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stages are too high or the time of reaction too long. 
the process of equilibration occurs, result ing in lower 
tool wt resins. 

Preparat ive-wise little need be said of the meth- 
ods used other than they may be solvent based where 
a relat ively closed system is used with an azeotrope 
forming organic liquid to facil i tate removal of the 
water  of reaction to drive the esterifieation to conl- 
pletion or fusion where an inert  gas is used as the 
meaus of removing the water. 

One of the outstanding features  of alkyd resins 
systems is their  capabil i ty of modification with other 
resins. Lanson has commented on this qual i ty at 
some length (6). This characteristic in the past and 
present ly  has served as the continuing basis of in- 
terest for alkyds. Whatever  the explanation, be it 
physical or chemical modification of the alkyd resin, 
this abil i ty will be the source of fu ture  need and 
interest for  alkyds. 

Statistics for this branch of industrial  act ivi ty are 
available to show that  this is no small business. Al- 
though alkyds have not continued to grow at the 
same rate as population, still the5" arc mainta ining 
a significant position. In 1959, 350 million lb of 
alkyd resins were produced. This must be considered 
in the light of other new resin developnlents such as 
latex paints, epoxies, etc. Alkyd resins fit into the 
coatings scheme pract ical ly  everywhere. 

I t  is obvious that  achievement of a place in each 
of the many  applications, and the continued main- 
tenanee of that  position against all competition on 
price and performance grounds is not an easy task. 
This is a tough business and no quar ter  is given; it 
is on this continuing demand for performance that  
the versat i l i ty  of the alkyd resin is called upon. By 
proper  choice of the alkyd resin ingredients them- 
selves and selection of the modifying resin and its 

amount,  an infinite series of acceptable materials  are 
provided. As new resins are produced, the horizon 
is fur ther  extended. 

Present  interest is strong in certain areas but 
whether this is confirmed by specific needs requires 
validation. Water-soluble resins have captured the 
fancy of the industry,  but only small segments of 
the market  have opened for coatings due to gener- 
ally higher costs and restrictive application prop- 
erties. Technically, air dry  water-soluble coatings 
are within our reach today, but again the cost is a 
detriment.  Unless sonic specific need exists for a 
water-based vehicle as is the case with some new 
locations where solvent paints could create hazards, 
little impetus in this area is to be expected. 

On the other hand, the author  sees a bright  fu ture  
for systems which approach or are synonymous with 
10091 solids coatings. I t  is apparent  that raw mate- 
rial costs are just about as low as indust ry  can 
tolerate. I t  then follows that  application costs must 
be reduced. The nmnber  of coats to achieve a given 
film thickness must be minimized to save labor costs, 
and reduce film shrinkage. 

Another  area of increasing value to the coatings in- 
dus t ry  and affecting alkyds is collateral resin develop- 
ment. Any  new resin which can be used to upgrade  
the performance  or reduce the cost (not necessarily 
both at the same time) has something of importanee 
for this billion dollar industry.  
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Fatty Acid Derivatives in Polyurethanes 
LEO A. GOLDBLATT, Western Regional Research Laboratory,' Albany, California 

T H E  S T U D E N T  o f  elementary organic chemistry 
learns that  urethanes are formed by the reactio~l 

of alcohols and isocyanates. He also learns that  this 
provides a convenient method of prepar ing  solid 
derivatives of alcohols that  are useful for purposes 
of identification by means of their  characteristic rap. 
That  is generally where his knowledge of urethanes. 
and his interest in them, begins and ends. 

The first aliphatie isocyanate was synthesized by 
Wur tz  in 1849, and the next year  H o f m m m  made the 
first aromatic  isoeyanate(1) .  Dur ing  the next 80 
years, par t icular ly  between 1890 and 1920, much 
information concerning the prepara t ion  and prop- 
erties of numerous isocyanates was developed, but it 
was not unti l  the 1930's tha t  commercial applications 
of these compounds began to be realized. The dis- 
covery of condensation polymers  such as nylon by 
Carothers dur ing the 1930's s t inmlated interest in all 
kinds of difunctional  materials.  Dur ing  this period 
the diisocyanates eame in for their  share of attention, 
par t icu lar ly  their  reaction with polyhydroxy com- 
pounds to fo rm polyurethanes.  

The earliest work Oll the development of technical 

1 Presented at the AOCS Short Course at Lehigh University,  1962. 
~o A laboratory of the Western Utilization Research and Development 

Division, Agricultural  Research Service, U.S.D.A. 

al)plieations of isocyanates was apparen t ly  done ill 
Germany where, in 19:37, Otto Baeyer  experimented 
with isocyanates as a means of producing fbers  equal 
to or superior to nylon, which would not be covered 
by the Du Pont  patents  on nylon(2) .  Dur ing World  
\~'ar I I  polyurethane fibers and plastics were used 
extensively in Germany,  and a well-integrated indus- 
t ry  based on diisoeyanates developed there. Research 
in the U.S. was not far  behind; patents were applied 
for in 1939 and 1940 and granted in the early 1940"s. 
The first eommercial applicat ion in this country  took 
place early in World W a r  I I .  and isocyanates were 
used in the production of life raf ts  and " M a e  W e s t "  
inflatable vests(2) .  However, really strong interest 
did not develop in the U.S. until  af ter  the end of the 
war in Germany when a group of observers sent there 
by the Office of the Quar te rmas ter  General re turned 
great ly  impressed with German utilization of poly- 
urethanes. Following that,  greater  industrial  interest 
developed in the U.S. and polyurethane technology 
developed rap id ly  dur ing the 1950's. 

