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]~ A C H  of the three topics which are the title of the 
paper  could easily require an hour ' s  discussion. 
However  they have a ra ther  direct  bear ing on 

each other, and I shall discuss them pr imar i ly  in re- 
lation to one another. First ,  it is always proper  to 

define the terms. Polymeri-  
zation reactions are inter- 
molecular c o m b i n a t i o n s  
which are funct ional ly  ca- 
pable of proceeding indefi- 
nitely and thus may  theo- 
ret ically lead to molecules 
of unlimited size. Natural -  
ly, copolymerization is the 
same kind of reaction but 
at least two members of the 
same or different series of 
compounds are involved. 
Isomerization is a react ion 
which effects a change in 
physical  or chemical prop- 
erties w i t h o u t  changing 
the molecular formula.  

J .  C .  C o w a n  Isomerization 

A l t h o u g h  tr iglycerides 
of f a t t y  acids found in na tu ra l  oils are not ordinar i ly  
considered to be optically active unless they have an 
asymmetr ic  carbon in the f a t t y  acid chain, a p roper ly  
subst i tuted glyceride molecule does have an asym- 
metric carbon. In  Fo rmula  I the asymmetr ic  carbon 
of the glycerol pa r t  is marked  with an asterisk. 

RIGOOGH~,-GH -GH~,-OGOR z 
I 
OGOR 
I 

When R ~ and R ~ are different, the fl-earbon of the 
glycerol becomes asymmetric .  I know of no example 
in vegetable oils where this type  of molecule has opti- 
cal activity.  Optical ly act ive monoglycerides can be 
p repared  f rom d-acetonyl glycerol ( I I ) .  Trea tment  
of I f  with a f a t t y  acid chloride, such as stearoyl  c h l o r -  

¢.~-  o CH, CH~ - %  ,,¢.~ CH~- OH 
I \G / R-GOGI= I O H +_ I 
¢ H - O  / '~GH, ¢.  0 / ~H a ~ CH --OH 
I I I 
GH20H OH~OGOR GHs-- OGOR 

n E 

ide, and subsequent acid hydrolysis  give an optically 
active monoglyceride. This monoglyceride on treat-  
ment  with a different f a t t y  acid chloride, such as 
palmitoyl  chloride, gives an inactive triglyceride. 
Trea tment  of I I I  with an aromatic  acid chloride does 
give an optical ly active tr iglyceride (3).  

For  some t ime it has been known tha t  dilute acid or 
alkali will isomerize a 2-monoglyceride to a 1-mono- 
glyceride. However  it was demonstra ted recently that  
the ]-monoglyeeride is actual ly  in equil ibrium with 
the 2-monoglyceride in the presence of dilute acid or 
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alkali at room temperature .  A 9 to 1 ratio in favor  of 
the 1-monoglyceride results (17). 

GH 2 - -  OH G H 2 - O - G O R  
I H ÷ I 4 
GH - O -  GOR GHOH 
I I 
GH 2 -- OH GH20H 

I f  the conditions are more drastic, such as an alkaline 
catalyst  at higher temperatures ,  a random arrange-  
ment  of the f a t t y  acid radicals is effected, which is 
similar to the results of t rea t ing  a tr ig]yceride with 
glycerol. Thus when a mole of addit ional glycerol is 
reacted per  mole of triglyceride, approx imate ly  50% 
of the hydroxyl  groups are esterified. 

CH2OGOR GH=OH GHfOGOR GHfOGOR 
I I I I 
GHOGOR ÷ O H O H " - ' ~ G H O H  + GHOH 
I I I I 
CHfOGOR GHfOH GH2OGOR GHfOH 

The mole percentages of the reactants  at equilibrium 
are approx imate ly  13 free glycerol, 37 each of mona- 
and diglycerides, and 13 tr iglycerides at the r andom 
pa t t e rn  expected (13). Results obtained with four  
different amounts  of glycerol are shown in Table I. 

