e strength of the samples was determined following TAPPI 
Standard T4940S-70. Elongation, t e n s i l e energy absorption (TEA), 
basis weight, and density were calculated. 

Conclusions 

Lig n i n by-products from k r a f t and s u l f i t e pulping were found 
to constitute useful raw materials f o r polyols f o r polyurethane 
products. Their employment i n the manufacture of semi- r i g i d 
polyurethane foams as w e l l as polyurethane adhesives and coatings 
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has been reported previously. The manufacture of lignin-based 
polyols by carboxylation with maleic anhydride and oxyalk y l a t i o n 
with propylene oxide has been studied with regard to economic 
f e a s i b i l i t y , and was found to be competitive with commercial 
polyols of s i m i l a r c h a r a c t e r i s t i c s , and p r o f i t a b l e i f sold f o r 
about 40*/lb. (1975) (20). 

The l i m i t a t i o n s of the use of l i g n i n i n polyols f o r ure
thane s are determined by the d i f f i c u l t i e s encountered during the 
l i q u e f a c t i o n step of i t s preparation. This step generally redu
ces the l i g n i n content of the p o l y o l to between 10 and 30%. 

Attempts to increase the l i g n i n content i n polyurethane 
products v i a e i t h e r increased l i g n i n contents of the p o l y o l s , or 
v i a the formulation of
f a r l a r g e l y f a i l e d . Thi
l i m i t e d s o l u b i l i t y c h a r a c t e r i s t i c s . 
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22 
Dynamic Mechanical and Thermal Properties of 
Seven Polyurethane Adhesives 

D. M A R K HOFFMAN 

Lawrence Livermore National Laboratory, University of California, 
Livermore, CA 94550 

The dynamic mechanical behavior of block copolymers depends 
on the mechanical and morphological nature of each block. If 
polymer block A is thermodynamically incompatible with polymer 
block B, microphase domains form (1-5). The concentration and 
chemical structure of these domains can be controlled to produce 
desired mechanical and thermal properties. 

Seven polyurethane adhesives have been developed at Lawrence 
Livermore National Laboratory (LLNL). These adhesives, 
designated Halthanes were synthesized because of OSHA 
restrictions on the use of the curing agent methylene 
bis(2-chloroaniline). Four of the Halthanes were made 
fromLLNL-developed 4,4'-methylene bis(phenylisocyanate) 
terminated prepolymers cured with a blend of polyols; three were 
made from an LLNL-developed prepolymer terminated with Hylene W 
and cured with aromatic diamines. In this paper we report the 
dynamic mechanical and thermal behavior of these seven segmented 
polyurethanes. 

Segmented polyurethanes have domains called hard and soft 
segments (3) because of their modulus differences. Relaxations 
in the dynamic mechanical spectrum can be associated with 
transitions in the hard and soft segments. In the Halthane 
adhesives, the soft segment is always the reaction product of a 
hydroxy-terminated poly(tetramethylene glycol) and an 
isocyanate. Since domain insolubility depends on molecular 
weight, the degree of polymerization of the polyether can be 
changed to produce different degrees of microphase separation. 

0097-6156/81/0172-0343$05.00/0 
© 1981 American Chemical Society 
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Lower molecular weight polyether in the soft segment increases 
the glass t rans i t ion temperature and therefore decreases the low 
temperature l imi t of elastomeric character of the adhesive. 

Diisocyanates and low molecular weight d io l s or amines used 
to form the polyurethane or polyurea hard segments act as 
physical cross l inks and part iculate f i l l e r in the soft rubbery 
domains increasing the modulus and improving toughness and creep 
resistance. The t rans i t ion behavior of the hard segments depends 
on the i r chemical structure. We found that hard segments made 
from aromatic or c y c l i c monomers produced s t i f f , high modulus 
adhesives while a l iphat ic monomers produced more rubbery 
adhesives. 

Experimental 

Compositions of Halthane adhesives are given in Tables I and 
II . Information on polymerization procedures i s described 
elsewhere (16) . 

The dynamic shear storage modulus (G' ) and loss modulus (G") 
were measured from -150° to 50°C using the forced torsion 
f ix ture on a Rheometric Mechanical Spectrometer (RMS)*. When the 
storage modulus dropped below 10& Pa, th is f ixture became 
insens i t ive . For moduli less than 10? Pa, the para l l e l plate 
f ix ture with serrated disks was used. The para l l e l plate f i x ture 
was used to extend the dynamic mechanical measurements to high 
temperatures. Degradation above about 250°C dictated th is 
temperature as an upper l imit for RMS measurements. Further 
discussion of equations and use of these f ixtures are given 
elsewhere (_7,8). 

Results 

This section i s subdivided into two parts based on the two 
types of LLNL Halthane adhesives. The basic d i s t inc t i on between 
these adhesives is the modulus of the rubbery plateau. Halthane 
73-series adhesives are tough, rubbery polyurethanes with a 
modulus of about 10^ Pa at room temperature. On the other 
hand, Halthanes 87-1, 87-2, and 88-2 are s t i f f , almost glassy 
adhesives with a modulus of about 10& Pa at room temperature. 

Halthane 73-Series Adhesive 

Soft Segment Behavior. The soft segments of a l l the 
73-series Halthanes consist mainly of a low molecular weight 

^Reference to a company or product name does not imply approval 
or recommendation of the product by the Univers ity of Ca l i f o rn ia 
or the U.S. Department of Energy to the exclusion of others that 
may be suitab le . 
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Table I. 73-series prepolymer and curing agent formulations. 

Curing Agents 

Component 14 15 18 19 

Polymeg 1000 90 9
1,4-butanediol 10 1
Quadrol - - 5 5 
FAA - 0.0156 - 0.0107 

Prepolymer 

Polymeg 1000 47.6 47.6 47.6 47.6 
Polymeg 2000 7.4 7.4 7.4 7.4 
MDI 45.0 45.0 45.0 45.0 

Prepolymer: 62/38 62/38 65/35 65/35 
Curing Agent 

Table II . 

Component 

Tonox 60/40 
XU-205 

Polymeg 2000 
HMDI 

Prepolymer: 
Curing agent 

Prepolymer and curing agent formulations for 
polyurea hard segment adhesives. 

Curing Agents 

87-1 87-2 

100 

77.6 
22.4 

93/7 

100 

Prepolymer 

77.6 
22.4 

92/8 

88-2 

100 

74.0 
26.0 

88/12 
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Abbreviations Structure 

MDI - 4,4 ' methylene bis 0=C = N - ^ ^ C H 2 - / O V N = C=0 
(phenyl isocyanate) 

HMDI - Hylene W (saturate

BDO - butanediol H0-(CH2)40H 

OH 
I 

Q - quadrol (CH 3 CH-CH 2 ) 2 N CH 2CH 2 N(CH2CH C H 3 ) 2 

HO 

Polymeg 1000 -

poly(tetramethylene oxide) H0-(CH2CH2CH2CH20)X-H χ = 14; 

Polymeg 2000 -

poly(tetramethylene oxide) χ = 28 

Τ0Ν0Χ - mixture of aromatic diamines H 2 N - ^ £ ^ C H 2 - { o ) - N H 2 

4,4· methylene dianaline and N H 2 

m-phenylene diamine + f b NH2 

XU-205 - mixture of substituted 

aromatic diamines of 4,4* H2N-^^CH 2- {Ô^-NH2 

methylene dianaline R] R2 

FAA - f e r r i c acetylacetonate Fe (0-C=C-C=0)3 
I I 
CH 3 CH 3 
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polyether Polymeg 1000 extended by a di functional isocyanate, 
MDI. Three low temperature t rans i t ion maxima are found in the 
loss modulus (Gn) of the 73-series Halthanes (see F i g . 1). Two 
low temperature secondary relaxations below the glass t rans i t ion 
of the soft segment are a r b i t r a r i l y labeled Τβ (-100°C) and 
T 7 ( -155°C). These relaxations are probably associated with 
molecular motions in the urethane (9) and polyether (10) 
components of the soft segment, respect ive ly . The glass 
t rans i t ion of the soft segment occurs at about -50°C and i s 
responsible for the drop in the storage modulus G' by two 
orders of magnitude. 

The soft segment t rans i t ions of 73-15, 73-18, and 73-19 are 
very s imi lar to those shown for 73-14 in F i g . 1. Table III l i s t s 
these t rans i t ions for each adhesive. The presence of 
tetrafunctional alcohols in the 73-18 and 73-19 polymers raises 
the soft segment glass t rans i t io
s l i g h t l y as compared to

The apparent act ivat ion energies (E/\çj) of the dynamic 
mechanical t rans i t ions can be calculated from the temperature at 
the maximum in the loss modulus T (G " m a x ) as a function of 
frequency. A typ ica l Arrhenius plot (see F i g . 2) of the apparent 
act ivat ion energy of the soft segment glass t rans i t ion for 73 
ser ies polymers y ie lds E / \ C J values of approximately 7 5 + 5 
kcal/mole (314 kj/mole) over a frequency range of 2 decades. 

Hard Segment Behavior. The hard segment t rans i t ions of the 
73-series Halthane adhesive are very complex. Hard segments 
containing the tetrafunctional chain extender, quadrol (73-18 
and 73-19), show s t r ik ing ly dif ferent dynamic mechanical 
behavior compared to hard segments of di functional butanediol 
(73-14 and 73-15). Because of the low concentration of hard 
segments, the i r t rans i t ions are d i f f i c u l t to ident i fy . The 
t rans i t ion behavior is also complicated by a small amount of 
c r y s t a l l i n i t y shown as a melting endotherm in the DSC traces in 
F i g . 3. Poorly c ry s t a l l i z ed paracrysta l l ine (JJ_) urethane 
segments exhibit broad, weak melting endotherms, which occur at 
di f ferent temperatures depending on the thermal history of the 
sample (12). 

The "glass t rans i t ion of the hard segments is presumed to be 
between 50° and 80°C based on the DSC data. It i s followed by a 
melting endotherm beginning at about 80°C and ending at about 
120°C. The exotherm is smaller in the cross!inked hard segments 
(73-18 and 73-19) than in the l inear hard segments. 

The dynamic mechanical relaxations in the high temperature 
region are very weak and the glass t rans i t ion was 
indist inguishable from the melting point (F ig . 4 ) . However, the 
mechanical properties of polyurethanes with chemically 
cross!inked hard segments were quite di f ferent from 
uncross!inked polyurethanes. In the l inear adhesives (73-14 and 
73-15), the rubbery plateau ends at the melting point of the 
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Temperature (°C) 

Figure 4. The high-temperature shear storage and loss moduli of Halthane 73-14 
and 73-19 adhesives are controlled by the presence or absence of the cross-linking 
agent quadrol in the hard segments. In the linear urethane (73-14), viscous flow 
follows the melting of the hard segments, whereas in the cross-linked urethane 

(73-19), the modulus drops only when the polymer begins to degrade. 
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hard segment and the polymer begins to flow (about 90°C). This 
is shown by the drop in the storage modulus (G 1) above th is 
temperature (F ig . 4) . The shoulder on the loss and storage 
modulus of 73-14 at about 120°C is probably the f ina l melting 
out of the hard segment c rys ta l s . In contrast, the 73-19 
adhesive remains rubbery and w i l l not flow below 200°C. Above 
th i s temperature, these polymers begin to degrade. C lear ly , the 
chemically crossl inked adhesive is superior to the uncross!inked 
adhesive, because i t retains i t s in tegr i ty above the melting 
point of the hard segment. The melting of the hard segments 
causes only a s l ight change in storage modulus and the adhesive 
does not flow. 

Table III . Transit ion temperatures of 73-series Halthanes. 3 

Trans i t ion^ 73-14 73-15 73-18 73-19 

h -155 -160 -160 -160 

-100 -100 - 99 -100 

EACT ( k J / m o l e ) 57.3 62 

Tg(SS) - 56.7 - 53.8 - 49.2 - 49 

Ε (kJ/mole) 
ACT 

339 323 298 195 

Tg (SS)c - 51 - 53 - 43 - 41 

T m (HS)d 92 81 85 85 

Tg (HS)C 78 50 70 68 

T m (HS)C 98 80 83 82 

a Dynamic mechanical t rans i t ion temperatures were measured at 
the maximum in the loss modulus at 0.1 Hz. 

k Temperatures in °C. 
c D i f fe rent ia l scanning calorimeter measurements from F i g . 3. 
d This t rans i t ion shi f ts from sample to sample character i s t ic 
of urethane hard segment multiple melting behavior. 
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22. HOFFMAN Polyurethane Adhesives 353 

The addition of tetrafunctional quadrol has two effects on 
the mechanical properties. (1) It chemically cross l inks the 
polymer, extending the rubbery plateau beyond the melting point 
of the hard segments. (2) It weakens the load bearing capab i l i ty 
of the hard segments causing the rubbery modulus of crossl inked 
systems to be lower than the l inear materials at temperatures 
below the melting t rans i t ion of the hard segments. That is to 
say, the crossl inked adhesives (73-18 and 73-19) have a lower 
modulus (1()6 Pa as compared to 10? Pa) over a wider 
temperature range (-50° to 200°C as compared to -50° to 100°C) 
than the uncrosslinked 73-14 and 73-15 adhesives. 

Polymer degradation, as measured by TGA, begins at about 
250°C in a i r for a l l the 73-series adhesives (see F i g .  This 
is somewhat higher than
decrease in storage modulus; th is is because the i n i t i a l stages 
of degradation involve chain sc i s s ion , which reduces the 
modulus, whereas at higher temperatures, reversion and pyrolysis 
produce gaseous degradation products and therefore, weight loss . 

Halthane 87- and 88-Series Adhesives 

Soft Segment Behavior. The soft segment storage and loss 
moduli of 87-1, 87-2, and 88-2 Halthane polyurethanes (F ig . 6) 
are very s imi lar to the dynamic mechanical moduli of 
poly(tetramethylene glycol) (10). From the loss modulus peaks a 
low temperature secondary relaxation is found at about -150°C 
and the soft segment glass t rans i t ion is -70°C. From the storage 
modulus, the relaxation strength of the soft segment (the 
difference between the storage modulus of the glass and the 
rubber) is much less than the 73-series polymers. This means 
that 87 and 88 series adhesives are s t i f f e r or harder than the 
73-series adhesives. DSC soft segment glass t rans i t ion 
temperatures for 87- and 88-series adhesives (F ig . 7) are 
s l i g h t l y higher than dynamic mechanical t rans i t ion temperatures 
probably because of the higher heating rates used in the DSC 
measurements. 

Hard Segment Behavior. The high temperature dynamic 
mechanical behavior of Halthane 88-2 shows some apparent post 
curing above 90°C (F ig . 8) . The aromatic polyurea hard segments 
have glass t rans i t ions at about 180°C (14). I f these polymers 
are cured at room temperature, the hard segments do not 
polymerize completely. As the temperature increases, further 
curing occurs causing the storage and loss moduli to r i s e . This 
behavior is also shown in the DSC curves (F ig . 7). Since these 
polyurea hard segments are less f l e x i b l e , they are more 
ef fect ive in bearing the stress than the MDI-butanediol hard 
segments. Therefore, the modulus of these adhesives is about two 
orders of magnitude larger than the 73-series Halthanes 
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354 URETHANE CHEMISTRY AND APPLICATIONS 

Figure 5. Thermogravimetric analysis cruves of 73-series Halthanes show bimodal 
pyrolysis behavior starting at about 250°C. The rate of change in weight of the ad
hesive with time, dW/dt is plotted against temperature for a programmed heating rate 

of 12°C/min. 
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Figure 6. The low-temperature storage moduli of 87- and 88-series Halthanes 
show a smaller relaxation strength than 73-series Halthanes because of the aromatic 

hard segments' stiffness. 
Higher concentrations of hard segments are responsible for the higher modulus of 
Halthane 88-2 above the soft segment glass transition, T^SS), at —80°C. The low-
temperature loss moduli of 87- and 88-series Halthanes show the glass transition of the 
soft segments and a secondary relaxation at about —150°C. The frequency of oscillation 

was held constant during the measurements at 0.1 Hz. 
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(10^ Pa as compared to 10^ Pa) over the temperature range 
between hard and soft segment glass t r ans i t i ons . Table IV l i s t s 
the t rans i t ion temperatures for 87- and 88-series adhesives. 

As in the case of 73-series adhesives, degradation of 87 and 
88-series polyurethanes was bimodal (F ig . 9). These adhesives 
were somewhat more stable than the 73-series (compare F i g . 6 
with F i g . 9) . Vo l a t i l i z a t i on began at about 250°C. Assuming that 
the hard segments degrade f i r s t , th is implies that the polyurea 
hard segments of 87- and 88-series polymers have better thermal 
s t a b i l i t y than the polyurethane hard segments of the 73-series 
adhesives. 

Table IV. Transit ion temperatures of 87 & 88-series Halthanes.

Trans i t ion^ 87-1 87-2 88-2 

τ γ -150 -150 -150 

Tg (SS) - 79 - 77 - 76 

ΕACT (kJ/mole) 189 162 256 

T c (post cure) 105 92 93 

Tg(HS) 185 196 188 

a Dynamic mechanical t rans i t ions were measured at the maximum 
in the loss modulus at 0.1 Hz. 

b Temperatures in °C. 
c D i f fe rent ia l scanning calorimeter measurements from F i g . 7. 
Discussion 

Comparison of Hard and Soft Segments in the Different 
Adhesives. Each chemically d i s t inc t block in these segmented 
polyurethanes exhibits mechanical and thermal t rans i t ions 
character i s t ic of the homopolymer from which that block was 
made, unless the t rans i t ions are inhibited by the proximity of 
the second block. Five types of t rans i t ions are found in most 
homopolymers: secondary relaxations, a glass t r ans i t i on , melting 
t r ans i t i ons , viscous flow, and polymer degradation. Secondary 
relaxations are usually unaffected by other blocks because they 
involve small , local ized molecular motions. Degradation is 
usually unaffected by other blocks. The other t rans i t ions (the 
glass t r ans i t i on , melting t r ans i t i on , and viscous flow) often 
depend on the structure of the second block in the copolymer. 
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Figure 9. Thermogravimetric analysis curves of 87- and 88-series Halthanes show 
degradation behavior similar to 73-series Halthanes (Figure 6). 
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The glass t rans i t ion of the low molecular weight soft 
segments in the Halthane 73-series adhesives is 20°C higher than 
the glass t rans i t ion of the higher molecular weight soft 
segments in the 87 and 88 adhesives because of the constraints 
on the shorter poly(tetramethylene glycol ) chain motion by the 
more frequent placement of urethane hard segments (15,16). The 
addition of tetrafunctional monomer to the hard segments of the 
73-series Halthanes also increases the glass t rans i t ion 
s l i g h t l y , probably by disrupting the hard segment packing and 
increasing the inter fac ia l zone between the two blocks. 

There are several ways of changing the properties of 
segmented polyurethane copolymers. In th i s study, the chemical 
structure of the hard segments was changed to adjust the modulus 
of the adhesive. Furthe
concentration of the di f ferent blocks. For example, the 
87-series adhesives have a lower modulus than the 88-series 
adhesives because the i r hard segment concentration is lower. 
Studies of concentration effects (16) have shown that much wider 
var iat ion of modulus is possible tïïân was achieved here. 

Conclusions 

The chemical structure of the hard and soft segments, the 
concentrations of each block, and the presence of 
tetrafunctional cross l inker determined the dynamic mechanical 
and thermal properties of the three types of polyurethane 
adhesives, 73- , 87- , and 88-series Halthanes studied. 
Aromatic-a l iphatic MDI- butanediol urethane hard segments 
produce lower modulus (10^ Pa) materials in the rubbery region 
than c y c l i c unsaturated-aromatic urea hard segments. 
Incorporation of chemical cross l inks in the hard segments 
extended the rubbery plateau beyond the hard segment t rans i t ions 
up to temperatures where the polymer begins to degrade. 
Concentration of hard and soft segments can also be used to 
control the modulus between the glass t rans i t ion temperatures of 
the two blocks. 
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23 
Phase Mixing in Urethane Polymers 

ROBERT J. LOCKWOOD and LOUIS M. ALBERINO 

Donald S. Gilmore Research Laboratories, The Upjohn Company, 
North Haven, CT 06473 

It has become wel
are two-phase segmented block copolymers. The blocks consist 
of hard segments formed from the isocyanate and the short chain 
diol and soft segments formed from the isocyanate and long chain 
polyol. The interconnection between these two phases and the 
degree of phase separation are of major importance in determin
ing the final polymer properties. (9-14,16,17) If a polymer system 
consisted of compatible segments which were not phase separated 
then properties such as glass transition are considerably 
different from the case where the segments are incompatible and, 
hence, phase separated. 

In this research, the concept of compatible and incompatible 
hard and soft segments was investigated by first looking at 
physical mixtures of model amorphous hard segments and model 
soft segments. The physical blends then were analyzed by DSC 
and the glass transitions were measured. DSC has been demon
strated, to be a very useful tool for studying polymer morphol
ogy. (15) If the mixture of the amorphous hard and soft segments 
was compatible then one glass transition should result. However, 
if the mixture was incompatible, then the individual distinct 
Tg's would be observed. These ideas were further extended to 
actual polymers which were produced from prepolymers and various 
extender/polyol combinations. 

Experimental 
The extenders used were urethane grade dipropylene glycol 

(DPG) obtained from Dew Chemical, and urethane grade 1,4 
butanediol (1,4-BDO) obtained from GAF Corporation. The polyols 
used were Poly G 53-56 (Olin Chemical) a 2000 molecular weight 
polyoxyethylene-oxypropylene diol containing 11% BO (ethylene 
oxide), Poly G 55-56 (Olin Chemical) a 2000 M.W. polyoxyethy
lene-oxypropylene diol containing 45% BO, and Niax PPG-2025 

0097-6156/81/0172-03 63$05.00/0 
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In Urethane Chemistry and Applications; Edwards, K., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



364 URETHANE CHEMISTRY AND APPLICATIONS 

(Union Carbide) a 2000 M.W. polyoxypropylene glycol containing 
no EO. The isocyanate used was Upjohn 125M, 4,4' diisocyanato 
diphenyl methane (MDI). Polyols and extenders were dried by 
degassing under vacuum. 

Model Preparation 

In order to provide solubility, the MDI-DPG model oligomeric 
hard segment was prepared at a hydroxyl to isocyanate equivalent 
ratio of 1.0 to 0.9. The model soft segments were prepared at 
1 to 1 equivalent ratios. Both hard and soft segments were pre
pared by mixing the two components together at 50°C with (0.01%) 
dibutyl t i n dilaurate catalys
and soft segment mixture
Ν,Ν-dimethyl formamide (stored over sieves - Fisher) and cast 
into glass crystallizing dish covers. The solvent was gemoved 
by oven drying at 80 C followed by vacuum drying at 110 C for 
two hours. TGA shewed the resulting material to be solvent free. 
DSC scans on these materials were then run on a DuPont 990 at 
10 C/min. under nitrogen from -100°C to +250 C. 

Polymer Preparation 

Preparation of the polymers was carried out by a two step 
method. First, MDI prepolymers were prepared in a 5 l i t e r 
round bottom flask equipped with a stirrer, thermometer, 
addition funnel, and nitrogen inlet. The dried polyols were 
added dropwise to MDI at 75 C and the reaction temperature was 
maintained at 85 C. The mole ratios of MDI to polyol listed 
in Table II gave prepolymers containing 18.67% free NCO groups 
by weight or an isocyanate equivalent weight of 225. In the 
case of prepolymers 2 and 4, the DPG was added f i r s t and then 
the 2000 molecular weight polyol was added. 

In the second step, the urethane polymers were prepared 
from each of the four prepolymers by mixing with a stoichiometric 
amount of 1,4-butanediol (1,4-BDO). To a plastic cup was added 
125 grams of prepolymer, 25 grams of 1,4-BDO, and 0.1 cc of 
UL-1, a dibutyl t i n mercaptide from Witco Chemical Co. These 
rocm temperature components were mixed for 10 seconds using a 
high shear ndxing blade at 2400 rpm. The prepared polymers were 
allowed to cure at rocm temperature for at least one week and 
then DSC*s and ΊΜΑ1 s were run. 

DSC1 s were run on a DuPont 990 at 10 C/min. with Qa nitrogen 
purge. One sample series was run over the range -120 C to 0 C 
and another sample series was run from 20°C to 250°C. Q 

TMA.'s were run over a temperature range of -20 C to 210 C 
on a Perkin Elmer Thermcariechanical Analyzer TMS-1. They were 
run with a 40 mil diameter penetration probe loaded with 200 
grams to give a pressure of 394 psi. The program rate was 
10 C/min. under a helium atmosphere and the Y-axis sensitivity 
was 10 inches/inch of chart paper. 
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Results and Discussion 

MDdelQhard segments of MDI-DPG at a 0.9/1.0 mole ratio gave 
a Tg of 85 C which was used in the physical blending study, 
while at a 1.0/1.0 mole ratio gave a Tg of 110°C. No melting 
endotherms were observed so these hard segments are described 
as glassy-amorphous. . 

Model soft segments of MDI/PPG-2025, MDI/Poly 053-56, 
and MDI/Poly G-55-56m gave Tg's of -50°C, -52°C, and -56 C, 
respectively (see Table I). 

As such, these amorphous (glassy) hard segments and 
amorphous (rubbery) soft segments folloWgClassical rules of 
mixing. For example, th  Fo  equation—^fo  th  T f
compatible blend i s give

1 W W 

ω ^ = 4 + 4 
where Tg M = glass transition of compatible mixtures (°K) 
Tg A = glass transition of Polymer A (°K) 

= weight fraction of Polymer A. 

Thus, i f two polymers are compatible - SINGLE PHASE - there 
w i l l be one Tg given by equation (1). If two polymers are i n 
compatible - Tm PHASES - there w i l l be two Tg's - those of the 
individual polymers. These concepts are demonstrated in 
Figure 1 which shows blends of the hard segment (MDI-DPG) in 
soft segments (MDI/Poly G 53-56™ and MDI/Poly G 55-56 ). 
Figure 1 shows that the hard segment MDI-DPG is essentially 
completely compatible in the soft segment MDI/Poly G-55-56, 
a 45% B0 polyol and essentially completely incompatible in the 
soft segment MDI/Poly G-53-56, an 11% E0 polyol. The theoret
ic a l line derived f ran Equation 1 is in good agreement with the 
compatible blend. 

An example of a crystalline hard segment is MDI/1,4-BD0 
which has a Tm or melt point by DSC. Table 1 shews that MDI/1,4-
BD0 hag a small Tg at 110°C, a Tc or crystallization temperature 
at 182 C and a series of three successive crystallite melting 
points at 202°C, 220°C, and 236 C; the upper temperature being 
the mp of the pure equilibrium crystal. 

The same ccmpatibility/incx^atibility rules as discussed 
for amorphous hard segments and soft segments do not apply with 
crystalline hard segments. Extenders which form crystalline 
hard segments with MDI aggregate into bundles or form a hard 
segment domain within the amorphous soft segment phase (3). 
Thus, crystalline hard segment based polymer systems w i l l 
generally have separate hard and soft segment glass transitions. 
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Figure 1. DSC results of physical blending of hard and soft segments. Key: ψ , 
MDI-DPG/M DI-Poly G (55-56 ®); O, 0 , and Δ , MDI-DPG/M Dl-Poly G 

(53-56 ®). 
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Table I I l i s t s the thermal t r a n s i t i o n s by DSC and ΊΜΑ o f 
four d i f f e r e n t urethane polymer systems based on the preceding 
hard and s o f t segment combinations. While PPG-2025 was used 
i n place of Poly G-53-56, i t should behave the same since i t 
has no c c m p a t i b i l i z i n g BO. Figures 2 and 4 e x h i b i t the r e 
spective DSC and ΊΜΑ curves o f these polymers: 

Polymer 1 based on MDI/PPG-2025 t m/l, 4-BDO shows an i n 
compatible two phase polymer w i t h a w e l l defined s o f t segment 
Tg a t -40 C and sharp melting endotherms a t 203 C, 222 C, and 
238 C c h a r a c t e r i s t i c of a pure MDI/1,4-BDO hard segment. The 
IMA. curve has an i n i t i a l softening atQ41°C, a second softening 
a t 130 C and a major softenin  16  Thi
i n g might be due t o th
ment domains i n the hard segment domain. 

Polymer 2 based on MDI/DPG/PPG-2025tm/l, 4-BDO i s also two 
phase; however, the c r y s t a l l i n e hard segment phase has been 
transformed t o a glassy-amorphous phase as shown by the Tg a t 
105°C and the s o f t segment gl a s s t r a n s i t i o n i s not as well-de
f i n e d as i n Polymer 1. The major softening observed a t 99 C by 
ΤΜΆ very c l o s e l y corresponds t o the 105°C Tg measured by DSC. 

Polymer 3 based on MDI/Poly G SS-sd0^/!, 4-BDO e x h i b i t s an 
incompatible two phase polymer c o n s i s t i n g of an amorphous s o f t 
segmentQTtj a t -38 C and c r y s t a l l i n e hard segment Tin's a t 222 C 
and 241 C. ΊΜΆ shews a higho160°C onset softening temperature 
and a major softening a t 205 C, which i s very clo s e t o the melt 
temperature o f the hard segment. 

Polymer 4 based on MDI/DPG/Poly 0-55-56^/1,4-BDO can be 
described as a b a s i c a l l y one-phase compatible polymer system. 
The s o f t segment Tg i s almost non-existent and there i s no 
definable Tm. Extreme intermixing between the hard and s o f t 
segments has taken place, r e s u l t i n g i n an intermediate glassy 
amorphous Tg by DSC o^ about 81 C. The ΊΜΑ curve shews a major 
softening a t about 74 C, which once again i s i n close agreement 
w i t h the Tg by DSC. 

Conclusions 

P h y s i c a l blending of model hanopolymers can be used t o 
p r e d i c t the c o m p a t i b i l i t i e s of urethane hard and s o f t segments 
and agrees w e l l w i t h a c t u a l r e a c t i o n blending. As shown fcy 
p h y s i c a l blending studies MDI-DPG i s compatible w i t h a 2000 
M.W.-45% BO containing polypropylene g l y c o l based p o l y o l , and 
incompatible w i t h a 2000 M.W. - 11% EO containing polypropylene 
g l y c o l based p o l y o l . When urethane polymers based on the above 
o r s i m i l a r p o l y o l s had 25% of the hard segment based on MDI-DPG 
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Figure 2. DSC s of model polymers. 
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and 75% of the hard segment based on MDI/1,4-BD0, the compatib-
i l i z i n g influence of the MDI-DPG predominated. This level of 
MDI-DPG was found to destroy the crystallinity of a normally 
crystalline 1,4-butanediol hard segment, making the total hard 
segment glassy-amorphous and produced a basically one-phase 
compatible polymer when a high BO (45%) containing polyol i s 
used. Thus, the level of MDI-DPG in a urethane polymer can be 
c r i t i c a l to the polymer's performance and final properties. 

Urethane polymer morphology can be quickly characterized 
by means of DSC and ΊΜΆ analyses. These thermal analyses are 
valuable tools in determining the interrelationship of the many 
formulation variables of urethane polymer systems: polyol type 
and molecular weight, har
various prepolymer compositions
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Characterization of Polyurethane Networks 

B. ERSHAGHI, A. J. CHOMPFF, and R. SALOVEY 
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Los Angeles, CA 90007 

Linear polymers ar y
ever, if enough crosslinking has occurred, such as in the vulcan
ization of elastomers, the polymer will swell but cannot dissolve 
in typical solvents. Then, it is impossible to derive molar mass 
(molecular weight) information from solution behavior. However, 
the average molar mass of the chains in the polymer network can be 
determined from swelling (1,2). 

If a polymer network attains an equilibrium degree of swell
ing, one can relate the number of "effective" chains per unit vol
ume (v*) or the average molar mass between crosslinks (Mc) to the 
degree of swelling (qi), if certain assumptions are made; namely, 
a constant polymer/solvent interaction parameter (x) and a refer
ence degree of swelling in the unperturbed state (qo) equal to 
unity for polymerization in bulk. However, we have calculated that 
Mc derived from swelling measurements did not agree with values 
determined analytically by labelling crosslinks with C14 (3). In
deed, Mc derived from swelling was about ten times that derived 
analytically. The origin of this discrepancy is examined in this 
paper. Selected polyurethane networks are swelled over polymer 
solutions with varied solute concentration i n order to determine 
the equilibrium degree of swelling as a function of solvent a c t i v 
i t y . From these data, M c, χ and q Q can be independently deter
mined . In a d d i t i o n , swollen networks are subjected to stress 
r e l a x a t i o n i n tension. The i n i t i a l and equilibrium stress are 
related to M c and q Q. 

Experimental D e t a i l s 

Materials Two commercial polypropylene g l y c o l s (polyols) of 
di f f e r e n t f u n c t i o n a l i t y were used. The t r i f u n c t i o n a l p o l y o l i s 
Union Carbide ΝIAX 16-56, and the d i f u n c t i o n a l p o l y o l i s Union 
Carbide NIAX 2025. Each has an equivalent weight approximating 
1.00 kg. The polyols were dried with bubbling dry nitrogen while 

0097-6156/81/0172-0373$05.00/0 
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heating to 110°C. S o l i d MDI (4-4 1-diphenylmethane diisocyanate) 
was supplied by the Upjohn Company. MDI was p u r i f i e d by vacuum 
d i s t i l l a t i o n . Since MDI dimerizes on storage, samples were always 
f r e s h l y d i s t i l l e d before use. The c a t a l y s t was d i b u t y l t i n d i l a u r -
ate from Witco Chemical. Dioxane solvent was obtained from Union 
Carbide, and polystyrene "standards" from Pressure Chemicals. 

Network Synthesis (4) S o l i d MDI was weighed into a f l a s k and 
an equivalent amount of p o l y o l added. The mixture was heated to 
about 40°C to dissolve the MDI. The mixture was then cooled to 
room temperature and degassed for several minutes under vacuum i n 
order to remove dissolved a i r . Catalyst was then added and the 
contents of the f l a s k mixe
then poured into a mold
glove bag to minimize reaction with atmospheric water. The cross
l i n k i n g process was also c a r r i e d out i n dioxane s o l u t i o n at 70% 
volume f r a c t i o n of s o l i d s . Polyurethane networks with d i f f e r e n t 
c r o s s l i n k d e n s i t i e s were prepared by varying the r a t i o of difunc-
t i o n a l and t r i f u n c t i o n a l p o l y o l s . A l l samples were extracted with 
dioxane to remove unreacted and uncrosslinked materialbef ore swelling. 

Swelling A temperature c o n t r o l l e d a i r bath, a balance and 
small modified weighing b o t t l e s were used to study sw e l l i n g . 
Polymer network samples were suspended over polystyrene s o l u t i o n s . 
Vapor absorption was measured by gravimetry and by monitoring the 
weight of the b o t t l e s , c o r r e c t i o n could be made fo r changes i n 
solute concentration. 

Stress Relaxation Polyurethane networks were also polymer
ized i n a mold with a c y l i n d r i c a l c a v i t y . Uniform rings were cut 
from the cylinders and weighed. The cross s e c t i o n a l area was then 
derived from the sample diameter and polymer density and approxi
mated 0.05 cm2. Stress r e l a x a t i o n was measured at several s t r a i n s 
between 10 and 43% with an Instron t e n s i l e t e s t e r . During stress 
r e l a x a t i o n , the samples were immersed i n dioxane and swelled to 
equilibrium. 

Theory The swelling behavior of polymer networks i s de
scribed by several network parameters: Xg, a polymer network-
solvent i n t e r a c t i o n parameter; υ*, the concentration of e l a s t i c a l -
l y e f f e c t i v e network chains; and q Q, a reference degree of swelling 
which i s r e l a t e d to the unperturbed end-to-end distance of the 
polymer chains during network formation. 

At an equilibrium degree of s w e l l i n g , the chemical p o t e n t i a l s 
of mixing and of e l a s t i c deformation of the network balance, so 
that: 

(1) ,d Δ G m i x i n g s ,3 A G e l a s t i c . _ Λ 

3 Ν 3 Ν ; " U 
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where, AG . . and AG Λ „. are the Gibbs free energies due to * mixing e l a s t i c ° 
mixing and e l a s t i c i t y , r e s p e c t i v e l y , and Ν i s the number of moles 
of solvent. O r d i n a r i l y , a s i n g l e swelling t e s t i s combined with 
assumed values for χ and q Q to determine υ* or Mc, the molecular 
weight between c r o s s l i n k s (2). A d d i t i o n a l information can be de
r i v e d by studying v a r i a t i o n s i n the equilibrium degree of swelling 
as a function of solvent a c t i v i t y , a^. I f μ̂ , i s the chemical 
p o t e n t i a l of solvent, then 

(2) μ = μ^ 0 + k Τ l n a ] L 

and the swelling of a crosslinke
follows (5): 

_! 2 . * - * ~ 2 / 3 5 / 3 

(3) ( l n a ^ In ( l - q ± ) q ± = X g - Vj_ Βυ q ± + ν χ Αυ q Q q ± 

q i i s the degree of s w e l l i n g , expressed as the swollen volume/dry 
volume, V x i s the molar volume of the solvent, A and Β are a r b i 
t r a r y constants from the theory of rubber e l a s t i c i t y . Values f o r 
A and Β have been suggested (6,7,8). 

Another method of varying the equilibrium degree of swelling 
i s to s t r e t c h the polymer during s w e l l i n g . Then, the chemical 
p o t e n t i a l of the solvent i n s i d e the gel w i l l decrease so that the 
degree of swelling i n the stretched state increases. For a s w o l l 
en network, one can c a l c u l a t e the degree of swelling i n the 
stretched state (q) from the i n i t i a l ( f Q ) and e q u i l i b r i u m ( f ^ ) 
forces and the s t r e t c h r a t i o i n the swollen state (Λ χ ). I f i s 
the force per u n i t dry unstrained cross-sectional area, then 

(4) a d = Ak T u * q o - 2 / 3
q i

1 / 3 ( Λ 3 _ ) 

since for a swollen network, the r e t r a c t i v e force i n stress r e l a x 
a t i o n i s almost purely entropie. Then, A U*q Q

 2 3 can be c a l c u 
lated and compared to values from s w e l l i n g . 

Since the i n t e r a c t i o n parameter (χ) i n most polymer solutions 
i s concentration dependent (10), we can w r i t e : 

( 5 ) x g = Xi + x 2
{ i " 2 

In order to evaluate χ, we can combine data from stress r e l a x 
a t i o n and s w e l l i n g . From stress r e l a x a t i o n , the value of Alfq 2Ρ 
can be calculated (equation 4) and substituted i n t o equation i . I f 
we represent a l l of the quantities i n equation 3 which are deter
mined experimentally by D, then we can w r i t e : 

(6) D - X i + χ 2 q 2 + V ^ B u S i 
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The values of χ χ , χ 2, and ν χΒυ* may then be obtained by l i n e a r 
programming. 

Results and Discussion 

A polyurethane gel network prepared with 80% d i o l and 20% 
t r i o l showed the highest degree of swelling i n dioxane among poly
urethane s prepared from the bulk polymerization of d i f f e r e n t p o l y o l 
mixtures. Compositions higher than 80% d i o l yielded soluble poly
mers. When an 80/20 polymerization was run i n dioxane s o l u t i o n , 
the degree of swelling of the resultant network was increased. 
Dioxane solvent produced maximum swelling of the polyurethane net
works when compared to
a s e r i e s of solvents, th
urethane network prepared with 100% t r a f u n c t i o n a l polyol was e s t i
mated to equal 11. 

The swelling of polyurethane networks was also conducted i n 
dioxane vapor. Such experiments generally take a long time to 
reach equilibrium. The d i f f u s i o n time was reduced by using t h i n 
(50μ) samples. The v a r i a t i o n of the degree of swelling with the 
volume f r a c t i o n of polystyrene solute i n dioxane i s shown i n Figure 
1. The stress r e l a x a t i o n of swollen polyurethane networks i s i l 
l u s t r a t e d i n Figure 2. 