Isocyanates and Their Preparation 

[t is beyond the scope of this paper  to discuss the 
prepara t ion  and propert ies  of isocyanates in detail, 
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but some discussion is necessary for a proper  appre- 
ciation of the tremendous commercial interest in these 
versatile materials, of their manifold potentialities in 
the production of all kinds of industrial  products, 
and of some of the problems encountered in their 
development. A great many isoeyanates are actually 
and potential ly available and, in fact, many have been 
investigated for the production of polyurethanes. 
However, for a variety of economic and technological 
reasons, less than half a dozen, all diisocyanates, have 
achieved significant industrial use. Some of these ar(~ 
illustrated in Figure  1. 

Toluene diisoeyanate (TDI)  is used to a far  greater 
extent than any of the others. TDI is the workhorse 
of the polyurethane industry  but considerable quanti- 
ties of MDI (Methylene bis [4-phenyl ioseyanate]) 
are also used. 3,3'-Dimethyl-4,4'-biphenylene diiso- 
cyanate (TODI)  is representative os another struc- 
ture, which has received considerable attention. The 
analogous compound without the two methyl groups 
and the homolog with a methylene group between the 
aromatic rings (comparable to the N D I  skeleton) 
have also been studied extensively. Various naphtha- 
lene diisocyanates have also been investigated; the 
1,5-isomer was the preferred isoeyanate used in the 
early German work on elastomers. Hexamethylene 
diisoeyanate is included in Figure 1 chiefly for its 
historical interest. In  the early days in Germany, 
this diisocyanate was the one most commonly used 
for production of urethane fibers. 

Other isocyanates that are produced in pilot plant 
or developmental quantities include phenyl isocya- 
hate, octadecyl isoeyanate, hexadecane-l,16-diisoeya- 
hate, dianisidine diisocyanate, and t r iphenylmethane 
triisocyanate. 

Although numerous ways of synthesizing isoeya- 
nates have been described, the method almost uni- 
versally used for their  large-scale manufacture  is 
based on the reaction of an amine or amine salt with 
phosgene. This procedure (Figure  2) involves essen- 
t ially two steps: (1) formation of a earbamoyl chlo- 
ride by reaction of an amine (or diamine) with excess 
phosgene and (2) thermal dissociation of this inter- 
mediate to isocyanate and HC1. Temps in the vicinity 
of 200C are generally used for the dissociation. In 
practice both steps are f requent ly  carried out in one 
operation and the isoeyanates are prepared most 
readily by reacting a s lurry of the appropriate  amine 
hydrochloride with phosgene in a suitable solvent. 
Toluene diisoeyanate (TDI)  is the most important  
commercial diisocyanate. Dombrow has described its 
preparat ion in considerable detai l(2) .  The TDI that 
is most commonly used is composed of a mixture of 
80% of the 2,4- and 20% of the 2,6Jsomer, although 
a 65:35 mixture and the substantially pure 2,4-isomer 

0 
II 150 - 5 0 0  C 

R-NH-C-CI  . . . . . . . . . . .  > R-N=C=O + HCI 

ISOCYANATE 
FIG. 2. Synthesis of isoeyanates using phosgene. 

are also available. These different isomer ratios result, 
in part, from the chemistry of the process (Figure 3). 

Reactions of Isocyanates 
As indicated earlier, urethanes are formed by the 

reaction of isocyanates and alcohols. However, the 
isocyanates are very reactive, and the)" react with 
many different classes of compounds. These include 
acids, amines, amides, phenols, and thiols and, of 
course, ]mmerous derivatives of fats and oils contain 
such groups. The term " 'po lyure thane"  has come to 
be apl)lied to the class of polymeric materials that 
contain nrethane linkages even if many other link- 
ages such as urea groups are also present. 

Extensive reviews describe the reactions of iso- 
~.yanates in deta i l ( i ,3) .  Most reactions pert inent  to 
polyurethane technology involve reactions of isocya- 
hates with compounds containing active hydrogen, 
that is, hydrogen that can be replaced by sodimn. The 
type reaction, although it is applicable to a great 
many compounds, is basically very  simple: the active 
hydrogen is t ransferred to the nitrogen of the iso- 
cyanate, and the rest of the molecule is linked to the 
adjacent carbonyl carbon atom. 

If  H X  is an alcohol, the product is a urethane, i t  
also may be considered as a substituted carbamate or 
as a derivative of carbonic acid. This product has a 
reactive h.vdrogen in the -Nil portion of the urethane. 

TOLUENE 
NIT'RATE 

60% 2-  

~0% Z~- 

NITROTOLUENE 

RE-NITRATE 

CRYSTALLIZE 

1 1 
o-NITROTOLUENE p-NITROTOLUENE 

I I 
RE-NITRATE 

1 1 
65% 2,&- 100% 2,4-  80% 2,&- 

20% 2,6- 55% 2,6- 

DINITROTOLUENE DINf fROTOLUENE DINITROTOLUENE 

t I I 
Ill REDUCE TO DIAMINE 12) PHOSGENATE 

TOI 180201 TDI (65351 TDI (2,&-} 

FP ,  57 F FP,  .G.6 F FP,  72 F 

FIG. 3. Preparation of toluene diisoeyanates. 
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Although this hydrogen is not as reactive as the 
hydroxyl  hydrogen of most alcohols it competes with 
other reactive hydrogens for any isoeyanate that  is 
present. Some of the reactions of isocyanates par- 
t icularly relevant to the preparat ion of polyurethanes 
are presented in F igure  4. 

The widespread and intense commercial interest in 
polyurethanes is readily understood if one considers 
that  numerous polyisocyanates and co-reactants are 
actually or potential ly available and, hence, a tre- 
m e n d o u s n u m b e r  of different reaction products  are 
possible. Depending upon the start ing materials used, 
the reaction products may have widely different prop- 
erties. What  especially aroused great early interest 
in polyurethanes was the possibility of combining the 
polymer-forming reaction with the reaction of iso- 
cyanates with water to produce CO~ gas. The impli- 
cations of this for the production of foams are obvious. 
In practice, the reaction products  have been used as 

0 II 
R-NCO + R'-OH - - - >  R-NH-C-O-R' 

URETHANE 
0 
I 

R-NCO+H20--->{R-NH-C-OH --->R-NH~ + C02 ~' i 
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FIG.  4. R e a c t i o n s  o f  i s o c y a n a t e s  r e l e v a n t  t o  f o r m a t i o n  o f  
p o l y u r e t h a n e s .  

T A B L E  I 

Rela t ive  Effects of Subs t i tuen t  Groups  on Isoeyanate  Reac t iv i ty  

Approx  
Subs t i tuen t  zroup re la t ive  rate 

Sulfone (pa ra )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  > 5 0  
Nitro (pa ra )  .............................................................. > 3 5  
Chlorine (meta)  ......................................................... ! 7 
lsocyanate (meta or para )  ......................................... i 6 
3Iethyl (meta or pa ra )  ............................................... 0.5 
Methyl (ortho) ........................................................... 0.08 
Methoxy (or tho)  ......................................................... i 0.04 

adhesives, resins, plastics, rubbers, surface coatings, 
and fibers, as well as foams. 

K i n e t i c s  o f  P o l y u r e t h a n e  F o r m a t i o n  
In the production of polyurethanes we have a series 

of competing reactions and, frequently,  there is a 
difference in the rates of reaction of identical func- 
tional groups. The reactivity of the isocyanates is 
dependent upon the influence of neighboring groups 
and on the configuration of the molecule. In toluene 
diisoeyanate, the isoeyanate in the 4-(para)  position 
is some eight tilneS as reactive as the one in the 
2-(ortho) position, at least toward alcohols at room 
temp. This difference in reactivity of the two iso- 
eyanate groups in 2,4-toluene diisocyanate can be 
utilized advantageously in forming polyol adduets. 
The different in reactivity is even greater between 
isocyanate groups in different classes of molecules. 
In general, the aliphatic and alicyelie isocyanates arc 
less reactive than are the aromatic isoeyanates, and 
the naphthalene isoeyanates are more reactive than 
the benzene-derived isoeyanates. Introduct ion of 
electron-withdrawing groups such as nitro- or halogen 
serves to enhance the reactivity of an isocyanate 
group, while electron-donating substituents such as 
alkyl or alkoxy groups diminish the reactivity. The 
presence of a second isoeyanatc group in an aryl ring 
enhances the reactivity of the first isocyanate group, 
in accord with its electron withdrawing character. 
Bailey and eoworkers(4] have constructed a table of 
the relative effect of substituents on the reactivity 
of isoeyanates. Their  data in Table I indicate that  
simple changes in substituents can alter the rate of 
reaction more than a hundred fold. Baker and Holds- 
worth(5)  reported that,  for  the triethylamine-cata- 
lyzed reaction with methanol, the relative reaetivities 
of cyelohexyl-, p-tolyl-, phenyl- and p-nitrophenyl- 
isoeyanate are in the ratio of 1:590:1762: c a  145,000. 

The nature of the alcohol also greatly affects the 
rate of reaction. In general, p r imary  alcohols react 
more readily than secondary alcohols, and these 
react much more rapidly  than te r t ia ry  alcohols. 
Davis and F a rn m n (6 )  gave the relative reaction 
velocities as 1:0.3:0.005, respectively. Neighboring 
unsaturat ion also may decrease the rate of reaction 
of alcohols with isoeyanates(7).  

But  generalizations concerning relative rates of 
reaction can be quite misleading. Cooper and co- 

T A B L E  I I  
React ion Velocity Constants  X 10 ~ (L i t e r  Mol - l s ec  ~) at 100C 

Hydroxyl  a [ W a t e r  L'rea b Isocyanate 

p-Pheny~ene diiso- 
eyanate  . . . . . . . . . . . . . . . . . . . . .  36.0 7.3 I 13.0 

2-Chloro-1,4- phenyl- / 
ene diisoeyanate ....... 38.0 3.6 ] 12.0 

2.4-Toluene diiso- k 
eyanate .................... 21.0 5.8 I 2.2 

2.6-Toluene diiso 
cyanate ..................... 7.4 4.2 i 6.3 

1.6-Hexa methylene 
di isocyanate  .............. i 8..~ 0.5 ! 1.1 

a Polyethylene adipate.  
b Diphenyl  urea.  
r 3,3 ' -Dichlorobenzidine.  
d p-Phenylene d ibuty l  ure thane.  