The Flory-Rehner equation (2,13) was used to in t e r p r e t the 
swelling of the polyurethane networks i n pure dioxane i n order to 
c a l c u l a t e MQ, the molecular weight between c r o s s l i n k s . Here, we 
set qQ= 1 and χ , the network-solvent i n t e r a c t i o n parameter, con
stant and assumed equal to 0.35 (3). Networks with degrees of 
swelling (q±) of 6.41, 11 and 21.1 yielded M C values of 7,700, 
23,000, and 76,500, r e s p e c t i v e l y . 

Values of M C approximating 10^ were derived from measurements 
of the s o l f r a c t i o n s of these networks (11) . Such r e s u l t s d i d not 
c o r r e l a t e with the degree of swelling and are believed to be i n 
accurate. 

The swelling data i n Figure 1 were analyzed by l i n e a r program
ming i n order to determine values of M C, q Q , and χ , assuming that 
X i s constant f o r each network. Results for the three networks 
are shown i n Table I . Values of qQ are much larger and M c much 
smaller than expected. 

Stress r e l a x a t i o n c a l c u l a t i o n s on the swollen networks ( F i g 
ure 2) are summarized i n Table I I . The values of AU*q Q~ 2/ 3 are i n 
f a i r l y good agreement with those derived from swelling over poly
mer solutions (Table I ) . I t i s possible to determine M by set
t i n g q Q = 1. Then, from stress r e l a x a t i o n , the networks with 
degrees of swelling 6.41, 11, and 21.1 gave M C values of 14,000, 
21,000, and 31,500, r e s p e c t i v e l y . 

An a l t e r n a t i v e and, perhaps, preferable treatment of these 
data involves the method described i n the section on theory. In 
t h i s case, the i n t e r a c t i o n parameter, χ , i s assumed to be a 
simple function of concentration and st r e s s r e l a x a t i o n and s w e l l -
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Figure L The degree of swelling (q) of polyurethane networks in dioxane vapor 
over polystyrene solutions of various volume fractions (Φ8). 
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Figure 2. Stress relaxation of a swollen polyurethane network. 

Table I 

Swelling of Polyurethane Networks 
over Polystyrene Solutions i n Dioxane 

X q 0 
M c 

6.41 0.720 7.92 x l O " 5 19.4 1800 

11.1 0.642 5.717xl0" 5 17.8 2600 

21.1 0.436 4.810x1ο*"*5 16.8 3260 

In Urethane Chemistry and Applications; Edwards, K., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 
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Table I I 

Stress Relaxatio

A x f Q(gm) foo(gm) q ad(gm/cm2) 

"1.10 61 56 6.58 960 8.16xl0" 5 

< 1.25 114 110 6.62 1886 6.85xl0~ 5 

v1.32 154 147 6.79 2520 7.5 x l O " 5 

qi=11.00^ 

qi=21.10<{ 

1.065 50 41.5 11.38 415 4.85xl0" 5 

1.24 150 144 11.41 1440 4.74xl0~ 5 

1.324 201 194 11.51 1940 4.78xl0" 5 

1.432 272 263.6 11.65 2636 5.15xl0" 5 

1.10 31 26 22.22 542 3.35xl0" 5 

1.14 40 35.5 22.24 739 3.19xl0" 5 

1.21 62 57 22.41 1187 3.46xl0" 5 

1.32 78 73 22.86 1570 3.08xl0" 5 

In Urethane Chemistry and Applications; Edwards, K., et al.; 
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l i n g data are combined to y i e l d values of M C. Results of t h i s 
treatment are tabulated i n Table I I I . Apparently, by allowing q Q 

to vary, very low values of are derived. 
Inordinately low M may r e s u l t from an anomaly associated with 

polyurethane networks (12). The persistence of hydrogen bonding 
i n the swollen state may lead to high apparent c r o s s l i n k density 
and low values of M C. In a d d i t i o n , i t i s possible that the 
Gaussian approximation i m p l i c i t i n a l l our treatments i s inade
quate for an extensively swollen network. 

Conclusions 

In the c h a r a c t e r i z a t i o
average molar mass betwee
the degree of swelling (q^) (13). However, such values often do 
not agree with independent measurements (3). The swelling of 
polyurethane networks has been examined at varied solvent a c t i v i t y 
and during stress r e l a x a t i o n i n tension i n order to determine M C. 
As expected, the degree of swelling decreased with solvent a c t i v i t y 
and small increases i n the degree of swelling could be effected by 
the a p p l i c a t i o n of s t r e s s . 

A l t e r n a t i v e treatments of swelling and stress r e l a x a t i o n data 
gave varied r e s u l t s f o r . For the l e a s t densely crosslinked 
network (q-^ = 21.1), a simple a p p l i c a t i o n of the Flory-Rehner 
equation (13) to swelling i n pure dioxane gave M C equal to 76,500. 
Allowing the i n t e r a c t i o n parameter (χ), the reference degree of 
swelling i n the unperturbed state (q Q) and M C to vary, analyses of 
the swelling data at various dioxane a c t i v i t y using l i n e a r 
programming gave unreasonably low values of Mc. For example, M C= 
3,260 f o r the l e a s t densely crosslinked network. From stress 
r e l a x a t i o n of t h i s swollen network, the corresponding value of Mc 

was calculated to be 31,500. Assuming χ to be concentration 
dependent, stress r e l a x a t i o n and swelling data were combined to 
c a l c u l a t e M C. In t h i s case, M C was found to be equal to 10,400. 

I t i s concluded that by allowing q Q and M C to vary inde
pendently, swelling studies at varied solvent a c t i v i t y do not 
y i e l d reasonable values of M C. Higher and more l i k e l y values of 
MQ r e s u l t from e i t h e r swelling studies or stress r e l a x a t i o n of 
swollen networks by constraining q 0 to u n i t y . 

Values of Αυ qQ*" 2 ' 3 calculated from stress r e l a x a t i o n of the 
swollen networks agreed f a i r l y w e l l with those derived from 
swelling of polyurethane networks. The anomalous behavior of 
polyurethanes has been reported (12). Swelling at d i f f e r e n t 
solvent a c t i v i t y and stress r e l a x a t i o n of swollen networks are 
valuable techniques f o r network ch a r a c t e r i z a t i o n . Other networks 
such as crosslinked polystyrene w i l l be examined by these methods. 
The r o l e of the Gaussian approximation i n rubber e l a s t i c i t y w i l l 
be evaluated i n c a l c u l a t i n g M C for highly swollen networks. 
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Table I I I 

Ch a r a c t e r i s t i c s of Polyurethane Networks 

q ± AU*q o~ 2 / 3
 X g q o Mc 

6.41 7.5 x l O " 5 0.669 + 0.364q"2 16.5 2,100 

11.00 4.88xl0" 5 0.611 + 0.265q~2 17.25 3,100 

21.10 3.27xl0" 5 0.250 + 6.84q""2 5.2 10,400 

A=B=1 
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Polyisobutylene-Based Diols and Polyurethanes 

J. P. KENNEDY, B. IVAN1, and V. S. C. CHANG 

Institute of Polymer Science, The University of Akron, Akron, OH 44325 

Fundamental s t u d i e
t i o n o f the mechanism of o l e f i n i . e . , i s o b u t y l e n e , 
p o l y m e r i z a t i o n s y i e l d e d a new method f o r the s y n t h e s i s 
of n o v e l l i n e a r and t r i - a r m s t a r t e l e c h e l i c polymers 
and o l i g o m e r s [1,2] . The s y n t h e s i s i n v o l v e s the use 
of b i - or t r i - f u n c t i o n a l i n i t i a t o r / t r a n s f e r a g e n t s , 
so c a l l e d i n i f e r s ( b i n i f e r s and t r i n i f e r s ) , i n c o n j u n c 
t i o n w i t h BC13 c o i n i t i a t o r and i s o b u t y l e n e , and g i v e s 
r i s e t o p o l y i s o b u t y l e n e s c a r r y i n g e x a c t l y two or t h r e e 
t e r m i n a l - C H 2 - C ( C H 3 ) 2 C I g r o u p s . These l i q u i d t e l e -
c h e l i c p o l y i s o b u t y l e n e c h l o r i d e s can be r e a d i l y and 
q u a n t i t a t i v e l y c o n v e r t e d t o t e l e c h e l i c p o l y i s o b u t y l e n e 
d i - o r t r i - o l e f i n s [2,3] which i n t u r n can q u a n t i 
t a t i v e l y y i e l d by h y d r o b o r a t i o n / o x i d a t i o n t e l e c h e l i c 
p o l y i s o b u t y l e n e d i - and t r i o l s [4,5] . 

T h i s paper c o n c e r n s the s y n t h e s i s o f a new t e l e 
c h e l i c p o l y i s o b u t y l e n e d i o l , α,ω-di(hydroxy)polyiso
b u t y l e n e ( f o r m u l a IV i n Scheme I ) , and the p r e p a r a t i o n 
of new l i n e a r p o l y u r e t h a n e s c o n t a i n i n g p o l y i s o b u t y l e n e 
(PIB) s o f t segments by the use of t h i s d i o l and conv-
v e n t i o n a l e x t e n s i o n t e c h n i q u e s w i t h TDI. 

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

A. M a t e r i a l s . S o l v e n t s were p u r i f i e d by conven
t i o n a l t e c h n i q u e s and f r e s h l y d i s t i l l e d b e f o r e use. 
P o t a s s i u m t e r t . b u t o x y d e (t-BuOK) ( A l d r i c h ) , 9-bora-
b i c y c l o [ 3 . 3 . 1 ] n o n a n e (9-BBN), 0.5 M s o l u t i o n i n THF 
( A l d r i c h ) , 1 M s o l u t i o n of BH3 * THF complex i n THF 

1 Current address: Central Research Institute for Chemistry of the Hungarian Academy 
of Sciences, Budapest II Pusztaszeri ut 57-69 Hungary. 

0097-6156/81/0172-03 83$05.00/0 
© 1981 American Chemical Society 
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Scheme /. Synthesis of polyisobutylene-based diols and polyurethanes. 

?Vx ÇH3 
ci-ç-{2)-ç-ci /Bct3/|-q,H8 

C H . C H . 

p o l y m e r i z a t i o n 

(inifer method) 

Ç H 3 CH
C î - Ç - C H 2 PI

CH3 C H 3 

dehydrochlorination 

(-HC0 

C H 3 

t-BuOK/THF/reflux 

C H . 

C H . 

(I) 

C H 2 = Ç - C H 7 — P I B ÇĤ oV-Ç PIB C H 9 - C = C H 
C H . 

(II) 

C H 3 C H 3 C H 3 

regioselective I 

hydroboration I B H 3 /THF/ Q*C 

C H 3 / _ _ Ç H 3 

H 2 B - C H 2 - Ç H - C H 2 PIB Ç-/ÔVç PIB O ^ - Ç H - O ^ - B H j 
C H . C H . C H . C H . 

(III) 

oxidation NaOH /H 2 0 2 / 30-45'C 

H O - C H 2 - Ç H - C H 2 PIB Ç"\0)-Ç PIB C H 2 - Ç H - C H 2 - O H OH-, CH-

c h a i n extension 

by diisocyanates 

C B '3 C H 3 

(IV) 

O C N - R - N C O /bulk/-80*C 

^ C h ^ PIB C H 2 - 0 - C - N H - R - N H - C - θ } -

ο δ n 

(Y) 
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( A l d r i c h ) , and d i b u t y 1 t i n d i l a u r a t e (DBTDL) ( P o l y -
s c i e n c e s ) were used as r e c e i v e d . P h e n y l i s o c y a n a t e 
(PhNCO) ( A l d r i c h ) , t o l y l e n e d i i s o c y a n a t e (TDI) ( A l 
d r i c h ) , and 1 , 4 - b u t a n e d i o l (BD) ( A l d r i c h ) were d i s 
t i l l e d under reduced p r e s s u r e b e f o r e use. 

B. T e c h n i q u e s . The s y n t h e s i s and p u r i f i c a t i o n of 
α , o ) - d i ( t e r t . - c h l o ro) p o l y i s o b u t y l e n e C l - P I B - C l ( f o r m u l a 
I i n Scheme I) and the p r e p a r a t i o n of α ,ω-di ( i s o b u t -
e n y l ) p o l y i s o b u t y l e n e ( f o r m u l a I I i n Scheme I) by quan
t i t a t i v e r e g i o s e l e c t i v e d e h y d r o c h l o r i n a t i o n of C l - P I B -
C l have been d e s c r i b e d [ 1 , 3 ] . D e t a i l s of the s y n t h e s i s 
of α,ω-di(hydroxy)polyisobutylene
( f o r m u l a IV i n Schem
( i s o b u t e n y l ) p o l y i s o b u t y l e n e w i t h 9-BBN or BH3·THF, have 
been g i v e n e l s e w h e r e [ 4 ] . 

C h a i n e x t e n s i o n of p o l y i s o b u t y l e n e d i o l s have been 
c a r r i e d out w i t h TDI under a dry N2 atmosphere i n a 
s t a i n l e s s s t e e l e n c l o s u r e at ^80 0C on a h e a t i n g p l a t e . 
The d i o l c o n t a i n i n g a t r a c e amount of DBTDL c a t a l y s t 
and TDI (NCO/OH ^ 1.0) were r a p i d l y mixed w i t h a g l a s s 
r o d and the charge was m a i n t a i n e d a t 78-80° f o r two 
d ays. M o l e c u l a r w e i g h t s were d e t e r m i n e d by GPC; the 
equipment and p r o c e d u r e used have been d e s c r i b e d [ 1 ] . 

C omparative e x t e n s i o n e x p e r i m e n t s i n the absence, 
PU-1, and p r e s e n c e , PU-2, of 1 , 4 - b u t a n e d i o l , BD, have 
been c a r r i e d out t o o b t a i n Tg i n f o r m a t i o n . The M n (by 
VPO) of the P I B - d i o l used was 1,850. The s t o i c h i o 
m e t r i c s were PU-1: NCO/OH = 1.05; PU-2: NCO/OH/BD = 
1.0/0.5/0.5. DSC measurements were c a r r i e d out on a 
990 Thermal A n a l y z e r (DuPont I n s t r u m e n t s ) under Ν2 a t 
20°C/min. h e a t i n g r a t e . 

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

A. S y n t h e s i s of L i n e a r T e l e c h e l i c P o l y i s o b u t y 
l e n e D i o l s . A c c o r d i n g t o model c a l c u l a t i o n s [5-7] 
e f f i c i e n t c h a i n e x t e n s i o n of t e l e c h e l i c s can be c a r r i e d 
out o n l y w i t h p r e p o l y m e r s h a v i n g F^ (number average 
f u n c t i o n a l i t y ) = 2.00. The p r e p a r a t i o n of such t e l e 
c h e l i c p r e p o l y m e r s has been d e m o n s t r a t e d t o be p o s s i b l e 
by the i n i f e r s y n t h e s i s method [1,3,8-10]. The s y n 
t h e s i s of a t e l e c h e l i c p o l y i s o b u t y l e n e d i o l as o u t 
l i n e d i n Scheme I i n c l u d e s t h r e e major s t e p s : 1) the 
s y n t h e s i s o f C l - P I B - C l ( I) by the i n i f e r method [1] 2) 
the c o n v e r s i o n of I i n t o the d i o l e f i n I I by dehydro
c h l o r i n a t i o n u s i n g a h i n d e r e d base [3] and 3) c o n v e r 
s i o n o f I I i n t o the d e s i r e d t e l e c h e l i c p o l y i s o b u t y l e n e 
d i o l ( I V ) by h y d r o b o r a t i o n / o x i d a t i o n [ 4 ] . 
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In r e g a r d t o Step 1, the p r i n c i p l e of t h e i n i f e r 
s y n t h e s i s i s t h a t c e r t a i n b i f u n c t i o n a l 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 ) i n d u c e p o l y m e r i z a t i o n s and 
s u b s e q u e n t l y c o n t r o l the t e r m i n i of the polymers t h a t 
are formed by c h a i n t r a n s f e r t o i n i f e r s t e p s . Scheme 
II shows a s i m p l i f i e d i n i f e r mechanism (XRX = i n i f e r , 
M = monomer) [ 1 ] . 

The p - d i c u m y l c h l o r i d e / B C l 3 / i s o b u t y l e n e i n i f e r 
system has been t h o r o u g h l y i n v e s t i g a t e d . D e t a i l e d 
c h a r a c t e r i z a t i o n r e s e a r c h i n c l u d i n g v a r i o u s c h e m i c a l 
t e c h n i q u e s [3,8,10] , 1H NMR s p e c t r o s c o p y [ 1 , 3 , 8 ] , GPC 
equ ipped by d u a l RI and UV d e t e c t o r s [ 1 ] , end-group 
d e t e r m i n a t i o n by d e h y d r o c h l o r i n a t i o
s t u d i e s [8] p r o v e d t h a
i s as shown by f o r m u l a I i n Scheme I and t h a t the mol
e c u l e i s p e r f e c t l y b i f u n c t i o n a l (F* = 2.0). 

In r e g a r d t o Step 2, i t has been shown t h a t I 
can be q u a n t i t a t i v e l y c o n v e r t e d t o the t e l e c h e l i c d i -
o l e f i n I I by r e g i o s e l e c t i v e d e h y d r o c h l o r i n a t i o n w i t h a 
s t r o n g h i n d e r e d base e.g., t-BuOK,in r e f l u x i n g THF [ 3 ] . 
T h i s d i o l e f i n i s a v a l u a b l e s t a r t i n g m a t e r i a l f o r the 
s y n t h e s i s o f a l a r g e v a r i e t y o f o t h e r p r o d u c t s e.g., 
t e l e c h e l i c d i o l s [ 4 ] , d i e p o x i d e s [ 1 1 ] , d i a l d e h y d e s 
[ 1 2 ] , d i a c i d s [ 1 3 ] , e t c . , whose e x p l o r a t i o n i s a c t i v e 
l y p u r s u e d i n our l a b o r a t o r i e s . 

In r e g a r d t o Step 3, the t e l e c h e l i c d i o l e f i n I I 
can be q u a n t i t a t i v e l y c o n v e r t e d t o the d i o l V by hy-
d r o b o r a t i o n / a l k a l i n e o x i d a t i o n . S p e c i f i c a l l y , h y d r o -
b o r a t i o n o f I I by BH3·THF (or 9-BBN) y i e l d s an i n t e r 
m ediate I I I which w i t h o u t i s o l a t i o n can be c o n v e r t e d 
i n s i t u by a l k a l i n e o x i d a t i o n (NaOH/H2O2) t o the d i o l 
IV, the s t a r t i n g m a t e r i a l f o r p o l y u r e t h a n e s y n t h e s i s . 
The number average f u n c t i o n a l i t y of IV was found t o be 
2.0 w i t h i n e x p e r i m e n t a l e r r o r . The a n a l y t i c a l methods 
used were 1H NMR and UV s p e c t r o s c o p y [ 4 ] . The l a t t e r 
method i n v o l v e d the r e a c t i n g o f the d i o l w i t h p h e n y l 
i s o c y a n a t e , PhNCO, removing the e x c e s s PhNCO, f i l t r a 
t i o n , M n d e t e r m i n a t i o n and d i f f e r e n t i a l UV s p e c t r o 
scopy . T a b l e I shows r e p r e s e n t a t i v e d a t a . 

T a b l e I . F n of HO-CH 2-PIB-CH 2-OH 1 s p r e p a r e d by 
9-BBN and BH3 « THF 

H y d r o b o r a t i n g Number average f u n c t i o n a l i t y 
agent Fn 

XH NMR PhNCO method 
9-BBN 2.05+0.08 1.9 9+0.05 
BH 3-THF 2.02 + 0.08 1.98 + 0.07 

Β. P o l y u r e t h a n e S y n t h e s i s . We p r o c e e d e d t o p r e 
p a r e p o l y u r e t h a n e s by r e a c t i n g a s e r i e s o f w e l l 
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Scheme II. Simplified inifer mechanism. 

ion generation: XRX+MeXn t XR® + M e X ® + 1 

i n i t i a t i o n : XR + M -+ XRM 
f 

propagation: XRM + nM + XRM M w 

chain t r a n s f e r to m 

the i n i f e r : XRM Mw -HXRX ·* XRM MX + XRU 
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c h a r a c t e r i z e d l i q u i d t e l e c h e l i c p o l y i s o b u t y l e n e d i o l s 
h a v i n g m o l e c u l a r w e i g h t s i n the range 1,7000-3,000, 
w i t h TDI i n the c o n v e n t i o n a l manner. T a b l e I I shows 
the r e s u l t s o b t a i n e d w i t h t h r e e d i o l s a t NCO/OH ^ 1.0. 

T a b l e I I . C h a i n E x t e n s i o n of a, ω-Di ( h y d r o x y ) p o l y -
i s o b u t y l e n e w i t h T o l y l e n e P i i s o c y a n a t e 5 

S t a r t i n g M a t e r i a l P r o d u c t E x t e n s i o n 

Sample # M n-10" 3 M w-10" 3 Μ η · 1 0 " 3 M^.lO" 1* M w 

1 1.70 2.8
2 2.05 3.6
3 2.95 5.46 18.4 3.0 6.24 5.5 

a R e a c t i o n c o n d i t i o n s : b u l k , NCO/OH ^ 1.0, 75-80°C, 
t r a c e o f DBTDL c a t a l y s t i n P I B - d i o l , under d r y N 2 ; 
d a t a o b t a i n e d a f t e r 2 days; o b t a i n e d by GPC. 

The v i s c o s i t y of the c l e a r and c o l o r l e s s charge i n 
c r e a s e d r a p i d l y d u r i n g the f i r s t t h r e e - f o u r minutes 
and s t i r r i n g became d i f f i c u l t a f t e r about 24 h o u r s . 
A f t e r two days the p r o d u c t s e x h i b i t e d r u b b e r y behav
i o r ( v e r y r a p i d r e c o v e r y upon r e l e a s i n g t h e s t r a i n o f 
s t r e t c h e d s a m p l e s ) . The ru b b e r y masses were complete
l y s o l u b l e i n THF a t room t e m p e r a t u r e . 

I t i s not too s u r p r i s i n g t h a t the m o l e c u l a r weight 
e x t e n s i o n r o s e o n l y 5.5-8.7 f o l d c o n s i d e r i n g the d i f 
f i c u l t i e s one may e n c o u n t e r d u r i n g the l i n k i n g r e a c 
t i o n , e.g., 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 s r e a c h e d 
a f t e r 6-9 f o l d e x t e n s i o n , Η-bonding between u r e t h a n e 
l i n k a g e s , d i m i n i s h e d endgroup c o n c e n t r a t i o n , and min
ute d e v i a t i o n s from p e r f e c t 1:1 f u n c t i o n a l i t y . Ex
tended h e a t i n g t o somewhat h i g h e r t e m p e r a t u r e s and/or 
v a r y i n g the NCO/OH r a t i o s may r e s u l t i n h i g h e r e x t e n 
s i o n s . F u r t h e r i n v e s t i g a t i o n s a l o n g t h e s e l i n e s a re 
i n p r o g r e s s . 

A n o t h e r s e r i e s of e x p e r i m e n t s have been c a r r i e d 
out t o study the Tg of t h e s e new p o l y u r e t h a n e r u b b e r s . 
In t h e s e e x p e r i m e n t s a d i o l of M n = 1,850 was c h a i n 
extended w i t h TDI (NCO/OH ^ 1.05) i n the absence and 
pr e s e n c e o f 1 , 4 - b u t a n e d i o l e x t e n d e r . The p r o d u c t ob
t a i n e d i n the absence o f BD was c o l o r l e s s (PU-1) where
as t h a t i n the p r e s e n c e of t h i s e x t e n d e r was y e l l o w i s h 
(PU-2). Both f i l m s were tough e l a s t o m e r s . E x t r a c t i o n 
w i t h n-pentane ( S o x h l e t , 48 h r s ) d i d not change the 
appearance o f t h e f i l m s . These p r o d u c t s were l a r g e l y 
THF s o l u b l e (5-10% g e l ) and i n s o l u b l e i n DMF. The 
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e l o n g a t i o n of PU-1 was 500-600% and e x h i b i t e d r a p i d 
r e l a x a t i o n . The e l o n g a t i o n of PU-2 was o n l y ^100%. 

F i g u r e 1 shows DSC t r a c e s of H0-CH 2-PIB-CH 2-OH, 
PU-1 and PU-2. The appearance o f T g 1 s c h a r a c t e r i s t i c 
o f s o f t PIB segments a t low t e m p e r a t u r e s and ha r d TDI 
segments a t h i g h t e m p e r a t u r e i n d i c a t e s a h i g h degree 
o f phase s e g r e g a t i o n . High a m p l i f i c a t i o n was needed 
to d e t e c t t he h i g h t e m p e r a t u r e T g 1 s : i . e . , a t 81°C 
and 93 °C f o r PU-1 and PU-2, r e s p e c t i v e l y . The s l i g h t 
i n c r e a s e i n PIB Tg's from -72°C i n H0-CH 2-PIB-CH 20H t o 
-64°C and -61°C i n PU-1 and PU-2, r e s p e c t i v e l y , may 
i n d i c a t e a s l i g h t degree of i n t e r m i n g l i n g between the 
low m o l e c u l a r weight PIB d u r e t h a n  segments  Sim
i l a r phenomena hav
b u t a d i e n e - b a s e d p o l y u r e t h a n e

In c o n c l u s i o n , t h e s e e x p e r i m e n t s i n d i c a t e the 
p o s s i b i l i t y o f s y n t h e s i z i n g p o l y u r e t h a n e s w i t h p o l y -
i s o b u t y l e n e s o f t segments. The p o l y i s o b u t y l e n e d i o l s 
have been s y n t h e s i z e d by the i n i f e r method and c a r e f u l 
c h a r a c t e r i z a t i o n t e c h n i q u e s i n d i c a t e F n = 2.0. I t i s 
a n t i c i p a t e d t h a t p o l y u r e t h a n e s w i t h p o l y i s o b u t y l e n e 
s o f t segments w i l l e x h i b i t s u p e r i o r t h e r m a l , UV, o x i 
d a t i v e and c h e m i c a l r e s i s t a n c e t o c o n v e n t i o n a l p o l y 
u r e t h a n e s h a v i n g p o l y e s t e r , p o l y e t h e r , o r p o l y b u t a -
d i e n e s o f t segments. 

Abstract 

A novel polyisobutylene-based dio l has been syn
thesized and subsequently used in conjunction with 
tolylene diisocyanate (TDI) to y ie ld polyurethanes. 
The d io l was obtained by quantitative hydroboration/ 
oxidation from the corresponding telechelic d io lef in 
which in turn was prepared by quantitative dehydro-
chloration of the corresponding dichloride (Scheme I) . 
The number average functionality of the d io l is exact
ly two and i ts molecular weight polydispersity is 
1.5. Extension of telechelic polyisobutylene diols 
(Mn = 1,700-3,000) with TDI (NCO/OH = 1.0, bulk, 80°, 
two days) yielded a 5.5-8.7 fold increase in molecular 
weight. The products are strong rubbers exhibiting 
rapid recovery upon releasing the strain of stretching. 
The Tg's of polyurethanes prepared in the absence 
(PU-1) and presence of 1,4-butanediol (PU-2) extender 
have been determined. DSC showed two transit ions, at 
-64° and 81°C for PU-1 and - 6 1 ° and 93° for PU-2. The 
first transit ion is due to rubbery polyisobutylene 
domains while the second to hard TDI domains. 
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26 
The Mechanism of Tin—Amine Synergism in the 
Catalysis of Isocyanate Reaction with Alcohols 

IBRAHIM S. BECHARA 
Air Products and Chemicals, Inc., Linwood, PA 19061 

Tertiary amines and tin carboxylates are important catalysts 
in the production of polyurethan
and polyhydroxy compounds y
mechanism of the catalysis of the isocyanate-alcohol reactions by 
such compounds. Farkas and Mills (1), Entelis and Nesterov 
(2), Frisch and Rumao (3) and Petrus (4) have written excellent 
reviews on this subject. Wolf (5) has shown that these catalysts 
are synergistic to each other. 

Various explanations for this synergism have already been 
proposed. Willeboordse and co-workers (6) explained the synergism 
by the coordination of the amine to the isocyanate in a tin-
isocyanate-alcohol complex, thereby increasing the complex's 
stability as shown in Figure 1. 

Reegen and co-workers (7) studied the effect of tin and amine 
on the chemical shift of the alcohol's proton. Their NMR studies 
showed that the greatest downfield shift of the OH proton occurred 
when tin and amine were added to the solution of alcohol; thus, 
they reported that both hydrogen bonds and oxygen-metal bonds are 
formed and that the observed increase in the shift appears to cor
relate with the synergistic effect noted when preparing urethanes 
with a mixture of these catalysts. F r i s c h (3) l a t e r explained the 
synergism as due to complex formation between the a l c o h o l - i s o c y -
anate and t i n where the OH proton i s hydrogen bonded to the n i t r o 
gen of the isocyanate as shown i n Figure 2. The amine was pre
sumed to coordinate to the already complexed isocyanate i n a 
manner s i m i l a r to that proposed by Willeboordse (6). 

These explanations, however, are u n l i k e l y i n view of the fac t 
that the amine i s c e r t a i n l y a much better ligand than the isocy
anate or alcohol and therefore i t s coordination to the metal ion 
should be favored over that of the isocyanate. I t was shown by 
Graddon and Ranna (8) that d i a l k y l t i n dicarboxylates form a 1:1 
complex with t e r t i a r y amines quite r e a d i l y . Using c a l o r i m e t r i c 
techniques, these workers calculated the formation constants i n 
benzene s o l u t i o n for numerous complexes of a l k y l t i n carboxylates 
with t e r t i a r y amines. 

0097-6156/81 /0172-0393$05.00/0 
© 1981 American Chemical Society 
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Figure 1. Tertiary amine-activated ter-
nary complex of tin-alcohol-isocyanate 

(6). Journal of Macromolecular Sciences 
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Figure 2. Alcohol-bridged isocyanate-tin complex (3). 
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Experimental 

Materials. Phenyl isocyanate (Eastman Kodak) and 2-butanol 
were f r a c t i o n a l l y d i s t i l l e d under reduced pressure p r i o r to use. 
Dioxane was p u r i f i e d by f i r s t r e f l u x i n g with sodium metal, then 
d i s t i l l i n g under reduced pressure. Triphenyl phosphine, d i b u t y l -
t i n d i l a u r a t e (DBTDL) and cobalt acetylacetonates were used as-
received from Eastman Kodak and M&T companies, r e s p e c t i v e l y . 
DABCO c a t a l y s t (triethylenediamine, A i r Products and Chemicals, 
Inc.) was p u r i f i e d by sublimation and stored i n a desiccator. 

K i n e t i c Experiments. Stock solutions were prepared by 
weighing out the correct amount of material and d i l u t i n g to the 
proper l e v e l , using volumetric f l a s k s . Reaction mixtures were 
prepared by adding the
hydrogen compound to a
short of the c a l i b r a t i o n mark, and adding the proper amount of 
phenyl isocyanate s o l u t i o n and then solvent to the mark. 

The reaction f l a s k s were stoppered with rubber caps, so that 
samples could be withdrawn at the proper time i n t e r v a l with a 
hypodermic syringe. The f l a s k s were immediately placed i n a 
water bath c o n t r o l l e d at 25°C. Samples withdrawn from the r e 
action f l a s k s were placed i n a 0.1 mm c e l l (Connecticut I n s t r u 
ment Corporation, Type FT) using Irtran-2 c r y s t a l s . The infrared 
spectrum was scanned i n the 4.5 micron region using a Perkin-
Elmer Infracord, Model 257 Spectrometer. When the isocyanate 
peak was reached, the time was noted. NMR studies were c a r r i e d 
out on a Varian A-60 high r e s o l u t i o n spectrometer. 

Discussion 

We have measured the synergism of d i b u t y l t i n d i l a u r a t e 
(DBTDL)-triethylenediamine catalyzed reactions of phenyl isocy
anate with butanol and water at various concentrations of the t i n 
and amine. As Tables I and I I show, there i s a lack of propor
t i o n a l i t y between the acceleration of the reaction and the con
centration of the a d d i t i v e s . I f one assumes the t i n catalyzed 
reaction i s of second order and cal c u l a t e s the increase i n rate 
constant due to the addition of amine co-catalyst, one finds that 
the addition of 0.02% amine based on isocyanate increases the 
rate of DBTDL catalyzed ^NCO-2-butanol by a factor of 4.2. I f 
one increases t h i s amount of amine ten times, the r e s u l t i n g i n 
crease i n the rate i s only 5.30 times, while increasing the con
centration of the amine by a factor of 100 r e s u l t s i n an increase 
of the rate constant only by a factor of 7.1. 

I t i s also noteworthy that the acceleration of the reaction 
provided by each of the c a t a l y s t components when added to the 
other i s about the same. This symmetrical e f f e c t of the c a t a l y s t 
components on the a c t i v i t y of the system suggests a 1:1 complex 
between the c a t a l y s t components as the a c t i v e species. The lack 
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T A B L E I . S Y N E R G I S T I C E F F E C T O F D A B C O C A T A L Y S T A N D 

D I B U T Y L T I N D I L A U R A T E F O R T H E C A T A L Y S I S O F P H E N Y L 

I S O C Y A N A T E ( 0 . 0 7 M ) R E A C T I O N W I T H B U T A N O L - 2 ( 0 . 0 7 M ) 

I N D I O X A N E A T 25°C 

RATE CONSTANT, LITER/MOLE/HOUR 

\ . DBTDL 
\ . MOLE/LITE

DABCO, 
MOLE/LITER 

- - 0.8 9.0 

0.000014 - 14.7 38.0 

0.00014 1.0 9.7 28.0 48.0 

0.0014 1.8 12.5 38.5 64.6 

T A B L E I I . S Y N E R G I S T I C E F F E C T O F D A B C O C A T A L Y S T A N D 

D I B U T Y L T I N D I L A U R A T E F O R T H E C A T A L Y S I S O F P H E N Y L 

I S O C Y A N A T E ( 0 . 0 7 M ) R E A C T I O N W I T H W A T E R ( 0 . 0 3 5 M ) 

I N D I O X A N E A T 2 5 ° C 

RATE CONSTANT, LITER/MOLE/HOUR 

DABCO, 
MOLE/LITER 

0.0 

0.000014 

0.00014 

0.0014 

0.0 

0.2 

0.7 

0.000014 

0.8 

6.0 

0.00014 

0.5 

1.2 

6.3 

12.0 
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of p r o p o r t i o n a l i t y between the acceleration and c a t a l y s t concen
t r a t i o n must be due to the transformation of the 1:1 complex to a 
lesser active species (perhaps a dimer) i n accordance with the 
following equations: 

TEDA + DBTDL v
 s TEDA-DBTDL (very active) 

2-TEDA DBTDL ^ (TEDA DBTDL)2 (less active) 

On the basis of these observations, the following configuration 
i s proposed as the highly a c t i v e c a t a l y t i c species: 

R ( II 
Λ J 0 R j -CH3 

H 3C-C^ ;Sn y C
X0'"'| ^-Q>/  RXi ^0-C-CH3 

R Ι il 
1 0 

Evidence for t h i s complex formation between DBTDL and DABCO 
ca t a l y s t was obtained from nuclear magnetic resonance studies. 
The dimethyl t i n diacetate was selected f o r i n v e s t i g a t i o n because 
of i t s simple spectrum and i t s known structure. In dioxane s o l u 
t i o n we observed two small CH3 doublets that appear because of 
the CH3-Snll9 and CH3-Snll7 coupling. Each of these two t i n i s o 
topes are present i n about 8% concentration. The coupling con
stant for CH3-Snll9 was 82 cps i n the absence of amine (TEDA) and 
changed to 98 cps i n the presence of added excess TEDA (Figure 
3). In accordance with work by Okawara (9) and Drago (10) on 
complexes of re l a t e d t i n compounds, the change i n coupling con
stant indicates a complexing between t i n compound and the amine. 

Another supporting evidence for complex formation as a pre
r e q u i s i t e to synergism was obtained from the study of the c a t a l 
y s i s of phenyl isocyanate-butanol r e a c t i o n by soluble organic 
cobalt compounds i n presence and absence of DABCO c a t a l y s t . The 
r e s u l t s obtained are presented i n Figures 4 and 5. I t i s evident 
that the combination of DABCO ca t a l y s t with divalent cobalt com
pounds shows s y n e r g i s t i c e f f e c t s while the t r i v a l e n t cobalt 
acetylacetonate shows r e l a t i v e l y low a c t i v i t y . The explanation 
of these observations i s the structure of these compounds. 

C o b a l t H l acetylacetonate i s an octahedral complex with the 
ce n t r a l metal ion f u l l y coordinated to i t s maximum coordination 
number. As there i s no free coordination p o s i t i o n or e a s i l y d i s -
placeable ligand i n t h i s complex, neither the amine nor the hy-
droxyl compound can coordinate with i t . Therefore, neither high 
c a t a l y t i c a c t i v i t y nor synergism are observed. 

On the other hand, the c o b a l t * ! compounds are tetrahedral 
complexes which can be converted to octahedral complexes by 
coordination with amines and the alcohol y i e l d i n g c a t a l y t i c a l l y 
a c t i v e species. 
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SLOW SPIN 

1 4u 
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5.0 PPM (δ) 4.0 3.0 2.0 1.0 

Figure 3. Effect of added TEDA on the 119/Sn-CH3 coupling constant solvent 
dioxane at 25°C. 

2 2 , , ĵ NCQJ = [BUOH^J = 0.07M 

0.0014 TEDA + Co (III) ACETYLACETONATE 
0.0014 

0.0014 TEDA + Co (II) ACETYLACETONATE 
0.0014 

(RNCO) 

Co (II) ACETYLACETONATE 0.0014 
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Figure 4. Effect of TEDA in the catalysis of PhNCO-BuOH-2 reaction in 
dioxane at 25°C by cobalt compounds. 
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Figure 5. 
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The aforementioned 1:1 complex of DBTDL-amine can a c t i v a t e 
the alcohol by coordinating at the p o s i t i o n indicated by the 
arrow and form the following structure: 

Ν 0 
II 

,0-C-R 
Bu * -O-C-R 

: ii 
The occurrence of such a complex i s i n agreement with the 

NMR chemical s h i f t of the OH proton of the alcohol observed by 
Reagen and co-workers (7). The addition of t i n to alcohol w i l l 
r e s u l t i n an a l c o h o l - t i n complex and deshielding of the a l c o h o l i c 
proton due to the f i l l i n g of vacant d o r b i t a l s of the t i n by the 
nonbonding electrons of the a l c o h o l 1 s oxygen. The added amine 
w i l l also coordinate with the t i n v i a i t s unshared electron p a i r 
and further weaken the t i n carboxylate bond which w i l l tend to 
form a stronger bond with a l c o h o l i c protons as depicted i n the 
following equilibrium: 

Ν II 
Bu -0-C-R* X 
Bu rcL - e - R f 

R / V v H A 

Ml 
Ν Bu 

- A V 
_ B u ' 

II 
Sn-0-C-R1 + R fC0 2H 

I f the mechanism of the c a t a l y s i s of isocyanate-alcohol r e 
action by t i n carboxylates does indeed proceed v i a the alkoxide 
as proposed by Bloodworth and Davies (11), then the synergism of 
the amine to t i n can r e a d i l y be explained from the above equi
l i b r i u m . The amine w i l l a s s i s t i n the a l c o h o l y s i s step and speed 
up the decomposition of the tin-carbamate complex by the alcohol 
to the urethane and t i n alkoxide. 