Amine ~ l J r e thane  4 

I 17o r l s a t t 3 ~  :3o! 
o6.0 0.7 at  130C 

6.9 

2.4 0.2 at 130C 
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workers(7) compared the reactivity of several iso- 
eyanates toward active hydrogen in various classes of 
compounds (Table I I ) .  I t  will be noted that, al- 
though hexamethylene diisoeyanate is nearly 20 times 
as reactive to alcoholic hydroxyl  as to water, 2,6- 
toluene diisoeyanate is barely twice as reactive. Also, 
although p-phenylene diisoeyanate reacts with the 
alcohol almost twice as fast as does 2,4-toluene diiso- 
eyanate, the ratio is alnmst exactly reversed in the 
reaction of these isocyanates with the amine. And, 
in the ease of 2,6-toluene diisoeyanate, the velocity of 
the reaction with the alcohol is substantially the same 
as it is for the anline. Temp also is important.  In 
general, low temps favor urethane formation. At 
higher temps allophanates, ureas, biurets, dimers and 
trimers may tend to form. 

The kinetics of the reactions of isoeyanates have 
been studied extensively. Although simple equations 
for the type reactions can be written, the kinetics are 
not as s t raightforward as the equations indicate. The 
reaction of an isoeyanate with an alcohol appears to 
follow second order kinetics, with the complication 
that  the rate const obtained is dependent upon the 
ratio of the alcohol-isocyanate concentration. Also, 
the urethane formed is a weak catalyst for  the 
reaction (5). 

Numerous catalysts accelerate isocyanate reactions, 
and catalysts are generally employed in the produc- 
tion of urethane polymers. The relative effects of 
some commonly used catalysts on the reactivity of 
phenyl  isoeyanate, as reported by tIostett ler  and 
Cox(8),  are given in Table I I I .  Catalysts vary  in 
their  effects on specific reactions. For  example, al- 
though tr iethylamine increases the rate of reaction of 
phenyl isoeyanate with butanol near ly  a hundred fold, 
it scarcely doubles the rate of reaction with the urea. 
Of par t icular  interest is the relative ratio of alcohol 
and water reaction rates when different catalysts are 
used. 1,4-Diazabieyelo-(2,2,2)-oetane and organotin 
catalysts show relatively large ratios, up to 6 to 1. 
This is par t icular ly  significant in water-blown foam 
technology where a fast polymer-forming reaction, in 
relation to C02 evolution, is desired to prevent  col- 
lapse of the foanled polymer. 

As indicated earlier, in the production of poly- 
urethanes we have a series of competing reactions. 
Not only is there a difference in the rate of reaction 
of identical functional groups, but  these rates are 
affected differently by changes in temp or catalysts. 
In  addition, the pr imary  products of the isoeyanate 
reaction may not only react fur ther  but  may also act 
as catalysts. Nevertheless, reasonable reaction rates 
are required, and a suitable balance must be main- 
tained between different reactions, e.g., between 
polymer-forming or cross-linking reactions and gas- 
releasing reactions. Obviously, the chemistry involved 
in the preparat ion of usefnl urethane poldnners is 

TABLN Ill 

Rela t ive  l~ates of React ion of Pheny l  Isocyanate  

Catalyst  

None ............................................... 
N-Methylmorpholine ....................... 
T r i e thy lamine  ................................. 
N,N,N' ,N' , -Tetramethyl-  

1 ,3-butanediamine  ...................... 
1,4-Diazabicyclo- 

[ 2,2,2 ] -octane ............................ 
T r ibu ty l t i n  acetate ......................... 
D ibu ty l t in  diacetate ........................ 
D ibu ty l t in  d i l aura te  ....................... 

]Viol % 
catalyst  

i5 
10 

10 

10 
0.1 
0.1 
0.1 

Rela t ive  rates  

B u ~ n o l  Wate r  Diphenyl  
u rea  

2.2 
10 25 

86 47 4 

260 100 12 

1200 380 90 
800 140 80 

5600 980 120 
5600 

T A B L E  I V  

Consumpt ion  of Po lyure thanes  
(mil l ion of lb) 

Foams a 

I Flexible R ig id  

1960 ............................... 85 12 
1965 -66  ......................... 1 9 0 +  1 1 5 +  
Ul t imate  ........................ i 500 1,000 

[ Elas tomers  b Coatings r 

6.8 3.6 
65 28 

300 35 

Chem and Eng.  News. 30, No. 27, 2 7 - 2 8  (1961) .  
b l b l d .  40,  No. 11, 101 (1962) .  
e l b i d .  39, No. 14, 39 (1961 ) .  

quite complex. Much of the technology is still art, 
but much is being learned concerning the chemistry 
involved, and the technology is improving and chang- 
ing rapidly. 

Uses of Polyurethanes 
What  are the polyurethanes used for, and what is 

the t rend? This can be indicated best, perhaps, by 
use of some statistics (Table IV).  Derivatives of fats 
and oils can be used in all of the products listed in 
Table IV. 

Foams. Unquestionably the greatest use of poly- 
urethanes is m preparat ion of foamed products. 
Polyurethane foams range from flexible and resilient 
foams useful as cushioning materials to strong and 
rigid products used in the construction industry.  In 
between are the semi-rigid foams for shock absorption, 
for example, in crash pads for automobiles. 

A typical  formulat ion for a semi-rigid foam made 
from castor oil is given in Table V (9). Foams of 
this composition are prepared by the prepolymer or 
two-stage method ra ther  than a one-stage or " one  
sho t"  method, which is most commonly used. A pre- 
polymer is formed by heating the castor oil, which 
contains about three hydroxyls/mole,  and the diiso- 
cyanate at a temp of about 110-130C for about an hr. 
To produce a foam, the prepolymer containing about 
10% by wt of unreacted-NCO groups is mixed with 
the surfactant,  and then the catalyst, which has been 
buffered and dissolved in sufficient water to react 
with residual isocyanate, is st irred in. An exothermal 
reaction sets in ahnost at once, but the mixture can 
be stirred for about a rain before significant foaming, 
resulting from the evolution of CO~, begins. With 
the formulat ion given in Table V the foam continues 
to rise for about 20 rain, but the foaming time can be 
varied considerably by changing catalyst. One of the 
major advantages of this type of foam is that it can 
be foamed in place. That  is, the desired amount of 
mix can be poured into an odd-shaped void, for 
example, a portion of a boat hull, and the foam will 
fill the entire space. The character of the cells pro- 
duced, that  is, their  size and uniformity  and whether 
they are open or closed, is materially affected by the 
type and amount of surfaetant,  the rate of foaming, 
the degree of mixing, and how much air is st irred in, 
as well as by the nature of the polymer that is being 
formed. All these factors have an effect on the prop- 
erties of the foam. Obviously there must be a good 
balance among the reactants and fine control to obtain 
suitable production of C02 gas throughout  the mass 

TABLE V 

Components  of Castor-Oil  Ure thane  Foams 

Component  G 

Castor oil . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  60 
Toluene di isocyanate  ........................................................ 40 
S u r f a e t a n t  a ...................................................................... 0.5 
Catalyst  ~ .......................................................................... 1.9 
Water ............................................................................... 2.5 

a DOW Corn ing  DC 200 (50 cs).  
b 2-Diethylaminoethanol .  
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T A B L E  Y I  

Effect of P ropor t ion  of Castor Oil on Foam Proper t ies  

�9 5 0 %  Corn- 
C a s t o r  oil Type Densi ty  press ion 

( % ) ~ ( l b / f t  a) modulus  
(psi)  

50 semi-r igid 1.7 7.6 
60 semi-r igid 2.8 10.4 
70 flexible 3.5 1.19 
80 flexible 6.4 0.52 

of the polymer dur ing the entire t ime of its formation. 
The key to producing a good foam of rain density 
lies in balancing the blowing and the viscosity build- 
up so that  at the completion of gas evolution the 
s trength of the polymer will be just  sufficient to main- 
tain the network structure.  

The data in Table VI  indicate some of the different 
propert ies obtainable by a relatively simple ehange 
f rom the fornmla  given in Table V. The proport ion 
of castor oil is changed;  the amount  of catalyst  and 
sur fac tan t  is kept eonst(9) .  As the proport ion of 
castor oil is increased f rom 50%-80%,  the character  
of the foam changes f rom rigid (or semi-rigid) to 
flexible, and the density increases. The examples 
given in Table VI  feature  castor oil, but  any suitable 
polyol could be used. These include blown oils and 
castor or other oils alcoholized with polyols such as 
glycerol, pentaerythri tol ,  sorbitol, or tr imethylol-  
propane.  The use of tall oil to produce polyurethane 
foams has recently been proposed(10) .  

Some of the early German work employed castor 
oil, but most was based on the use of polyesters. The 
la t ter  were formed by the reaction of dibasic acids 
such as adipic or phthalic with polyols such as ethyl- 
ene and propylene glycols, butanediol,  glycerol and 
t r imethylolpropane.  In  some cases polyesters with a 
moderately high acid value were employed, and the 
reaction of the acidic groups with isocyanate was used 
to generate some of the C02 used in blowing. Mate- 
rials of f a t ty  origin that  can be, and sometimes are, 
used to make suitable polyesters include azelaic acid 
obtained by ozonolysis of oleic acid, sebaeie acid made 
f rom castor oil, and dinler acid obtained by polymeri-  
zation of linoleie acid. More recently hydroxy-ter-  
minated polyethers based on propylene oxide or tetra-  
methylene oxide were introduced as the co-reactant 
for  the isoeyanate, and these polyethers are the poly- 
ols now used most extensively. 

Foaming procedures were revolutionized in the late 
1950's by introduction of the solvent blowing tech- 
nique, in which a low-boiliBg fluorocarbon solvent 
supplies the gas required for foaming. Trichloro- 
fluoromethaue (CClaF),  which boils at 24C, is gen- 
erally used, and the heat evolved dur ing the urethane 
reaction is sufficient to vaporize it. I t  is actually 
cheaper to use these fluorocarbons to produce gas 
than  it is to use C02 obtained by reaction of the 
relat ively expensive isoeyanate with water. In  addi- 

TABLE u 

Composit ion and Proper t ies  of Cas tor -Ure thane  Foams 

Foam I 

49.3 
35.9 

14.8 

15.0 
1.5 
0.6 b 

42.16 

93 

Foam I I  

46 . I  

21.0 

21.2 
11.7 
16.0 

1.5 
0.6 i~-o 

2.12 
37 
95 

Composition, g 
Toluene diisoeyana.te ............................................ 
Pen tae ry th r i to l  monorieinoleate  .......................... 
Castor oil .............................................................. 
Tr imethylol  p ropane  ............................................ 
T r i i sopropano lamine  ............................................ 
t Iexol  a ................................................................. 
CCI~F .................................................................... 
Surfaetant ............................................................ 
Catalyst ................................................................ 

Proper t ies  
Densi ty  ( l b / f t  s) ................................................... 
Compressive s t rength  (psi)  ................................. 
Closed cells, % ..................................................... 

a Atlas  G-2406. b Tr ie thylenediamine .  r 0.05 g S tannous  oetoate. 

tion, use of the fluorocarbons lowers the exotherm and 
so reduces the high temp that  sometimes develops in 
large blocks of foam dur ing their  preparat ion.  Fluoro- 
earbons have the advantage over other solvents with 
similar volati l i ty in that  they are non-toxic, non- 
illflammable and have relat ively little odor;  in addi- 
tion, the fluorocarbon-blown foalns have better  ther- 
mal insulation properties.  