The presently proposed mechanism of synergism implies that 
ligands other than amine which can coordinate with the t i n ion 
should also synergize i t s c a t a l y t i c a c t i v i t y toward a l c o h o l -
isocyanate reactions. This apparently i s the case for t r i p h e n y l 
phosphine-DBTDL combination. When tr i p h e n y l phosphine was added 
to DBTDL, i t accelerated the rate of reaction of isocyanate with 
alcohol and water (Figure 6). Although t r i p h e n y l phosphine i s 
known to dimerize isocyanates, (12), the dimerization 
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rate i s n e g l i g i b l e under the conditions employed for the above 
described reactions because the addition of t r i p h e n y l phosphine 
to DBTDL-DMEA produced no change i n the rate of reaction (Figure 
7), i n d i c a t i n g that t r i p h e n y l phosphine has no c a t a l y t i c a c t i v i t y 
of i t s own, under the conditions used for converting isocyanates. 
Triphenyl phosphine i s , however, a good ligand and can r e a d i l y 
complex with a l k y l t i n carboxylates i n the absence of amine l i -
gands. The observed increase i n the c a t a l y t i c a c t i v i t y of DBTDL 
i n the presence of tr i p h e n y l phosphine must be due to the complex 
formed between them which i s i n agreement with the above proposed 
mechanism of tin-amine synergism. 

Conclusion 

The mechanism of th
c a t a l y s i s of isocyanat
mation of a highly a c t i v e complex between the t i n and the amine. 
In the presence of alcohol t h i s complex probably f a c i l i t a t e s the 
alco h o l y s i s step of the t i n carboxylates to the highly a c t i v e t i n 
alkoxides, which then r a p i d l y adds isocyanate across the t i n -
oxygen bond to form the carbamate adduct of t i n . The adduct 
breaks up by another molecule of alcohol to form the urethane and 
regenerate the t i n alkoxide. This mechanism i s i n f u l l agreement 
with the mechanism postulated by Bloodworth and Davies (11) for 
the t i n carboxylate catalyzed reaction of isocyanate with a l c o 
hols. I t i s also i n agreement with Reegen's and Frisch's obser
vation of the ef f e c t of tin-amine on the NMR's chemical s h i f t of 
the OH proton of the alcohol. K i n e t i c studies to v e r i f y the 
Bloodworth-Davies postulated mechanism i s the needed next step. 

Sn-O-C-R1 + R fC0 2H 

0 

I 

ο 
O-C-R1 

Ν 
Bu 

I I 
N-C-OR 

9 0 

I I + ROH 

0 

I + ÇNHC-0R 
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1 30 
(DNCO) 
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TIME IN MINUTES 

Figure 6. Effect of PhAP on the catalysis of isocyanate reactions by DBTDL. 
Kev: solvent = dioxane; 30°C; catalxst concentration = 0.0014M; [PhNCO] = 
\OH] = 0.07M. PhNCO 4- Η,Ο: X, DBTDL; |. DBTDL + Ph3P. PhNCO + 

2-BuOH: O, DBDTL; Δ, DBTDL + Ph3P. 

1 
(fyNCO) 

10 20 30 40 

TIME IN MINUTES 

50 60 

Figure 7. The effect of triphenyl phosphine on the rate of tin-ami ne catalyzed 
reaction of PhNCO with water. Kev: O, DBTDL + DMEA; X, DBTDL + DM Ε A 
+ Ph}P; ·, DBTDL. PhNCO = 0.07M; Η>0 = 0.035U; solvent dioxane, 30°C. 
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Model Studies of Phenolic-Urethane Polymers 
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Phenolic-based urethane foams have been described by various 
investigators [1-19]. Th
soles or novolacs, as wel
or phenol-aniline-formaldehyde condensation products [1-17], in 
particular poly(oxyalkylene) derivatives [7,9-14] and also 
Mannich reaction products of phenol with formaldehyde and alkanol-
amines [15-17]. More recently, new types of phenolic-urethane 
foams were reported using phenolic resins containing both benzylic 
ether linkages and methylol groups with polymeric isocyanate (poly
meric MDI) [l8]. These foams were characterized by low combusti
bility even without the addition of flame retardants, good com
pressive strength, and a low Κ factor (0.113). 

Very recently Papa and Critchfield [19] described the prepara
tion of foams based on a resole resin containing a high ortho-
methylol content and a blend of quasi prepolymer of tolylene diiso-
cyanate, a phosphorus-containing polyol and polymeric isocyanate 
containing a minor portion of tris-(2-chloro-ethyl) phosphate. 
The resulting foams had relatively low friability, low combusti
bility and smoke evolution. However, the foams were open-celled 
and the Κ factor was more characteristic of that of phenolic foams 
(0.254). 

Relatively l i t t l e basic information has been published re
garding the kinetics of phenol-formaldehyde intermediates, espe
c i a l l y of phenols, methylol phenols, benzyl alcohol and benzylic 
ethers with isocyanates. Due to the fact that a ty p i c a l resole 
contains both phenolic and benzylic hydroxyl groups, i t was of 
interest to determine their r e a c t i v i t y toward isocyanates i n the 
presence of various catalysts, as well as the effect of substi
tution on their r e a c t i v i t y . This investigation describes the 
kinetics of model phenols and model benzyl alcohols with phenyl 
isocyanate catalyzed with either a t e r t i a r y amine (dimethylcyclo-
hexylamine, DMCHA) or an organotin catalyst, d i b u t y l t i n dilaurate 
(DBTDL) i n either dioxane or dimethylformamide solution. 

0097-6156/81/0172-0403$05.00/0 
© 1981 American Chemical Society 
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Experimental 

Ma t e r i a l s . A l l model compounds and dimethylcyclohexylamine 
(DMCHA) used i n t h i s study were reagent grade and were p u r i f i e d 
by d i s t i l l a t i o n under nitrogen. D i b u t y l t i n d i l a u r a t e (DBTDL) was 
used as received from the supplier. Reagent grade 1,4-dioxane 
was dried by r e f l u x i n g f i r s t with NaOH, then with m e t a l l i c sodium 
for 24 hours each and then d i s t i l l e d under nitrogen. Toluene was 
p u r i f i e d by r e f l u x i n g with sodium for 24 hours, followed by d i s 
t i l l a t i o n . Dimethylformamide (DMF) was dried using Linde 4A mole
cular sieves. Phenyl isocyanate was p u r i f i e d by vacuum d i s t i l l a 
t i o n . 

Measurement of K i n e t i c s  The reactions were c a r r i e d out i n 
a dried 300 ml three-necke
magnetic s t i r r e r , r e f l u
reaction f l a s k was immersed i n a thermostatically controlled o i l 
bath. F i f t y ml of 1.0 mole/kg isocyanate s o l u t i o n i n 1,4-dioxane 
was pipetted in t o the f l a s k and was s t i r r e d magnetically while the 
model compound s o l u t i o n i n dioxane (1 mole/kg) and containing var
i a b l e amounts of ca t a l y s t was placed i n a temperature-controlled 
dropping funnel. When constant temperature was reached (25oC) i n 
the f l a s k , as w e l l as i n the dropping funnel, the so l u t i o n was 
poured into the f l a s k and the whole mixture was thoroughly mixed. 
Samples of approximately 2.5 g were withdrawn at regular i n t e r v a l s 
and the isocyanate content determined by means of the d i - n - b u t y l -
amine method. Corrections due to the consumption of the hydro
c h l o r i c acid by the amine c a t a l y s t were made i n the determination 
of the isocyanate content. 

Results and Discussion 

The r e a c t i v i t y of the model phenols and benzyl alcohols with 
phenyl isocyanate was determined i n the presence of a t e r t i a r y 
amine (DMCHA) and a t i n c a t a l y s t (DBTDL) by measurement of the 
reaction k i n e t i c s . The experimental r e s u l t s based on i n i t i a l 
equal concentrations of phenyl isocyanate and p r o t i c reactants 
showed that the catalyzed reactions followed second order reaction 
with respect to the disappearance of isocyanate groups (see Figure 
1). I t was also found that a l i n e a r r e l a t i o n s h i p e x i s t s between 
the experimental rate constant k e x p , and the i n i t i a l concentration 
of the amine c a t a l y s t (see Figure z ) . In the case of the t i n cat
a l y s t , the reaction with respect to ca t a l y s t concentration was 
found to be one-half order (see Figures 3-4). A s i m i l a r r e l a t i o n 
ship for the t i n catalyzed urethane reaction was found by Borkent 
[203. 

In Table I are summarized the k i n e t i c r e s u l t s for the model 
phenols with phenyl isocyanate i n the presence of DMCHA ca t a l y s t 
i n dioxane s o l u t i o n . I t i s apparent that s u b s t i t u t i o n i n the 2 
and 6 positions decrease s i g n i f i c a n t l y the reaction constant k c a t . 
In the case of model benzyl alcohols using DMCHA c a t a l y s t , the 
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Figure 2. 
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Figure 3. 
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Figure 4. 
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decrease i n the r e a c t i v i t y due to the s u b s t i t u t i o n i n the 2 p o s i 
t i o n was r e l a t i v e l y small as can be seen i n Table I I . A substan
t i a l increase i n k c a t for o-hydroxy benzyl alcohol was observed. 
This increase i n the r e a c t i v i t y can be at t r i b u t e d to the formation 
of i n t e r n a l hydrogen bonding which activated the phenol group r e 
s u l t i n g i n the p r e f e r e n t i a l formation of the corresponding o-(hy-
droxymethyl) phenyl N-phenylcarbamate: 

0 

0-H-NH-C 
C6H5NC0 DMCHA CH20H 

Similar r e s u l t s were obtained by Papa and C r i t c h f i e l d [19]. 
The e f f e c t of type of ca t a l y s t on the r e a c t i v i t y of phenol 

and benzyl alcohol with phenyl isocyanate can be seen i n Table I I I . 
In the case of t e r t i a r y amine (DMCHA), there i s a r e l a t i v e l y small 
difference i n the r e a c t i v i t y of both the phenol and benzyl alcohol 
with phenyl isocyanate. Using DBTDL as c a t a l y s t , benzyl alcohol 
was found to be 26 times more reactive than phenol i n the reaction 
with phenyl isocyanate. 

I t i s also of i n t e r e s t to point out that DBTDL i s about three 
times more e f f e c t i v e a ca t a l y s t than DMCHA i n the reaction of 
phenol with phenyl isocyanate. Baker and Gaunt [21] found that 
e t h y l alcohol was 30 times more reactive than phenol i n the uncat-
alyzed reaction with phenyl isocyanate. However, i n the presence 
of a t e r t i a r y amine (triethylamine), the r e a c t i v i t y of phenol i n 
creased s i g n i f i c a n t l y and was found to be s i m i l a r to that of et h y l 
alcohol (see Table IV). 

The e f f e c t of solvents on the k i n e t i c s of the phenol-phenyl 
isocyanate reaction i s seen i n Table V. The r e a c t i v i t y increased 
i n the following order: dioxane < toluene < DMF (1:3.3:92). The 
difference i n r e a c t i v i t y i s due to the combined e f f e c t s of the 
r e l a t i v e p e r m i t i v i t y and the s p e c i f i c s o l v a t i o n . 

Conclusions 

I t was found that the r e a c t i v i t y of t y p i c a l functional groups 
present i n resole type of polyols with isocyanates i s affected to 
a great extent by the s t r u c t u r a l configuation of the polyols and 
the type of ca t a l y s t used. 

Model studies based on substituted phenols and benzyl a l c o 
hols showed that the presence of substituents i n the ortho p o s i 
t i o n i n benzyl alcohol had a r e l a t i v e l y small e f f e c t on the reac
t i v i t y of the hydroxyl group with isocyanate i n the presence of 
t e r t i a r y amine c a t a l y s t (DMCHA). In contrast, s i m i l a r s u b s t i t u 
t i o n i n phenols s i g n i f i c a n t l y affected the r e a c t i v i t y of the 
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TABLE I I 

EFFECT OF SUBSTITUTION ON REACTIVITY OF MODEL BENZYL 
ALCOHOLS WITH PHENYL ISOCYANATE IN DIOXANE AT 25°C 

Catalyst k k 
DMCHA —2 — — g £S| : 

Model Phenol mole/1 kg mole min kg mole min 

ÇH2OH 0.01
0.01
0.020 

CH2OH 
0CH„ 

0.010 
0.015 
0.020 

CH20H 
0.001* 
0.002* 
0.003* 

OH 

:o: 
0.005 
0.010 
0.015 

0.1664 

0.0657 
0.1071 
0.1459 

8.29 

0.0125** 
0.0297** 
0.0491** 

18.94*** 

0.0414 
0.0892 
0.1415 

10.35 

*equiv 1 ̂  

**kg equiv "̂min ̂  
2 -2 -1 ***kg equiv min 
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TABLE IV 

EFFECT OF TERTIARY AMINE CATALYST ON REACTIVITY OF 
PHENOL AND ETHYL ALCOHOL WITH PHENYL ISOCYANATE21 

[PhNCO] = [ROH]  mole/

Solvent ; : Bu 20 

Temp.: 25°C 

k χ 10""4 

-1 -1 1 mole sec 

4 
k χ 10 

C -1 -1 1 mole sec 

Catalyst None 
[Et 3N] = 

0.03 mole l " 1 k /k 
c ο 

PhOH 0.01 12.0 1200 

C 2H 50H 0.3 12.7 42.3 

Relative 
r e a c t i v i t y : 

^tOH 
kphOH 

30 1.06 -
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hydroxyl groups, which i s presumably due to e l e c t r o n i c e f f e c t s of 
the substituents on the p o l a r i z a b i l i t y of phenols. The electron 
donating substituent (-CH^) increased the electron density on the 
hydroxyl group of the phenol and consequently decreased the over
a l l p o l a r i z a b i l i t y r e s u l t i n g i n lower r e a c t i v i t y . In t h i s case 
the e l e c t r o n i c e f f e c t of the substituent had a s i g n i f i c a n t l y more 
pronounced influence on the r e a c t i v i t y than the s t e r i c hindrance 
due to the substituent. 

The presence of the electron donor (-0-) i n the v i c i n i t y of 
the phenolic hydroxyl activated the -OH group through induced 
p o l a r i z a t i o n due to hydrogen bonding and therefore, increased 
r e a c t i v i t y was observed. S i m i l a r l y , the p o l a r i z a b i l i t y of the 
phenolic hydroxyl group
s i b l e for the m u l t i orde
pared to the non-catalyzed reaction with isocyanate (see Table IV). 

The action of the t i n c a t a l y s t was found to be quite d i f f e r 
ent from the action of the t e r t i a r y amine c a t a l y s t . In the pres
ence of the amine c a t a l y s t the r e a c t i v i t y of the phenol and benzyl 
alcohol was approximately equal (see Table IV). In the case of 
DBTDL, the r e a c t i v i t y r a t i o was s i m i l a r to that of the non-cata
lyzed r e a c t i o n , which indicates that the p o l a r i z a t i o n of the i s o 
cyanate by the t i n c a t a l y s t due to complex formation presumably 
played an important r o l e i n the reaction c a t a l y s i s (see Table V I ) . 

The reaction of the phenol with isocyanate, catalyzed by the 
t e r t i a r y amine, was very s e n s i t i v e to the type of solvent used. 
The observed increase i n the r e a c t i v i t y i s due to the combined 
e f f e c t s of the r e l a t i v e p e r m i t i v i t y and the s p e c i f i c s o l v a t i o n of 
the reactants by the solvents. 
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28 
Reactivity Studies and Cast Elastomers Based on 

trans-Cyclohexane-1,4-Diisocyanate and 

1,4-Phenylene Diisocyanates 
S. W. WONG, W. J. JUANG, V. OLGAC, and K. C. FRISCH 
Polymer Institute, University of Detroit, Detroit, MI 48221 
G. HEINRICHS, and P. HENTSCHEL 
Research Department, Akzo Corporation, Oburnberg, West Germany 

p-Phenylene diisocyanate (PPDI) and trans-cyclo-
hexane-1,4-diisocyanat
mann degradation o
have become available in developmental quantities for 
polyurethane production (2). Due to the symmetrical 
structure of both these molecules and their r i g i d , 
rod-l ike molecular shape, a very orderly structure in 
the build-up of the hard segments will be promoted in 
the polyurethane system. These structural features 
could enable the result ing elastomers to perform better 
under high and low temperature conditions and to 
achieve high modulus. Previous kinet ic studies (3-7) 
showed that PPDI had a high react iv i ty , but no kinet ic 
data were available for the react iv i ty of CHDI. Three 
model isocyanate reactions catalyzed with both tert iary 
amine and organotin catalysts were carried out with 
PPDI or CHDI and n-butanol (urethane formation) and 
water (urea formation) as well as cyclotrimerization 
(isocyanurate formation) in suitable solvents (toluene, 
cellosolve acetate and butyl acetate). Four widely 
used commercial diisocyanates, 4,4'-diphenylmethane 
diisocyanate (MDI), 1,5-naphthalene diisocyanate (NDI), 
isophorone diisocyanate (IPDI) and 4,4'-methylene bis 
(cyclohexyl) diisocyanate (HMDI) were included for 
comparison. 

Sample formulations of cast urethane elastomers 
a p p l i c a b l e to conventional industry processing tech
niques were developed, and the p h y s i c a l properties of 
the r e s u l t i n g products determined. 

Experimental 

Mat e r i a l s and P u r i f i c a t i o n . The diisocyanates 
employed f o r k i n e t i c studies were d i s t i l l e d p r i o r to 
use. Reagent grade n-butanol was treated with sodium 

0097-6156/81/0172-0419$05.00/0 
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(10% by w e i g h t ) and d i s t i l l e d . D i s t i l l e d w a t e r was 
used f o r t h e s t u d y o f t h e u r e a f o r m a t i o n . S o l v e n t s 
u s e d were t o l u e n e , c e l l o s o l v e a c e t a t e and b u t y l a c e t a t e . 
Reagent g r a d e t o l u e n e was p u r i f i e d by b o i l i n g u n der r e 
f l u x o v e r sodium and d i s t i l l e d . C e l l o s o l v e a c e t a t e was 
r e f l u x e d o v e r p h o s p h o r u s p e n t o x i d e and d i s t i l l e d . C a t 
a l y s t s employed i n t h e s e r e a c t i o n s were d i b u t y l t i n d i -
l a u r a t e ( T - 1 2 ) , d i a z a b i c y c l o ( 2 , 2 , 2 ) o c t a n e (Dabco) and 
N , N ' , N " - t r i s ( d i m e t h y l a m i n o p r o p y l ) h e x a h y d r o t r i a z i n e 
( P o l y c a t 41) were used d i r e c t l y w i t h o u t any f u r t h e r 
p u r i f i c a t i o n . 

K i n e t i c S t u d i e s
t y p e s o f r e a c t i o n s o
t h o s e o f t h e f o u r c o m m e r c i a l l y a v a i l a b l e d i i s o c y a n a t e s , 
MDI, NDI, IPDI and HMDI, w i t h c a t a l y s t s were c a r r i e d 
o u t i n s o l v e n t s . The r e a c t i o n c o n d i t i o n s f o r t h e k i 
n e t i c r u n s a r e d e s c r i b e d i n T a b l e I . 

The r e a c t i o n s were c a r r i e d o u t i n a 300 ml r o u n d -
b o t t o m f l a s k , e q u i p p e d w i t h a m a g n e t i c a l l y s t i r r i n g 
d e v i c e , a r e f l u x c o n d e n s e r , and a n i t r o g e n i n l e t t u b e . 
25 ml o f t h e d i i s o c y a n a t e s o l u t i o n was i n t r o d u c e d i n t o 
t h e r e a c t o r and p l a c e d i n a t h e r m o - r e g u l a t e d o i l b a t h . 
The s o l u t i o n o f t h e h y d r o x y 1 component c o n t a i n i n g t h e 
c a t a l y s t i n a 25 ml v o l u m e t r i c f l a s k was a l s o k e p t i n 
t h e same o i l b a t h . A f t e r t h e r e a c t a n t s had r e a c h e d 
t h e d e s i r e d t e m p e r a t u r e , t h e h y d r o x y 1 c o m p o n e n t - c a t a 
l y s t s o l u t i o n was p o u r e d i n t o t h e r e a c t o r . The t i m e 
when h a l f o f t h e s o l u t i o n had been added was r e c o r d e d 
as t h e s t a r t i n g p o i n t o f t h e r e a c t i o n . C o n s t a n t s t i r 
r i n g and f l o w o f n i t r o g e n was m a i n t a i n e d d u r i n g t h e 
r e a c t i o n . Samples o f t h e r e a c t i o n m i x t u r e were p i p e t 
t e d a t measured t i m e i n t e r v a l s and t h e i s o c y a n a t e c o n 
t e n t d e t e r m i n e d by means o f t h e d i - n - b u t y l a m i n e method. 

P r e p a r a t i o n o f C a s t E l a s t o m e r s . The c a s t e l a s t o 
mers were p r e p a r e d i n a t w o - s t e p p r o c e d u r e . F i r s t p r e -
p o l y m e r s were made f r o m one p o l y e t h e r p o l y o l ( p o l y ( o x y -
t e t r a m e t h y l e n e ) g l y c o l o f 1000 M.W., (POTMG)) and two 
p o l y e s t e r p o l y o l s ( a d i p a t e p o l y e s t e r o f 2000 M.W. (PAG) 
and p o l y c a p r o l a c t o n e o f 1250 M.W. (PCL)) by r e a c t i o n 
w i t h t h e c o r r e s p o n d i n g d i i s o c y a n a t e s (MDI, PPDI, CHDI 
o r NDI) a t an NCO/OH r a t i o o f 2/1. The t e m p e r a t u r e was 
m a i n t a i n e d a t 80°C and p e r i o d i c samples were w i t h d r a w n 
t o d e t e r m i n e d t h e i s o c y a n a t e c o n t e n t . When t h e i s o 
c y a n a t e c o n t e n t o f t h e m i x t u r e r e a c h e d w i t h i n 0.3% o f 
t h e c a l c u l a t e d v a l u e , t h e r e a c t i o n was s t o p p e d by c o o l 
i n g . The p r e p o l y m e r c o u l d be k e p t f o r a p e r i o d o f s i x 
months i n t h e absence o f m o i s t u r e . The i s o c y a n a t e -
t e r m i n a t e d p r e p o l y m e r s were t h e n c h a i n - e x t e n d e d w i t h 
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1,4-butanediol (1,4-BD), 2,2'-p-phenylenedioxydiethanol 
(HQEE) or a blend of trimethylolpropane (TMP) with 
1,4-BD. The fi n a l NCO/OH ratio was kept at 1.05/1. The 
prepolymers were heated to 80-100°C to give a workable 
viscosity and the liqui d or molten chain extender was 
then added to the prepolymer. The respective catalysts 
were used in CHDI-prepolymers in order to accelerate 
the cure. The mixture was then press-molded in a Car
ver press at 100°C for from 1/2 to 1 hour and post-
cured for 16 hours at the same temperature. 

Results and Discussion 
Kinetic Studies

are shown in Figures 1-3, which indicate that both the 
urethane and urea formations followed second order 
reaction up to 50% conversion. Although PPDI has two 
isocyanate groups on the same benzene nucleus, the two 
isocyanate groups did not exhibit a large activating 
influence on the reactivity of each other in the reac
tion with n-butanol catalyzed by T-12. Unlike the 
study by Burkus and Eckert (4) on the reaction of 
diisocyanates and 1-butanol catalyzed with triethylene-
diamine having a k-^A^ of 8.40, the ki/k 2 of this reac
tion was 2. This means that catalyst T-12 activates 
the second isocyanate group nearly to the same reactiv
i t y level as the f i r s t isocyanate group. In the case 
of MDI, the methylene bridge effectively isolates the 
two isocyanate functions. In the case of the aliphatic 
isocyanates, this effect was even less apparent. The 
isocyanate-water reactions (formation of urea) showed 
the same results. The reaction of the cyclotrimeri-
zation of the diisocyanates catalyzed with Polycat 41 
in butyl acetate followed second order up to 30% con
version as shown in Fig. 3; then the trimer started to 
precipitate. It was also found that the least square 
f i t t e d straight line did not pass through the origin. 
This may be due to the mechanism of a complex formed 
between the diisocyanates with the catalyst at the 
beginning of the reaction; then the cyclotrimerization 
proceeds at a much slower rate. This has to be proven 
with more studies. 

The rates of these three catalyzed reactions of 
diisocyanates are li s t e d in Table I under identical 
conditions of reactants and catalyst concentrations and 
temperature. The half time, t 1/2, of the reactions 
was calculated from the reaction constants. The reac
tions of PPDI and CHDI were carried out at three d i f 
ferent temperatures and the calculated activation ener
gies and frequency factors are l i s t e d in Table I. 
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0 100 200 300 

Time (min) 

Figure 2. Second-order plot of reaction of diisocyanates and water in cellosolve 
acetate catalyzed by triethylene diamine at 50°C: [R(NCO)2] = 0.12 g mol/kg; 
[Η,Ο] = 0.12 g mol/L; [Dabco] = 0.004 g mol/L. Key: ·, PPDI; Ο, MDI; |, 

CHDI; • , 1PD1; Α, Η MDI; Δ, NDI. 
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Based on the r e a c t i v i t y of MDI as 1, the r e l a t i v e reac
t i v i t i e s of the diisocyanates i n the three catalyzed 
reactions were as follows: 

1. Urethane formation (with r i-butanol i n toluene 
at 50°C using d i b u t y l t i n d i l a u r a t e as c a t a l y s t ) -
PPDI : MDI : NDI : CHDI : IPDI : HMDI =1.85 : 0.37 : 
1 : 0.28 : 0.15 : 0.13. 

2. Urea formation (with water i n c e l l o s o l v e ace
tate at 50°C using diazabicyclo(2,2,2)octane as 
c a t a l y s t -
PPDI : NDI : MDI : CHDI : IPDI : HMDI = 2.15 : 1.45 : 
1 : 0.01: 0.0005 : 0.005. 

3. Isocyanurat
catalyzed with Ν,Ν
hydrotriazine) -
PPDI : MDI : CHDI : IPDI : HMDI = 1.5 : 1 : 0.024 : 
0.013 : 0.013. 

These conclusions were i n general agreement with 
the study c a r r i e d out by Akzo Research Laboratories, 
Oburnberg, Germany (£), on the r e a c t i o n between d i i s o 
cyanates and excess ethanol or ji - o c t a n o l at 80°C. The 
order of r e a c t i v i t i e s of the diisocyanates were as 
follows: MDI > TDI > XDI >> HDI > trans-CHDI > IPDI * 
cis-CHDI > HMDI. 

Cast Elastomers. Table II shows the elastomers 
prepared from MDI, PPDI, CHDI and NDI with POTMG, 
M.W. 1000, chain-extended with 1,4-BD. C a t a l y s t T-12 
was used i n the CHDI-based prepolymer to accelerate 
the r e a c t i o n and to reduce the molding time. As ex
pected, the PPDI elastomers had a very short pot l i f e 
but were s t i l l manageable i n processing. The r e s u l t i n g 
elastomers e x h i b i t e d s u b s t a n t i a l l y b e t t e r p r o p e r t i e s 
compared to the corresponding MDI-based elastomers, 
e s p e c i a l l y the high temperature r e s i s t a n c e and the ten
s i l e strength at 300% elongation at temperatures rang
ing from -20° to 150°C, as shown i n F i g . 4. The CHDI-
based elastomers e x h i b i t e d lower p h y s i c a l p r o p e r t i e s 
at room temperature, but ex h i b i t e d a s u r p r i s i n g l y high 
r e t e n t i o n of properties at higher temperatures. CHDI 
also had the advantage of l i g h t s t a b i l i t y over the two 
aromatic diisocyanates. Table I I I shows the elastomers 
prepared from MDI, PPDI and CHDI with PAG, M.W. 2000, 
chain-extended with 1,4-BD, 1,4-HQEE or blends of TMP 
and 1,4-BD at a 25/75 r a t i o . C a t a l y s t Dabco 33 LV was 
used i n a l l the cases. Again, the PPDI-based e l a s t o 
mers showed e x c e l l e n t p r operties both at room and e l e 
vated temperatures ( F i g . 5). The high value of com
pression set could be overcome by introducing the aro
matic chain-extender HQEE or c r o s s l i n k e r s such as TMP. 
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TABLE I I 

COMPOSITION AND PROPERTIES OF POLYURETHANE CAST 
ELASTOMERS 

COMPOSITION: 

Prepolymer - POTMG 1000

Extender - 1,4-BD (95% th e o r e t i c a l ) 

Diisocyanates MDI PPDI CHDI NDI 
Diisocyanate, % 31.94 23.10 23.76 28.27 
NCO Content, % 5.70 6.36 6.34 5.79 
T-12, % - - 0.0037 

PROPERTIES: 

Density, g/ml 1.12 
Shore Hardness: 
A 78 
D 33 

Stress, MPa: 
At 100% Elongation 5.65 
At 300% Elongation 10.04 
Tensile Strength 26.41 

Elongation, % 563 
Tear Resistance, KN/m 

Graves 64.09 
S p l i t 21.36 

Bashore Rebound, % 54 
Compression Set, % 25 

(70°C, 22 Hrs.) 

1.14 1.21 1.14 

94 97 95 
48 50 47 

13.12 12.16 8.96 
17.31 14.53 13.69 
33.19 22.26 22.87 
512 565 800 

98.76 83.35 55.16 
20.14 37.47 11.38 
58 60 46 
31 37 32 
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Figure 5. Stress properties at 300% elongation of polyester polyol elastomers at 
various temperatures (NCO/PAG/HQEE = 2/1/0.95), 

In Urethane Chemistry and Applications; Edwards, K., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



28. WONG ET AL. Reactivity Studies and Cast Elastomers 431 

Both PPDI- and CHDI-based elastomers had high modulus 
and hardness which resemble those of diamine-cured 
elastomers. The diol-cured case elastomers of PPDI 
(CHDI) can be seriously considered as a replacement for 
diamine-cured TDI-based cast elastomers. 
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29 
Thermoplastic Polyurethane Elastomer Melt 
Polymerization Study 

C. S. SCHOLLENBERGER, K. DINBERGS, and F. D. STEWART 

BF Goodrich Research & Development Center, Brecksville, OH 44141 

Due to the relativel
reactivity, and liquid or low melting nature of their reactant 
components - the diisocyanate, the macroglycol, and the small 
chain-extender glycol - polyurethanes can be produced readily in 
the melt by the polyaddition process, even at moderate tempera
tures and atmospheric pressure. Such polymerizability is attrac
tive in that it enables the polymers to be formed quickly, 
efficiently, and in a relatively small space. There are no 
large solvent storage tanks to accomodate, no solvents nor 
reactants to recover and repurify for recycle, no contaminated 
water to clean before discharge, and no atmospheric pollution by 
gases or particulates to deal with. In an era of high capital 
costs, keen commercial competition, and worldwide concern for a 
clean environment a manufacturing process such as polyurethane 
elastomer melt polymerization obviously has much to recommend 
it . 

Polymer Formation. In the formation of thermoplastic 
polyurethane elastomers the reactants - diisocyanate, macrogly
col, and small chain extender glycol - interact and join to
gether end-to-end to produce essentially linear polymer chains. 
The chemical bond produced i n the chain-building linkages i s the 
urethane group which i s covalent i n nature and reasonably strong, 
although the strength varies with structure. Urethane formation 
i s shown i n Equation 1. 

0097-6156/81/0172-0433$09.25/0 
© 1981 American Chemical Society 
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434 URETHANE CHEMISTRY AND APPLICATIONS 

Equation 1. Urethane Formation 

• '—NCO + H 0 - ~ ^ - j > NH-CO-0- + Δ 
(isocyanate (hydroxyl (urethane 
group) group) group) 

Heat of reaction i s reported to be -52 kcal/mole i n the 
case of the hexamethylene diisocyanate and 1,4-butanediol reac
t i o n . 1 The same diisocyanate, reacting with poly(ethylene 
adipate) g l y c o l at 100°C was found to show a reaction v e l o c i t y 
constant, k, of 0.0008
E, of 11.0 kcal/mole.
ane-4,4'-diisocyanate (MDI) reportedly reacted with poly ( d i -
ethylene adinate) g l y c o l i n mono-chlorobenzene with k = 0.00091 
1 mole 1 sec 1, and Ε = 10.5 kcal/mole. 3' 4 

As Equation 1 i n d i c a t e s , urethane formation i s an e q u i l i 
brium reaction. The degree of d i s s o c i a t i o n of urethane product 
into reactant isocyanate and hydroxyl groups i s dependent upon 
the ambient temperature and i s a constant at given temperature 
(Equation 2). 

Equation 2. Urethane Equilibrium Constant 
[NHCOO] 
[NCO][OH] = Κ 

We w i l l l a t e r note manifestations of the chemical equilibrium i n 
urethane polymerizations. 

Polymer Structure. In thermoplastic polyurethane elastomer 
formation the polymerization produces polymer primary chains 
which consist of a l t e r n a t i n g urethane-sparse soft segments 
(diisocyanate-macroglycol l i n e a r reaction product) and ure-
thane-rich hard segments (diisocyanate-chain extender l i n e a r 
reaction products). These primary chains tend to " v i r t u a l l y 
c r o s s l i n k " and " v i r t u a l l y chain extend" with one another, p r i n 
c i p a l l y through the association of t h e i r hard segments, due to 
the hydrogen bonding of t h e i r urethane groups, the association 
of aromatic 7T electrons, etc., producing a giant " v i r t u a l net
work" of polymer chains, and thus e l a s t i c i t y i n the product. 
These v i r t u a l linkages are r e l a t i v e l y l a b i l e and are r e v e r s i b l e 
with heat and s o l v a t i o n , permitting thermoplastic and s o l u t i o n 
processing of the polymers. The foregoing i s depicted schema
t i c a l l y i n Figure 1. 
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VIRTUALLY CROSSLINKED/EXTENDED NETWORK of 
POLYMER PRIMARY CHAINS 

ti Δ or SOLVENT 

POLYMER PRIMARY CHAINS 

Figure 1. Thermoplastic methane elastomer chain organization. 
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436 URETHANE CHEMISTRY AND APPLICATIONS 

It i s thus seen that thermoplastic polyurethane elastomers 
have two types of thermal l a b i l i t y . That depicted in Figure 1 
i s benign and the basis of the v e r s a t i l e processability of this 
polymer class. That depicted i n Equation 1 becomes important at 
high temperatures and cannot be considered to be t o t a l l y benign 
in that i t involves the reversible dissociation of polymer 
primary chain bonds, which separations can be i r r e v e r s i b l e 
depending upon the polymer environment. It would seem that such 
dissociation must predominate in the areas of highest urethane 
group concentration, namely the polymer hard segments and this 
suggests the p o s s i b i l i t y of some "scrambling" of polymer seg
mented structure, e.g., during polymer melt processing, rheology 
studies, etc. and othe
paper. It i s the polyme
the primary concern of the present paper. 

Although there i s considerable published l i t e r a t u r e on the 
relation of polyurethane properties to their chemical and physi
cal structures, considerably less has appeared concerning the 
detailed nature of urethane polymerization. The thermoset 
nature of the c l a s s i c a l polyurethane systems, which has provided 
fewer opportunities and thus less s c i e n t i f i c interest for the 
study of the intermediate stages and course of urethane polymer
iza t i o n , l i k e l y helps account for t h i s . 

Published information on urethane polymerization d e t a i l 
largely concerns thermoset urethane elastomers systems. 4 1 3 In 
par t i c u l a r , the work of Macosko et. a l . i s called to attention. 
The present paper supplements this l i t e r a t u r e with information 
on the f u l l course of linear thermoplastic urethane elastomer 
formation conducted under random melt polymerization conditions 
in a s l i g h t l y modified Brabender PlastiCorder reactor. Viscos
i t y and temperature variations with time were continuously re
corded and the effects of several relevant polymerization v a r i 
ables - temperature, composition, catalyst, s t a b i l i z e r , macro-
glycol acid number, shortstop - are reported. The paper w i l l 
also be seen to provide additional insight into the nature and 
behavior of thermoplastic polyurethane elastomers. 

Experimental Part 

Materials. The reactants used i n this study and their 
designations are l i s t e d i n Table I. 
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Table I 
Reactants Used i n the Present Study 

Name 

PTAd 
PTAd a 

PTAd a 

PTAd a 

PTAd a 

PTAd a 

MDlJ 
MDlï* 
MDI 
1,4-BD0C 

1,4-BD0C 

EDO 
Stannous 

Octate e 

1-Propanol 
l-Decanol g 

TPU 
Irganox 10 

Acid P u r i t y 

Hydro-
lyzable B o i l i n g 
Chloride Point 

iignation Mn Number (%) (ppm) (°C) 

I 1073 2.40 _ -
XVI 1105 2.00 - - -I I I 1014 0.10 

V 
VI 

VII 1068 0.15 - - -I I - 99.5 9 -IV - - 99.0 5 -VIII - - 99.6 1 -IX - _ 100 - -X - - 100 - -XI - - 100 - -
XII - - - -

XIII - - - - 98 
XIV - - - - 231 
20 - - - - -

1<T XV 

^poly(tetramethylene adipate) g l y c o l (our laboratory) 
diphenylmethane-4,4'-diisocyanate (Multrathane M, 
Mobay Chemical Corp.) 
1,4-butanediol (Antara, General A n i l i n e & Film Corp., 

d d i s t i l l e d from calcium hydride, b.p. 118-120°C/8 mm) 
ethylene g l y c o l (Union Carbide & Carbon Co., Urethane Grade, 
d i s t i l l e d from calcium hydride, b.p. 110°C/23 mm) 
M̂&T Chemicals, Inc., T9 Catalyst 
Fisher S c i e n t i f i c Co., No. A-414 
^Eastman Organic Chemicals, No. 370 
(2.00) MDI/PTAd (MW 1000)/1,4-BD0 (thermoplastic poly-

.urethane elastomer, our laboratory) 
Ciba-Geigy Corp. 

Table I I provides information on the combinations of Table 
I reactants that were polymerized i n t h i s study, and other addi
t i v e s charged. Urethane polymerization rates prove to be so 
se n s i t i v e to the influence of many adventitious trace contami-
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438 URETHANE CHEMISTRY AND APPLICATIONS 

nants that polymerization variables are best studied i n sets of 
runs made from the same reactant batches or l o t s . Such sets 
w i l l be apparent i n Table I I . 

The P l a s t i c o r d e r , described as a "torque rheometer" by the 
supplier, i s one version of a p r a c t i c a l t o o l w e l l known and used 
i n the p l a s t i c s and rubber i n d u s t r i e s . We believe that our use 
of the P l a s t i c o r d e r as a polymerization reactor may be unique, 
and that the instrument i s probably not well known i n polymer 
science l a b o r a t o r i e s , so we f e l t i t appropriate to picture i t . 
A d d i t i o n a l d e t a i l of the mixing chamber/measuring head and the 
removable sigma blade rotors i s also pictured (see Photographs 
A, B, and C). 

Reactant Combinations, Additives, and Polymers Used i n Present 
Study 

Polymer 
Poly Ratio Reactants Properties 
mer F i g . (Molar) ι MDI PTAd 1,4--BD0 Other Table 

1 2 2. .00 II I IX I I I 
2 2 2, .00 II I IX I I I 
3 2 2, .00 IV XVI X I I I 
4 3 2, .00 IV I I I X IV 
5 3,9 2. .00 IV I I I X IV,X 
6 4 2. .00 IV VII X 0.25% Irganox 1010 XV VI 
7 4,11 2, .00 VIII VII X 0.25% Irganox 1010 XV VI 
8 4 2. .00 IV VII X 0.25% Irganox 1010 XV VI 
9 5,7 3, .00 IV VI X VI I , IX 

10 6 2. .00 IV VII EDO XI 0.25% Irganox 1010 XV VIII 
11 7 3, .00 IV VI X 47 ppm stannous IX 

octoate XII 
12 8 2, .00 VIII V X 
13 8 2. .00 VIII V X 71 ppm stannous 

octoate XII 
14 9 2, .00 IV I I I X 1.0% n-propanol XIII X 
15 9 2, .00 IV I I I X 3.0% n-propanol XIII X 
16 10 2, .00 IV VII X XI 
17 10 2. .00 IV VII X 0.24% 1-decanol XIV XI 
18 10 2. .00 IV VII X 0.51% 1-decanol XIV XI 
19 11 1. .95 VIII VII X 0.25% Irganox XIII 

1010 XV 
20 12 2, .00 - - -
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C. W. Bra bender Instruments, Inc. 

Photograph Λ. Polymerization reactor and ancillary equipment. 