The composition and some propert ies  of two typical  
eastor-based, solvent-blown foams are given in Table 
V I I ( l l ) .  

Iu  the solvent blowing system, an isoeyanate con- 
taining prepolymer  is prepared  by reacting all of the 
diisocyanate with a port ion of the polyol. The desired 
amount  of CClaF and surfactant  is dissolved in the 
prepolymer,  and a solution of the catalyst  in the 
additional polyo] is st irred in. Foaming begins in 
about 30 see and is completed in about two rain, 
al though foaming time can be varied to a moderate 
extent by suitable changes in the catalyst. 

One of the most recent developments in urethane 
foam technology is frothing(12). In  the f rothing 
technique a fluorocarbon boiling well below room 
temp is used, and pressure equipment is required. 
The froth looks like an aerosol of whipped cream as 
it is discharged f rom the processing equipment,  
whereas, the solvent-blown mixture  is discharged as 
a liquid. The fluorocarbon most commonly used in 
frothing is dichlorodifluoromethane (CC12F2) which 
boils at -28C.  Mixtures of fluorocarbons are some- 
times used, and the frothing system can be varied 
considerably. 

Elostomers. One of the more promising uses of 
polyurethanes is in elastomers, sometimes called 
urethaue rubbers. Jus t  what constitutes a poly- 
urethane elastomer is ra ther  hard to define because, 
depending on the elassifieation used, it may include 
anyth ing  f rom adhesives and sealing and caulking 
compounds through elastic thread and tires to 
mechanical goods and pot t ing and encapsulat ing 
compounds which may be quite hard. A tremendous 
amount  of research in this country  has gone into the 
development of suitable polyurethane elastomers. Al- 
though the 100,000 mile tire, about which a good deal 
was heard 5-10 years  ago, has not yet materialized, 
there are still recurrent  rumors  that  the many  prob- 
lems invoh,ed in developing a successful automobile 
and t ruek tire will be solved within a few years(13) .  
Urethane rubbers are being used in such products as 
industr ial  tires, pr int ing rolls, nlechanieal goods, belt 
stocks, heels and shoes, and elastic fibers. Output  of 
polyurethane elastomers of all types was reported as 
'2.2 M lb in 1959 and 6.8 M lb in 1960 and was an 
estimated 11 M lb in 1961(11). Optiluists envision 
an ult imate production comparable to that  of neo- 
prene, even if the polyurethane autonlobile tire never 
nlaterializes. 

Several routes are used in the prepara t ion  of rite- 
thane elastomers. Generally, a polyol is reacted first 
with an excess of a diisocyanate to form an isoeya- 
hate- terminated prepolymer,  analogous to the pre- 
polymers described previously for the prepara t iou  of 
castor oil ure thane foams. The polyols commonly 
used are polyesters, polyethers, or castor oil or its 
derivatives. The isocyanates used in nlost urethane 
elastomers prepared in the U.S. are TDI  and MDI.  

Nlastomers are prepared,  generally, f rom the pre- 
polymers by chain extension with water,  a polyol or 
a diamine. At this stage the elastomers ean be classi- 
fied into two broad groups based essentially on how 



NOVE)IBER, 1962 GOI~DBLATT: FATTY ACID DERIVATIVES 507 

the elastomers are processed. One group comprises 
those elastomers in which the final shaping or mold- 
ing and curing is accomplished dur ing the chain 
extension step, i.e., the tastable or liquid curable 
elastomers. I n  the other group an intermediate plastic 
polymer  is formed. This may  be milled, mixed with 
curing agents, fillers, etc., extruded, nmlded or shaped 
in some manner,  and cured to the final elastomer. 
Chain extension and curing of the eastable urethane 
elastomers is accomplished by use of diamines such 
as 4,4'-methylene-bis-(2-chloroaniline) (MOCA),  poly- 
ols such as castor oil or mixtures  of the two. The 
millable polyurethanes have been formed by chain 
extension of the prepolymer  with diols, water  aud to 
a l imited extent, diamines. Plast ic polymers formed 
by chain extension must  then, in most cases, be cured. 
E a r l y  types of water-extended elastomers were not 
storage stable and were cured by residual excess iso- 
cyanate left  f rom the extension step. Most current  
polymers of this type are storage stable and are cross- 
linked with added curing agents such as polyisocy- 
anates, peroxides, or formaldehyde and, in some poly- 
mers containing unsaturat ion,  the t radi t ional  sulfur  
and its compounds normal ly  used in curing rubber.  

No mat te r  what  type of curing agent is used, a 
large measure of the strength,  abrasion resistance and 
other desirable propert ies  of these polyurethane elas- 
tomers is due to strong intermolecular  forces such as 
hydrogen bonding(15) .  In  fact, a l inear thermoplas- 
tic urethane elastomer has been developed(16) which 
has no covalent crosslinks. I t  can be milled, extruded 
and molded, but  possesses most of the propert ies  of a 
t rue  elastomer. Urethane elastomers have been pre- 
pared  by  the " o n e - s h o t "  method, also, in which a 
diisocyanate, a polyol and, in some cases, a diamine 
are reacted in one step to form the finished elastomer 
(17,18). 

Urethane elastomers are characterized by their ex- 
treme resistance to abrasion and high tensile strength, 
and these propert ies  can be obtained without loading 
with fillers. In  addition, these elastomers are largely 
sa tura ted  and hence are resistant to oxygen and ozone. 
They are oil resistant but are not resistant to steam 
and cannot be used at temp above about 250F (14). 

Several vegetable oils or derivatives of fats  and oils 
have been used in the prepara t ion  of urethane elas- 
tomers. Many formulat ions  have been reported using 
castor oi1(15,19,20). Some propert ies  of elastomers 
based on two of the bet ter  formulat ions are listed in 
Table V I I I .  These castor oil-containing elastomers 
have low moisture absorption compared with analo- 
gous polyether-based elastomers. Urethane elastomers 
have been prepared,  also, f rom various diol esters of 
dimer acid, sebacic acid, and azelaic acid. These poly- 
ester-based elastomers have been reported to be well 
suited for use as rocket fuel binders(21) .  

The largest single use of urethane elastomers is in 
mechanical goods such as seals, rings and diaphragms,  
which accounts for  about 25%. of urethane elastomer 
consumption(14).  A small but rap id ly  increasing use 
is in fibers. Spandex fibers, as designated by the Tex- 
tile F iber  Products  Identification Act, are elastomerie 
fibers in which the fiber-forming substances is a long- 
?hain polymer consisting of at least 85% segmented 
po lyure thane"  (22). Spandex fibers are reported to 
be superior  to rubber  in dyeability, strength,  elastic- 
ity, flex life, and resistance to ultraviolet  light, weath- 
ering, chemicals, and oils. I t  has been predicted(14)  
that they will replace much of the rubber  thread now 
ased in stretch fabric applications such as foundat ion 

TABLE VII I  
Castable Urethane Elastomers Containing Castor Oil 

Formulation 

1 i u - - - - t  

C o m p o s i t i o n .  
T o l u e n e  d i i s o c y a n a t e  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ! 2 8 . 1  
P o l y p r o p y l e n e  ~ l y ( . o l - - 4 ( ) 0  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3 3 , 6  
P o l y p r o p y l e n e  g ' l y c o l - - 2 0 0 0  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
4 . 4 " - M e t h y l e n e - b i s -  ( 2 - c h l o r o a n i l i n e )  ( M O C A )  .... .  6 .3  
C a s t o r  o i l  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3 2 . 0  

P r o p e r t i e s  
T e n s i l e  s t r e n g t h ,  p s i  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4 . 4 5 0  
E l o n g a t i o n .  e~ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3 0 0  
S h o r e  A h a r d n e s s  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  97  
B a s h o r e  r e b o u n d  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3 0  

18.8 

~ 47.6 
] 1 2 . 1  

2 1 . 5  

2 , 9 2 0  
i 2 9 0  
i 74 
! 25 

garments  and swinl suits. New outlets are expected 
also in sportswear  alld men ' s  clothing. Product ion of 
Spandex fibers amomlted to less than a M lb in 1961 
but is expected to rise to 4 M lb in 1962 and 18 M lb 
in 1967(14). 

Perhaps  not entirely unrelated is a potential  appli- 
cation in impar t ing  shrink resistance to wool. Re- 
search at the Western Regional Research I ,aboratory  
has resulted in development of a successful process 
that  comprises graf t ing  nylon on wool by interracial  
polymerization (1FP) .  In the process current ly  used, 
wool is impregnated with a solution of a diamine, 
hexamethylene diamine, and is then passed through 
a solution of sebacoyl chloride (which of course is 
derived f rom castor oil). This produces the famil iar  
nylon 6-10 OiL the wool. More recent research has 
been directed toward applicat ion of a polyurethane 
to wool by IFP .  In this procedure a diol is t reated 
with phosgene to produce a bis-chloroformate. This is 
then treated with a diamine to produce the desired 
polyurethane oil the wool. Essential ly the same conl- 
ponents are involved here as iu the usual procedure 
for making urethanes from isoeyanates. However,  as 
shown in Figure  5, the phosgene is reacted with the 
diol, whereas in the usual synthesis of isoeyanates it 
is reacted with the diamine. One of the diols cur- 
rent ly  being investigated for this application is riciu- 
oleyl alcohol derived from ricinoleic acid of castor oil. 

Coati~gs. ITrethane coatings present an increasing 
and potential ly large volume use of polyurethanes.  
I t  is an area of special interest to the fats  and oils 
chemist, pa r t ly  because oil-based materials have tra- 
ditionally been used extensively in surface coatings 
and par t ly  because a large proport ion of the poly- 
urethanes used in surface coatings contain significant 
amounts of fat derived materials.  The par t icular ly  
desirable propert ies  generally associated with ure- 
thane coatings are toughness, abrasion resistance, 
chemical (corrosion) resistance and durabili ty.  

Many diverse coatings systems based on isoeya- 
nates have been developed, and the ASTM is t ry ing 
to bring some order out of the chaos that now exists. 
An ASTM comnlittee has defined a urethane vehicle as 
"one  that contaius a rain of 10(7(, by wt, of polyiso- 
cyanate lnonomer"(non-vola t i le  vehicle basis). With 
this as a basis, five types of urethane vehicles have 
been defined(23) (Table I X ) .  

o 

R N=C=0 + WOH - > R-NH ~ 0-R' 

CONVENTIONAL URETHANE FORMATtON 

R'-OH + CE-C~CI > R'-0-C-CI + ~4Cl 

R'-O-C-C[ + R-NHz - -> R'-O-C-NH-R + HCl 

IFP URETHANE FORMAIiON 

FIG. 5. Urethane format ion by conventional and interracial  
polymerization routes. 
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TABLE IX 

Urethane "Vehicle Types 

ASTM t 
Class ~o~ e Cure 

. r u n l b ( r  _ _  

One-package ] 1 air 

coatings 2 moisture (prolonged 
can stahil- 

ity) 
3 / heat 

Two-package coatings (limited ~ amine 

pot life) I 5 ] polyol 

Free 
-NCO 

no 

yes 

no 

yes 

yes 

Description 

Alkyd structure 
driers used. 