C. W. Brabender Instruments, inc. 

Photograph B. Plasticorder mixing chamber (electrically heated) and measuring 
head. 
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C. W. Brabender Instruments, Inc. 

Photograph C. Plasticorder removable sigma blade rotors. 
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Apparatus 

Polymerization Reactor. Below is a photograph (A) of the 
C. W. Brabender Instruments, Inc. (South Hackensack, New Jersey) 
"Plasti-Corder", and a n c i l l a r y equipment as was assembled for 
use as polymerization reactor in the present study. 

For the purposes of our study we modified our Plasticorder 
measuring head s l i g h t l y by having a ring machined into the steel 
backplate around each rotor shaft bearing - to accomodate re
placeable Teflon 0-rings. And we cut a removable U-shaped 
gasket, conforming to the mixing chamber cross section form, 
from 10 mil thick Teflon sheet. This gasket was then placed 
between the removable mixin
head. The 0-ring and th
e f f e c t i v e l y , preventing the loss of l i q u i d reactants during 
charging and early polymerization stages. 

The Plasticorder mixing chamber unit we used (see photo
graph (B)) was Catalog No. 28-B (nominal 120 ml capacity, 1450 
watts, 230 volt s , 60 cycle, with a i r cooling channel, stock 
temperature thermocouple, and nitrogen injection ram). We 
equipped the mixing chamber with removable, stainless s t e e l , 
sigma blade rotors (catalog No. 2-17AR, see photograph (C)). 
The drive assembly for the rotors, the measuring head, etc., 
which we used was part of the C. W. Brabender Instruments, Inc., 
Plasticorder No. 2G-12, Model PL-V340 (0-200 rpm, etc.). 

In the present study we u t i l i z e d Plasticorder torque values 
(polymer viscosity) on a relati v e basis, p r i n c i p a l l y to follow 
the course of thermoplastic polyurethane elastomer polymeriza
tion, and the effect of several relevant variables on this 
polymerization. These torque data, expressed in meter-grams, 
served our purposes well, and we have not attempted to translate 
them to absolute rheological units. Such translation, which i s 
a rather complex problem, has been addressed by others using a 
different rotor type and other polymers in the P l a s t i c o r d e r . 1 4 

That study concluded that the shear rate, γ, of the Brabender 
Plasticorder with a somewhat different rotor configuration 
( r o l l e r blade) is in the range of 23 - 228 sec 1 over the rotor 
speed range of 30 - 200 rpm. 

The supplier of the Plasticorder has provided the following 
approximate relationship, which is relevant to the present study 
in that i t applies to a Plasticorder with a 120 ml mixing cham
ber with sigma blade r o t o r s : 1 5 

„ , . Λ 5 χ T(162) η (poises) = -rpm 
where Τ = Plasticorder torque reading in meter-grams 

rpm = rotor speed (60 in the present study) 

In Urethane Chemistry and Applications; Edwards, K., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



442 URETHANE CHEMISTRY AND APPLICATIONS 

The above r e l a t i o n s h i p could presumably be applied to 
t r a n s l a t e the meter-gram torque values appearing i n t h i s study 
to the approximate l e v e l i n the standard rheological u n i t , 
poises. 

Procedure. The procedure we followed i n conducting melt 
polymerizations i n the Brabender P l a s t i c o r d e r reactor was as 
follows. The clean mixing chamber was heated to temperature and 
~50g of molten (140°C), previously dried (-0.02% water) PTAd was 
added. The ~4g of dry 1,4-butanediol at room temperature was 
added to the PTAd v i a a hypodermic syringe. The mixing chamber 
was closed with a Teflon plug cut to f i t the mixing chamber 
throat snugly. Then th
and chain extender wer
a f t e r removing the Teflon plug, ~24g of melted (120°C) MDI 
(corrected for p u r i t y ) was added from a wet-tared beaker to the 
mixing blend i n the reaction chamber. The exact amounts of a l l 
reactants added were known, of course, and varied s l i g h t l y 
depending on the exact amount of PTAd charged and i t s molecular 
weight. The addition of the 120°C molten MDI cooled the system 
momentarily, and t h i s registered on the temperature gauge and 
chart. The chamber was then closed with the Teflon plug again 
(the P l a s t i c o r d e r ram was not needed since one s t a r t s with a 
l i q u i d system which neither then nor l a t e r needs force to com
pact i t i n the chamber). Data-taking (torque, temperature, 
time) commenced with complete MDI addition. The polymerizing 
mixture was heated and mixed at 60 rpm for 8 to 20 minutes 
noting torque and temperature values every minute. 

Catalyst and antioxidant when used were thoroughly mixed 
through the hot macroglycol-chain extender g l y c o l blend before 
MDI addition. Shortstop when used was added quickly and cleanly 
to the polymerizing reaction mixture through the mixing chamber 
throat. 

When sampling for isocyanate analysis the mixer rotors were 
stopped and a sample was quickly withdrawn from the s t i c k y poly
merizing mixture by dipping two or three clean spatulas i n quick 
succession through the reactor throat, then resuming mixing and 
data taking. 

At the end of the polymerization s t i r r i n g and heating were 
stopped and the mixing chamber was promptly removed from the 
measuring head. Then, wit h i n no more than 2.5 minutes, enough 
polymer (50 - 60g) for subsequent polymer ch a r a c t e r i z a t i o n and 
mechanical tests was dug from the mixing chamber and pulled from 
the more r a p i d l y cooling rotor blades. F u l l polymer recovery 
for t e s t purposes was not attempted since that takes too long 
and autoxidation of the hot polymer i n a i r during even moderate
l y long recovery periods i s apparent by polymer co l o r a t i o n . 

Complete and prompt reactor cleanup i s a chore but quite 
necessary. While s t i l l hot the mixing chamber and rotors are 
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scraped reasonably clean of polymer. Then the mixing chamber i s 
reassembled and PVC or ABS granules are masticated i n i t as a 
cleaning compound for 20 minutes. The mixing chamber i s again 
removed and scraped clean. The mixing blades are removed and 
cleaned. Solvent p o l i s h i n g i s required i n some areas. 

Mastication studies of f u l l y polymerized thermoplastic 
polyurethane elastomer were performed i n the P l a s t i c o r d e r by 
adding polymer granules at room temperature to the preheated 
mixing chamber with the rotors i n motion. 

Following the polymerization method described above, the 
reactants of Table I were polymerized i n the combinations shown 
i n Table I I , for the most part i n the molar reactant r a t i o , 2.00 
moles MDI/1.00 mole PTAd/1.00
1,4-BDO or EDO). Such
balance with respect to hydroxyl and isocyanate content, and our 
convention i s to refer to i t as a (2.0) r a t i o polymer, the index 
being the MDI l e v e l , with the macroglycol l e v e l always set at 
unity. Thus, a (3.0) r a t i o polymer i s 3.00 MDI/1.00 PTAd/2.00 
1,4-BDO with the chain extender g l y c o l l e v e l increased to main
t a i n stoichiometric balance of isocyanate and hydroxyl groups. 

In one example c i t e d i n t h i s paper we polymerized with a 
deficiency of isocyanate. In such unbalanced recipes i t i s our 
convention to write the f u l l recipe so as to make the imbalance 
c l e a r , e.g., 1.95 MDI/1.00 PTAd/1.00 1,4-BDO. 

I t w i l l be appreciated that conducting melt polymerizations 
i n the Brabender P l a s t i c o r d e r as described requires adeptness as 
we l l as care f u l a t t ention and the utmost care to avoid burns 
from the very hot mixing chamber. Heavy gloves must be worn i n 
removing the hot mixing chamber from the measuring head, i n 
sampling from i t , i n cleaning i t , etc. And Photograph (A) shows 
that we i n s t a l l e d the ent i r e P l a s t i c o r d e r u n i t i n a vented hood 
to avoid contact with reactant vapors. 

Test Methods. P r i o r to t e s t i n g , the polyurethane prepara
tions were sheeted out on a 4 inch p l a s t i c s m i l l at 120° - 140°C 
and samples for tests or molding were taken from t h i s sheet. 

D i l u t e Solution V i s c o s i t y : Polymer d i l u t e s o l u t i o n v i s c o s 
i t y was measured at a concentration of 0.400g/dl of N,N-dimethyl-
formamide[DMF, contained 0.05% n-propyliodide s t a b i l i z e r 1 6 ] at 
25°C ±0.1°C using an Ostwald-type viscometer. 

S o l u b i l i t y : Polymer s o l u b i l i t y was checked i n tetrahydro-
furan and i n DMF on polymer samples both 1 and 14 days a f t e r 
polymer preparation. In the tes t one gram of small pieces of 
the polymer was r o l l e d i n 19 grams of solvent at ~25°C for 24 
hours. 
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Dynamic Extrusion Rheometer T 0 Value: The dynamic extru
sion rheometer values (^processing temperature) were deter
mined i n the proprietary BFGoodrich Research dynamic extrusion 
rheometer 1 7 according to the established procedure. 

Isocyanate Content: Isocyanate l e v e l s i n polyurethane 
preparations were measured on ~2g samples taken from the polym-
e r i z a t e and immediately cut into small pieces which were then 
promptly immersed i n excess 0.05 Ν di(n-butyl)amine s o l u t i o n i n 
dry tetrahyrofuran which was contained i n an iodine f l a s k . The 
gross weight of reagent plus f l a s k was very accurately deter
mined ahead of time to enable the exact weight of the added 
polyurethane sample t
Excess di(n-butyl)amin
acid to the bromcresol green endpoint to enable c a l c u l a t i o n of 
the sample isocyanate concentration. 

S t r e s s - S t r a i n Values: Polyurethane s t r e s s - s t r a i n proper
t i e s were measured with the Scott Tensile Tester operated at a 
jaw separation rate of 20 inches per minute. Test pieces were 
microdumbbells died out of 25 m i l th i c k compression-molded 
sheets. The t e s t pieces were pre-conditioned for 24 hours at 
50% r e l a t i v e humidity and 25°C, and then tested i n t h i s environ
ment. 

Results and Discussion 

I. Natural Polymerizations 

A. (2.0) Ratio Polymers. 1. High Acid Number Polyester 
Glycol E f f e c t s : Figure 2 shows the polymerization v i s c o s 
ity-time-temperature r e l a t i o n s for three (2.0) r a t i o ther
moplastic poly(ester-urethane) elastomers. Numbers 1 and 2 
were both made from the same reactant l o t s ( I , I I , and 
IX - Table I) at about the same reaction temperatures. 
High acid number (2.4) polyester was used i n these runs. 
Number 3 was made from reactant l o t s IV, XVI and X. The 
polyester used also had high acid number (2.00) and the 
polymerization temperature was ~200°C. None of these 
polymerizations was d e l i b e r a t e l y shortstopped. 

Polymers 1 and 2 showed almost i d e n t i c a l polymeriza
t i o n rates, but 1 slowed at 5 minutes, and 2 at 5.7 min
utes. The longer l i f e of 2 produced a higher torque ( v i s 
c o s i t y ) polymer. This indicated a higher degree of poly
merization (DP) i n 2 which i s a t t r i b u t e d to better balanced 
charging stoichiometry ( i . e . , OH = NC0). But the DSV and 
Τ values of Table 3 indicate a lower f i n a l DP for Polymer 
27 
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REACTION TIME (Minutes) 

Figure 2. Thermoplastic urethane melt polymerization. Key: X, Polymer 1; O , 
Polymer 2; A, Polymer 3. 
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Since the foregoing polymers were not d e l i b e r a t e l y 
shortstopped, i t i s l i k e l y that the polymerization of 1 
subsided e a r l i e r than 2 due to a s l i g h t isocyanate excess 
i n the i n i t i a l charge, then subsequently grew during s t o r 
age due to the spontaneous, unregulated reaction of i t s 
unreacted terminal isocyanate groups with atmospheric 
moisture. This excess NCO might be the amount charged 
which i s equivalent to the ( r e l a t i v e l y high) carboxyl 
content of the polyester g l y c o l (PTAd) since such carboxyl 
does not react with NCO to any degree i n such thermoplastic 
polyurethane elastomer p o l y m e r i z a t i o n s . 1 8 

Moderate atmospheric humidity would favor the Poly
mer 1 post reacto
to shortstop the
slow but sure molecular weight growth. Polymer 3 formed at 
about the same rate but leveled o f f i n 6 minutes at lower 
torque (-700 meter-grams) due i n part to i t s higher polymer
i z a t i o n temperature and an inherently lower melt v i s c o s i t y 
that the higher MW macroglycol component should confer. 

Further data for polymers 1, 2 and 3 appear i n 
Table I I I . 

Table I I I 
Data f o r Natural Polymers 1, 2, & 3 from 

High Acid Number Polyester Glycol 

Polymer _1_ _2_ 3 
Polymerization 

Torque (meter-grams) 970 1175 710 
Time (min.) 7 7 7 

DSVa 1.04 0.927 1.820 
Gel (%) trace trace n i l 
S o l u b i l i t y (THF, DMF) +,+ -,+ + ,+ 
D.E.R.T2(°C)C 136 133 145 
Tensile Strength [psi(MPa)] 9500 (65.5) 8900 (61.4) 9700 (66.9) 
300% Modulus [psi(MPa)] 1100 (7.58) 1200 (8.27) 1200 (8.27) 
Elongation (%) 560 580 505 

Di l u t e s o l u t i o n v i s c o s i t y , aged polymer; 
+ soluble, - insoluble ; 
Dynamic extrusion rheometer. 

2. Low Acid Number Polyester Glycol E f f e c t s : Figure 3 
shows the polymerization viscosity-time-temperature r e l a 
tions for two a d d i t i o n a l (2.0) r a t i o polymers, Numbers 4 
and 5. Both were made from reactant l o t s I I I , IV and X 
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I 2 3 4 5 6 7 8 9 10 II 12 13 14 15 16 17 18 19 20 
REACTION TIME (Minutes) 

Figure 3. Thermoplastic methane melt polymerization. Key: O , Polymer 4; X, 
Polymer 5. 
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(Table I ) . A major difference from the preceding polymer 
set was the use of low acid number (0.1) PTAd. Comparison 
shows that both polymerizations with 0.1 AN PTAd were 
considerably slower than those with high AN (2.4, 2.0) 
PTAd. We believe that t h i s comparison i l l u s t r a t e s the 
known weak c a t a l y s i s of the isocyanate-hydroxyl reaction by 
acids ( 2 , 1 θ , e t c . ) . 

Notice that Polymer 4 was s t i l l growing at the end of 
i t s measurements, as was Polymer 5 at the same reaction 
time. This indicates that the p o t e n t i a l f o r continued 
polymerization v i a the NC0-0H reaction s t i l l remained. The 
torque l e v e l achieved i n polymerizations 4 and 5 was less 
than that of 1 an
temperature of 4

Polymerization 5 was followed for 20 minutes. F i g 
ure 3 shows a steady torque (DP) increase for 18 minutes, 
then a l e v e l i n g tendency. This r e s u l t i s taken to ind i c a t e 
that for eighteen minutes the concentration of unreacted 
isocyanate and hydroxy1 groups remaining i n the polymer
i z i n g mixture exceeded t h e i r equilibrium concentration at 
~203°C, so polymerization v i a urethane formation continued 
up to t h i s point, exceeding chain cleavage by thermally 
induced urethane d i s s o c i a t i o n (Equation 1). 

Further data for Polymers 4 and 5 appear i n Table IV. 

Table IV 
Data for Natural Polymers 4 & 5 from 

Low Acid Number Polyester Glycol 

Polymer 
Polymerization 

4 5 

Torque (meter-grams) 460 
7 

390,640 
7, 16 
2.441 
2 

Time (min.) 
DSVa 1.639 

4 Gel (%) a 

161 
S o l u b i l i t y (THF, DMF) 
D.E.R.T2 (°C) 
Tensile Strength [psi(MPa)] 
300% Modulus [psi(MPa)] 
Elongation (%) 

167 
8500 (58.6) 
1700 (11.72) 

420 

9600 (66.2) 
1500 (10.34) 

450 

3i Mostly 

Table IV data show that the 0.1 AN PTAd u l t i m a t e l y 
produced higher molecular weight (MW) aged polyurethanes 
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than the 2.4 AN PTAd did (Table I I I ) . This tendency was 
expected since we know that polyester terminal carboxyl 
groups do not r e a d i l y p a r t i c i p a t e i n uncatalyzed thermo
p l a s t i c polyurethane polymerizations but act as l i m i t i n g , 
very reluctant, or "dead" chain ends which can catalyze 
subsequent h y d r o l y t i c degradation of the poly(ester-ure-
t h a n e ) . 1 8 , 2 0 This higher MW i s apparent i n the s i g n i 
f i c a n t l y higher DSV, T^, and gel values of the low acid 
number PTAd-based polymers, 4 and 5. 

The very high DSV value for Polymer 5 (2.441) i s not 
consistent with i t s moderate T ? value and i t s THF solu
b i l i t y . 1 

The higher M
also r e f l e c t e d i  highe
former polymers. The 300% modulus value has been shown to 
increase with thermoplastic polyurethane elastomer number 
average molecular weight, Mn. 1 7 

Figure 4 shows the viscosity-time-temperature r e l a 
tions f o r three a d d i t i o n a l (2.0) r a t i o poly(ester-urethane) 
elastomers. These polymers, #6, #7, and #8 were a l l pre
pared from the same low acid number (0.15) PTAd (VII). And 
the antioxidant, Irganox 1010 (Ciba-Geigy), was added at 
0.25 phr to the polymerization charges of these polymers. 

The somewhat a c i d i c phenolic hydroxyl groups of Irga
nox 1010 are believed to be too s t e r i c a l l y hindered to 
react with isocyanate groups i n urethane polymerizations. 

In Figure 4 the temperature and v i s c o s i t y curves for 
Polymers #6 and #7 are seen to be much a l i k e and s i m i l a r to 
that of Polymer 5 (Figure 3) which was prepared from an
other low acid number (0.1) PTAd. But notice the d i f f e r 
ence i n the torque curve for Polymer 8 of Figure 4 which 
le v e l s o f f at a value of only 150 meter-grams a f t e r eight 
minutes of reaction time. We a t t r i b u t e the lower torque i n 
the Polymer 8 polymerization to the 20°C higher reaction 
temperature imposed which we believe reduced polymer v i s 
c o s i t y i n two ways: 1) by increasing the normal "thermal 
thinning" process which overcomes i n t a c t polymer chain 
i n t e r c h a i n a t t r a c t i v e forces (hydrogen bonding, van der 
Waals forces, etc.) and 2) by d r i v i n g the urethane disso
c i a t i o n equilibrium of Equation 1 farther to the l e f t , thus 

C-[CH2-0C0CH2CH2 

C(CH 3) 3 

4 

(Irganox 1010) 
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1000*==^ 

VISCOSITY-TIME-TEMPERATURE

-ft-.mm 

1 1 1 I I L 
I 2 3 4 5 6 7 8 9 10 II 12 13 14 15 

REACTION TIME (Minutes) 
16 

Figure 4. Thermoplastic urethane melt polymerization. Key: O , Polymer 6; X, 
Polymer 7; Δ , Polymer 8. 
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increasing the degree of (re v e r s i b l e ) thermal d i s s o c i a 
tion/cleavage of polyurethane chains. 

In s p i t e of i t s sustained high polymerization temper
ature (~222°C), a f t e r eight minutes Polymer 8 torque re
mained quite steady during the l a s t 8 minutes of the polym
e r i z a t i o n reaction with only a s l i g h t drop i n d i c a t i v e of 
minor polymer reversion. 

Isocyanate analysis performed during the polymeriza
t i o n of Polymers 6, 7, and 8 a f t e r 7 and 16 minutes of 
reaction time afforded the i n t e r e s t i n g r e s u l t s of Table V. 

The data of Table V indicate a gradual decrease of 
[NCO] i n the l a t e r stages of each of these natural p o l 
ymerizations . Bu
remained i n the
reactions. One might argue that t h i s i s due to a s l i g h t 
i n i t i a l excess of isocyanate charged. But we f e e l that i t 
i s more l i k e l y manifestation of the urethane d i s s o c i a t i o n 
equilibrium (Equation 1). 

Table V 
Isocyanate Level During (2.0) Ratio Polymer Melt 

Polymerization 
[NCO] (%) a 

I n i t i a l 
7 Minute 
Consumed 

16 Minute 
Consumed 

Comment 

J L 

10.1 
0.190 
98.12 
0.137 
98.64 

Active polymer
i z a t i o n at 16 

minutes 

7 

10.05 
0.193 
98.08 
0.153 
98.48 

Active polymer
i z a t i o n at 16 

minutes 

Polymerizations 

8 

10.1 
0.191 
98.11 
0.128 
98.73 

S l i g h t rever
sion then 

steady a f t e r 
13 minutes 

Charged 

Further data for Polymers 6, 7, and 8 appear i n Table VI. 
The high 300% moduli of Polymers 7 and 8 seems to be a 

tendency i n polymers made from low acid number PTAd. 
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Table VI 
Data for Irganox 1010-Stabilized Polymers 6, 7, and 8 

from Low Acid Number Polyester Glycol 

Polymer 6 a 7 a 8 a 

Polymerization 
Torque (meter-grams) 380,700 380,760 150,150 
Time (min.) 7,16 7,16 7,16 

DSV 1.485 1.812 1.31 
Gel (%) n i l n i l n i l 
S o l u b i l i t y (THF, DMF) 
D.E.R.T2 (°C) 
Tensile Strength [psi(MPa)] 1 9700 (66.9) 8800 (57.2) 7400 (51.< 
300% Modulus [psi(MPa)] 1400 (9.65) 2000 (13.79) 1700 (11.7: 
Elongation (%) 470 415 435 

Polymerization charge contains 0.25% Irganox 1010. 

B. (3.0) Ratio Polymers: E f f e c t of Urethane Group Concen
t r a t i o n . Figure 5 shows the polymerization v i s c o s i t y - t i m e -
temperature r e l a t i o n s f o r a (3.0 r a t i o ) thermoplastic 
poly(ester-urethane) elastomer, Polymer 9. This polymer 
was made from reactants VI, IV, and X (Table I) the poly
ester g l y c o l component being intermediate acid number PTAd 
(0.30). 

I t can be seen from Figure 5 that t h i s (3.0) r a t i o 
melt polymerization was very rapid and faster than those of 
Polymers 1 and 2. I t achieved high melt v i s c o s i t y quickly 
but immediately began to lose t h i s v i s c o s i t y , presumably 
due to shear-induced polymer chain cleavage, whicn i s 
usually most pronounced at high melt v i s c o s i t y l e v e l s . 

The rapid polymerization rate was l i k e l y r elated to 
the polymer composition wherein the high urethane concen
t r a t i o n not only increased polymer melt v i s c o s i t y but also 
autocatalyzed further urethane f o r m a t i o n . 1 9 However, the 
intermediate a c i d i t y of the polyester g l y c o l i s also be
l i e v e d to contribute to the increased polymerization rate 
due to what may be the p a r t i c u l a r l y favorable balance of 
i t s c a t a l y t i c but reluctant terminal carboxyl groups (at 
intermediate l e v e l ) and i t s reactive terminal hydroxyl 
groups ( i n preponderance). 

Further data f or Polymer 9 appear i n Table VII. 
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. VISCOSITY-TIME-TEMPERATURE RELATIONS 
I400x Χχ 

1 2 3 4 5 6 7 8 9 
REACTION TIME (Minutes) 

Figure 5. Thermoplastic urethane melt polymerization. Key: X, Polymer 9. 
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Table VII 
Data for (3.0) Ratio Polymer 9 

Polymer 
Polymerization 

9 

Torque (meter-grams) 1300a,1180 
Time (min.) 

DSV 
Gel (%) 
S o l u b i l i t y (THF, DMF) 
D.E.R.T2 (°C) 
Tensile Strength [psi(MPa)
300% Modulus [psi(MPa)] 
Elongation (%) 

>4800 (>33.1) 
220 

4,6 

Maximum 

Table VII data show that Polymer 9 was an unusual po
lymer. This i s seen i n i t s very high modulus, low extensi
b i l i t y at break, high T^ value, and i n s o l u b i l i t y even i n 
DMF. Apparently Polymer 9 i s an unusually high molecular 
weight polymer which we f e e l resulted from the use of 
(intermediate) acid numer PTAd. 

C. Ethylene Glycol Chain Extender E f f e c t s . Figure 6 shows 
the polymerization viscosity-time-temperature r e l a t i o n s for 
a thermoplastic poly(ester-urethane) elastomer, Polymer 10, 
made from monomers V I I , IV, and XI (Table I ) . VII i s low 
acid number PTAd (0.15) and XI i s ethylene g l y c o l chain 
extender. The polymerization charge also contained 0.25% 
(on charge) of Irganox 1010 antioxidant. 

The polymerization of Polymer 10 reached i t s maximum 
torque i n 7 minutes (390 meter-grams) then died and began 
to degrade with loss of melt v i s c o s i t y , even at t h i s low 
polymer melt v i s c o s i t y l e v e l and f a m i l i a r polymerization 
temperature. Ethylene g l y c o l chain extended polymers have 
been anomalous polymerizations and polymers i n our experi
ence due, we b e l i e v e , to abnormal chemistry that can occur 
during t h e i r preparation. 

The data of Table VIII show that Polymer 10 i s a high 
q u a l i t y thermoplastic polyurethane elastomer. 
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VISCOSITY-TIME-TEMPERATURE RELATIONS 
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Figure 6. Thermoplastic urethane melt polymerization. Key: X, Polymer 10. 
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Table VIII 
Data f or ( 2 .0 ) Ratio Polymer 10 

Polymer i o a 

Polymerization 
Torque (meter-grams) 380,340 
Time (min.) 7,10 

DSV 
Gel (%) 
S o l u b i l i t y (THF, DMF) + ,+ 
D.E.R.T2 (°C) 137 
Tensile Strength [psi(MPa)] 8400 (57 
300% Modulus [psi(MPa)] 1200 (8 . : 
Elongation (%) 495 

aPolymerization charge contains 0.25% Irganox 

I I . Catalyzed Polymerizations 

A. Stannous Octoate. 1. ( 3 .0 ) Ratio Polymers: Figure 7 
shows the polymerization viscosity-time-temperature r e l a 
tions for two thermoplastic poly (ester-urethane) (3 .0 ) 
r a t i o elastomers, Polymers 9 and 11 , made from the same 
monomer l o t s , VI, IV, X (Table I ) . Stannous octoate cata
l y s t (47 ppm) (XII - Table I) was mixed into the macro-
glycol-chain extender g l y c o l blend p r i o r to MDI addition i n 
polymerization Number 11 . 

Examination of Figure 7 shows that stannous octoate 
strongly catalyzed the already rapid (3 .0 ) r a t i o polymeri
zation. The highest torque was r e a l i z e d i n uncatalyzed 
Polymer 9 but prompt, su b s t a n t i a l melt v i s c o s i t y reduction, 
i n d i c a t i v e of polymer degradation v i a shear-induced chain 
cleavage followed. Catalyzed Polymer 11 showed polymeri
za t i o n die-out at about 4 minutes of reaction time but no 
polymer degradation tendency i s apparent even at these high 
torque and temperature l e v e l s . 

Further data on Polymers 9 and 11 appear i n Table IX. 
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Figure 7. Thermoplastic urethane melt polymerization. Key: X, Polymer 9 
(natural); O , Polymer 11 (47 ppm stannous octoate). 
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Table IX 
Data Showing Stannous Octoate Catalyst E f f e c t : 

Polymers 9 & 11 

Polymer 
Polymerization 

9 
a 

11 

Torque (meter-grams) 200,1300 
2,4 

1140,1240 
2,4 Time (min.) 

DSV 
Gel (%) 
S o l u b i l i t y (THF, DMF
D.E.R.T2 (°C) 
Tensile Strength [psi(MPa)] 
300% Modulus [psi(MPa)] 
Elongation (%) 

200 
4800 (33.1) 
>4800 (>33.1) 

220 

189 
9600 (66.2) 
5900 (40.7) 

380 

a, Maximum 

Table IX data show that neither Polymer 9 nor Polymer 
11 was soluble, apparently due to t h e i r high molecular 
weights, which are also apparent i n t h e i r high T^ and 300% 
modulus values. 

2. (2.0) Ratio Polymers: Figure 8 shows the polymeri
zation of (2.0) r a t i o polymers made from reactants V (PTAd, 
AN 0.1), V I I I , and X without added c a t a l y s t (Polymer 12) 
and with 58 ppm of stannous octoate (Polymer 13). Again 
strong c a t a l y s i s by the t i n compound i s apparent. The 
catalyzed run, Polymer 13, required only 4 minutes to reach 
maximum torque whereas the uncatalyzed run, Polymer 12, 
needed about 16 minutes to reach t h i s same torque l e v e l . 

Again there i s no evidence for polymer v i s c o s i t y loss 
by reversion i n the catalyzed polymerization even on ex
tended reaction at ~200°C. Note that the uncatalyzed 
polymer was s t i l l growing at the end of i t s term i n the 
reactor i n keeping with the behavior of Polymers 6 and 7 
(Figure 4) which were also made from low acid number poly
ester g l y c o l , PTAd. 

I l l . Shortstopped Polymerizations 

A. 1-Propanol. Figure 9 shows the polymerization v i s c o 
sity-time-temperature r e l a t i o n s for three (2.0) r a t i o 
thermoplastic poly(ester-urethane) elastomers, Polymers 5, 
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VISCOSITY-TIME-TEMPERATURE RELATIONS 
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Figure 8. Thermoplastic urethane melt polymerization. Key: X, Polymer 12 
(natural); Ο, Polymer 13 (58 ppm stannous octoate). 
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Figure 9. Thermoplastic urethane melt polymerization. Key: X, Polymer 5; O , 
Polymer 14(1% n-propanol); Δ , Polymer 15 (3% n-propanol). 
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14, and 15. The two l a t t e r were shortstopped with 1-pro-
panol ( X I I I , Table I ) . These polymers were a l l made from 
the same monomer l o t s , I I I , IV and X (Table I ) . The poly
ester g l y c o l , I I I , has low acid number (0.1). 

In Polymers 14 and 15 the shortstop, 1-propanol, was 
added to the polymerizing reaction mixture i n the Brabender 
P l a s t i c o r d e r reactor 7 minutes a f t e r the polymerization had 
been started (see a s t e r i s k i n Figure 9). 

Comparison of Polymers 14 and 15 i n Figure 9 shows 
f a i r l y s i m i l a r polymerizations up to the point of shortstop 
addition. The c o n t r o l , Polymer 5, was slower but a l i v e and 
growing at 18 minutes of polymerization time, reaching a 
f i n a l torque valu
diate polymerizario
uncatalyzed thermoplastic polyurethane elastomer polymeri
zations based on low acid number PTAd while Polymers 14 and 
15 formed f a s t e r than usual from such a low acid number 
polyester g l y c o l component. 

In Polymer 14 (1.0% SS) the polymerization showed a 
torque increase of 30 meter-grams peaking at 580 meter-
grams one h a l f minute a f t e r shortstop addition (+ ΔΤ 30/ 
0.5, 580 maximum) with 80 units reversion i n the subsequent 
12.5 minutes of polymerization (-ΔΤ 80/12.5). 

In Polymer 15 (3.0% SS) behavior was (+ ΔΤ 40-60/1, 
580-620 maximum) with strong reversion (- ΔΤ 130-180/2). 
The polymerization of 15 was notably f a s t e r than the poly
merization of 14 and the rate differences i n t h i s set are 
more than are normally encountered or desired. 

The apparent p a r t i a l reversion of the polymerizing 
mixture a f t e r torque peaking, i t s dependence on shortstop 
concentration, and i t s ultimate decline with polymerization 
time are i n t e r e s t i n g phenomena. The desired shortstopping 
chemistry i s pictured i n Equation 3. I t involves the 
reaction of the hydroxyl group of the added 1-propanol 
shortstop molecules with the unreacted terminal isocyanate 
groups on the poly(ester-urethane) chains. This perman
ently stops chain growth as desired. 

Equation 3. Shortstopping a Polyester Urethane Chain by 
Terminal Urethane Formation 

-0(CH2)4-0C0(CH2)4C00(CH2)40C0NH« -OiO1 *NC0+CH3CH2CH20H 

(1-propanol) 

-0(CH 2) 4-0C0(CH 2) 4C00(CH 2) 40C0NH< •NHC000CH2CH2CH3 
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But we believe some unwelcome chemistry may also 
occur, and the course of the reversion, p a r t i c u l a r l y the 
fact that i t eventually subsides (e.g., Polymer 14), sug
gests that the following occurs. 

Shortstop molecules, added i n su b s t a n t i a l excess of 
the isocyanate groups i n the polymerizing mixture (to 
shortstop quickly and completely) upset the urethane e q u i l 
ibrium shown i n Equation 1, d r i v i n g the reaction to the 
r i g h t by the Law of Mass Action i n order to produce more 
urethane groups and thus r e - e s t a b l i s h the equilibrium 
constant (Equation 2) for that temperature. 

Since 1-propanol i s monofunctional and reacts with 
"matched d i s s o c i a t i o
chain p o s i t i o n s
polymer chain terminal positions) i t s e f f e c t s include 
cleavage of some polyurethane chains i n the process of 
generating more urethane groups. As a r e s u l t , polymer DP, 
melt v i s c o s i t y , and torque drop u n t i l the shortstop i s 
consumed, or escapes the mixture by v o l a t i l i z a t o n . Figure 
9 shows that the more 1-propanol used to shortstop the 
polymerizations, the more pronounced the polymer reversion 
was. 

Further data on Polymers 5, 14, and 15 appear i n Table 
X. 

Table X 
Data Showing 1-Propanol Shortstop E f f e c t : Polymers 5, 14 and 15 

Polymer 5 14 15 

[Shortstop] (%) a 0 1.0 3.0 
Polymerization , 

Torque (meter-grams) 390,500,660 550,580 ,500 580,620 ,440 
Time (min.) 7,9,20 7,7.5,20 7,8,10 

DSV 2.441 1.257 0.910 
Gel (%) 2 n i l n i l 
S o l u b i l i t y (THF, DMF) + ,+ +,+ +,+ 
D.E.R.T2 (°C) 161 141 136 
Tensile Strength [psi(MPa)] 9600 (66.2) 9600 (66.2) 8600 (59.3) 
300% Modulus [psi(MPa)] 1500 (10.34) 1600 (11.03) 1300 (8.96) 
Elongation (%) 450 470 530 

% wt. (on reactants) of 1-propanol; 
Maximum 
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The data of Table X indicate the pronounced e f f e c t 
iveness of 1-propanol as a urethane polymerization short
stop. I t does i t s job i n about 1 to 2 minutes under the 
conditions investigated and DSV and T^ values decrease with 
increasing shortstop concentration. 

B. 1-Decanol. Figure 10 shows the polymerization v i s 
cosity-time-temperature r e l a t i o n s for a set of (2.0) r a t i o 
thermoplastic poly(ester-urethane) elastomers, Polymers 16, 
17 and 18, where 17 and 18 were shortstopped with a higher 
molecular weight primary a l c o h o l , 1-decanol (XIV - Table I ) . 
The polymers of t h i s set were a l l made from the same reac-
tant l o t s (VII,
had a low acid number

Comparison of Polymer 16 polymerization (control) with 
17 shows e s s e n t i a l l y i d e n t i c a l polymerization rates up to 
the point of shortstop addition a f t e r 8 minutes of polymer
i z a t i o n time. In Polymer 16 we see the polymerization 
begin to slow down a f t e r about 8 minutes of reaction at 420 
meter-grams but to achieve 490 meter-grams i n 10 minutes 
without die-out. 

The behavior of Polymer 17 polymerization (0.24% SS at 
8 minutes) showed less than complete shortstop action (+ ΔΤ 
30/2) and a f i n a l torque of 470 meter-grams. Note the 
t o t a l absence of shortstop-induced polymer reversion even 
a f t e r 16 minutes of reaction time. 

Polymerization of Polymer 18 (0.51% SS at 8 minutes) 
was a b i t f a s t e r than 17. Subsequent to shortstop addi
t i o n , behavior was + ΔΤ 10/0.5 with 500 meter-grams maximum 
torque r e a l i z e d 0.5 minute a f t e r shortstop addition. But 
t h i s 0.51% of shortstop resulted i n pronounced polymer 
reversion i n the next 7.5 minutes of reaction time and 
showed no l e v e l i n g tendency even then. This behavior 
contrasts with that of Polymer 14 polymerization which was 
shortstopped with n-propanol (Figure 9). I t probably 
indicates a deleterious excess concentration of shortstop 
hydroxyl over polymer chain terminal isocyanate, the s i t u 
a t i o n r e s u l t i n g i n polyurethane chain cleavage as discussed 
e a r l i e r . And the fa c t that the reversion continued stead
i l y with reaction time i s believed to r e f l e c t the nonfugi-
t i v e nature of the high b o i l i n g 1-decanol shortstop r e l a 
t i v e to that of 1-propanol (Table I ) . 

Further data on Polymers 16, 17, and 18 appear i n 
Table XI. 
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Figure 10. Thermoplastic urethane melt polymerization. Key: X, Polymer 16 
(control); O, Polymer 17 (0.24% 1-decanol); Δ , Polymer 18 (0.51% 1-decanol). 
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Table XI 
Data Showing 1-Decanol Shortstop E f f e c t : Polymers 16, 17, and 18 

Polymer 16 17 18 

[Shortstop] (%) a 0 0.24 0.51 
Polymerization 

Torque (meter-grams) 370,490 360,440,470 420,490, 

7,8,10a 
500 ,320 

Time (min.) 7,10 7,8,10a 7,8 a,8.5,l6 
DSV 
Gel (%) 
S o l u b i l i t y (THF, DMF) + ,+ + ,+ + ,+ 
D.E.R.T2 (°C) 145 138 126 
Tensile Strength[psi(MPa)] 9800 (67. 6) 8900 (61.4) 6400 (44.1) 
300% Modulus [psi(MPa)] 1800 (12, .41) 1200 (8.27) 1000 (6.90) 
Elongation (%) 450 500 565 

^Shortstop added 
Maximum 

Isocyanate analyses of the shortstopped polymers, 
performed during the polymerization before and a f t e r short
stop a d d i t i o n , afforded the r e s u l t s of Table X I I . 

Table XII 
Isocyanate Levels During 1-Decanol Shortstopped 

Polymerization of Polymers 17 & 18 

Polymer 17 18 
[NCO] (%) 

I n i t i a l 10.05 10.05 
7 Minute 0.198 0.176 
Consumed 98.03 98.25 

16 Minute 0.107 0.066 
Consumed 98.93 99.34 

Comment Steady f i n a l state Reversion 

aCharged 

Table XII data show that a l l of the 1-decanol short-
stopped polymerizations, measured a f t e r 16 minutes of 
polymerization, contained less isocyanate than the natural 
polymerizations, e.g., 6, 7, and 8 (Table V). But even so, 
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a s i g n i f i c a n t concentration of unreacted isocyanate groups 
remained i n the shortstopped polymers, providing more 
evidence of the urethane thermal equilibrium (Equation 1). 

D. Diisocyanate Deficiency. Another way of modifying 
polyurethane molecular weight during polymerization i s to 
d e l i b e r a t e l y avoid stoichiometric reactant balance i n the 
polymerization charge, favoring a hydroxy1 excess. This 
has been done i n the case of Polymer 19 where a deficiency 
of diisocyanate was charged i n a (2.0) r a t i o polymer recipe 
so that the molar reactant r a t i o was 1.95/1.00/1.00 (MDI/ 
PTAd/1,4-butanediol)  The control polymer for t h i s set was 
7. Both Polymer
of low (0.15) aci
and MDI ( V I I I ) . Both contained 0.25% wt. Irganox 1010 i n 
the polymerization charge. The polymerizations of 7 and 19 
are seen i n Figure 11. 