Cured by ambient 
moisture. 

Blocked ; -NCO regen- 
erated by heat. 

Cured with ccttalytic 
amount of reagent. 

C u r e d  with substtttlt6d 
amount of reagent. 

The vast major i ty  of urethane coatings used are of 
the one-package class and the most common of these 
is the air-dried, ASTM t yped .  I t  is sometinles re- 
ferred to as a ure thane oil or a urethane alkyd, since 
it can be regarded as an alkyd in which the diisocy- 
anate replaces the dicarboxylic acid such as phthalic 
acid normal ly  used in an alkyd. The composition of 
two typical  ure thane oils is given in Table X(23) .  
These ure thane alkyds are formulated with the usual 
paint  driers in normal  amounts, and they d ry  in the 
same way as conventional a i r -drying alkyds, by vir- 
tue of the unsa tura t ion  in the f a t t y  acid moiety of 
the dry ing  oils. 

The second type of vehicle listed in Table I X  is char- 
acterized by the presence of free isocyanate groups. 
I t  is capable of conversion to a useful fihn by reaction 
of these isocyanate groups with ambient moisture. A 
typical  vehicle would be composed of approx  equal 
wt of T D I  and a suitable polyol such as a mixture  of 
polypropylene glycol and t r imethylolpropane (TMP) .  
Castor oil can replace the TMP in such a formulat ion 
on an equimolar basis to give a rubbery  coating par-  
t icular ly suitable for  elastomers or plastics. 

The th i rd  type of coating is heat cured. I t  has 
found considerable applicat ion for  coating electrical 
wiring. In  this type of coating some of the isocyanate 
groups of the prepolymer  are temporar i ly  blocked 
with a suitable reactant  such as a phenol. I f  T D I  is 
reacted with phenol, it forms a urethane which is 
stable at  room temp but  dissociates on heating above 
about 140C. The isocyanatc groups set free on baking 
are then capable of react ing with any  materials  delib- 
erately added while the isoeyanate was blocked. When 
such a blocked isocyanate coating is used on electrical 
wir ing it is only necessary to twist two coated wires 
together and dip them into melted solder to get clean 
metal  surfaces and a good soldered joint. 

The ASTM committee has characterized the two 
package system as one wherein " o n e  package con- 
tains a prepolymer  or adduet  that  has free isoey- 
anate groups capable of forming useful films by 
combining with components contained in a second 
package . "  The two types of two-package systems dif- 
fe r  in tha t  the second package of one type contains 
a relat ively small amount  of a catalyst, accelerator 
or crosslinking agent  such as a monomeric polyol or 

TABLE X 

Formulations of Urethane Oil Resins 

I Charge, lb 

Component Resin I Resin 1I 

Linseed oil ................................................................. ~ 60.0 E 70.0 
29 O Toluene diisoeyanate ................................................. I 11"0 21.2 

Glycerol . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  8.8 
Pentaerythritol .......................................................... I ~ / 100.0 

polyamine, and tile second package of the other type 
contains a substantial amount  of a resin with reactive 
hydrogen groups. The systems have a limited pot 
life a f te r  the two packages are mixed. For  the first 
type, a suitable formulat ion is one in which one pack- 
age contains the same ingredients as the moisture- 
cured pol~alrethanes dissolved in a suitable solvent 
such as a naixture of cellosolve acetate and xylene, 
and the second package contains a fract ion of a per  
cent of a catalyst  such as tr iethylene dianline dis- 
solved in benzene. In  the second type, the first pack- 
age contains a prepolymer  with considerable free- 
NCO groups, and the second package contains a major  
amount of a polyol such as oxidized eater oil. 

Minor Applications. Two specific examples serve to 
indicate the diverse uses of polyurethanes.  Several 
artists are using the foams creatively. In  one in- 
stance, the art ist  creates mosaics f rom finished colored 
foams. In  another,  the art ist  foams the polyurethane,  
which 1nay be colored or pigmented, into free or ab- 
stract  forms on a panel and then scorches or burns  
off portions with a blow torch. In  this way, impres- 
sire, l ightweight s t ructura l  reliefs can be obtained. 

The second specific example is in nledicine. Poly- 
urethane is used in a new surgical technique especially 
useful for the repair  of certain long bone fractures.  
An adver t isement(24)  by a large producer  of chemi- 
cals (not castor oil) states that  the material  is sup- 
plied to the surgeon in the form of a prepolymer  and 
a catalyst,  or " a c t i v a t o r . "  The prepolymer  is re- 
ported to be a mixture  of " to luene  diisocyanate, glye- 
erine, castor oil, ricinoleyl alcohol, and corn oil ."  I t  
is noteworthy that  of the five components of the 
prepolymer,  four  are derived fronl fats  and oils. 
Obviously, even in the minor applications of poly- 
urethanes, as in the major  applicatious, derivatives 
of fats  and oils have a place. 
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