Comparision of the polymerizations of Polymers 7 
(balanced control) and 19 (MDI-deficient) shows 7 to be 
high v i s c o s i t y , l i v e , and vigorous a f t e r 16 minutes of 
reaction whereas 19 was much slower and apparently dying 
out at only about one-third the v i s c o s i t y of the control 
polymer. Isocyanate analyses a f t e r 7 minutes of reaction 
showed 0.191% wt. i n Polymer 7 and only 0.094% wt. i n 
Polymer 19. Af t e r 16 minutes of reaction the values were 
0.128% f o r 7 and 0.042% for 19. 

Thus, s u b s t a n t i a l polymer molecular weight modifica
t i o n (reduction) i s seen to be a consequence of deliberate 
stoichiometric reactant imbalance v i a MDI deficiency. This 
not only represents a method of thermoplastic polyurethane 
elastomer molecular weight control but also demonstrates 
what inadvertent reactant imbalance can do to the polymeri
zation and the polymer product. 

Further data on polymers 7 and 19 appear i n Table 
X I I I . 
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Table X I I I 
Data for Polymers 7 & 19 Prepared from Balanced 

and Diisocyanate-Deficient Recipes 

Polymer 7 19 
Modifier 

Type none MDI deficiency 
Polymerization 

Torque (meter-grams) 380,760 165,270 
Time (min.) 7 a , l 6 B 7 C , l 6 d 

DSV 
Gel (%) 
S o l u b i l i t y (THF, DMF) + ,+ + ,+ 
D.E.R.T2 (°C) 139 122 
Tensile Strength [psi(MPa)] 8300 (57. .2) 7400 (51.0) 
300% Modulus [psi(MPa)] 2000 (13. .79) 1200 (8.27) 
Elongation (%) 415 590 

% Wt. NCO: a0.191, b0.128, C0.093, d0.042 

I t can be seen from Table XIII data that control 
Polymer 7 i s a high molecular weight and high q u a l i t y 
polyurethane whereas the modified polymerization yielded 
lower molecular weight Polymer 19 with good but lesser 
properties. The lowest f i n a l (16 minute) [NCO] was ob
tained i n the polyurethane prepared with a diisocyanate 
deficiency i n the charging recipe. 

IV. Polymer Mastication 

The Brabender P l a s t i c o r d e r i s also a useful device for 
studying the e f f e c t of shear and heat on f u l l y formed polymeric 
materials. And t h i s i s another way that we used i t i n the 
present study. The technique employed was to bring the P l a s t i 
corder mixing chamber to temperature, then add granules of 
thermoplastic polyurethane elastomer (at 25°C) to the chamber 
and record the viscosity-time-temperature pattern that devel
oped. 

Figure 12 shows an example of the c h a r a c t e r i s t i c pattern we 
encountered i n t h i s type of experiment i n the mastication of a 
high q u a l i t y (2.00) MDI/PTAd (MW 1000)/1.4-BDO composition, 
Polymer 20, taken from the shelf. Granules of Polymer 20 were 
pre-dried (75°C/1 mm Hg/6 hours, then 25°C/1 mm Hg/over D r i e r i t e / 
20 hours) before mastication. 

As can be seen i n Figure 12 the P l a s t i c o r d e r mixing chamber 
was heated to 200°C, a temperature frequently applied i n the 
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polymerizations of t h i s study. Two minutes a f t e r addition of 
the granules (79.4g) the fluxed polymer registered ~180°C and 
~960 meter-grams torque. This torque l e v e l w i l l be recognized 
as being f a i r l y high for a polymer of t h i s composition forming 
at 200°C, but of course very high i n i t i a l l e v e l s would be ex
pected at the formed polymer solid-to-melt t r a n s i t i o n point. 

At s i x minutes the polymer f l u x had e s s e n t i a l l y regained 
the selected mastication temperature, 200°C, but notice that 
during t h i s i n t e r v a l mastication reduced torque p r e c i p i t o u s l y to 
the low l e v e l of 320 meter-grams. After a t o t a l mastication 
time of 10 minutes the polymer melt torque l e v e l f e l l a b i t 
further to 250 meter-grams and declined l i t t l e more during the 
f u l l 20 minute term of th  experiment

The foregoing masticatio
several f u l l y formed thermoplasti  polyurethan  compo
s i t i o n s we have examined. An obvious question the pattern 
raises i s why mastication reduces already formed polymer to such 
e s s e n t i a l l y constant low v i s c o s i t y l e v e l under a given set of 
shear/temperature/time conditions while the same conditions 
raise the v i s c o s i t y of the same composition of forming polymer 
to a much higher and growing or constant v i s c o s i t y l e v e l , (e.g., 
Polymer 5, Figure 3). 

Some possible answers to the foregoing question occur. 
Perhaps, i n sp i t e of our e f f o r t s to dry Polymer 20 granules some 
t i g h t l y absorbed water remained i n the polymer. This moisture 
would then be on s i t e to react with the isocyanate-terminated 
polymer chain ends as they are generated by the thermal/shear-
induced cleavage of polymer urethane bonds. Such a process 
would reduce polymer average molecular weight, and thus melt 
v i s c o s i t y , u n t i l the water i s used up or has escaped. 

In contrast, trace moisture i n the polymerization charge 
quickly reacts with isocyanate i n a chain-extending process, and 
i s thereafter not av a i l a b l e to react with and seal o f f isocya
nate- termina ted polymer chains. 

Again, i t i s l i k e l y that the v i r t u a l c r o s s l i n k s (hard 
segment aggregation into domains, urethane hydrogen-carbonyl 
group bonding, aromatic η electron associations, van der Waals 
in t e r c h a i n forces, etc.) i n formed segmented thermoplasic poly
urethane elastomers, such as the polymers of t h i s study, have 
become w e l l developed by phase segregation r e l a t i v e to t h e i r 
p o t e n t i a l , i n stored polymer samples. Under the shear of masti
cation such v i r t u a l c r o s s l i n k s may hold w e l l enough before 
d i s r u p t i o n to r e s t r i c t polymer chain slippage, with the conse
quence that many chains are broken i r r e v e r s i b l y and polymer 
v i s c o s i t y i s permanently reduced. 

But, such an extensive v i r t u a l network has not yet devel
oped i n the forming polymer and chain growth dominates shear-
induced chain cleavage, eventually producing a much higher 
v i s c o s i t y polymer melt. 

We f e e l i t l i k e l y that both of the above f a c t o r s , trace 
moisture and v i r t u a l networks, are involved as suggested i n the 
foregoing incongruous polymer melt v i s c o s i t y phenomena. 
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Biodegradation of Polyurethanes Derived from 
Polycaprolactonediols 
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Earlier studies on the biodegradation of synthetic polymers 
were initiated by the desire to avoid biodegradation, thereby 
obtaining long lasting materials. Disposing of nondegradable 
synthetic polymers after use is a problem that grows more serious 
every day. Designing the polymer to be biodegradable avoids the 
problem of accumulation of expended polymers. The disposal of 
biodegradable polymers, on the other hand, is less difficult. 
Moreover, the increasing uses of biodegradable polymers in medi
cine and agriculture as sutures, surgical inplants, and components 
of controlled release formulations of drugs and agricultural 
chemicals require knowledge concerning the biodegradabilities 
of synthetic polymers. Since natural macromolecules are generally 
degraded in biological systems by hydrolysis followed by oxida
tion, we have been studying biodegradable polymers containing 
hydrolyzable linkages (1). In addition to the semi quantita
tive method of following biodegradation recommended by ASTM 
(2) we have developed quantitative methods to study enzymic 
and microbial degradation (3). We report here some of our 
recent results on the biodegradation of polyurethanes. 

Experimental 

Materials. Polyurethanes were prepared i n the usual manner 
using suitable d i o l s , polyols and diisocyanates. Catalysts 
were not used to avoid the p o s s i b i l i t y that metal ions might 
act as fungicides. Polyurethanes were p u r i f i e d by reprecipita-
t i o n before subjection to biodégradation testing. 

The reaction of 0.01 mole of a polyesterdiol (Aldrich 
Chemical Co., Milwaukee, WI.) with 0.01 mole (plus a 1-3% excess) 
of a diisocyanate (Aldrich Chemical Co., Milwaukee, WI.) was 

0097-6156/81/0172-0471 $05.00/ 0 
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performed -under an argon atmosphere by premelting the PCL-diol 
to which the specified amount of diisocyanate was added. The re
action vessel, consisting of a three neck round bottom flask 
equipped with a condenser, gasbubbler, and s t i r r e r was heated to 
110°C for a period of 12 hrs. resulting i n a highly viscous, 
s l i g h t l y colored polymer. This polymer was then THF extracted 
overnight with refluxing and subsequently precipitated out i n 
d i s t i l l e d H 20. This reprecipitation was carried out twice more 
to insure the removal of impurities. The product was dried 
while under vacuum at room temperature for at least one week. 
The result was an off-white, tough material which was redissolved 
overnight i n preparation for the biodégradation studies. The 
commercial polyurethane was obtained from Upjohn Company. 

The following organism  used  Cryptococcu  l a u r e n t i i
a yeast; Aspergillus fumigatu
enrichment culture i s o l a t e  sp
laboratory. The fungi were stored as spore suspensions washed 
from Sabouraud* s Dextrose Agar (Difco; Detroit, Ml) with 0.1% 
(v/v) Triton X-100 i n d i s t i l l e d water and standard volumes of each 
were used as the inocula for growth studies. The yeast was stored 
on glucose (0.h% w/v) basal salts solution containing a suspen
sion of polyester(polycaprolactonediol 1250). The medium used 
consisted of a basal salts solution (BMS) containing, per l i t e r 
of glass d i s t i l l e d water: K 2HP0i l, 0.7 g and KH2P0^, 0.7 g 
s t e r i l i z e d separately from MgS0i|.7H20, 0.7 g; NH^Cl, 1.0 g; 
NaNO^, 1.0 g; and 1.0 ml of trace salts solution. This consisted 
of, per m i l l i l i t e r : NaCl, 0.005 g; FeS0i +.7H 20, 0.002 g; 
ZnS0i +-7H 20, 0.002 g; and MnSOi|-H20, 0.0007 g. The pH was 
adjusted to 6.5 with 10% (w/v) NaOH. For s o l i d media, BMS was 
supplemented with 10.0 g of Noble Agar (Difco, Detroit, Ml) per 
l i t e r . For experiments with nitrogen-free medium, both NH^Cl and 
NaNO^ were omitted, NaCl, 1.0 g / l . was substituted. 

Biodégradation. The ASTM recommended procedure was used 
for the fungal degradation experiments (_2) . The enzymatic 
degradation procedure developed i n our laboratory has been 
described recently (3). 

The protocol outlined by the American Society for Testing 
Materials (ASTM) was followed for the s o l i d surface growth 
studies. A f i l m of the polymer was cast on the surface of a 
BMS-agar plate by spreading 2.0 ml of 10 mg/ml poly(ester-
urethane) i n THF over the surface of the plate and evaporating 
the THF. The centers of the plates were inoculated with 0.1 ml 
of the spore suspensions or 0.1 ml of a turbid culture of yeast 
grown on 0.2% (w/v) Casamino Acids (Difco, Detroit, Ml), after 
which the plates were incubated at 25°C for one month. 
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For the quantitative assays of degradation, films were cast 
i n the bottom of 25 χ 125 mm glass tubes and rotated overnight 
for solvent evaporation. BMS (5 ml.) and a 0 . 1 ml inoculum were 
added aseptically and the tubes incubated at 25 C for one month. 
Controls for s t a b i l i t y of the polymer to nonbiological hydrolysis 
with incubation and v i a b i l i t y of the inoculum were included. 
These experiments were terminated by l y o p h i l i z a t i o n of the culture 
i n the growth tube. 

Both the qualitative and the quantitative studies were done 
i n duplicate. 

High pressure l i q u i d chromatography (HPLC) was performed 
using a series of three 6θ χ 0 . 7 5 cm columns: two 3 χ 10^ 2 
Styragel followed by one 500 2 Styragel (Waters Assoc., Milford, 
MA.). The exclusion l i m i t of this column system i s 1.7 x 1 0 " 
determined with polystyren
The HPLC system consist
Roy Co., Hollywood, F l a . ) , the columns, a Rheodyne injector 7125 
an R-U D i f f e r e n t i a l Refractometer, and a Speedomax H recorder 
(Leeds and Northrop, P h i l a . , PA), with THF as the eluant. 

The described column system i s capable of separating poly
styrene standards (Waters Assoc.) of 9 5 0 , 0 0 0 to 3 , 6 0 0 MW. Because 
of d i f f e r i n g molecular configurations, however, a polystyrene 
standard curve cannot be used to accurately describe apparent 
molecular weights of the poly(ester-urethanes). 

Lyophilized samples were extracted with 2 . 5 ml of THF over
night with rotation at 37°C. S t e r i l e k.O mm glass beads were 
added to increase dissolution. The samples were f i l t e r e d through 
0 . U 5 ym M i l l i p o r e HF f i l t e r s and 100 u l sample volumes were 
chromatographed. The molecular weight d i s t r i b u t i o n post degra-
t i o n was recorded and compared to control samples treated in an 
i d e n t i c a l manner. 

Results and Discussion 

Darby and Kaplan reported i n 1968 that polyester based poly
urethanes were better nutrients for fungi than polyether based 
polyurethanes (h). A similar finding was reported by Potts et. a l . 
l a t e r (J5_). Both of these reports were based upon experiments using 
polyurethane samples as the only available carbon nutrient for 
the growth of fungi and the extents of fungal growth after the 
testing period were taken as an indication of the extents of poly
mer degradation. Our studies on fungal degradation of polymers 
have shown that the growth of fungi i s a good indication of 
polymer biodégradation. However, the absence of fungal growth 
cannot be viewed as d e f i n i t e proof of lack of biodégradation. 
Occasionally we found that some microorganisms degraded polymer 
samples without being able to u t i l i z e the degraded end products. 

In Urethane Chemistry and Applications; Edwards, K., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



474 U R E T H A N E CHEMISTRY AND APPLICATIONS 

In these cases, the absence of extensive fungal growth does 
not mean lack of biodégradation. Studies on the changes of 
the polymer samples (molecular weight, molecular weight d i s t r i 
bution, morphology, etc.) together with changes of the micro
organisms provide a better understanding of the biodégradation pro
cesses. Enzymatic degradation, being experimentally less compli
cated than fungal degradation, has been also carried out in our 
laboratory together with fungal degradation. 

Most of the commercial polyurethanes are derived from the 
polymerization of polyesterdiols or polyetherdiols with d i i s o -
cyanates giving poly(ester-urethanes) and poly(ether-urethanes). 
The question can thus be raised whether the observed biodégrada
t i o n of polyurethanes i s due to the degradation of ester (or ether) 
linkages but not the degradation of the urethane linkages  We 
have studied the funga
derived from ethylene glyco
simple polyurethanes contain only urethane linkages that are 
hydrolyzable. The observed degradation l i s t e d in Table 1 can 
thus be attributed to the degradation of the urethane linkages. 
Although no growth of Aspergillus niger on the polyurethane 
samples could be detected the polyurethanes were found to be 
readily degraded by the enzyme containing detergent Axion. It 
i s interesting to note that the phenylated polymers _1 and 3_ 
are less degradable than the nonsubstituted polymers 2_ and J+. 
Since racemic monomer was used to prepare _1 and 3_ i t i s quite 
possible that only one of the two enantiomeric forms can be 
attacked by the enzyme. E a r l i e r we found that the poly(amide-
urethane) derived from natural mandelic acid was degraded more 
readily by both enzymes and fungi than the corresponding non-
substituted poly(amide-urethane) derived from g l y c o l i c acid (6). 
As i s true i n most enzyme catalyzed reactions, biodégradation 
of synthetic polymers has been found by us to proceed in a 
stereospecific manner. Kim, Gilbert, and Stannett reported i n 
1973 that the polyurethanes derived from cellulose hydrolysates 
were degraded by the enzyme c e l l u l y s i n (l). Compared to poly-
amides having similar structural features the simple polyurethanes 
were found to be more susceptible to biodégradation. E a r l i e r 
reports on biodegradable polyurethanes included mostly 
polyurethanes derived from low molecular weight polyesterdiols 
prepared from diols and diacids. Recently polycaprolactonediols 
have gained increasing importance as commercial prepolymers 
for polyurethanes. In view of the well known biodegradability 
of polycaprolactone (j5) we decided to study the biodégradation 
of polyurethanes derived from polycaprolactonediols. 
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Polyurethanes "were prepared from polymerizations of polyca-
prolactonediols (MW 3000, 1250, and 530) with 1,6-hexamethylene 
diisocyanate, Scheme 1. To avoid the p o s s i b i l i t y that some of 
the t r a d i t i o n a l m e t a l l i c c a t a l y s t s for polyurethane polymeriza
t i o n might be biocides the polymerizations were c a r r i e d out with
out c a t a l y s t . P u r i f i e d polyurethanes were cast into films from 
THF s o l u t i o n s . Dry films were then subjected to semi quantita
t i v e (ASTM and zone clearing) and quantitative (GPC) studies of 
biodégradation by two fungi (Aspergillus fumigatus and a 
Fusarium s o l a n i i and a yeast (Cryptococcus l a r e n t i i ) . A l l these 
microorganisms were found by our previous studies to be e f f e c t i v e 
i n the degradation of polycaprolactone. 

ASTM Analysis and Zone Clearing A n a l y s i s . A l l the polymers 
can be considered very biodegradabl
commercial sample, whic
no d i s c r i m i n a t i o n between polymers. A l l received the highest 
growth r a t i n g except for polyurethane derived from PCL (MW 1 2 5 0 ) , 
exposed to Fusarium sp. (Table 2 ) . The presence of added nitrogen 
i n the growth medium did not apparently i n h i b i t the degradation 
by repressing the synthesis of enzymes fo r nitrogen metabolism. 
I t was a n t i c i p a t e d that the u t i l i z a t i o n of nitrogen containing 
subunits might be i n h i b i t e d i n the presence of excess nitrogen. 
In f a c t , the lack of added nitrogen was seen to r e s u l t i n less 
extensive hyphal development f o r the sample, as mentioned above. 

An example of t h i s i s seen i n Figure 1 . These r e s u l t s were 
d i f f i c u l t to quantitate by ASTM ratings because the surface of 
the nitrogen d e f i c i e n t plates was covered, but a e r i a l hyphae 
were sparse, as compared to the p a r a l l e l plates containing 
nitrogen. In these cases the organisms were growth l i m i t e d 
due to a lack of s u f f i c i e n t nitrogen. 

Cr. l a u r e n t i i could not be evaluated on the same basis be
cause as a yeast i t does not produce hyphae, and only colony 
development (or the lack thereof) or zone production could be 
used as c r i t e r i a . An example of a zone can be seen i n Figure 2 , 
presumably caused by the action of an e x t r a c e l l u l a r enzyme on 
the polymer f i l m which a l t e r e d the l i g h t s c a t t e r i n g c h a r a c t e r i s t i c s . 
These zones were also detected i n areas of high hyphal concentra
t i o n . 

GPC A n a l y s i s . The organisms chosen were ones found to be 
e f f e c t i v e degraders of polyesters; s p e c i f i c a l l y polycaprolactones. 
I t was thought that they would prove to be e f f e c t i v e degraders of 
these poly(ester-urethanes). A l l the investigated polymers were 
found to have molecular weights i n the area of 9 0 , 0 0 0 as estimated 
by GPC. An enrichment of the culture media, set up as a p a r a l l e l 
experiment, was done i n hopes of discovering the e f f e c t s of 
nitrogen incorporation i n t o the polymer backbone. Some of the 
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Scheme 1 

η 0CN-R-NC0 + η H0-Rf-0H • fOCNH-R-NHCOO-R'-O^ 

R: - ( C H 2 ) , , _<QycH2̂ Qy_ 
R f: Polycaprolactonediols 

PCL(MW 3000) 

PCL(MW 1250) 

PCL(MW 530) 

Mn ï»0,000 
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Figure 1. An example of the effects of added nitrogen on hyphal development. 
(A) Polyurethane from PCL(MW 1250) inoculated with Fusarium sp. lacking 
added nitrogen nutrient and without extensive hyphal development. (B) The same 
polymer and organism but with added nitrogen nutrient and, as a result, much 
more highly developed hyphal structures seen as the dark areas. Both micrographs 

are at 3χ. 

In Urethane Chemistry and Applications; Edwards, K., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



480 U R E T H A N E CHEMISTRY AND APPLICATIONS 

Figure 2. An example of zone clearing found in the yeast inoculated sample— 
polyurethane from PCL(MW 1250) inoculated with Cr. laurentii on a nitrogen-

enriched plate. 
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observed effects are reported i n t h i s study. The lack of added 
nitrogen vas thought to force the organism to disassemble the 
urethane linkages to s a t i s f y i t s nitrogen nutrient requirements. 
The tetrahydrofuran (THF) extracts of the degraded films were 
subjected to gel permeation chromatography (GPC). By measuring 
the percent decrease i n area of the high molecular weight peak 
component as compared to the peak areas of uninoculated chroma-
tographed controls, the amount of microbial degradation was 
determined. The areas of a l l peaks were determined using a p l a n i -
meter. This change i n peak area i s regarded as an indication of 
microbial action (or polymer s u s c e p t i b i l i t y to attack) i n which 
the organisms are u t i l i z i n g the polymer as a substrate. 

With the exception of the commercial sample, a l l the polymers 
were degraded with significant differences discernible by t h i s 
analysis (Tables 3-7).
three organisms have highe
contain the longest chain of polyester subunits. This i s not un
expected - the organisms were selected for t h e i r a b i l i t y to hydro-
l i z e polyester substrates. For the two fungi, the relationship 
holds that the longer the polyester chain the more degradable the 
polymer. This did not hold for the yeast. 

In the absence of added nitrogen, degradation i s more markedly 
delineated on the basis of polymer composition. In a l l cases, ex
cept for degradation by Cr_. l a u r e n t i i , hydrolysis was reduced. A. 
fumigatus and Cr_. l a u r e n t i i displayed enhanced a c t i v i t y towards 
the long polyester chain containing poly(ester-urethanes). 

From the chromâtograms, two non-quantitative observations were 
made. Degradation was non-selective i n that the molecular weight 
di s t r i b u t i o n was not affected by the action of the organisms. A l l 
molecular weight species were reduced i n concentration. Secondly, 
accumulation of low molecular weight material was detected i n most 
of the samples. In fiv e cases, the amount of t h i s material i s 
reduced or absent in the tubes lacking added nitrogen as compared 
to the p a r a l l e l tubes containing nitrogen. This could be the re
sult of an increased dependence of the organism on the nitrogen 
i n the polymer for growth, which yields a more complete u t i l i z a 
t i o n of substrate. 

It i s interesting to note that both polyurethanes derived 
from ali p h a t i c diisocyanate and aromatic diisocyanate were de
graded. With a few exceptions, the more r i g i d aromatic polymers 
degraded at slower rates than the aliphatic polymers. 

Conclusions 

Polyurethanes were found to be biodegradable by the enzyme, 
fungi, and yeast studied. In the case of poly(ester-urethanes) 
a r e l a t i o n between the polyester chain length of the copolymer 
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and s u s c e p t i b i l i t y to these organisms was noted, with biodegrada-
b i l i t y increasing with increasing ester chain length. This held 
true f o r nitrogen enriched or d e f i c i e n t culture conditions, a l 
though i n the absence of added nitrogen general degradation was 
reduced. Low molecular weight mate r i a l produced i n most cases 
indicates an incomplete u t i l i z a t i o n of hydrolysis products, which, 
with time, are expected to be metabolized. 
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31 
Development of a Biomedical Polyurethane 
Orthopedic Implant Applications 

EDWARD W. C. WONG 1 

Biomaterials Group, Ontario Research Foundation, 
Sheridan Park, Mississauga, Ontario, Canada L5K 1B3 

Polyurethanes are block copolymers containing blocks of low 
molecular weight polyesters or polyethers linked together by a 
urethane group: 

These have the versatility of being either rigid, semi-rigid or 
flexible. These materials, in general, have excellent flex-life, 
strength and other mechanical properties. They have been 
described as resistant to gamma radiation, oils, acids and bases. 

The first generation of polyurethanes used for implant 
studies were industrial grade and are commercially available. 
Mirkovitch and Associates, (1) however, found the Estane R (B.F. 
Goodrich, Company) polyester urethanes to degrade rapidly when 
implanted in the muscle of dogs or when used as monocusp valvular 
prosthese. Sharp(2) and co-workers observed thromboresistance of 
a polyester-polyether polyurethane (Goodyear Tire and Rubber 
Company) in intravascular replacenent. 

The first biomedical grade polyether polyurethane was 
synthesized by two groups. Boretos and Pierce (3) introduced the 
biomedical application of segmented polyether polyurethanes 
containing hard segments of urea and soft segments of polyether 
linked by the urethane group. These materials sustained high 
modulus of e l a s t i c i t y , biocompatibility, resistance to f l e x -
fatigue and excellent s t a b i l i t y over long implant periods. ( A ) 

From their previous experience i n the synthesis of poly
urethanes for d i a l y s i s membranes, Lyman and Associates (5 ) also 
introduced a segmented polyether polyurethane which has shown 
excellent thromboresistance.(6) 

1 Current address: Avco Everett Research Laboratory, Inc., 2385 Revere Beach Park
way, Everett, Massachusetts 02149 

0097-6156/81 /0172-0489$05.00/0 
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N y i l a s , the developer of Avcothane K , snythesized a 
copolymer of polyurethane and polydimethyl siloxane(Z) which i s 
blood compatible and used i n the making of heart a s s i s t balloon 
pump s. 

Another biomedical grade segmented polyether urethane 
Biomer R which i s now a v a i l a b l e commercially from Ethnor, D i v i 
sion of Ethicon, Incorporated, i s based on polyether from 
polybutanediol-1,4. 

In 1968, Ontario Research Foundation developed a series of 
segmented polyether polyurethanes as polymer membrane materials 
for reverse cosmosis, u l t r a f i l t r a t i o n and hemodialysis. The 
elastomers of recent implant studies are polyurea-urethanes 
with modification of the synthesis l i m i t e d to only one v a r i a b l e — 
the chain length of the polyether component

Synthesis and Mo d i f i c a t i o n
polyurethane-ureas of varyin
hydrophobicity and mechanical property were synthesized. The 
polymers were prepared by a s o l u t i o n polymerization method and 
consisted of three components: a polyether, a diisocyanate, and 
a chain extender. In our studies, polyurethanes (Table I) were 
based on a carbowax (polyoxyethylene g l y c o l ) , MDI (methylene 
bis-4-phenyl isocyanate) and 1,5-pentanediol. Polyurethane-ureas 
(Table I I ) were obtained by s u b s t i t u t i n g the chain extender from 
a d i o l to a diamine. The polyurethane-ureas (Table II) were 
obtained by changing the chain extender from a d i o l to a more 
reactive diamine. The polyurea-urethanes (Table I I I ) were ob
tained by using a diamine terminated polyether instead of the 
carbowax. 

The h y d r o p h i l i c i t y and hydrophobicity of the polymer could 
be modified chemically by changing the following v a r i a b l e s : 

• Increasing h y d r o p h i l i c i t y by s e l e c t i n g polyethers longer 
carbon chain: polyoxyethylene (2 C) < polyoxypropylene 
(3 C) < polytetrahydrofurane (4 C). 

• Increasing h y d r o p h i l i c i t y by r a i s i n g the molar r a t i o of 
polyether/chain extruder. 

• Increasing h y d r o p h i l i c i t y by lengthening the chain length 
of polyether. 

In most of our studies, modification of the synthetic route 
was l i m i t e d to only one v a r i a b l e , the chain length of the poly
ether component. The same molar r a t i o of polyether/chain extender 
disocyanate (MDI) and chain extender (diethlene g l y c o l ) were used. 
The molecular weight of the polyether component of J-20, J-9 and 
J-6 was 2,000, 1,000 and 600 re s p e c t i v e l y . A wide range of 
properties was obtained from t h i s series of polyurethanes. Prop
e r t i e s intermediate between J-20 and J-9 were also obtained by 

In Urethane Chemistry and Applications; Edwards, K., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



TA
B

LE
 

I 
£
 

Ο 
0 

0 
ο 

^ 
{
c
N
H

-^
-C

H
2
-©

-N
H

C
0

-t
C

H
2
C

H
2
0

* m
C

N
H 

C
H

2
-<

g
>

-N
H

C
-O

R
O 

^ 
| 

\ 
t 

\
 

I 
\ 

/
 

C
A

R
B

O
W

A
X 

D
II

S
O

C
YA

N
A

TE
 

D
iO

L 
( 

P
ol

yo
xy

et
hy

le
ne

 G
ly

co
l 

î 
(M

O
I)

 
(i,
5 

Pe
nt

an
ed

io
l 

) 
5 1 SX

 I i 
TA

B
LE

 
I
I 

R
 

o
o

o
o 

1 
il 

» 
_ 

-f 
C

N
H

-<
^

C
H

2
^

^
N

H
C

0 
4 

\ 

\ 
/
 \

 
I 
\ 

/
 

C
A

R
B

O
W

A
X 

D
II

S
O

C
YA

N
A

TE
 

D
IA

M
IN

E 

TA
B

LE
 

I
I
I 

|
C

N
H

-
^

C
H

2
~

^
N

H
C

-
N

^ P
O

LY
O

X
Y

E
TH

Y
LE

N
E 

D
IA

M
IN

E 
D

II
S

O
C

YA
N

A
TE

 
D

IO
L 

^ 

In Urethane Chemistry and Applications; Edwards, K., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



492 URETHANE CHEMISTRY AND APPLICATIONS 

using a 1:1 molar r a t i o of J-20 and J-9 polyether without changing 
other v a r i a b l e s . 

Even though the polymer i s l i n e a r and has no chemical cross-
l i n k i n g , i t behaves l i k e a rubber. There are p h y s i c a l cross-
l i n k i n g from c r y s t a l l i n e packing of urethane hard segments. These 
c r y s t a l l i n e domain structures also explain why the longer the 
polyether chain, the more f l e x i b l e the system, lower e l a s t i c 
modulus and more h y d r o p h i l i c i t y . The hydrophilic property of 
these polymers was measured by the % moisture absorption of dry 
polymer film.(9) Films of a uniform s i z e and thickness (2 f f diam
eter d i s c , 1 m i l thickness) were dried under high vacuum and then 
exposed to 98% RH i n a desiccator containing a saturated s o l u t i o n 
of Pb(N03)2 u n t i l no more water was absorbed. The percent of 
water absorbed increased from J-20 > J-9 > J-6. Results are 
shown i n Table IV. 

TABLE IV 

% MOISTURE ABSORPTION OF DRY POLYMER 
FILMS (THICKNESS = 1 m i l , DIAMETER OF DISC = 2") 

Film 
Dry Wt. 
(gms) Water Pickup 

% Water 
Absorbed 

J-6-1 0.1567 0.0155 9.9 

J-9-1 0.1526 0.0409 26.8 

J-20-1 0.0636 0.0397 62.4 

JD-4-1 0.1591 0.0111 7.0 

JD-6-1 0.2767 0.0115 4.2 

B i o c o m p a t i b i l i t y and Mechanical Properties. Currently, t h e i r 
are no s u i t a b l e a r t i f i c i a l materials for the prosthetic replace
ment of a r t i c u l a r c a r t i l a g e . The b i o c o m p a t i b i l i t y i s considered 
the primary c r i t e r i o n i n the s e l e c t i o n of such a material. In a 
recent study, Furst and co-workers(10) compared the biocompati
b i l i t y of the polyurethane to the w e l l known medical grade 
s i l i c o n e polymer. The tissue reactions to small polymer d i s c s , 
inserted i n an a r t i c u l a t i n g space—the suprapatellar bursa of 
r a b b i t s , was examined. The foreign body reaction of the t i s s u e 
at the implantation s i t e was evaluated at i n t e r v a l s of 7 days, 
21 days and 6 months. The tissue reaction was characterized by 
the thickness of the p a t e l l a r a r t i c u l a r c a r t i l a g e and the 
presence or absence of morphonuclear leukocytes, macrophages, and 
foreign body giant c e l l s i n synovium and menisci tissue samples. 
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H i s t o l o g i c a l r e s u l t s indicated that the J-9 polyurethane pro
duced l e s s foreign body tissue reaction than did the medical grade 
s i l i c o n e rubber c o n t r o l . The polyurethane a r t i c u l a t i n g p a t e l l a s 
showed normal a n t i c u l a r c a r t i l a g e and l i t t l e c a r t i l a g e appeared 
on the p a t e l l a s of the s i l i c o n e c o n trol knees. A l l menisci 
samples from both the experimental and co n t r o l knees. A l l m i n i s c i 
samples from both the experimental and control knees appeared 
normal regardless of the time i n t e r v a l . The synovium samples 
from the polyurethane knees appeared normal but the samples from 
the s i l i c o n e c o n t r o l knees contained many uniform holes that 
appeared to be l i p i d deposits. 

Mechanical t e s t i n g of the polyurethanes was performed by a 
modified identation/shear method described by Parsons and 
Black. (.11) Relaxed and unrelaxed shear moduli of these polymers 
were measured i n a simulate
to moduli of rabbit an
shown i n Table V. These t e s t s , i n addition to v i s c o e l a s t i c mea
surements of those polymers, i n d i c a t e that t h i s new polyurethane 
formulation i s an excellent candidate for synthetic c a r t i l a g e 
f a b r i c a t i o n . 

TABLE V 

VISCOELASTIC AND HYDROPHILIC PROPERTIES OF CARTILAGE 
AND SYNTHETIC MATERIALS 

(at 37°C i n Saline Solution) 

Unrelaxed Relaxed Amount of 
Shear Modulus Shear Modulus Water 

Materials (MPa) (MPa) (Weight %) 

Human Cartilage 1.04 0.24 60-80 

Rabbit Ca r t i l a g e 0.53 0.11 
(Alive) 

Polyurethane 

J-20 0.57 0.33 62 

J-9 1.72 0.66 27 

J-6 2.58 0.92 10 

Wear and Lub r i c a t i o n I n - V i t r o Study. Polyurethane surface 
layers with v i s c o e l a s t i c properties s i m i l a r to natural a r t i c u l a r 
c a r t i l a g e has been proposed f o r use with hemiarthroplasty, a 
sin g l e component j o i n t replacement i n which the implant i s intended 
to bear against a natural c a r t i l a g e surface. Medley and 
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co-workers(12) have c a r r i e d out i n v i t r o experiments to study the 
eff e c t s of f l u i d f i l m l u b r i c a t i o n on the wear of polyurethane. 

The test apparatus i s shown i n Figure 1. The experimental 
model consists of a f l a t polyurethane block s l i d i n g over a 
stationary loading pin with a l i n e a r r e c i p r o c a t i n g motion. A 
var i a b l e speed motor was connected v i a a scotch yorke arrangement 
to produce a range of si n u s o i d a l v e l o c i t i e s and a constant stroke 
length. A load was set by placing the appropriate amount of lead 
shot i n the cup. The pin t i p could be detached thus allowing 
e i t h e r a glass or a metal sphere to be used against the poly
urethane. 

In the wear t e s t s , the polyurethane under the t i p of the 
sphere was subjected to a maximum stress of 2.4 MPa whereas 
a r t i c u l a r cartilage(13) t y p i c a l l y i s subject to average contact 
stresses of 2.75 MPa. A
one surface moves, for
polyurethane was subject to v e l o c i t y from zero to 0.126 m/s. 
Thus, except f o r higher deformation rates, s p e c i f i c regions of 
the polyurethane were subject to approximately p h y s i o l o g i c a l 
conditions. F l u i d f i l m protection i s shown to greatly reduce, 
i f not eliminate, wear. The r e s u l t s of t h i s study suggest the 
p o s s i b i l i t y of designing a prosthesis with a polyurethane surface 
layer f o r hemiartroplasty or a prosthet i c replacement for 
a r t i c u l a r c a r t i l a g e such that a f l u i d f i l m w i l l be formed to 
protect both surfaces during implant functioning. 

Total Elbow J o i n t Replacement. A common problem encountered 
with the hinge-type t o t a l elbow j o i n t replacement i s the loosen
ing of the humeral component as a r e s u l t of loading across the 
joint.(15,16) A new concept for a t o t a l elbow replacement with 
the c a p a b i l i t y to absorb loading and reduce peak force l e v e l s at 
the humeral component/bone i n t e r f a c e has been investigated. The 
design, Figure 2, i s based on two elastomeric spheres serving as 
a pivot i n the replacement with t h e i r elastomeric properties 
allowing for the absorption of loading through deformation.(λ2) 
In t h i s study, the modification of synthetic route i n r e l a t i o n to 
the damping c o e f f i c i e n t has been examined. The method of measur
ing the damping c o e f f i c i e n t of the polymer spheres and the impact 
t e s t i n g using the model elbow has been described previously by 
Wong and White. 

(17) 
The damping c o e f f i c i e n t ( q u a l i t y factor) of 

the system can be r e a d i l y calculated from the follo w i n g 
impression: (18) 

Quality Factor, Q = - — f 

where f ^ = frequency at resonance (peak power) and f2 and f± are 
frequencies r e s p e c t i v e l y above and below f R at the point of one-
half peak power. The damping c o e f f i c i e n t of the system i s equal 
to the r e c i p r o c a l of Q. Figure 3 and 4 showed the measurement 
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Figure 1. Wear test apparatus. 

Figure 2. Model elbow and new total elbow joint replacement design. 
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of 1/Q. The damping c o e f f i c i e n t of J-9 polymer sphere was 0.7 
which i s the optimum i n many v i b r a t i o n damping a p p l i c a t i o n s . 

Figure 5 of the impact test showed that J-9 polyurethane was 
able to reduce the peak force value down to 36% that of s t e e l 
b a l l s without s a c r i f i c i n g mechanical strength. The r e s u l t from 
the impact test and the measurement damping c o e f f i c i e n t i n d i c a t e 
that polyurethane J-9 i s the optimum sphere material i n the new 
t o t a l elbow j o i n t replacement design. 

In-Vivo Percutaneous Implant Experiment. The p r i n c i p l e of 
percutaneous attachment has extensive a p p l i c a t i o n i n many bi o 
medical areas, in c l u d i n g the attachment of dental and orthopedic 
prostheses d i r e c t l y to s k e l e t a l structures, external attachment 
for cardiac pacer leads, neuromuscular electrodes, energy trans
mission to a r t i f i c i a l heart and for hemodialysis. Several 
attempts to solve the proble
percutaneous implants(19
a t t r i b u t e d to the i n a b i l i t y of the soft tissue i n t e r f a c e to form 
an anatomic seal and a b a r r i e r to bac t e r i a . In the current 
studies, the e f f e c t of pore s i z e on soft tissue ingrowth and 
attachment to porous polyurethane (PU) surface and the e f f e c t 
of the flange to stem r a t i o and biomechanical compliance on the 
f i x a t i o n and s t a b i l i z a t i o n of the percutaneous devices have been 
investigated.(20) 

S o l i d discs (2.5 cm diameter) were molded from J-9 poly
urethane. A series of porous J-9 PU surfaces with two d i f f e r e n t 
thicknesses (1 mm and 10 mm) and two p o r o s i t i e s ( f i n e , 47-75 ym; 
coarse, 150-250 ym) was prepared and bonded on the s o l i d d i s c s . 
A series of percutaneous implant devices with three stem/flange 
r a t i o s (1:1, 1:2 and 1:4) was fabricated from three materials 
(Dacron velour - s i l i c o n e , porous PU and porous metal). The 
implants were t o t a l l y porous (coarse, 150-250 ym) with 1.5 mm 
diameter holes d r i l l e d throughout the device. Figure 6 shows the 
mold and the polyurethane percutaneous devices with three stem/ 
flange r a t i o s and 1.5 mm diameter d r i l l e d holes. 

Discs were implanted subcutaneously i n the abdomen and i n the 
thigh against abraded muscle. Vigorous tissue ingrowth int o the 
caorse porous PU was observed, as shown i n Figure 7. The muscle 
tis s u e could be seen to be separated only by a t h i n fibrous tissue 
sheath ( ~ 30 ym), demonstrating i t s b i o c o m p a t i b i l i t y . The cross 
section of one of the d r i l l e d discs showed how the fibrous t i s s u e 
through-growth helped anchor the soft t i s s u e even to the non-
porous side of the implant, as shown i n Figure 8. 

Percutaneous devices were implanted d o r s a l l y along the spine 
i n three pigs (Figure 9). Gross examination of six-month implants 
showed that the porous metal device with the 1:2 flange had 
excellent s t a b i l i z a t i o n and formed the best anatomic seal and 
b a r r i e r to ba c t e r i a . Due to t h e i r weight, metal devices with a 
large flange or no flange sank beneath the skin p u l l i n g the sk i n 
down. However, one-year implants showed signs of tissue necrosis 
a f t e r 9 months which led to i n f e c t i o n and eventual r e j e c t i o n . The 
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Figure 5. Impact test: measurement of peak force and vibration. 

Figure 6. Porous polyurethane percutaneous implantable devices and molds. 
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Figure 7. Histological section showing vigorous tissue ingrowth into coarsest 
porous polyurethane (150-250 μπι pores). 

Figure 8. A cross section of drilled disc showing fibrous tissue through growth for 
fixation of device. 
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f a i l u r e has been a t t r i b u t e d to the i n c o m p a t i b i l i t y of in t e r f a c e 
compliance leading to c y c l i c fatigue of the tissue at tissue/metal 
i n t e r f a c e as load transfer i s taking place. 

Percutaneous PU devices showed excellent r e s u l t s i n three-
month implantations. However, evidence of mechanical breakdown 
of the polymer due to vigorous ti s s u e ingrowth and load transfer 
appeared i n the six-month implants. The polymer percutaneous 
devices were t o t a l l y porous. The pores were interconnecting 
voids and the devices were d r i l l e d with 1.5 mm holes throughout. 
Therefore, s t r u c t u r a l l y t h i s porous material was not strong 
although i t s compliance matched w e l l with the soft t i s s u e . As 
the load transfer taking place due to vigorous tissue ingrowth, 
the fatigue f a i l u r e was at the polymer i n t e r f a c e rather than 
tissue i n the metal implants. Early r e j e c t i o n of Dacron velour/ 
s i l i c o n e rubber implant
by i n f e c t i o n s and delaminatio
i n t e r f a c e . 

From these i n - v i v o implant studies, we learn that the follo w 
ing factors may contribute to the success of a percutaneous 
device : 

• Porous i n t e r f a c e with large porosity to provide vigorous 
ingrowth of soft tissue to form an anatomic seal and a 
b a r r i e r to ba c t e r i a . 

• Holes d r i l l e d throughout the device to promote soft 
t i s s u e through growth for f i x a t i o n and to prevent 
marsupealization of the epidermal c e l l s . 

• Importance of flange/stem r a t i o and the weight of the 
device i n s t a b i l i z i n g and anchoring the percutaneous 
device. 

• Biomechanical compliance or impedance matching of the 
tissue/m a t e r i a l i n t e r f a c e i s not important f o r short-term 
implant experiments. However, for long implanting 
periods, c y c l i c fatigue f a i l u r e of the tissue/ m a t e r i a l 
i n t e r f a c e i s caused by compliance mismatching. 

Conclusions. Results from the b i o c o m p a t i b i l i t y studies i n 
rabbit s u p r a t e l l a r bursa, measurement of hyd r o p h i l i c properties, 
l u b r i c a t i o n and wear i n - v i t r o studies, determination of v i s c o -
e l a s t i c properties, measurement of damping c o e f f i c i e n t and impact 
t e s t , t o t a l elbow j o i n t replacement design and in- v i v o 
percutaneous implant experiment, a l l i n d i c a t e that t h i s s e r i e s 
of polyurethanes i s an excellent candidate biomaterial f o r the 
prosthetic replacement of a r t i c u l a r c a r t i l a g e , a r t i f i c i a l j o i n t 
prostheses and percutaneous implantable devices. 

Further t e s t i n g , i n vivo fatigue and wear tests and c l i n i c a l 
evaluation, are recommended. 
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Specialty Urethanes for Solventless Coatings 
and Adhesives 

CLAIRE BLUESTEIN 

Captan Associates, Inc., Rutherford, NJ 07070 

This paper is a commercial survey covering recent 
developments in urethan
reduced solvent contents y aspect
urethane chemistry which make polyurethanes an ideal 
base for nonsolvent coatings developments. However, 
in order to achieve pract ica l handling behavior for 
coatings & adhesives, modifications of c las s i ca l 
urethane chemistry are needed. 

The major commercial market in polyurethanes, 
foam, has always been predominantly non-solvent. 
Solvents had only entered the commercial picture in 
urethanes in the 1960's when early efforts to make 
specialized coatings out of state of the art urethanes 
required a free flowing form. The sizes and distri
bution of these and other polyurethane commercial 
markets have been discussed in papers presented 
ear l i er in this symposium. In the United States alone, 
tota l urethane consumption i s presently over 2 billion 
pounds. 

The polyurethane derivatives used in solventless 
coatings and adhesives systems form a re la t ive ly small 
part of the market. There were about 50 mi l l ion 
pounds sales in 1979, however, the solventless segment 
can be expected to grow at more than the 10% rate ex
pected for all polyurethane coatings & adhesives. 

Our problem is that these numerous variet ies of 
commercial polyurethane materials are very slippery to 
define, part icular ly in a chemical sense. The name 
polyurethane attached to a coating or adhesive has a 
good public relations image, one that generates the 
impression that i t has superior properties. Are a l l 
urethane coatings equal, either chemically or property-

0097-6156/81/0172-0505$05.00/0 
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wise? Certainly not. Does the purchaser or user of 
the coating or adhesive know this? Yes he does, but 
he does not always know how to select from what i s 
available. Further, how much polyurethane must a 
coating contain to exhibit so-called "polyurethane 
properties?" 

There i s no industry guide to answer these 
questions. This has led many users of both solvent 
containing and solventless technology to hire their 
own polyurethane chemical experts and to produce their 
own multitude of proprietary variants. 
Classification 

We believe i t
comprehensive c l a s s i f i c a t i o
would be oriented to the commercial user and not in
tended to be limited by chemical considerations, 
because in the practical world frequently more than 
one composition w i l l perform an equivalent job. We 
also believe that such a system would encourage a 
healthier industrial growth situation. The present 
ASTM urethane coatings c l a s s i f i c a t i o n (1) covers 
chiefly the solvent types and i s thus an extremely 
limited one from the viewpoint of the new developments 
in the past ten years. 

Thus, we are proposing such a c l a s s i f i c a t i o n 
system here. The system presented appears broad 
enough to encompass a l l specialized industrial ure
thanes, including elastomers & moldings and also the 
solvent containing urethanes. But f i r s t , we must 
define the base polyurethane. 

1. Definition. A polyurethane i s a polymeric 
product which has been formed by the reaction of a di-
or polyisocyanate and a d i - or polyhydroxyl bearing 
molecule (Equation 1). Equation 1 shows in theory 
what might happen i f precise equimolar amounts of 
hydroxyl and isocyanate terminated intermediates were 
reacted. In the practical manufacturing situation 
i t i s more complex. Many of the interesting proper
ties and varying behavior of polyurethanes are 
feasible because a wide range of mole ratios can be 
used. We believe that the lowest molecular weight 
range of polymers i s about 600. Commercially avail
able materials below that range should be c l a s s i f i e d 
as intermediates. 
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η (0CN-C-—C-NCO) + η (H0-C--C?0H) - » 
R2 R4 Re Rs 

(1) 

OCNfi-JL/NHL-?-5-.|ZoL̂ --?4-NHLcR-5--Ĉ OH 
«2 R4 1 Re Rs R2 R 4 / Re Rs 

n-1 
Polyurethane intermediat

thoroughly studied
commercial markets ( 2 ) . They should be incorporated 
in this c l a s s i f i c a t i o n system, but we do not plan to 
devote much space to their description in this paper. 
However, the growing markets for polyurethanes have 
helped encourage the chemical manufacture of a wide 
variety of intermediates. The isocyanates most 
readily available are TDI, M D I and polymeric MDI, but 
hydrogenated MDI, IPDI, HDI, and their derivatives 
are frequently chosen for use in coatings. The most 
economical hydroxyl bearing intermediates are the 
polyether polyols based on polyethylene and 
polypropylene oxide, but there are also the polyadi-
pate polyglycols (polyesterpolyols). These commodity 
materials are widely available because they form the 
basis of the major portion of polyurethane foams. 
Yet, for the reasons stated above, there are presently 
many sources of specialty polyol materials for syn
thesizing polyurethanes. 

2 . Coreactive and prereacted. A l l polyurethanes 
can be subdivided into two broad categories, using the 
reactive isocyanate functional group to distinguish 
them. Those that have available NCO (for further 
reaction) can be called coreactive and those that 
have essentially no pendant NCO are prereacted. Table 
I contains an outline and description of some of the 
available materials that f i t each type. It should be 
noted that some of the prereacted urethanes do contain 
other chemical functional groups that may be available 
for non-urethane forming reactions. 

3 . System design. A l l commercial coatings and 
adhesives are prepared with some particular applica
tion system in mind. The system design i s a highly 
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TABLE I 

POLYURETHANE CLASSIFICATION BASED ON RNCO 

A, COREACTIVE 

NCO T E R M I N A T E D 

P R E P O L Y M E R S 

B L O C K E D P R E P O L Y M E R S 

B L O C K I N G A G E N T S : 

P H E N O L S 

O X I M E S 

NCO T E R M I N A T E D 

I S O C Y A N U R A T E S 

B, PREREACTED 

1 . T H E R M O P L A S T I C 

U R E T H A N E S 

S O L I D S 

I N S O L V E N T S 

I N O T H E R D I L U E N T S 

2, U R E T H A N E A L K Y D (ASTM I) 

3. U R E T H A N E A C R Y L A T E 

4 , H Y D R O X Y L T E R M I N A T E D 

U R E T H A N E 

U R E T H A N E E P O X Y 
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TABLE II 

SYSTEM DESIGN 

A, ONE COMPONENT 

1. C O N T A I N S C O R E A C T I V E U R E T H A N E 

A , T O B E M O I S T U R  ( I N C L U D E  AST!7! II) 

B , T O B E H E A  ( I N C L U D E ) 

2, C O N T A I N S P R E R E A C T E D U R E T H A N E 

A . T O G E T H E R W I T H S O L V E N T O R I N E R T D I L U E N T 

( I N C L U D E S ASTM VI) 

B . T O G E T H E R W I T H R E A C T I V E D I L U E N T S 

A N D P H O T O I N I T I A T O R F O R UV C U R E 

C . T O G E T H E R W I T H R E A C T I V E D I L U E N T S A N D / O R O T H E R 

I N T E R M E D I A T E A N D C A T A L Y S T F O R H E A T C U R E 

B, TWO COMPONENT 

C O M P O N E N T A 

1. C O R E A C T I V E U R E T H A N E 

2. C O R E A C T I V E U R E T H A N E 

3. C O R E A C T I V E U R E T H A N E 

4. P R E R E A C T E D U R E T H A N E 

5. P R E R E A C T E D U R E T H A N E 

COMPONENT. R 

C A T A L Y S T (ASTM IV) 

R E A C T I V E I N T E R M E D I A T E 

P R E R E A C T E D U R E T H A N E (ASTM V) 

C R O S S L I N K I N G A G E N T 

R E A C T I V E I N T E R M E D I A T E 

( F O R G R O U P S I N F A B L E IV) 
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important factor, and when a user ignores this, he 
w i l l not obtain satisfying results from the polyure
thane coating. This i s not molecular behavior, but 
processing behavior. I n i t i a l l y we must distinguish 
between one and two-component systems. In each of 
these categories we can further subdivide systems 
performance. A number of examples are shown in Table 
II. 

4. Backbone elements R-NC-Q-R'. In order to 
assess the general properties a polyurethane film 
exhibits one must identify the backbone elements: the 
R and the R' in the t i t l e formula. This harkens back 
to the original intermediate chemicals. But, i t has 
been found in the rea
reasonably similar combination
cal. In Table III, therefore, we are able to estab
l i s h some generalized categories. 

0 TABLE III 
R-N-fi-O-R* BACKBONE ELEMENTS 

R ATTACHED TO Ν R ' ATTACHED TO 0 

aromatic polyether 
aliphatic polyester 
non carbon polycaprolactone 

hydrocarbon 
non carbon 

However, identifying the general category of backbone 
element i s not the only thing that should be c l a s s i 
f i e d . We should be able to estimate the average 
molecular weight, or, really better, the NCO to OH 
ratio used i n the urethane synthesis, the overall fo 

9, 
-N-C-0- in an average molecule, and whether i t i s a 
linear, branched, or crosslinked polyurethane. These 
are more easily said than done. In pure chemical and 
model compound studies, these quantities can be con
tr o l l e d quite closely, but in the manufacturing 
kettle, control, though not that precise, w i l l make a 
real difference i n use properties. 

A r e a l i s t i c system for assessing c l a s s i f i c a t i o n 
of these factors may take further time to develop. 
In current practice, a competent analytical chemist 
derives most of this information via spectrometry, 
usually infrared and NMR. 

Additional details of backbone elements are shown 
in Tables IV and V. 
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TABLE IV 

B i h 
Ε Χ A M lJ 1.1. S OF - C — C -
~ ~ R2 R 4 

(A) 
( t o i u y l e n e ) 

(B) (CH 2) 6-

(C) j? 
-(CH 2) 6-N" 'Y(CH 2) 6-

o=c 1=0 
( C H 2 ) 6 -

( h ex ante t η ν 1 ene ] 

(hexamethy 1ene 
i socv v, nurd te 
t r i m e r ) 

40*3 

( p o l y m e r i c MDI ) 
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Table IV shows some examples of what might be 
in the molecule i n place of the generalized grouping 

R l R 3 
-C C- in Equation 1. Table Y shows some examples 
R 2 R 4 

of what might be in the molecule i n place of the gen-
eralized grouping -C---C1 in Equation 1. 

R 6 R 8 

5. Other functional moieties. Other functional 
moieties that are in the polyurethane coating or 
adhesive w i l l have a large effect on i t s properties. 
These exert both a qualitative and a quantitative 
effect. This mean
urethane moiety diminishes
more nearly l i k e the class of coating as defined by 
the major functional moiety content. Table VI pro
vides a l i s t i n g together with each formula. 

6 . Multiphase description. The nature of 
polyurethane requirements for a coating or adhesive 
makes i t highly unlikely that we are talking about 
simple homopolymers. Thus we are more l i k e l y to have 
copolymers, segmented copolymers, grafts, block 
copolymers, polyblends, networks, and even other 
complexes. Whatever i s i n the coating solution i s 
less important than what happens when i t dries or 
cures to i t s f i n a l film. What w i l l the morphology 
of the film be? Wi l l i t become crystalline, have 
domains, form networks, or be amorphous? These would 
be good and helpful to know, but i t unlikely that 
anything beyond hypothesis can be determined for the 
commercial systems. Nevertheless, the numerous ex
cellent studies on model systems in recent years Q ) 
have helped to shape the path of development for 
industrial chemists to improve film formation in 
polyurethane coatings and adhesives. 

7· Catalyst content. The catalyst content does 
make a significant difference i n applications proper
ties of coatings and adhesives. This i s especially 
true where the user i s seeking a long wearing film. 
Where multistage preparations have been made, the 
cumulative effects of catalysts used in each stage 
have been known to cause startling results in usage, 
because each stage was done independently of the 
others without being aware of prior catalyst content. 

For urethane reactions, the catalysts are either 
metallic or tertiary amine or a combination of both. 
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1 A B L E V 

E X A M P L E S OF -C---C-

(A) 

(B) 

(C) 

CII-, 
- C i r C I L - 0 -

0 0 
•(CHp.OiCH^^O-C-ÎCHJ^'-O-CCH^./KCH.,)^-

•C-(CI I ; ,) 5 -0 - ( î - (CH 2 ) 5 -

(D) 
CH 

•4-CH-CI!-.0-i-4-CH7CH—> 
X T i l 81 2CN y 

(E) 

(F) 

CHoNHR 
•C-CH. 

CH3 

C— 
CH3 

-CHoC-
-CMHR 

COHÎCH=CH. 
— C 

CH r < 
CH C-
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TABLE VI 

OTHER FUNCTIONAL MOIETIES 

0 

NH-C-NH- UREA 

0 

C - C - O C - ESTER 

0 

C - O - C - O - C - CARBONATE 

ο 
- C - C - EPOXY 

- O C - OR -C=C- UNSATURAT ION 

CH =CHC- ALLYL 
2 ' 

CH =C- V I N Y L 
2 ' 

0 
II I 

CH =CHC-0C- ACRYLIC 
2 ' 

ROSO - C -
2 ' SULFONATE 

0 

- C - C - N H C - AM IDE 

- C -

- C - O - S i - 0 S I L I C O N E 

-c-
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The metallic catalyst most widely employed i s some 
form of t i n . However, some specialized uses of 
titanium, mercury, and even lead exist in industry. 
Based on my industrial experience I do not recommend 
the use of t i n in a coating or adhesive that i s de
signed for long ageing or wearing. 

If crosslinking or other functional moieties are 
designed into the coating, most frequently the same 
classes of catalysts are employed. However, i t i s 
feasible to expect that a manufacturer might use 
another catalytic material. With respect to catalysts, 
identification and c l a s s i f i c a t i o n should be easy. 

8. Nonresinous compounding ingredients. Τ hough 
the polyurethane resi
determines the key propertie
sive, i t s application u t i l i t y i s not evident u n t i l 
the proper compounding ingredients are added. The 
supplier may or may not add a l l of the necessary 
compounding ingredients and thus, one might argue 
that these may not be necessary to include i n a 
c l a s s i f i c a t i o n system. Nevertheless, i t should be 
pointed out that in current applied polyurethane 
coatings and adhesives, the polyurethane resin con
tent can range anywhere from 15 to 9 5 $ · Further, i t 
requires much probing on the part of the user to 
determine what level he i s buying. Evan a guess 
based on price may be misleading. We feel that this 
percentage should be an important part of an industry 
designation. 

The classes of compounding ingredients that may 
be present as follows*. 

A. Diluents - solvents, water, monomer, cross-
linking agents 

B. F i l l e r s , reinforcing agents, flame retardants 
C. Pigmentation and gloss modifiers 
D. Surfactants and coupling agents 
E. Stabilizers and antioxidants 
Commercial materials used are selected from those 

that are available for compounding use with a l l of the 
major plastics materials (4). The resin manufacturer 
normally takes responsibility for designating to 
formulators which materials are more compatible with 
his products. But the formulator of a coating i s 
frequently less informative on which of these classes 
of additives are present. A yes or no answer to each 
class, A through E, should thus be included in the 
comprehensive description. 
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Review 
We have shown eight factors which could be used 

to characterize polyurethane coatings and adhesives: 
Intermediate chemicals, coreactive and prereacted, 
system design, backbone elements, other functional 
moieties, multiphase description, catalyst content, 
and compounding ingredients. Descriptive terms for 
subcategories have been given as examples under each 
factor. The tabulation and organization of a more 
complete set of terms can now be set up and appropri
ate code letters and numbers assigned so that industry 
could be encouraged to c l a r i f y to i t s customers the 
products that are available. Much of the terminology 
i s presently in us
system w i l l develo
users to feel they have a sensible way to select an 
appropriate product. 

Conclusions 
We have described the current state of the 

industry market in solventless polyurethane coatings 
and adhesives. There i s a wide variety of specialty 
materials available, a l l selling for widely different 
prices and consisting of a wide variety of chemical 
compositions. 

We are proposing a c l a s s i f i c a t i o n system which 
could form a guide to the purchaser and user of these 
products. We hope that such a system could help 
eliminate confusion that presently exists among many 
purchasers of these products. 
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33 
Novel Masked Aliphatic Diisocyanates 

HENRI ULRICH 

Donald S. Gilmore Research Laboratories, The Upjohn Company, North Haven, CT 06473 

Blocked aliphatic diisocyanates are used in light stable 
one-component polyurethan
baking enamels, wire coating
of active hydrogen containing compounds have been used as 
blocking agents, notably oximes and phenol.(1) Heating of the 
blocked isocyanates generates the free isocyanates with release 
of the blocking agent. Attempts have been made over the years 
to develop blocking agents which are incorporated into the 
polymer backbone upon thermal release, thereby eliminating the 
need for well-ventilated working areas. All these efforts have 
met with failure. 

We selected a novel approach to design a masked or blocked 
aliphatic diisocyanate based on the fact that 1,3-disubstituted 
ureas undergo facile thermal dissociation to produce an 
isocyanate and an amine derivative.(2) In the dissociation of 
mono acyl and aroyl ureas an isocyanate and a carboxylic acid 
amide is simultaneously produced. If the urea group is part 
of a cyclic system both fragments are parts of the same molecule. 

The required novel bifunctional monomers are synthesized by 
reacting cyclic ureas with aliphatic or aromatic dicarboxylic 
acid chlorides in the presence of triethylamine as hydrogen 
chloride scavenger. This r e a c t i o n i s best conducted i n an 
i n e r t organic solvent using an excess of the c y c l i c urea to 
prevent polymer formation (Scheme I ) . 

The c y c l i c ureas are synthesized from the corresponding 
diamines and carbon dioxide or carbonyl s u l f i d e . ( 3 ) The eietht-
membered r i n g c y c l i c urea can be obtained from caprolactam.^2) 

The s t a b i l i t y of the d i f u n c t i o n a l monomers i n alcohols or 
polyols was demonstrated by the f a c t that no r i n g opening was 
observed upon r e f l u x i n g i n lower b o i l i n g alcohols. Heating 
of the d i f u n c t i o n a l monomers i n o-dichlorobenzene produces the 
corresponding a l i p h a t i c diisocyanates as evidenced by i n f r a r e d 
spectroscopy and trapping with methanol to give biscarbamates . ( 3 ) 
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R e c y c l i z a t i o n does n o t o c c u r because the r e a c t i o n o f a l i p h a t i c 
i s o c y a n a t e s w i t h c a r b o x y l i c a c i d amide groups o c c u r s o n l y under 
v e r y seve re c o n d i t i o n s . 

SCHEME I 

S y n t h e s i s o f D i f u n c t i o n a l M a c r o c y c l i c Ureas 

M>)r ^ W l i ^ n ^ 

C l R CI + 2 HN NH 

Nt^ Y V 
0 0 0 

EtoN 

^ œ 2 ) n ^ ^ C H 2 ) n ^ 

ΗΝ Ρ Ν NH 

Nr^ Y Y 
0 0 0 0 

R=lvJJ n=3 ,4 ,5 

-( C H 2 ) ? -

The r a t e o f r i n g open ing o f the b i s c y c l i c u r eas was 
s t u d i e d i n a model sys t em u s i n g n i t r o b e n z e n e as s o l v e n t t o 
s i m u l a t e a p o l a r env i ronment and t o a c h i e v e the n e c e s s a r y h i g h 
d i s s o c i a t i o n t e m p e r a t u r e s . B e n z y l a l c o h o l was used as the 
t r a p p i n g r e a g e n t . H e a t i n g t h e m a c r o c y c l i c b i s u r e a based on 
i s o p h t h a l o y l c h l o r i d e and l , 3 - d i a z e p i n - 2 - o n e w i t h o u t a c a t a l y s t 
a t 170°C e f f e c t e d a c o n v e r s i o n t o the carbamate w i t h i n t e n 
m i n u t e s . Complete r e a c t i o n was a c h i e v e d w i t h i n f i v e m inu tes i n 
the p resence o f t r i e t h y l e n e d i a m i n e (DABC0) and the t empera ture 
c o u l d be l owe r ed t o 155° i f 0 .5 mole % ( based on the b i s c y c l i c 
u r e a ) o f d i b u t y l t i n d i l a u r a t e ( T -12 ) were used as c a t a l y s t . The 
e x t e n t o f r e a c t i o n was m o n i t o r e d by measurement o f the s i g n a l 
due t o b e n z y l i c p r o t ons , i n the formed carbamate , i n the ^H-NMR-
s p e c t r u m . 
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SCHEME I I 

R i n g Opening Of D i f u n c t i o n a l M a c r o c y c l i c Ureas 

521 

ΗΝ Ν R Ν NH 

V" V V V 
0 0 0 0 Ϊ Δ 

0CN(CH o) NH Λ

0 0 

1 
C 6 H 5 C H 2 0 ^ H ( C H 2 ) n N H ^ R ^ N H ( C H 2 )nNH 0CH 2C 6H 5 

0 0 

The u t i l i t y o f t he b i s c y c l i c u r eas f o r c u r i n g o f c o a t i n g s 
was demons t ra t ed by d i s p e r s i n g them i n a f u n c t i o n a l a c r y l i c 
po l ymer f o r m u l a t e d f o r powder c o a t i n g a p p l i c a t i o n , o r b y u s i n g 
them as a d d i t i v e i n s o l v e n t based c o a t i n g s o r i n aqueous po lymer 
e m u l s i o n s f o r e l e c t r o c o a t i n g . 

To a c h i e v e good c o m p a t i b i l i t y w i t h f u n c t i o n a l ! z e d a c r y l i c 
and epoxy r e s i n s a b i s c y c l i c u r e a w i t h n=3, and R=-(CH2 )η-
( see Scheme I ) was s y n t h e s i z e d . A c r y l i c - and epoxypo lymer 
s o l u t i o n s were p r e p a r e d u s i n g \ % by we i gh t o f t h e b i s c y c l i c 
u r e a ( based on the d r y po l ymer ) and m e t h y l e t h y l ke tone as 
s o l v e n t . F i l m s c a s t f rom these s o l u t i o n s on s t e e l she e t s were 
c l e a r , and had a t h i c k n e s s o f ^ 0 . 4 m i l . 

I n d i c a t e d be low a r e the b a k i n g t empera tu r es f o r the f i l m s 
t o become i n s o l u b l e i n m e t h y l e t h y l ke tone u s i n g a 30 minute 
b a k i n g c y c l e . The r e q u i r e d t empera tu res were l o w e r by a d d i n g 
a c a t a l y s t (15% b y we i gh t based on the b i s c y c l i c u r e a o f 
d i b u t y l t i n d i l a u r a t e ) . 

w i t h c a t a l y s t w i t h o u t c a t a l y s t 
a c r y l i c po l ymer 175°C 195°C 

epoxy po lymer 160°C 175°C 
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The g i v e n t empera tu res s e r v e as a g u i d e l i n e s i n c e t h e y may 
v a r y w i t h f i l m t h i c k n e s s , c r o s s l i n k e r and c a t a l y s t c o n c e n t r a t i o n s 
and s o l v e n t . 

I n t h i s p r o c e s s the a l i p h a t i c d i i s o c y a n a t e s a re formed and 
r e a c t i o n w i t h h y d r o x y l groups a t t a c h e d t o the po l ymer backbone 
o c c u r s . The r e s u l t i n g carbamate l i n k a g e s l e a d t o c r o s s l i n k i n g 
o f the po l ymer m a t r i x , t h u s c r e a t i n g tough and s o l v e n t r e s i s t a n t 
f i l m s . The po l ymer d e r i v e d f rom the r e a c t i o n o f b i s a c y l a m i d o -
a l k y l i s o c y a n a t e s w i t h m a c r o g l y c o l s c o n t a i n u r e thane and amide 
groups as w e l l . 

F u r t h e r work i s i n p r o g r e s s t o o p t i m i z e s o l v e n t f r e e one 
component systems based on m a c r o g l y c o l s and the n o v e l 
d i f u n c t i o n a l c y c l i c u r e a monomers. 
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34 
Comparison of Diol Cross-Linkers in Castable 
Urethane Elastomers 

I. SIOUN LIN, JEROME BIRANOWSKI, and DONALD H. LORENZ 
Polymer Department, GAF Corporation, 1361 Alps Road, Wayne, NJ 07470 

There are regulatory and handling problems in using methylene 
bis(2-chloroaniline) as
for toluene diisocyanat
urethane elastomers (1,2). There is, therefore, a strong interest 
in achieving similar elastomer properties with other curatives and 
methylene diphenyl diisocyanate (MDI)-terminated prepolymers(3,4). 

EXPERIMENTAL 
A. Materials 
The materials used are listed in Table I. All curatives were 

dried overnight at 80ºC in vacuum. MDI prepolymer were used as 
received. 

B. Polyurethane Elastomer Preparation 
Amine stoichiometry was kept at 95% based on prepolymer con

tent. Except where noted, prepolymers were preheated at 93°C and 
mixed with curatives at desired temperature. The prepolymer, cur
ative and prepolymer-curative mixture were each vacuum degassed 
prior to pouring the mixture into a preheated mold. Degassing 
before and after mixing is especially important to achieve optimum 
cures. The mold was closed when gelation started. Demolding time 
was one hour or less. The sample was then post-cured for 16 hours 
at 120°C. The elastomer was conditioned for one week at 50% rela
tive humidity at room temperature prior to physical properties 
measurement. 

B. Physical Testing 
A f t e r the samples had been aged and conditioned, the follow

ing t e s t s were run according to the following s p e c i f i c a t i o n s : 
1. Shore Hardness 

Durometer A ASTM D-2240 
2. Stress-Strain Properties ASTM D-412 
3. Tear Resistance 

Grave, die C, p l i ASTM D-624 
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4. Resilience (Rebound, Bashore) ASTM D-2632 
5. Compression set 

Method Β (22 hrs. at 70°C) ASTM D-395 
RESULTS AND DISCUSSION 

Urethane elastomers based on MDI type prepolymer extended 
with 1,4-butanediol and other curatives have been formulated. The 
r e s u l t s of t h i s work are summarized i n Tables II-IV. In general, 
polyether and polyester-based urethane elastomers both have e x c e l l 
ent physical properties. There are several differences between 
them. Among them are: (1) Polyesters u s u a l l y are more viscous at 
processing temperatures, making processing d i f f i c u l t . (2) Poly
ester generally have shorter pot l i f e than polyethers. (3) Poly-
ether-based urethanes e x h i b i t higher r e s i l i e n c e and lower com
pression set. I t appears that diamine curative (Polacure) i s more 
reactive than g l y c o l s . 1,4-Butanediol/MD
as much s e n s i t i v i t y to
50-1180. HQEE and Polacure have r e l a t i v e l y low t e n s i l e strength 
and high compression set. However, both gave improved elastomer 
hardness and tear strength. Vibracure cured elastomers have ap
proximately the same physical properties as HQEE cured urethanes 
This may be due to t h e i r chemical composition. S i m i l a r r e s u l t s 
also found i n ethylene glycol/MDI and polyol 50-1180/MDI systems. 
The conclusions which can be drawn from t h i s work are summarized 
as follows: 

1. 1,4-Butanediol vs. Ethylene Glycol 
a) Stoichiometry less s e n s i t i v e 
b) I n f e r i o r on compression set c h a r a c t e r i s t i c s 

2. 1,4-Butanediol vs. Polyol 50-1180 
a) Stoichiometry less s e n s i t i v e 
b) Superior t e n s i l e modulus, tear strength and rebound 
c) I n f e r i o r on compression set 

3. 1,4-Butanediol vs. HQEE 
a) Superior t e n s i l e and rebound 
b) Somewhat i n f e r i o r tear and elongation 

4. 1,4-Butanediol vs. Vibracure 
same as HQEE 

5. 1,4-Butanediol vs. Polacure 
a) Superior t e n s i l e and compression set 
b) I n f e r i o r i n modulus and tear 

6. 1,4-Butanediol vs. 4,4 1-Methylene b i s (2-chloroaniline) 
(published properties) 

a) Superior t e n s i l e modulus, t e n s i l e and tear 
b) I n f e r i o r i n elongation 
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TABLE I - MATERIALS 

1,4-Butanediol (B^D) 

Ethylene g l y c o l (EG) 

4,4'-Methylene b i s 
(2-chloroaniline) 

(MOCA) 
Hydroquinone b i s 
(2-hydroxyethyl) 

ether (HQEE) 

Trimethylene g l y c o l 
di-p-aminobenzoate 

(Polacure #740M) 

Polyol 50-1180 

Vibracure 3095 

Toluene d i i s o -
cyanate (TDI) 

Eq. Wt. 
45.06 

31.03 

133.

99 

47.26 

97.86 

87 

Methylene diphenyl 
diisocyanate 125 

(MDI) 

Vibrathane B-635 530 +_ 15 

Vibrathane 6020 665 +_ 25 

Adiprene L-100 1050 

Adiprene APX 381 1072 

Chemical Composition 
HOCH2CH2CH2CH2OH 

HOCH2CH2OH 

H 2 N ^ — C H r © - N H 2 

HOCH 2CH 2O^OCH 2CH 2OH 

157
 H

2

N^y ( C H 2 )
 3°-C-^-NH 2 

Mixture of ethylene g l y c o l 
plus short chain d i o l 

HQEE plus other curative 

80/20, 2,4/2, 6-tolylene 
diisocyanate, a mixture of 
isomers 

OCN- NCO 

Polytetramethylene ether 
glycol-based MDI prepolymer 

Polyester-based MDI pre
polymer 

Polytetramethylene ether 
glycol-based TDI prepolymer 

Polyester based TDI 
prepolymer 
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TABLE II - Properties of Elastomers Prepared from Polyester-MDI 
Prepolymer (Vibrathane 6020) Cured with B.D, EG, HQEE 
Polacure No. 740M, Polyol 50-1180 and Vibracure 3095. 

Formulation 1 2 3 
VIBRATHANE 6020 
(AE=640 +25), g 

100 100 100 

1,4-Butanediol, g 
Ethylene g l y c o l , g 
HQEE , g 
Polacure No. 740M, g 
Polyol 50-1180 , g 
Vibracure 3095 , g 
Curative Mole Ratio, 

6.64 

0.95 

4.70 

0.95 

14.97 

0.95 
Conditions 
Curative, Temp., °C 
VIBRACURE 6020, Temp.°C 
Mix. Temp. °C 
(curative/prepolymer 

60 
93 

60/93 

60 
93 

60/93 

120 
93 

120/93 

Pot L i f e at Mix. Temp., 
min. 

Cured i n Mold.min/°C 
Post Cure, hrs/°C 

8 
60/120 
24/120 

7 
60/120 
16/120 

3 
60/120 
16/120 

Physical Properties 
Hardness, Shore A 

Shore D 
85 
35 

84 
35 

97 
44 

100% Modulus, p s i 
(MPa) 

866 
(6.0) 

892 
(6.2) 

1578 
(10.8) 

300% Modulus, p s i 
(MPa) 

1498 
(10.4) 

1624 
(11.2) 

2001 
(13.8) 

Tensile Strength, p s i 
(MPa) 

6427 
(44.4) 

5385 
(37.2) 

4265 
(29.4) 

Elongation, % 555 581 650 
Tear Strength, Die C, p l i 

(kN/m) 
543 
(95) 

596 
(104.3) 

754 
(131.9) 

Bashore Rebound, % 37 32 27 
Compression Set, 
22 Hrs/70°C 40 30 25 
Method B, % 
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TABLE II - Properties of Elastomers Prepared from Polyester-MDI 
(cont'd.) Prepolymer (Vibrathane 6020) Cured with Β D, EG, HQEE 

Polacure No. 740M, Polyol 50-1180 and Vibracure 3095. 

Formulation 1 2 3 

VIBRATHANE 6020 100 100 100 
(AE=640 +_ 25), g 
1, 4-Butanediol, g — — — 
Ethylene g l y c o l , g — — --HQEE , g — — — 
Polacure No. 740M, g 
Polyol 50-1180, g 
Vibracure 3095, g — — 15.02 
Curative Mole Ratio, 0.95 0.95 0.95 
Conditions 
Curative, Temp., °C 125 60 120 
VIBRATHANE 6020, Temp °C 93 93 93 
Mix. Temp. °C 
(curat ive/prepo1ymer 125/93 60/93 120/93 
Pot L i f e at Mix. Temp., 1 10 15 7 

min. 
Cured i n Mold. min/°C 30/120 60/120 60/120 
Post Cure, hrs/°C 16/80 16/120 16/120 
Physical Properties 
Hardness, Shore A 75 96 

Shore D 55 30 43 
100% Modulus, p s i 1782 490 1372 

(MPa) (12.3) (3.4) (9.5) 
300% Modulus, p s i 2324 1125 2040 

(MPa) (16.0) (7.8) (14.1) 
Tensile Strength, p s i 4070 6164 4680 

(MPa) (28.1) (42.5) (32.3) 
Elongation, % 550 544 526 
Tear Strength, Die C, p l i 800 478 725 

(kN/m) (140.0) (83.6) (126.8) 
Bashore Rebound, % 42 24 34 
Compression Set, 
22 Hrs/70°C 39 20 29 
Method B, % 
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TABLE I I I - Properties of Elastomers Prepared from Polyether-MDI 
Prepolymer (VIBRATHANE B-635) Cured with B.D, EG, HQEE, 
Polacure No. 740M, Polyol 50-1180 and Vibracure 3095. 

Formulation 1 2 3 

VIBRATHANE B-635 100 100 100 
(AE-530 + 15), g 
1,4-Butanediol, g 8.31 
Ethylene g l y c o l , g — 6.24 
HQEE, g — 17.93 
Polacure No. 740M, g — — — 

Polyol 50-1180, 
Vibracure 3095, 
Curative Mole Ratio 
Conditions 
Curative, Temp. °C 60 60 120 
VIBRATHANE B-635, Temp.°C 93 93 93 
Mix. Temp., °C 
(Curat ive/Prepo1ymer) 60/93 60/93 120/93 

Pot L i f e at Mix. Temp, , ,min. 7 20 10 
Cured i n Mold, min/°C 60/120 60/120 60/120 
Post Cure, hrs/°C 16/120 16/120 16/120 
Physical Properties 
Hardness, Shore A 93 84 — 

Shore D 37 31 55 
100% Modulus, p s i 1386 1089 2433 

(MPa) (9.6) (7.5) (16.8) 
300% Modulus, p s i 3778 2783 

(MPa) (26.1) — (19.2) 
Tensile Strength, p s i 6115 5788 3450 

(MPa) (42.2) (39.9) (23.8) 
Elongation, % 338 268 432 
Tear Strength, Die C, p l i 590 423 680 

(kN/m) (103.2) (74.0) (119.0) 
Bashore Rebound, % 39 19* 42 
Compression Set, 
22 hrs/70 eC 24 18 31 
Method Β, % 

*sample was soft and s t i c k y a f t e r demolding. 
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TABLE I I I - Properties of Elastomers Prepared from Polyether-MDI 
(cont'd.) Prepolymer (Vibrathane B-635) Cured with B.D, EG,HQEE, 

Polacure No. 740M, Polyol 50-1180 and Vibracure 3095. 

Formulation 
VIBRATHANE B-635 
(AE-530 + 15), 
1,4-Butanediol, 
Ethylene g l y c o l , 
HQEE, 
Polacure No. 740M, 
Polyol 50-1180, 
Vibracure 3095, 
Curative Mole Ratio 

Conditions 
Curative, Temp. °C 
VIBRATHANE B-635, Temp. °C 
Mix. Temp., °C 
(Curative/Prepolymer 
Pot L i f e at Mix. Temp., min. 
Cured i n Mold, min/°C 
Post Cure, hrs/°C 

100 

28.44 

125 
80 

125/80 
(40 sec) 
30/120 
16/80 

100 

8.56 

60 
93 

60/93 
10 

60/120 
16/120 

100 

17.39 

120 
93 

60/93 
10 

60/120 
16/120 

Physical Properties 
Hardness, Shore A 82 Shore D 60 31 52 
100% Modulus, p s i 3160 919 2224 

(MPa) (21.8) (6.4) (15.4) 
300% Modulus, p s i 4868 3610 2641 

(MPa) (33.6) (24.9) (18.2) 
Tensile Strength, p s i 5335 4681 4000 

(MPa) (36.8) (32.3) (27.6) 
Elongation, % 342 305 466 
Tear Strength, Die C, p l i 871 415 657 

(kN/m) (152.4) (72.6) (115) 
Bashore Rebound, % 40 15* 35 
Compression Set, 22 hrs/70°C 50 19 29 
Method B, % 

*Sample was soft and s t i c k y a f t e r demolding. 
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TABLE IV - GENERAL SUMMARY OF PHYSICAL PROPERTIES 

Compound B 1DVMDI 

Polyether-MDI prepolymer 100 
ADIPRENE APX-381 
ADIPRENE L-100 
Polacure No. 740M 
MOCA 

1,4-Butanediol 8.3
Curative Mole Ratio 0.9
Mixing and Curing 
Polymer Mix Temp. °C 93 
Cured: hours/°C 16/120 
Pot L i f e 7 
Physical Properties 
Hardness, Shore D 93 
100% Modulus, p s i 1386 

(MPa) (9.6) 
300% Modulus, p s i 3778 

(MPa) (26.1) 
Tensile Strength, p s i 6115 

(MPa) (42.2) 
Elongation, % 338 
Tear Strength, Die C, p l i 590 

(kN/m) (103.3) 
Bashore Rebound, % 39 
Compression Set, 

22 hrs/70 eC 24 
Method B, % 

Polacure*/TDI 

100 

14.2 

100 
16/120 

4 

93 
1100 
(7.6) 
2200 
(15.2) 
6425 
(44.3) 
460 
350 
(61.3) 

40 

42 

M0CA*/TDI 

100 

12.5 

100 
3/100 
10-12 

90 
1100 
(7.6) 
2100 
(14.5) 
4500 
(31.0) 
450 
240 
(42.0) 
40 

27 

*Data from 1978 F a l l Meeting PMA, Point Clear, Alabama, 
October, 1978. 

1,4-Butanediol 
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These data show that urethane elastomers based on MDI type pre-
polymer cured with 1,4-butanediol e x h i b i t equivalent or even bet
t e r physical properties, such as t e n s i l e strength, compression set, 
r e s i l i e n c e , tear strength and elongation when compared to elas t o 
mers extended with methylene b i s (2 - c h l o r o a n i l i n e ) , trimethylene 
g l y c o l di-p-aminobenzoate or hydroquinone bis(2-hydroxyethyl) 
ether i n MDI or TDI system (at equal hardness). Other advantages 
for 1,4-butanediol curative are low t o x i c i t y , l i q u i d state at room 
temperature, ease of handling and lower cost than other well-known 
curatives. 
REFERENCES 
1. Polaroid Corporation, Recent Developments in the Use of 

Polacure® No. 740M Diamine Curative, October, 1978. 
2. Polaroid Corporation  Trimethylene Glycol Di-p-Aminobenzoate 

- A Development Diamin
October, 1977. 

3. The Quaker Oats Company, Polyurethane Elastomers Based on 
MDI-QO® Polymeg® Prepolymer Extended with 1,4-Butanedio1,1976. 

4. Uniroyal Chemical, MDI-Prepolymer Systems - Viable Alterna
tives to MOCA Cured Urethanes. April 18, 1978. 

RECEIVED April 30, 1981. 

In Urethane Chemistry and Applications; Edwards, K., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



35 
A New Aromatic Diol Chain Extender for 

Urethane Elastomers 

D. KLEMPNER and K. C. FRISCH 

Polymer Institute, University of Detroit, Detroit, MI 48221 

A significant effort has been carried out in recent years 
on chain extenders for urethane elastomers. This has been 
prompted primarily by the search for a suitable replacement 
for 4,4'-methylene bis(o-chloroaniline
used chain extender an
Ames test (screening test for mutagenicity). 

A number of different hindered diamines have been inves
tigated as a substitute for MOCA (1). In addition to diamine 
curing agents, which are used most frequently with elastomers 
based on polyether polyols and toluene diisocyanate (TDI), 
prepolymers based on polyether or polyester polyols and 4,4'-
diphenylmethane diisocyanate (MDI), can be cured with diols to 
yield elastomers with similar properties to those of diamine-
cured polyester-TDI elastomers. The most common chain extender 
is butanediol. However, to achieve improved mechanical proper
ties, especially at elevated temperatures, aromatic diols are 
often used. The most common one is hydroquinone di-(beta-hydroxy-
ethyl) ether (HEQ). 

One basic problem with HEQ is its high melting point (102ºC). 
As a r e s u l t , the chain extension process must take place above 
102 C, normally around 120 C. I f lower temperatures are used, 
" s t a r r i n g " ( c r y s t a l l i z a t i o n or p r e c i p i t a t i o n of t h i s curative 
out of the system) occurs, since HEQ i s not soluble i n the rest 
of the components at temperatures below i t s melting point. 

In order to a l l e v i a t e these processing problems, the 
meta-substituted analog of HEQ was studied. This m a t e r i a l , 
r e s o r c i n o l di-(beta-hydroxyethel) ether (HER ) has a lower 
melting point (89 C), due to the lack of symmetry i n the 
molecule. 

In t h i s study, the properties and processing of el a s 
tomers cured with HER were compared with those cured with 
HEQ. Studies were made using a v a r i e t y of prepolymers and 
c a t a l y s t s . 

0097-6156/81/0172-0533$05.00/0 
© 1981 American Chemical Society 
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Experimental 

Mat e r i a l s . The materials used are described i n Tables 
I and I I . A l l materials were used as received, with no 
further p u r i f i c a t i o n . 

The tentative s p e c i f i c a t i o n s of HER are as follows: 

Appearance White to tan flake 

Hydroxyl number 547-545 

Equivalent wt. 99.1 

Molecular wt., empirica

Melting point, °C 89 min. 

B o i l i n g point, °C/5 206-212 

Water content 0.1 wt. %, max. 

S o l u b i l i t y 25°C, approximate wt. %: 

Water 2 

Acetone 11 

Ethanol 13 

E t h y l acetate 3 

Benzene ^ 1 

Hexane ^ 1 

S p e c i f i c heat 0.25 cal/°C/gm 

Melt density 1.16 gm/cc at 100°C 

Melt v i s c o s i t y 13.50 cc at 100°C 

Elastomer Preparation 

Phase I. In t h i s phase of the study, the f e a s i b i l i t y 
of chain extending polyurethane elastomers with HER was 
determined. A v a r i e t y of elastomers were prepared by 
chain extending the following prepolymers with HER (see 
Table I for t h e i r chemical d e s c r i p t i o n s ) ; 
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Appearance 
Polyether % NCO V i s c o s i t y cps Eq. Wt. at 75° 

B-625 6 .6 750 636.36 l i q u i d 

B-605 3. .15 2900 1333.33 s o l i d 

B-635 7 .7 430 545.46 l i q u i d 

B-665 9 .55 540 439.79 l i q u i d 

Polyester 

V-6001 3 .23 

V-6012 6 .68 1000 628.74 s o l i d 

The cata l y s t used was Dabco 33LV (tri e t h y l e n e diamine) 
Preliminary studies indicate that Dabco 33LV i s an e f f i c i e n t 
c a t a l y s t for HER . Although there i s i n d i c a t i o n of good 
s t a b i l i t y of 33LV i n HER , the true s t a b i l i t y and retention 
of a c t i v i t y are unknown. 

Elastomers were prepared using 0.06% by weight (based 
on HER ) Dabco 33LV as a c a t a l y s t . A 105 isocyanate index 
was used (95% stoichiometry). The prepolymer and the chain 
extender were heated to 120°C. When the chain extender was 
completely melted, they were mixed together with the reguired 
amount of c a t a l y s t . The mixing temperature was 105-110 C. 
Castings were made using metal plates and a spacer on a 
heated platen press. Two cure temperatures were employed, 
115 C and 130 C. The mold residence time was 1 hour. This 
was followed by a post cure at 100 C overnight. Green strength 
measurements were also c a r r i e d out on each prepolymer. 

Phase I I . In t h i s phase, polyurethane elastomers were 
prepared using only one prepolymer, B-625, and several 
c a t a l y s t s and concentrations i n order to determine the 
optimum properties possible with HER 

Phase I I I . In t h i s phase a d i r e c t comparison of HER 
with HEQ was made. Elastomers were prepared as above using 
both polyether and polyester prepolymers and both HER and 
HEQ as chain extenders. No ca t a l y s t was used. The mixing 
temperature was 120 C. The elastomers were cured for one Q 

hour i n the mold at 130 C and post-cured overnight at 100 C. 

Phase IV. In t h i s f i n a l phase, the lowest possible 
processing temperatures f o r HER and HEQ extended elastomers 
were determined as w e l l as the pot l i v e s . Combinations of 
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536 URETHANE CHEMISTRY AND APPLICATIONS 

TABLE I 

PREPOLYMERS AND CHAIN EXTENDERS 

Designation Description %Isocyanate 

Vibrathane 
B605 

Vibrathane 
B625 

Vibrathane 
B635 

Vibrathane 
B665 

PCA 6-3 

Vibrathane 
V6001 

Vibrathane 
V6012 

A prepolymer 
based on d i -
pheny1-m  than
diisocyanat
(MDI) an  poly
tetramethylene 
g l y c o l 

Above 

Above 

Above 

Above 

An MDI-ter-
minated 
polyester 
prepolymer 

Above 

3.02 

6.42 

7.97 

9.39 

6.-6.6 

3.23 

6.33 

Eq. Wt. 

1333 

636 

545 

440 

Supplier 

Uniroyal 

Uniroyal 

Uniroyal 

Uniroyal 

635-690 Polyure-
thane 
Corp. of 
America 

1300 

629 

Uniroyal 

Uniroyal 

HEQ Hydroquinone d i (beta-hydroxyethyl) ether Tennessee 
Eastman 

HER Resorcinol d i (beta-hydroxyethyl) ether Koppers 
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Designation 

TABLE I I 

CATALYSTS 

Description Supplier 

Dabco 33LV 

Dabco 

Dabco WT 

Armeen DMOD 

T-9 

T- l 

T-12 

T-31 

T-20 

Cotin 222 

tr i e t h y l e n e 
diamine i n 
dipropylene 
g l y c o l 

Triethylene diamine 

Salt of diethylene 
triamine and formic 
acid 

Proprietary amine 

Stannous octoate 

D i b u t y l t i n diacetate 

D i b u t y l t i n d i l a u r a t e 

D i b u t y l t i n i s o o c t y l -
mercaptoacetate 

D i b u t y l t i n d i l a u r y l -
mercaptide 

Proprietary 
organotin 

A i r Products 

A i r Products 

Armak 

Μ & Τ Chemicals 

Μ & Τ Chemicals 

M & Τ Chemicals 

M & Τ Chemicals 

M & Τ Chemicals 

Cosan Chemical 
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HEQ and HER were also studied i n order to see i f a minimum 
azeotrope might r e s u l t to allow even lower processing tempera
tures . 

Elastomers were made from B-625 at various i n i t i a l mixing 
temperatures, using an isocyanate index of 1.05. 

The prepolymers and the chain extenders were both heated 
to temperatures ranging from 130 C to as low as 70 C i n some 
cases, and mixed with no c a t a l y s t . 

Temperature i n t e r v a l s of 10 C were used and the 
c r y s t a l l i z a t i o n and s t a r r i n g tendencies of HER and HEQ 
elastomers were determined as w e l l as the pot l i v e s . 

ο 
Only one cure temperature was used, 130 C. The mold 

residence time was one hour. This was followed by a post 
cure of 100 C overnight
samples. 
Test Methods 

The elastomers made a f t e r being aged and conditioned 
for one week were subjected to the following tests to 
determine t h e i r physical properties: 

1. S t r e s s - s t r a i n properties (ASTM D 412) 
Tensile strength, p s i 
Elongation at break, % 
Elongation set, % 

2. Tear resistance (ASTM D 1938) 
S p l i t tear 
Die C 

3. Shore hardness (ASTM D 2240) 
Durometer A 
Durometer D 

4. Bashore rebound (ASTM D 2632) 
5. Compression set%, (ASTM D 395), Method Β 

The green strengths of the Phase I elastomers were 
determined by measuring the mechanical properties 
immediately a f t e r demolding. 

Results and Discussion 

Phase I: The properties of the phase I elastomers are 
shown i n Tables I and I I . The mechanical properties of a l l 
the elastomers, both polyether based (Table I I I ) and polyester 
based (Table IV) were, i n general, comparable with convention
a l l y chain extended MDI-based polyurethane elastomers (3). 
In general, the higher processing temperature (130 C) resulted 
i n elastomers with superior properties. 

The green strength studies (Tables V and VI) showed that 
even shorter mold residence times could be used to obtain 
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good elastomers. Even i n the green or "cheesy" state, the 
f r e s h l y demolded elastomers had good mechanical properties. 
In general, the polyesters showed better green strengths 
with a mold temperature of 130 C, while the polyethers 
yielded mixed r e s u l t s . 

Phase I I : The phase I studies showed the p o t e n t i a l of 
HER as a polyurethane chain extender. Excellent elastomers 
resulted with no processing problems. In phase I I , the 
optimum c a t a l y s t and c a t a l y s t concentration was determined by 
curing one prepolymer, B-625, using a v a r i e t y of t e r t i a r y 
amine and organo-tin c a t a l y s t s . The r e s u l t s are shown i n 
Tables VII and V I I I . 

In general, increasing c a t a l y s t concentration r e s u l t s i n 
decreased pot l i f e , as
made with the higher c a t a l y s
s a r i l y e x h i b i t higher mechanical properties. The Bashore 
rebounds and hardness for a l l the c a t a l y s t s are about the 
same (within the experimental e r r o r ) . The compression sets 
for the elastomers catalyzed with the metal c a t a l y s t s 
(Table VIII) are generally lower (superior) to those for 
the amine catalyzed elastomers (Table V I I ) . The mechanical 
properties are generally s l i g h t l y higher for most of these 
elastomers than for the elastomers catalyzed with Dabco 33LV. 

Of a l l the c a t a l y s t s , Armeen DMOD resulted i n the 
highest strength properties, p a r t i c u l a r l y at the lower 
concentration. The compression set, however, appeared 
unusually high. 

Phase I I I : In t h i s phase, elastomers were prepared 
using HEQ as w e l l as HER i n order to obtain a d i r e c t 
comparison. No c a t a l y s t was used since at the necessarily 
high processing temperature (120 C), the pot l i f e of HEQ 
elastomers was too low with c a t a l y s t to allow molding. The 
r e s u l t s are shown i n Tables IX and X. 

In general, HEQ elastomers were s l i g h t l y harder than 
HER elastomers. 

Β 605 - HER was found to y i e l d the best elastomers with 
Β 605 showing good t e n s i l e , elongation and tear properties. 

Β 625 - HEQ showed mechanical properties superior to 
those of HER 

Β 635 - HEQ and HER both yielded elastomers with 
s i m i l a r properties. 

Β 665 - HER was the best extender with Β 665, showing 
excellent t e n s i l e and elongation. But HEQ yielded somewhat 
better tear strengths. 

V 6001 - HEQ yielded better t e n s i l e properties while 
HER resulted i n superior tear properties. 

V 6012 - HEQ yielded elastomers with s l i g h t l y superior 
properties to the HER extended elastomers. 
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Phase IV: The major problem with HEQ as a urethane curative 
i s i t s high melting point, which r e s u l t s i n c r y s t a l l i z a t i o n , or 
" s t a r r i n g " of the elastomers i f processed at too low a tempera
ture. Since HER has a lower melting point than HEQ, due to 
the lack of symmetry i n the molecule, i t i s expected that HER 
cured elastomers w i l l have less of a tendency to s t a r . 

HER exhibited remarkable processing c h a r a c t e r i s t i c s with 
t h i s prepolymer, as shown i n Table XI. When ju s t HER (100%) 
alone was used there was no c r y s t a l l i z a t i o n or s t a r r i n g u n t i l 
a temperature of 70 C was reached. 

But as HER * s concentration was lowered ( i n combination 
with HEQ) c r y s t a l l i z a t i o n was observed at higher temperatures 
as shown i n Table XI. Pure HEQ could only be formulated at 
130 C without c r y s t a l l i z a t i o n . 

No benefits were r e a l i z e
was found to be the faste
the pot l i v e s . Decreasing HEQ concentration resulted i n 
increased pot l i v e s . 

Conclusions 

1. HER i s an e f f e c t i v e chain extender for MDI-based 
polyurethane elastomers, with both polyether and polyester-
based prepolymers. Good o v e r a l l properties and green strengths 
resulted. 

2. Catalyst type and concentration has a strong influence 
on the properties of HER cured elastomers. A t e r t i a r y amine, 
Armeen DMOD, resulted i n the best o v e r a l l mechanical properties. 

3. HER cured elastomers are comparable i n properties to 
HEQ cured elastomers, although they are s l i g h t l y s o f t e r . 

4. HER e x h i b i t s s i g n i f i c a n t benefits i n processing over 
HEQ, due to i t s lower melting point and d i f f i c u l t y i n 
c r y s t a l l i z i n g . 
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36 
Fluid Film Processing Applied to Manufacturing 
of Foam Core Insulating Panels 

VIJAY VIMAWALA 

Kornylak Corporation, 400 Heaton Street, Hamilton, OH 45011 

Kornylak Corporation's recent development of the Process 
Tunnel is expected to hav
operations in the plasti
this process have already been built and are in operation in the 
United States and abroad. Their spectacular performance indi
cates that this development is indeed a breakthrough. This 
chapter will cover some of the technical aspects of this new 
process. 

To avoid repetition of our company's trade name we will , in 
this chapter, use a generic name to describe the equipment and 
its process. We will call it the "Fluid Film Process". The 
fluid film process permits a high speed continuous treatment of 
sheet, strip, panel and billet material requiring cooling, 
heating, pressure confinement or shape and surface control. Many 
products presently manufactured in molds or platen presses can 
now be much more rapidly produced continuously on machinery 
incorporating fluid film processing. 
The first major application of this process has been in the 
production of foam core panels used by the construction industry 
for the manufacture of roofing and sheathing panels. The use 
of urethane foam i n s u l a t i o n f o r roofing i n the United States 
dates back to the 1950 fs. 

The e a r l i e s t machine was a four-sided Armorbelt pressure 
tunnel b u i l t i n 1958. This machine produced a continuous 
rectangular block of urethane foam which was cut to length and 
mu l t i p l e sawed to desired thicknesses and roofing f e l t was 
laminated to the cut slabs. This l i n e of machinery was soon 
followed by machines capable of pressures up to 5 p s i (0.35 Kg/sq. 
cm) and panel widths to 9 f t . (2.74 meters) (See Figure 5). 

These machines are w e l l known as double b e l t u n i t s which 
produce the major share of today's urethane foam panels f o r 
b u i l d i n g roofing and sheathing i n the USA. We also know that 
through the years both designers and users have been concerned 
with undesirable features of double b e l t u n i t s . Double b e l t 
l i n e s are large and massive. The s i z e i s necessary to 

0097-6156/81/0172-05 5 3$05.00/ 0 
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accommodate the large drive sprockets to reduce the chordal 
action of the b e l t chain to achieve a reasonably uniform b e l t 
speed. 

Belts must be of heavy duty construction to prevent d e f l e c 
t i o n under the pressure of the expanding foam. A d e f l e c t i o n of 
.030 inch (0.76 mm.) i n each b e l t r e s u l t s i n a .060 inch 
(1.52 mm) difference i n panel thickness across the width of the 
panel. 

The high pressure loads of up to 3000 l b s . (1364 Kg) per 
l i n e a l foot f o r a 4 foot (1.22 meter) wide conveyor requires a 
heavy duty frame to avoid frame def l e c t i o n s which, added to the 
b e l t d e f l e c t i o n s , further increase the inaccuracy of the panel. 

These high pressures require the use of a n t i f r i c t i o n r o l l e r s 
to avoid excessive drive horsepowers. Even with such e f f i c i e n t 
r o l l e r s , the drive f o r l l i n  runnin  50 ft./min
(15 meters/min.) i s 30
be machined and ground f o  pane  thickness accuracy and powe
reduction. However, unless they are hardened or of s p e c i a l 
wear and b r i n n e l l i n g r e s i s t a n t s t e e l , the continuous heavy 
r o l l i n g action of the r o l l s soon wears a deep groove i n the 
track. 

Even with frequent or continuous l u b r i c a t i o n , the r o l l e r s 
subjected to heat and high loads, soon reach the end of t h e i r 
l i f e span, r e q u i r i n g replacement and expensive down time. 

Minute differences i n alignment of adjacent conveyor s l a t s 
r e s u l t s i n b e l t marks which mar the appearance of the f i n i s h e d 
panel. This i s i n s p i t e of a l l the care possible to b u i l d a 
p r e c i s i o n conveyor. Even though the difference i s only several 
thousandths of an inch, r e f l e c t e d l i g h t shows up the s l a t marks 
very d i s t i n c t l y . This condition worsens as r o l l s and tracks 
wear. 

Another important concern, i n view of the o i l c r i s i s , i s the 
extravagent use of energy nneded to support t h i s chemical process 
and to move the panel through the process area. The heavy 
machinery and the b e l t pressure load r e s u l t i n high motor power 
requirements. More serious, however, i s the i n e f f i c i e n c y of heat 
tran s f e r to the b e l t and to the product and the great loss of 
heat from the b e l t to the atmosphere. These and other needs for 
improvement were representative of the state of the urethane foam 
panel manufacturing a r t at the time of introduction of f l u i d f i l m 
processing. 

A l l of these problems had been a concern to my company during 
i t s years of pioneering work with foam panel production. A 
number of piecemeal improvements were made through the years, but 
the grand s o l u t i o n , one which solved them a l l , came with the 
development of the f l u i d f i l m process. 

The f l u i d f i l m process not only eliminates a l l of these 
problems but goes on to add new advantages, most of them of very 
s i g n i f i c a n t magnitude. 
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Figure 1 shows a cross section through a f l u i d f i l m process 
panel production l i n e . A i r i s introduced through the porous 
platen surfaces. The a i r forms a .005" (0.127 mm) t h i c k f i l m of 
r a p i d l y moving a i r , enveloping the panel f o r maximum heat transfer 
and preventing p h y s i c a l contact of the panel with the platens. 
The platens are separated by precise gage blocks to achieve 
accurate thickness and to permit the production of a broad range 
of panel thicknesses. 

A f l u i d f i l m process l i n e i s shown i n Figure 2. I t i s a 
series of modules, each consisting of the p a i r of platens i l l u s 
trated i n the previous s l i d e . Each module i s 5 feet (1.524 
meters) long and each can have controls to adjust the temperature 
and pressure of the entering a i r . Thus, knowing the p r o f i l e of 
temperature and pressure needs of a s p e c i f i c foam chemical formu
l a t i o n , the l i n e can be
minimum energy waste. 

The following are some of the other revolutionary features 
of the process: 

FASTER 
MORE ACCURATE 
SMOOTH SURFACE 
MODULAR CONTROL 
HIGHER PRESSURE 
LOWER ENERGY USE 
HIGHER TEMPERATURE 
LOWER MAINTENANCE 
QUIETER 
SAFER 
COMPACT 
INTERCHANGEABLE WITH DOUBLE BELTS 

Each of these i s discussed i n d e t a i l below: 

Faster 

Foam panels have moved thru the tunnel i n a smooth e f f o r t l e s s 
manner at any speed we have t r i e d . Meanwhile, e x i s t i n g "wet-end" 
and cutoff equipment have been strained to capacity. Because of 
these wet end and cutoff l i m i t a t i o n s , the top speed tested at the 
w r i t i n g of t h i s paper, has been 170 ft./min. (52 meters/min.) 
However, there appears to be no apparent l i m i t to the speed 
c a p a b i l i t y of the process, and f o r t h i s reason, we are i n the 
process of developing the a u x i l i a r y equipment f o r higher speeds. 
Naturally, as the l i n e speed increases there develops a need for 
increasing the length of the l i n e to permit complete cure of the 
foam. This new speed c a p a b i l i t y , now presents a challenge to 
the chemical manufacturers and formulators to develop formulations 
which w i l l match the machine. This challenge has been passed on 
to the industry, but meanwhile we are looking into other technol
ogies to speed the curing process of e x i s t i n g formulations. 
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Figure 2. Fluid film process line. 
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More Accurate 

Where +1/32 inch (+0.8 mm) has been the standard thickness 
tolerance for 4 foot (1.22 meter) wide panels produced i n double 
b e l t l i n e s , the standard f o r the f l u i d f i l m process i s +0.010 
inch (+0.25 mm). At times, an accuracy w i t h i n +.005 inch 
(+.127 mm) has been achieved. Such accuracy i s possible because 
of the p r e c i s i o n and r i g i d i t y of the tunnel construction. The 
platens are reinforced weldments, stress r e l i e v e d a f t e r welding 
and then ground and chrome plated. They are separated by 
precise gage blocks to form the two faces of the tunnel. Deflec
t i o n i s p r a c t i c a l l y non-existant since the foam pressure on the 
platen i s balanced by the f l u i d pressure w i t h i n the platen 
r e s e r v o i r . The f l u i d f i l m i s accurately c o n t r o l l e d to maintain 
i t at a normal working

This new accuracy
customer s p e c i f i c a t i o n s i s also an opportunity for savings i n 
c o s t l y chemicals, p a r t i c u l a r l y s i g n i f i c a n t for t h i n panels. 
In the case of a 0.125 inch (3 mm) t h i c k panel, a 0.040 inch 
(1 mm) saving i s equal to 1/3 of the thickness. 

Smoothness 

Belt marks and the usual random plane s l a t impressions are 
non-existant on f l u i d f i l m process panels. The absence of 
conveyor b e l t s and the extremely accurate tunnel, produce a 
smooth continuous surface on both sides of the panel. 

This feature combined with the improved thickness accuracy 
opens the door to many new markets which were previously denied 
fo r the lack of acceptable appearance and accuracy. 

Lower Energy Use 

Energy conservation stems from the following features of the 
f l u i d f i l m process: 

1) More e f f i c i e n t heat transfer 
2) Absence of heat losses 
3) F r i c t i o n - f r e e movement of panel 

Each of these energy conserving features i s reviewed i n 
d e t a i l below: 

More E f f i c i e n t Heat Transfer. In the conventional double 
b e l t system, hot a i r i s normally introduced in t o each conveyor 
body. This a i r heats the b e l t s which i n turn transfer the heat 
to the product. The equation for heat transfer c o e f f i c i e n t for 
t h i s process i s shown i n Figure 3. 

In the f l u i d f i l m process, the heat i s supplied v i a the hot 
a i r f i l m which i s i n d i r e c t contact with the product. In 
a d d i t i o n , the rapid movement of the a i r f i l m further increases 
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1 .1 

1 

heat transfer coefficient 

h 1 κ h 2 h 3 h l h 2 & h 3 

are transfer coefficient of the 
film on both sides of the conveyor 
slat and the panel skin surface. 

1 3 1 1 L is the plate thickness (inches) 

1.34 5.2 1.34 1.34 Κ is the conductivity coefficient 
of the plate 

= .435 BTU / degF / hour / square foot 

Reference - MARKS HANDBOOK 

Figure 3. 
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the transfer rate. The formula for the f l u i d f i l m transfer i s 
shown i n Figure 4. 

At a temperature of 180°F (82°C) and a conveyor s l a t thick
ness of 0.375 inch (9.5 mm), the f l u i d f i l m heat transfer rate 
i s approximately 4 times that of the double belt unit. 

Absence of Heat Losses. There are two major heat losses i n 
a double belt system. One i s the leakage of hot a i r through the 
gap between the conveyor belt and the conveyor body. The combin
ation of i n e f f i c i e n t heat transfer previously explained and the 
size of the gap around the entire periphery of the conveyor on 
both sides, wastes most of heat fed into the conveyor to the 
atmosphere. 

The second loss i s by radiation from the b e l t . The b e l t , 
which i s of heavy constructio
very s i g n i f i c a n t heat sink
panel where i t i s needed and some where i t i s not needed. The 
remainder i s l o s t to the atmosphere by radiation during i t s i d l e 
return to the input end. This loss can be reduced by insulation 
but the problem of removing and restoring this insulation for 
inspection and maintenance access makes i t impractical. A 
measurement on a double belt revealed a 20°F (11°C) loss i n 
belt temperature during the return run. 

The f l u i d f i l m system completely eliminates the heat sink/ 
radiation loss since the platens remain stationary. The heat i n 
the platen i s radiated into the product. The reservoir behind 
the platen i s easy to insulate and this insulation remains i n 
place with no hinderance to inspection or maintenance. Further, 
since the heat i s controlled i n zones corresponding to the need 
p r o f i l e of the formulation, there i s no wasteful input of energy 

into the product. 
The reduced thin f i l m leakage loss at the perimeter i s easy 

to c o l l e c t and recirculate. 
Because of the d i f f i c u l t y i n calculating comparative data, 

we have collected data from operating l i n e s . To compare heat 
losses, we have data from comparable double belt and f l u i d f i l m 
l i n e s . The operating conditions for both units were the same: 
50 feet (15.24 meters) long l i n e producing 4 feet (1.22 meters) 
wide panel at 50 ft./min (15.24 meters/min.) and a 160°F (71°C) 
skin temperature. The heat input into the double belt l i n e was 
333,000 BTU/hr. (84,000 Kg calories/hour) and into the f l u i d 
f i l m l i n e was 121,000 BTU/hr. (30,500 Kg cal o r i e s / h r . ) . This 
the f l u i d f i l m l i n e operates with a 64% saving of heat input. 

At a working pressure of 3 p s i (0.21 Kg/Sq.cm) i n a 50 foot 
(15.24 meters) long l i n e , a 4 foot (1.22 meters) wide panel i s 
subjected to a t o t a l belt load of 86,400 lbs. (39,273 Kgms.). 

With a co e f f i c i e n t of f r i c t i o n of 0.001 for the r o l l e r 
supported belts assuming the use of lubricated r o l l e r bearings, 
the t o t a l belt p u l l i s 86.4 lbs. (39 Kgms.), requiring a 15 HP 
drive for each belt at a 50 ft./min. (15.24 meters/min.) 
production speed. 
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In the f l u i d f i l m process, where the panel f l o a t s i n a 
enveloping f i l m of a i r , very l i t t l e force i s needed to move the 
panel. 

Higher Temperatures 

Some formulations, such as isocyanurates, require or benefit 
from temperatures higher than normally possible i n double b e l t 
l i n e s . An operating temperature of 350°F (82°C) has been 
necessary f o r some formulations. Production temperatures can be 
achieved w i t h i n 60 minutes. The d i f f i c u l t y i n meeting t h i s 
requirement on a double b e l t l i n e r e s u l t s from the much les s 
e f f i c i e n t heat transfer and the excessive heat losses. A 
further problem on double b e l t l i n e s has been the accelerated 
wear of bearings at highe
the t opic that follows

Maintenance 

Maintenance requirements of the tunnel are minimal because 
of the eli m i n a t i o n of moving parts. The troublesome and frequent 
l u b r i c a t i o n of r o l l e r s and bearings i s completely eliminated. 
This i s a fortunate improvement since the high temperatures 
shorten the l i f e of lub r i c a n t s and the high pressure load on the 
r o l l e r s cause bearing breakdown and wears grooves i n the support
ing tracks. Proper l u b r i c a t i o n p r a c t i c e c a l l s f o r removal of 
spent grease and replacement. The replacement schedule depends 
p r i m a r i l y on speed, hours of operations and temperature. This 
renewal period i s halved f o r each 25°F (14°C) increase i n 
temperature. For example, a lu b r i c a n t l i f e of 1000 work hours 
at 150°F (66°C) i s reduced to 500 hours at 175°F (79°C) and only 
250 hours at 200°F (93°C). F a i l u r e to observe a proper schedule 
on double b e l t u n i t s has resulted not only i n destruction of 
bearings and r o l l e r s but also damage to the b e l t s l a t s , the 
tracks and drive sprockets and a c o s t l y shutdown of the l i n e . 

Quieter 

As operating speeds get higher the metal to metal contact 
of r o l l e r s and track add considerably to the plant noise l e v e l . 
Since quietness i s recognized as a desired and mandatory 
condition of the workplace, the s i l e n t operation of the f l u i d 
f i l m system i s another of i t s many important advantages. 

Safer 

An ominous safety hazard i s present on double b e l t l i n e s at 
the entry throat formed by the two conveyors. I t l o c a t i o n i n 
the area of greatest a c t i v i t y - paper entry, paper f o l d i n g , 
chemical laydown and d i s t r i b u t i o n i s a constant hazard to workers 
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i n the area. This i s p a r t i c u l a r l y so i f an operator attempts 
to adjust a paper wrinkle or a faulty f o l d . Or he might grab 
for an obj ect which had f a l l e n on the lower paper and was about 
to enter double belt and cause considerable damage to the belts 
or to i t s e l f . Further down the l i n e , hazard i s greatly reduced, 
but some i s present because of the exposed edges of the moving 
belts, p a r t i c u l a r l y at points where they pass by stationery 
supports and braces at the three moving levels at the panel 
l e v e l and at the top and bottom i d l e return l e v e l s . 

The f l u i d f i l m process has no moving parts i n the pressure 
zone. 

Compact 

The o v e r a l l thickness of a f l u i d f i l m section when set for 
a 5 inch (127 mm) thick panel i s only 24 inches (610 mm). This 
includes 2 inches of insulation on top and bottom exposed surfaces 
of the l i n e . The resulting i n s t a l l a t i o n i s only waist high 
permitting easy v i s i b i l i t y and communication across the l i n e . 

Interchangeable With Double Belts 

The f l u i d f i l m processor can match any size, speed, formu
l a t i o n capability, temperature, pressure, energy use, control, 
and duty capability of a double belt conveyor for the production 
of c e l l u l a r panel produced of urethane, cyanurate or phenolic 
and two f l e x i b l e skins. I t w i l l e asily f i t into the same space 
and as a replacement may then offer the capability of higher 
speeds, higher densities, greater accuracy, smoother surface 
and greater core material v e r s a t i l i t y . In addition, i t s quietness 
safety and reduced maintenance make the replacement a welcome 
change. 

In review i t appears that the new f l u i d f i l m process offers 
insulation panel manufacturers and chemical companies an oppor

tunity to increase output, raise quality, enter new markets and 
reduce costs at a time when improved insulation offers the best 
immediate r e l i e f from r i s i n g costs and uncertain supplies of 
fu e l . 

New experiments with the f l u i d f i l m process are continuing 
and new technical data i s s t i l l being developed at the time of 
writing this paper. Some of this data, i f appropriate w i l l be 
added at the conference. 

RECEIVED May 1, 1981. 
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37 
The Role of Release Agents in Urethane Molding 

DAVID B. COX 
Chem-Trend Incorporated, 3205 East Grand River, Howell, MI 48843 

Background. The process of molding urethane products 
requires the use of a
adhesive bonding of isocyanate
agent, the reaction of isocyanate with active hydrogens on the 
mold surface would produce such strong chemical bonds that the 
molded part could not be removed intact. This is reason enough 
for considering release agents an important element of molded 
urethane production, but release alone is usually not enough. 
The release agent must often produce, or permit production of, a 
desired surface. The release agent must also not introduce 
(ideally) other problems, such as excessive buildup on the mold 
or problems with painting or glueing the part. The purpose of 
this paper is to present a brief review of the state of the art 
in urethane mold releases, with some comments on the chemical and 
physical nature of successful products, and some further comments 
on future possibilities. 

S c i e n t i f i c publications on the topic of urethane mold 
release are nearly nonexistent. There i s no coherent body of 
basic research p u b l i c a t i o n . The patent l i t e r a t u r e i s i l l u s t r a t e d 
by a few entries i n a review of release agents published i n 1972 
(1) . 

The f a c t that a release agent i s needed for molding 
urethanes i s a problem, i f only because production would be 
simpler without the need. Once one accepts the r e a l i t y of the 
need, one can a r r i v e at four options for providing release. 
These are: 1) a permanent release coating on the mold, 2) an 
in t e r n a l release agent added to the reaction mixture, 3) a com
bin a t i o n of a permanent base coat with an occasionally renewable 
top coat, and 4) a renewable release coat applied every cycle or 
every few cycles. The options are l i s t e d i n order of d e s i r 
a b i l i t y from a production point of view. Option 4 i s i n fact 
what nearly everyone uses, by necessity. Once Option 4 i s 
accepted, i t i s reassuring to know that excellent release agents 
are a v a i l a b l e which can provide smooth, automatic production. 
On the other hand, achieving that smoothness, and keeping i t , 
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requires a c a r e f u l matching of production variables to release 
agent formula. 

These g e n e r a l i t i e s w i l l be i l l u s t r a t e d through a discussion 
of the release agent technology i n two d i f f e r e n t and important 
types of molded urethane product. These are automotive seat 
foams and RIM urethanes. Before that discussion, however, i t 
seems useful to discuss why Options 1, 2, and 3 for releasing 
urethanes have not been successful so f a r . 

Permanent Coatings. The usual f i r s t candidates one thinks 
of are materials with low surface energy, such as perfluoro-
polymers or s i l i c o n e s . In f a c t , these materials are normally 
successful at f i r s t t r y . Even sheet polyethylene may be 
successful at f i r s t . The l i m i t a t i o n appears when a large 
number of multiple release
a mold for making a thousan
"permanent,11 low-energy surfaces begin to f a i l i n release, 
usually long before one thousand parts have been molded. How 
soon the f a i l u r e occurs depends on the urethane type, the com
p o s i t i o n of the surface, and the manner i n which i t was coated 
on the mold, but the mechanism involves a gradual a l t e r a t i o n of 
the o r i g i n a l surface. Spotwise adherence of the urethane 
begins, probably due to deposition of urethane components i n 
microscopic depressions i n the surface. Subsequent contact with 
fresh urethane allows chemical bonding to the deposited m a t e r i a l , 
and the area tends to grow r a p i d l y . 

Internal Release Agents. Incorporation of a release agent 
i n the urethane mix would at l e a s t remove the need for a 
separate pre-molding process step. Once again, i t can be shown 
that i n t e r n a l release agents do work to some extent. The draw
backs, nevertheless, are severe enough to outweigh the advan
tages. The i n t e r n a l release must be mixed i n t o the urethane, but 
i t can only act at the surface of the part, so the mass that must 
be used i s p a r t l y wasted unless i t can e i t h e r migrate r a p i d l y to 
the surface at the r i g h t time or else contribute some other use
f u l property to the urethane. At the l e a s t , the i n t e r n a l 
release should not make the bulk properties of the urethane part 
less s a t i s f a c t o r y . In p r a c t i c e , so f a r , i n t e r n a l release agents 
have t y p i c a l l y been found to f a i l a f t e r the molding of ten or 
twenty parts because they cannot protect the mold surface 
against urethane buildup deposits. They also may continue to 
migrate to the surface a f t e r the part i s made, causing problems 
with painting or surface appearance. The basic idea i s a t t r a c 
t i v e enough that there w i l l be continuing pressure to f i n d a way 
around the problems, but for the immediate future, use of i n 
t e r n a l release agents i s l i k e l y to be quite l i m i t e d . 

Permanent Base Coat and Renewable Top Coat. This concept 
has an advantage (over renewing the release coat each cycle) 
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only when the top coat i s required at infrequent i n t e r v a l s . 
Therefore, the problems tend to be l i k e those of the simple per
manent coat option. Nevertheless, some experimentation i s going 
on with t h i s concept. With c a r e f u l matching of production cycle 
needs and release agent properties, there i s some promise to the 
concept. 

Discussion of Current Technology 

Automobile Seat Foams. Let us s t a r t by considering how 
auto seats are manufactured, which w i l l define the performance 
requirements for the mold release agent used. The t y p i c a l pro
duction machine i s a carousel with a large number of molds being 
moved through a cycle with the following steps: spraying and 
drying of mold release
and demolding. This cycl
major steps from the release agent point of view. The basic 
requirements for the mold release agent are that i t be i n a form 
for easy a p p l i c a t i o n to the mold i n the correct amount (usually 
sprayed), that i t dry to form a f i l m before the time of urethane 
pour, that i t r e s i s t penetration of the urethane to the mold sur
face, and that i t provide easy and complete release at the time 
of demold. There are usually a d d i t i o n a l demands made, which 
include production of a desired surface. Some companies prefer 
a closed or " s k i n " surface. Others require an open c e l l surface. 
At the l e a s t , the surface should be free of collapsed foam areas. 
Other secondary, but important, considerations are e f f e c t s of the 
evaporating solvent on a i r q u a l i t y and f i r e hazard. Buildup of 
e i t h e r mold release agent or urethane on the mold i s a problem 
i n that i t requires stopping production for cleaning, so minimum 
buildup i s d e s i r a b l e . On the other hand, the e f f e c t of buildup 
on the dimensions or cosmetics of the part surface may not be 
c r i t i c a l . 

H i s t o r i c a l l y , the successful mold release agents used for 
seat foam have been based on waxes. The f i r s t seat foams were 
so-ca l l e d one-shot, or "hot" foams. The term "hot" usually 
meant a cure temperature between 200°F and 300°F. This i n turn 
meant that the mold surface temperature at demold was both hot 
enough to melt most waxes, and that i t was also hot enough to 
evaporate water. Therefore, i t was possible to use a release 
agent applied with either a high f l a s h point mineral s p i r i t s or 
with water as a c a r r i e r . I t i s possible to make dispersions of 
waxes i n mineral s p i r i t s by d i s s o l v i n g the wax mixture i n hot 
solvent and cooling i n a manner to p r e c i p i t a t e the waxes i n a 
p a r t i c l e s i z e range of about one micron average. Such disper
sions can be sprayed to produce a t h i n , continuous f i l m when 
drie d . In order to use water as a c a r r i e r solvent, i t i s 
necessary to emulsify the wax mixture i n the melted state, and 
then cool the emulsion to produce a dispersion of s o l i d wax 
p a r t i c l e s . Once again, these can be produced i n a p a r t i c l e s i z e 
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range of one micron or smaller, so that a t h i n sprayed f i l m can 
be deposited. 

In the 1970 fs, there had been a strong trend toward use of 
High R e s i l i e n t (HR) foams, which are cured at a lower temperature 
than hot foam. The o r i g i n a l attempts were c a l l e d "cold-cure" 
foams, but for various reasons, the su r v i v i n g foam systems have 
come to have a range of cure temperatures from about 110°F to 
170°F. The main s i g n i f i c a n c e of t h i s drop i n temperature from 
the hot foam range i s that use of water-dispersed release agents 
was not p r a c t i c a l at f i r s t . In f a c t , i n some cases, high f l a s h 
mineral s p i r i t s have been replaced with lower f l a s h types, which 
i s more hazardous, or by chlorinated solvents, which i s more 
expensive and which causes some odor problem. The p o s s i b i l i t y 
for use of water dispersions i s getting renewed attention 
because of the r i s i n g cos
because of a i r p o l l u t i o
water-dispersed release agents can be successfully developed and 
used, but t h e i r use may require some s p e c i a l e f f o r t s to handle 
the problem of evaporation of water from the sprayed f i l m at 
system temperatures. That i s , foam producers may have to 
i n s t a l l a i r blow-off devices, use radiant heaters, or some such 
energy-using device. 

RIM Urethanes. The use of Reaction I n j e c t i o n Molding f o r 
producing urethane parts i s growing, p a r t i c u l a r l y i n auto parts 
such as bumpers and f a s c i a . There are many p o t e n t i a l and ac t u a l 
uses for RIM, including r i g i d housings for o f f i c e equipment and 
instruments. One of the economic a t t r a c t i o n s of RIM i n autos i s 
that, i f parts can be made ra p i d l y enough, the cost for molds and 
machinery can be held low enough for o v e r a l l competition with 
stamped s t e e l . Cycle times have now been brought down to a few 
minutes, and the need to apply and dry a mold release f i l m i n 
each cycle has become r e l a t i v e l y more of a time l i m i t . On the 
other hand, a major need for auto parts i s a Class A surface 
f i n i s h . This must be produced no matter what e l s e , so keeping 
the mold surface smooth and blemish-free i s mandatory. I n t e r n a l 
mold release agents have not been able to prevent buildup f or 
enough cycles before cleaning i s necessary, and they also f a i l to 
give adequate release w i t h i n a few cycles, probably for the same 
reason. Therefore, external mold release agents are s t i l l 
necessary at present. In addition to the surface f i n i s h require
ment, the release agent must s t i l l do i t s primary release 
function very w e l l . RIM urethanes tend to be le s s aggressive and 
adhesive than seat foam urethanes, i n part because they react so 
ra p i d l y that much of the isocyanate i s gone by the time they con
tact the mold surface, but there are s t i l l problems. Sometimes 
the part shape i s complex, as i n the case of g r i l l w o r k on an auto 
front f a s c i a . The part must release e a s i l y at those locations 
where there i s s l i d i n g motion between f i n i s h e d part and the mold 
surface. Another problem may occur i n the gate and runner areas 
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because the urethane i s injected very r a p i d l y ; i t can a c t u a l l y 
abrade or erode away a release f i l m . RIM molds are t y p i c a l l y at 
temperatures of 165°-180°F at the time of spraying mold release 
agent, so the choice of c a r r i e r solvent i s s i m i l a r to that of HR 
type seat foam. Both aqueous and non-aqueous solvent systems are 
i n use, usually depending on the chemistry of the active ingre
dients of the release agent. Some successful RIM release agents 
are based on waxes, and these are usually carried i n mineral 
s p i r i t s or other non-aqueous, non-polar solvents. Other formulas 
are based on amphiphatic soap-like ingredients, which can be 
c a r r i e d by water. In these formulas, the evaporation of water i s 
usually promoted by i n c l u s i o n of low molecular weight alcohols. 
Water-based release agents can be easier to remove from the part 
surface when cleaning i s c r i t i c a l , but wax-solvent release agents 
are also successful wit

Formulations and Mechanisms. The above discussion has set 
f o r t h some of the d e t a i l s which must be considered i n s e l e c t i o n 
and use of mold release agents for urethanes, although there are 
also many s p e c i a l problems which have not been covered. In t h i s 
s e ction, the discussion i s directed to some probable elements of 
the mechanism of function. Mold release technology, l i k e many 
others, has developed i n advance of the d e t a i l e d basic s c i e n t i f i c 
understanding. Nevertheless, progress i s being made, and more 
science i s emerging from the a r t . 

One may d i v i d e the requirements for a mold release agent 
in t o two aspects. The f i r s t i s prevention of contact between the 
urethane and the mold surface, and the second i s the release i t 
s e l f . I f we consider the f i r s t requirement, i t seems l o g i c a l to 
suppose that at minimum, one must have a continuous f i l m , or at 
l e a s t one with gaps which are very small so that the urethane 
cannot wet w e l l enough to get i n t o them. Next, i t appears that 
the f i l m must usually be a s o l i d i n nature. Success can be 
achieved i n some cases with f i l m s of l i q u i d s i l i c o n e , for example, 
but l i q u i d f i l m s have not been at a l l adequate for seat foam, and 
not good enough for RIM. The f i l m should probably not be highly 
soluble i n urethane components, at l e a s t at the temperatures 
encountered. Many attempts have been made to create release 
agent films i n which some components play an a c t i v e chemical r o l e . 
That i s , the p r i n c i p l e was that an active chemical ingredient r e 
acted with isocyanates to make sure they reacted i n the f i l m and 
not at the mold surface i t s e l f . Such attempts have not usually 
been successful. On the other hand, some experiments to deter
mine the r e a c t i v i t y of TDI with waxes and other ingredients used 
i n successful release agents has shown that a reaction takes 
place i n some cases. One may summarize by saying that chemical 
r e a c t i v i t y i s not necessary, but may be present. 

The problem of producing a f i l m that i s continuous, very 
t h i n (to minimize cost and buildup), and impervious to urethane 
has been solved i n most cases by use of waxes. There are many 
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wax-like materials to choose from, including petroleum-based 
p a r a f f i n and m i c r o c r y s t a l l i n e types, other natural waxes from 
vegetable, animal, and mineral sources, and synthetic waxes such 
as polyethylenes. Most w i l l not work by themselves. I t has been 
necessary to make mixtures, use s p e c i a l a d d i t i v e s , and otherwise 
modify the basic properties. There i s not any usefu l generaliza
t i o n here except to say that i t i s frequently necessary to 
tailor-make release agents to match a p a r t i c u l a r set of urethane 
producing requirements. This i s often due to the need to combine 
s p e c i a l requirements such as a p a r t i c u l a r surface character with 
a p a r t i c u l a r temperature range of cure, and so f o r t h . Some 
reasons why t h i s i s so may be seen by considering the second 
function, namely the release i t s e l f . 

Let us examine the case of hot cure seat foam as one example 
of how the release i t s e l
ing of the foam, a mol
95° to 110°F., so that a wax-based f i l m i s a s o l i d . During the 
early moments of the foam r i s e , the f i l m i s probably s t i l l s o l i d , 
but the exotherm of the foam plus the imposed heat from the 
curing ovens gradually increases the temperature of the release 
f i l m . By the time of demolding, the system i s above 200°F., and 
the wax f i l m has melted. Presumably, the isocyanate content of 
the surface of the foam has declined to zero or near i t , so the 
foam can no longer be adhesive. Then, the act of demolding i s a 
simple peeling of the foam away from a l i q u i d f i l m , with r e s u l t 
ing low force. The actual p i c t u r e may not be that simple. For 
example, i t i s possible to get extremely easy release from 
solvent-carried release agents, but i n general, the release ease 
from water-based release agents has not been as good. I t i s com
pl e t e , but the actual force may be higher. The reasons are not 
f u l l y understood yet. 

In the case of HR foam, RIM, and many other urethane types 
which are cured at temperatures under 200°F., the release f i l m 
i s normally not melted at the time of demold. The mechanism of 
release could, i n p r i n c i p l e , involve several p o s s i b i l i t i e s . The 
urethane part could adhere to the release f i l m , with the release 
occurring between the mold surface and the release f i l m . The 
urethane could f a i l to wet the release f i l m , and therefore never 
adhere to i t . Or the release f i l m could break i n such a way that 
some part stayed with the mold and some transferred to the ure
thane part surface. In f a c t , one can f i n d examples of a l l three 
mechanisms. The knowledge necessary to elucidate more of the 
d e t a i l s of these mechanisms, and the expected greater a b i l i t y to 
con t r o l the function through chemical formulation are now being 
gathered through a basic research approach. 

Figures 1-4 i l l u s t r a t e some evidence for the t h i r d mechanism 
j u s t l i s t e d , i n which the release f i l m f a i l s cohesively. The 
photographs were taken from a scanning electron microscope. The 
specimens were produced as follows. Figure 1 i s the top surface 
of a f r e s h l y sprayed and dried release f i l m . I t shows that the 
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Figure 1. Undisturbed surface of mold release film. 

Figure 2. Surface of film remaining on the mold after demolding of HR urethane 
foam. 
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Figure 3. Surface of film transferred to the urethane foam surface after demolding. 

Figure 4. Same surface as in Figure 3, at lower magnification, showing underlying 
urethane cell structure. 
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release agent contained s o l i d wax p a r t i c l e s which s t i l l give a 
structure to the f i l m , including a r e l a t i v e l y rough surface. HR 
foam was then poured and cured on a specimen of the f i l m , 
followed by demolding. Figure 2 i s the surface of the mold, and 
Figure 3 i s the surface of the foam, both at the same magnifica
t i o n as Figure 1. The texture i s the same, as one would expect 
from a f a i l u r e w i t h i n the f i l m . Figure 4 i s the same specimen 
as Figure 3, but at smaller magnification. In t h i s view, one 
can see the underlying c e l l structure of the urethane to which 
the wax from the mold release f i l m has adhered. 

Future Trends 

Molded urethane technolog
not be l i m i t e d by mold release considerations, but the r o l e of 
the mold release i n new systems should be considered early i n 
the plans. Regulations for a i r q u a l i t y c o n t rol and worker safety 
are expected to create a continuing s h i f t to water-based mold 
releases, or at least some means of greatly reducing the amount 
of solvent evaporated. Some progress seems l i k e l y i n use of 
semi-permanent release coatings which can be renewed by periodic 
a p p l i c a t i o n of a top coat. 
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polymer morphology 247 
polyurethane 

chain extenders 182,220 
formation 226 
phase separation 179 

definition 226 
preparation 149,182-184,523 
properties 219 
stereochemistry of MDI unit 180 
structure of hard segments in 

MDI/diol/PTMA 179-195 
structure of segmented 227/ 
two-phase synthesis 219-220 
chain extension with HER 534 

preparation 244-246, 534-544 
properties 

amine catalyzed phase II 545/ 
organometal catalyzed 

phase II 546-547 
phase I polyester-based 540/ 
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Elastomers (continued) 
properties (continued) 

phase III polyester-based 549/ 
phase III polyether-based 548/ 
prepared from polyester-

MDI 526t-521t 
prepared from polyether-

MDI 528/-529Z 
polyether-based 539* 

RIM polyurethane 69 
stress properties 428/, 430/ 
study of melt polymerization 433-470 
test methods 246, 538 
thermoplastic, polyurethane, 

formation 433 
TPU 

automotive application 246 
DSC cooling curves 253
effect of 

chain extender on hardnes
dissimilar chain extenders 256/ 
hardness build-up 250 
NCO/OH ratio on hardness 

build-up for polymer 
made from tipped PPG 
polyol 251/ 

segment length 252 
kinetics of domain formation on 

quenching from melt 250 
urethane, aromatic diol chain 

extender 533-551 
urethane, comparison of 

properties 524 
uses, U.S./Canada 12 
vulcanization 373 

Elbow joint replacement 494-498 
Electron micrograph of HR urethane 

foam 128/ 
Electron micrographs of radially split 

Southern pine, treated with 
methyl isocyanate 274/ 

Elemental analysis of model type A 
intermediates 325/ 

Elemental analysis of model type C 
intermediates 327/ 

Enzymatic degradation 474 
Ethyl alcohol, reactivity, with phenyl 

isocyanate 413/, 415/ 
Ethylene glycol chain extender effects 454 
Evolution of carbon dioxide from 

reacting foam 138/ 
Extended formulation, definition 155 

F 
Fabric, flammability variables 105-106 
Fascia 568 
Fascia applications, major ingredients 

of RIM elastomeric poly-
urethanes 72/ 

Films 
of liquid silicone 569 
percent moisture absorption 492/ 
polyurethane, x-ray diffraction 

patterns 188/ 
Fire risk, urethane foams I l l 
Fischer, Karl, titration 130 
Flake moisture content 300, 304 

effect on mixed hardwood flake-
board properties 305/ 

Flammability 
market changes due to 110/ 
insulation 55 
standards 106-109, 110/ 
urethane foam 101-112 

considerations 103/ 
variables 

occupancy
Flame retardant, definition 104 
Flame spread 114 

rating 114 
Flange/stem ratio 501 
Flexible urethane foam, bedding 

segment 29 
Flory-Rehner equation 376 
Flow mechanics of polyurethane foam 

formation 167-178 
Fluid film 

process 
application 553-564 
accuracy of thickness 558 
cross section 555/ 
features 556 
heat transfer 558 
line 557/ 

speed 556 
lower energy use 558 
smooth surface 558 
standard 558 

section, compactness 564 
transfer formula 560, 561/ 
transfer system 

absence of heat loss 560-563 
double belt interchangeability 564 
safety 363-364 
silent operation 563 

Fluidyne system 133 
Fluorocarbons, energy extenders of 

polyurethane foams 95-99 
Foam(s) 

apparatus for measurement of 
viscous forces 170/ 

automobile seat 567-568 
blown, EPA vs. chlorofluoro-

carbon 119-120 
consumption, in bedding 29/, 30 
consumption, carpet underlay 30/ 
core panels, manufacture 553-564 
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Foam(s) (continued) 
experimental procedure for meas

urement of viscous forces 169 
flexible urethane 

reaction sequence model 127-147 
total market 25-26 
use 

automotive formulation 
for 169-171 

in carpet underlay 30 
U.S./Canada 11 

flow, experimental results 172/ 
flow, as a function of time 

apparent viscosity 177/ 
mean density 176/ 
pressure profile 174/ 
pressure gradient 174/ 
volumetric flowrate 176

as a fluid medium 168-17
formulations, infrared spectra .141/, 143/ 
high resilient (HR) 568 

electron micrograph of formation 128/ 
surface of foam 572/ 
surface of mold 571/ 

IR analysis 129 
laboratory, procedure for 

making 130-135 
polyester urethane 4/ 
polystyrene 96 
polyurethane 507 

fluorocarbons as energy 
extenders 95-99 

formation, flow mechanics .167-178 
furnishings market 25-32 
lignin in formation 312 
preparation 335 

properties, comparison 331/ 
rigid polyurethane 286 

effect of regulatory actions on 
marketing 113-121 

formation 313 
insulating 96 
uses in U.S./Canada 12 

rise 
and evolution of carbon dioxide, 

comparison 140/ 
physical description 136 
profile 133 
rate for formulation Β 138/ 

testing, future 106 
urethane 

energy efficiency 98 
flammability 101-112 

considerations 103/ 
flexible, total market 25-26 
fire risk I l l 
IR spectrum of water-blown 135/ 
synthesis 127 
UFAC standards, impact on 

business 109 

Foam(s) (continued) 
viscosity 133, 136 

Foaming pressure 133 
Formation 

polyurethane 506-507 
elastomers 226 

thermoplastic 433 
foams, rigid 313 
foams, lignin in 312 

isocyanurate 426 
urea 426 
urethane 426 

Formulas of lignins and lignin-maleic 
anhydride copolymers 316/ 

Formulation 
DSC curve of urethane reaction .... 152/ 
HR foam, absorbance measured as 

 generate
urethane, calculation of degree of 

reaction when phase separa
tion occurs 162 

Foundry binders 59-68 
shakeout 63 

Free volume theory 221 
Functional groups reacted at phase 

separation 164/ 
Functional moitiés 512,514/ 
Functionality data of model type C 

intermediates 327/ 
Fungal degradation of polymers 473 
Furnishings markets, polyurethane 

foam in 25-32 
Furniture, foam consumption 29/ 

G 
Gas 

chromatograms of copolymeriza-
tion of EO and THF 198 

chromatograph for EO:THF 
crowns 199/ 

cure process 63 
Gel permeation chromatography 481 
Gel profile 133 

formulation A, B, and HR 137/ 
rate of evolution of carbon dioxide 

from A compared with 140 
reaction sequence model 145/ 

Gelling reaction 129 
Gibbs free energies 375 
Glass transition 360 

hard segments 347 
temperature 357/ 

GPC analysis 476 
Green strength results of phase I 

elastomers 541/, 541/ 
Growth rate of polyether flexible 

urethane foam 27/, 28/ 
Growth rating 476 
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H 
Half-life of fluorocarbon 96 
Halthane(s) 343 

73-14, dynamic mechanical 
spectrum 348/ 

73-series 
adhesive 344-353 

soft segment behavior 344-347 
hard segment behavior 347-353 

differential scanning calorim
eter traces 350/ 

transition temperatures 352/ 
thermogravimetric analysis 

curves 354/ 
88-2, dynamic mechanical spectrum 357/ 
87- and 88-series 

adhesives 353-35
soft segment behavior 35
hard segment behavior

differential scanning calorim
eter traces 356/ 

storage moduli 355/ 
thermogravimetric analysis 

curves 359/ 
transition temperatures 358/ 

Hard segments 343, 434 
adhesives, prepolymer and curing 

agent formualtions 345/ 
amorphous 365 
behavior of Halthane 87- and 

88-series adhesives 353-358 
behavior of Halthane 73-series 

adhesive 347-353 
chemical components of thermo

plastic polyurethanes 245/ 
structure 244, 245/ 

chromomorphic molecular struc
ture in single phase poly
urethane 236/ 

compatibility rules 365 
concentration, effect on modulus .... 360 
glass transition 350/ 
in MDI/diol/PTMA polyurethane 

elastomers, structure 179-195 
physical blending 367/ 
polyester urethanes, molecular 

structure 229/ 
photochromic 234/ 

sequence lengths 164/ 
UV absorption spectra of polyure

thane with photochromic 234/ 
Hardness build-up 

effect of chain extender 254/ 
effect of NCO/OH ratio 250 
effect on TPU elastomers 250 
index values for polymers 252/ 

HDI-capped polyols 329/ 
Health considerations for iso-

cyanates 87-93 
Heart assist balloon pumps 490 
Heat loss absence, fluid film transfer 

system 560-563 
Heat sink/radiation loss 560 
Heating cost, average monthly, Con

sumer Energy Index 49/ 
Hemiartroplasty 494 
Hemodialysis 490 
HER 

comparison with HEQ, phase 
III 535,543 

determination of optimum proper
ties with phase II 535, 543 

polyurethane chain extender, 

High pressure liquid chromatography 
(HPLC) 473 

High resilient (HR) foams 568 
surface of foam 572/ 
surface of mold 571/ 

Hindered base 386 
Histological results 493 
Histological section showing vigorous 

tissue ingrowth 500/ 
Hofmann degradation 419 
Holocellulose 268,277 
Hot foams 567 

cure seat 570 
Housing demand in U.S., average 

annual projected 65/ 
HPLC 473 
Hydrazide pathway 324, 336 

reaction scheme 323/ 
Hydrazinolysis of ester 321 
Hydroboration/alkaline oxidation .... 386 
Hydrogen bonding, van der Waals 

forces 449 
Hydrolysis of isocyanate 129 
Hydrophilic properties of cartilage .... 493/ 
Hydroxy 1 

-containing polymers 263 
groups in holocellulose, degree of 

substitution in methyl iso-
cyanate-treated Southern pine 281/ 

groups in Southern pine, theortical 
nitrogen content 279/ 

I 
Ignition, open flame 104 
Ignition source, flammability 

variables 104-105 
Impact test 498 
Improvement of urethane adhesives 

used to bond foundry sands 63/ 
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Insulation 
commercial/industrial 50-51 
cumulative market 52-53 
farm building 52 
flammability 55 
markets 50-55 

isocyanates and polyurethanes .49-55 
metal building 52 
residential 51 
rigid polyurethane foam, effect of 

regulatory actions on mar
keting 113-121 

toxicity 55 
Industry structure, flexible urethane 

foam 25 
Inifers 383 
Initiator and catalyst concentrations 319/ 
Injection moldability 249-25
Injection molding, influence of 

NCO/OH ratios 249-25
Instrumental, definition 130 
Insurance services office 116-117 
Interaction parameter 375 
Internal bond 

vs. nominal density for aspen 
waferboard 308/ 

vs. press time for red oak flake-
board 296/ 

relationships 292 
and thickness swell vs. percentage 

Mondur MR for mixed hard
wood flakeboards 303/ 

Internal release agents 566 
IR 

analysis 130, 134-135 
data of model type A intermediates 325/ 
measurements 139 
spectrum(a) 395 

dibutyltindilaurate 209/ 
methyl isocyanate-treated 

Southern pine 266, 267/ 
isocyanate formation 326/, 328/ 
triethylamine 209/ 

spectrometry 510 
Irganox 1010 antioxidant 454 

structure 449 
Isocyanate(s) 

abbreviations 87/ 
analyses of shortstopped polymers 464/ 
analysis during melt polymeriza

tions 451/ 
binders, history of development 289-290 
wood binders, disadvantages 290 
binders for wood composite 

boards 285-309 
testing 292 

boards, durability 300 
bond formation with wood, 

evidence 267/ 

Isocyanate(s) (continued) 
bonded, distribution in cell wall 

components 276 
bonding chemistry 286-288 
bonding to wood 263-284 
bronchial asthmatic reactivity 89 
concentrations 89 
content, measurement 444 
formation, IR spectra 326/, 328/ 
functional group 507 
functionality 324 
health considerations 87-93 
-hydroxy 1 reaction kinetics 149 
insulation markets 49-55 
methyl, reaction with Southern 

pine, volume changes 269/ 
methyl-treated Southern pine 

group
distribution of nitrogen 277/ 
dimensional stability as a func

tion of weight percent gain 272/ 
nitrogen in partially delignified 

holocellulose samples 278/ 
whole wood basis 279/ 
IR spectra 267/ 
scanning electron micrographs .. 274/ 
soil block test 276/ 

-metal complexation 208 
-metal interaction 211/ 
OSHA LTV 120 
vs. phenolic adhesives in bonding 

particle board 66/ 
vs. phenolic resin 292, 297 
reaction, catalysis with 

alcohols 393-402 
reactions 

with Southern pine, reaction and 
dimensional stability 271/ 

with Southern pine, volume 
changes 270/ 

with wood 266 
-tin complex 394/ 
treated southern pine inoculated 

with Gloeophyllum trabeum, 
soil block test 275/ 

treated southern pine, resistance 
to attack by microorganisms 275 

Isocyanurate(s) 511/, 563 
Isocyanurates, formation 287, 426 
Isoeugenol-malic anhydride 

copolymer 324 
cis-trans Isomerization of azochromo-

phore 
Arrhenius plot of rate constants 

of thermal 232/ 
first order plot, thermal 231/ 
kinetics 228 
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cis-trans Isomerization of polymer 
film, UV absorption spectra 222/ 

Isomerization of aromatic azochromo-
phore affected by 

position in backbone of polyure
thane 228, 233, 235 

morphology of the polymer 
matrix 228,233,235 

segmental mobility 228, 233, 235 
Isotopic labeling with C-14 373 

Κ 
Kenetic studies of reactions of 

PPDT and CHDT 420-426 
Κ factor 54 
Kinetic(s) 

of domain formation on quenching 
from melt, TPU elastomer

experiments 39
of isocyanate-hydroxyl reaction .... 149 
of cis-trans isomerization, 

azochromophore 228 
parameters for polymerization of 

extended and unextended 
urethane formulations 156/ 

phenol-formaldehyde inter
mediates 403 

photoisomerization of aromatic 
azochromophore 228 

Kraft lignin 330 
carboxylation 314 

L 
Labeling, UFAC 108 
Law of Mass Action 461 
Leakage of hot air 560 
Lignin 277,311-312 

based polyurethanes, procedure for 
preparation 330 

block copolymers 243 
carboxylation 330 
copolymer, ratio to propylene 

oxide 318/ 
-derived 

polyols 313-321 
economic analysis 334/ 
economic considerations 330 
polyisocyanates and polyure

thanes 311-328 
polyisocyanates 321-324 
polyurethanes 324-330 

disadvantages 313 
formulas and maleic acid contents 316/ 
formation of polyurethane foams ... 312 
model compounds 322/ 
oxyalkylation 335 
utilization approach 313 

Ligninsulfonates, carboxylation 314 

Liquefaction during oxyalkylation .... 321 
Liquid films 569 
Lopez-Serrano equations 164 
Loss modulus(i) 348/, 357/ 

of Halthane 73-14 and 73-19 351/ 
Lubrication and wear, in vitro 

study 493-494 
Lyophilization 473 

M 
Macrocyclic(s) 

EO/THF, mechanism for formation 201/ 
oligomers 197 
ureas, difunctional, ring opening .... 521 
ureas, difunctional, synthesis 520 

 lignin
lignin-maleic anhydride 

copolymers 316/ 
Market impact, polyurethane replace

ment for steel 83 
Markets, worldwide polyurethane 9-23 
Mastication of polymer 466, 469 
Mastication of thermoplastic urethane 467/ 
MDI 374 

prepolymers 523 
quasiprepolymer 74 
structure 346 
supply/demand 84/ 

MDI-butanediol fragment, minimum 
energy conformations 191/ 

MDI-DPG 368 
MDI-EDO fragment, minimum 

energy conformations 191/ 
MDI-PDO fragment, minimum 

energy conformations 191/ 
Measurement of kinetics 404 
Mechanical properties 492-493 

elastomers 538 
phase I 539/, 540/ 

polyurethane adhesives 343-362 
Mechanical testing of polyurethanes .. 493 
Mechanism 

olefin polymerization 383 
release 570 
tin-amine synergism 393-402 

carboxylate 400 
urethane formation catalyzed by 

organometallic compound 214/ 
Melt polymerization 445/, 447/, 450/, 

453/, 455/, 457/, 459/, 463/, 467/ 
study 433-470 

Melting points of model type A 
intermediates 325/ 

Metal replacement opportunities 69-86 
Metallic catalyst 512 
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Methanol-capped MDI 
conformation 181/ 
structure 181/ 
projection 181/ 

Methyl isocyanate-treated Southern 
pine 

distribution of nitrogen 277/, 279/ 
IR spectra 267/ 
nitrogen in partially delignified 

holocellulose samples from .... 278/ 
soil block test 276/ 

Microbial degradation 471 
Monthly heating cost, average, Con

sumer Energy Index 49/ 
MR boards, durability 300 
Multiphase description 512 

Ν 

NCO/OH ratio 42
effect on hardness build-up 250, 251/ 
influence on injection molding .249-250 

Networks, polyurethane 
characterization 373-381 
swelling 378/ 

degree 377/ 
stress relaxation 378/, 379/ 

Network synthesis 374 
Nitrogen 

content, theoretical, of hydroxyl 
groups in Southern pine 279/ 

effect on hyphal development 480/ 
in partially delignified holocellulose 

samples from methyl iso-
cynate-treated Southern pine 278/ 

NMR 510, 520 
chemical shift 399 
studies 393 

complex formation 397 
Nominal density vs. aged modulus of 

rupture for aspen waferboard .... 308/ 
Nominal density vs. internal bond for 

aspen waferboard 308/ 
Nonresinous compounding ingredients 515 
Number average functionality 385, 386/ 

Ο 
Occupancy, flammability variables .... 105 
Occupancy percentages, use of 

urethane foam 103/ 
Occupational exposure to TDI 89 
Octahedral complex 397 
Olefin polymerization, mechanism .... 383 
Open cell surface 567 
Organometal catalyzed phase II 

elastomers, properties 546/-547/ 
Organotin catalysts 412/ 
Orthopedic implant applications ...489-503 

OSHA T L V for exposure to TDI 
and MDI 90 

OSHA LTV, isocyanate 120 
Oxyalkylated wood 312 
Oxyalkylation reaction of a carboxyl-

ated kraft lignin 317/ 
Oxyethylene 

content 248 
group content, effect on stability 

of TPU elastomer 248/ 
group content of polyol, dependence 

of stability 249/ 

Ρ 
Panel 

characteristics, mixed hardwood 
flakeboard 297,299/ 

Permanent coatings 566 
Percutaneous 

device, factors affecting 501 
implantable devices and molds 499/ 
implant experiment 498 

Phase 
development during polymeriza

tion of polyurethanes 158-165 
mixing in urethane polymers 363-372 
separation 162, 389 

degree 363 
fraction of functional groups 

reacted at 164/ 
in urethane formulations, calcu

lation of degree of reaction 162 
polyurethane elastomers 179 
during polyurethane polymeriza

tion 163/ 
polyurethane elastomers, 

definition 226 
PHD polyols 78 
Phenapan-V-100-Iso-Spanplatte 289 
Phenol benzyl alcohol, reactivity with 

phenyl isocyanate 415/ 
Phenol, reactivity with phenyl 

isocyanate 413/, 414/ 
Phenolic 

vs. isocyanate adhesives in bond
ing particle board 66/ 

vs. isocyanate resin 292, 297 
resins 60, 65 
-urethane polymers, model 

studies 403-417 
Phenyl isocyanate, effect of catalysts 

on reactivity with phenyl benzyl 
alcohol 415/ 

Phenyl isocyanate, effect of substitu
tion on reactivity with model 
benzyl alcohols 411/ 
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p-Phenylene diisocyanate, reactivity 
studies and cast elastomers ...419-431 

Photochemical cis-trans isomeriza
tion of azochromophore 228 

Photochromic probe, two-phase sys
tem vs. single phase system 226 

Photochromism 
azobenzene 220 

probes to study structure and 
segmental mobility of poly
ester urethanes 219-238 

definition 220 
cis-trans isomerization kinetics of 

glassy polymers 223/ 
in polymer matrices 220-225 
in polyurethanes 226-227 

Physical 
blending of polymers 36
properties of elastomers 530
properties of polyols 314,
testing of elastomer 523 

Plasticorder 438 
mixing chamber 439 
removable sigma blade rotors 440 

Polyesters, properties of phase I 
elastomers 540/ 

Polyesters, properties of phase III 
elastomers 549/ 

Polyether 
glycols, formation 197 
glycols from tetrahydrofuran and 

ethylene oxide 197-202 
macroglycol 153 
polyols 507 
properties of phase III elastomers 548/ 

Poly(MDI-BDO), conformational 
analysis 184-187 

Poly(MDI-BDO), projection of 
conformation 186/ 

Poly(MDI-butanediol), projection 
of structure 183/ 

Poly(MDI-EDO), effect of chemical 
structure on crystalline order 187-195 

Poly(MDI-EDO), predicted confor
mation 194/ 

Poly(MDI-PDO) 
conformations 192/ 
effect of chemical structure on 

crystalline order 187-195 
energy map for conformations 189 

Polyaddition reaction 226 
Polyadipate polyglycols 507 
Polycaprolactonediols, biodégradation 

of polyurethanes derived from 471-487 
Polyisobutylene diols 

chain extension 385 
and polyurethanes 383-391 
telechelic, synthesis 385-389 

Polyisocyanates, lignin-derived 311-328 

Polyisocyanates from polymeric lig-
nins, reaction pathways 321 

Polymer(s) 
(2.0) ratio, catalyzed by stannous 

octoate 458 
(3.0) ratio, catalyzed by stannous 

octoate 456-458 
(3.0) ratio, effect of urethane group 

concentration 452-454 
compatability of hard segment in 

soft segment 365 
data 454/, 456/, 466/ 

from high acid number polyester 
glycol 446/ 

from low acid number poly
ester glycol 448/, 452/ 

DSC curves 368 

, percen  absorptio
formation 433-434 
hydrophilicity 490 
hydroxyl-containing 263 
mastication 466-468 
matrices, photochromism in 220-225 
networks, swelling behavior 374 
phenolic urethane, model studies 403-417 
physical blending 368 
preparation from MDI and polyols 364 
properties, effect of phase 363 
reversible dissociation 436 
solubility 443 
structure 434-436 
telechelic 383 
TMA curves 368 
urethane 

block, experimental procedure 
for preparation 150-151 

block, kinetics of formation and 
phase development 149-166 

phase mixing 363-372 
viscosity 441 

Polymeric MDI 66/, 285, 511/ 
adhesives 59 
advantages 290 
structure of monomer 285 
-wood matrix, cross-linking 

concept 288/ 
Polvmerization(s) 129 

(2.0) ratio polymers 444 
(3.0) ratio polymers 452 
change in onset and completion of 

low temperature transition .... 161/ 
EO/THF, crown ethers identified 

by chemical ionization mass 
spectroscopy 199/ 

of extended and unextended ure
thane formulations, kinetic 
parameters 156/ 
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Polymerization(s) (continued) 
kinetics of polyurethane formula

tions 153-158 
low-temperature glass relaxation, 

change as a function of 
conversion 160/ 

melt, procedure 442-443 
melt, study 433-470 
olefin, mechanism 383 
of polycaprolactonediols with 1,6-

hexamethylene diisocyanate 476-477 
polyurethane 

effect of soft segment content on 
point of phase separation 163/ 

formulations, catalyst depend
ence of rate constants 157/ 

phase development 158-165 
reactor 441-44

and ancillary equipment 43
shortstopped with 1-decanol
shortstopped with 1-propanol 458-462 
variables 437/, 438/ 
urethane, DSC measurement of heat 

released during 154/ 
viscosity-time-temperature 

relations 444, 445/, 447/, 450/, 
453/, 455/, 457/, 459/ 

Polyols 59,420 
capped, analysis data 329/ 
capped lignin-derived 328/ 
capping 336 
characteristics 314 
component of thermoplastic poly

urethanes, structure 245/ 
dependence of stability on oxy-

ethylene group content 249/ 
formation pathways, reaction 

scheme 315/ 
functionality in relation to method 

of preparation 318/, 319/ 
influenced by the ratio of copolymer 

to propylene oxide 314 
lignin-derived 311-338 

economic analysis 334/ 
molecular weight, branching 

reactions 251/ 
molecular weight, effect 

injection moldability 249-250 
low-temperature and elevated-

temperature properties .247-248 
oxyethylene group content on 

stability of TPU elastomer .. 248/ 
processing stability 248 

physical properties 320/ 
supply, industry 85/ 
structural configuration 410 
viscosity, color and solubility 320/ 

Polyurea hard segment adhesives, 
prepolymer and curing agent 
formulations 345/ 

Polyurethane(s) 312-313 
biodégradation 475/ 
definition 506 
insulation markets 49-55 
lignin-derived 311-328 
polyisobutylene based 383-391 
PUR-SMC 81-82 
SMC 81-82 
synthesis 386-389 

Porous interface 501 
Potential energy curve of alcohol-

isocyanate-metal ternary com
plex 211/ 

Preparation 
elastomers 244-246 
model 364 
polymer from MDI and polyols .... 364 

polyurethan
Prepolymer(s) 536/ 

73-series, formulation 345/ 
Prereacted polyurethanes 507 
Press temperature 306 
Press time 297, 304 

effect on mixed hardwood flake
board properties 305/ 

vs. internal bonds for red oak 
flakeboard 296/ 

vs. modulus of rupture for red oak 
flakeboard 296/ 

Pressure-temperature diagram for an 
oxyalkylation reaction 317/ 

Price index, petroleum and gasoline .... 35/ 
Procedure for red oak flakeboard 290 
Process Tunnel 553 

maintenance requirements 563 
Processing 

parameters for standard panels, 
mixed hardwood flakeboard 299/ 

problems 533 
stability, polyol molecular weight, 

effect 248 
Production 

flexible urethane foam 26 
isocyanates 87/ 
temperatures 563 
world, polyurethane chemicals 6/ 

1-Propanol, shortstop 460 
effect 461/ 

Property values, average, for control 
mixed hardwood panels 301/ 

Propylene oxide, ratio to copolymer, 
influence on polyols 314 

Propylene oxide, ratio to lignin 
copolymer 318/ 

Prosthesis 494 
Prosthetic replacement 492 
Psychological problems from iso-

cynates 90 
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PU-SMC (Baypreg), physical proper
ties, compared to competitive 
materials 82* 

PUR-SMC, polyurethane 81-82 

Q 
Quadrol, cross-linking agent 351/ 
Quality factor, calculation 494 

R 
R value 113 

representations 117-119 
Radiation from belt 560 
Rate(s) 

constant(s) 
as a function of temperature and 

catalyst level for BD
extended system 15

phenyl isocyanate-alcoho
reactions 207/ 

of thermal cis-trans isomeriza-
tion of azochromophore, 
Arrhenius plot 232/ 

of evolution of carbon dioxide from 
A compared with gel profile 140/ 

of evolution of carbon dioxide from 
A compared with rise profile 140/ 

reactions of diisocyanates 422 
ring opening 520 

Rating schedule, commercial fire 116 
Reaction(s) 

blowing 129 
between diisocyanates and n-

butanol, second order plot ... 423/ 
diisocyanates and water, second 

order plot 424/ 
gelling 129 
injection molding 149, 568 
isocyanate with urethane 129 
rates of catalyzed diisocyanate 

reactions 42 h 
scheme of polyol formation 

pathways 315/ 
sequence model for flexible 

urethane foam 127-147 
sequence model summarized by rise 

and gel profiles 145/ 
Reactivity 

of model phenols and benzyl alco
hols with phenyl isocyanate .... 404 

model phenols with phenyl isocya
nate, effect of substitution 409/ 

phenol benzyl alcohol and ethyl 
alcohol with phenyl isocya
nate, effect of catalysts 415/ 

phenol with phenyl isocyanate, 
effect of solvents 414/ 

Rearrangement of alcohol and isocya
nate, transition structure during 211/ 

Red oak flakeboard 290-297 
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