T A B L E  I 

Mono- and  Dig]ycer ides  f r o m  Cottonseed Oil 
200°C.  for  5 t t o u r s  

~LIydroxyl Ester i f ied,  % / 50 41 
I 

~o1~ qo L / 
F r e e  glycerol  ................ ] 12 / 22 
:~Ionoglyceride .............. ] 37 (28)  a [ 42 (39)  a 
D ig lyce r ide  .................. 37 ( 4 5 )  27 ( 4 4 )  
T r ig iyce r i de  ................. 14 ( 2 7 )  8 ( 1 8 )  

a P e r c e n t  by  w e i g h t  of f a t t y  mate r ia l .  
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34 
42 ( 4 9 )  a 
2~ (44)  

(7) 

46 
40 (62) 
13 (36) 
0.5 (2)  

Now isomerization in the glyceride molecule is not 
l imited to monoglycerides. Triglyeerides can be readily 
isomerized f rom a given configuration to a random 
configuration. This isomerization is somewhat more 
complex than  the isomerization of a monoglyceride, 
but concentrat ion of a single pure  t r iglyceride in the 
isomerization mixture  can be readi ly  calculated. Fo r  
example, a f a t  containing 0.5 mole of linolenic acid 
would have 0.125 mole of trilinolenin. I f  the acids in 
a fa t  were only stearic and oleic acids, the amount  of 
the different glycerides present  would be represented 
by  the expression S 3 ~- 3S~0 -4- 3S0 ~ -4- 0 s, where S 
and 0 are the mole fract ions of stearic and oleic acids, 
and 3S20 is the amount  of the distearoglyeerides pres- 
ent, etc. This type  of isomerization is impor tan t  in 
industr ial  fats. The characterist ics of shortening fats 
can be considerably changed by  t rea tment  with an 
ester interchange catalyst,  such as sodium methoxide. 
I f  this react ing system is f ract ionated without  de- 
s t roying the catalyst,  then a comparat ive ly  pure  glyc- 
eride can be separated f rom a fa t  containing a mixture  
of glycerides. Thus far,  only necessarily slow low- 
t empera tu re  procedures have been perfected (12) for  
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effecting fract ionation of triglycerides when the inter- 
change reaction is progressing. I f  a rapid economic 
method of segregation and exchange is found, a major  
step in the conversion of fats to chemical raw materials 
may be achieved. Uniform products are necessary for 
building blocks in new materials or for new chemical 
intermediates. 

Isomerization in f a t ty  acids is a par t icular ly  diffi- 
cult subject to s tudy experimentally. Perhaps  the best 
i l lustration of that  difficulty is the various inversions 
which occur when a simple f a t ty  acid, such as oleic 
and its trans isomer elaidic acid, undergoes chemical 
oxidation. Oleic acid can be converted to elaidic acid 
by  use of catalysts such as nitrous acid. The reactions 
which actually occurred dur ing  the oxidation of oleic 
and elaidie acids and the products  formed were sub- 
jects of controversy for many  years. The following 
equations show a few of the changes that  occur and 
illustrate the ease with which configurations can 
change (21):  

RS-0H =OH - R4,iCis) 

m.p. 14=C. HsO t 
Ci..ss oddition 

R3-CH-CH-R 4 
\ /  

rn.p. 59.5=C. 0 
t 

Inversion I Noah diL 
t 

R3-CH-CH-R 4 
I I 

m.p. 95" c. OH OH 

R3,CH3(CHs)7 
R4,(GHt].rCOsH 

O" R~GH - CH-R 4 
KMnO4,OH J I I 

Cis addition m.p.13PC. OH~ OH 
I 

Inversion I NoOH dil. 

R3_CH_CH_R 4 
\ /  

m.p. SS.5eC.. 0 

Gisl HsOs 

O" KMnO,,,OH R~'-CH- CH-R 4 t r on.__...ss 
Ci.~s addition 

m.p. 44" C. 

Natural ly  the cis-trans isomerization is still more 
complex in the oetadecadienoic acids. This problem 
also resulted in some differences of opinion among 
chemists. Indeed all the experimental  problems have 
not yet been solved. The following equations show 
the different isomeric, conjugated octadecadienoic 
acids which have been isolated and identified (18) : 

RS'GH=CH.CHs.CH,CH'R 4 (Cis-9, Cis-12-Octode¢odienoic Acid) 

NoOH J 200" 
s ~ 4 s ~ 4 R 'CH,CH'CH-CH'CHt'R (Tron$-iO,- R "CHt'CH-CH'CH-CH'R (Ci$-9,- 

l Ci-"s's" 12) I Tran.-ll) 
I z Sunlight I t Sunlight 

Rs'CH -CH.CH-CH.CHs'R 4 (Tron$-lO,- RS'CHt'CH ,CH.CH, GH'R 4 {Trons-9 ,- 
I Trans-12) I Trons-II) 

NoOH / 200= ] -HtO 

RS.CH = CH .CHz.CH =CH.R4 (Ci_ss-9, - Rs.CHt.CHOH.CHt- CH • CHR4 (l"ro~s- 9) 
Trons-12) I 

R4 (CHE)TCOtH -HsO HNO s 
5 1 4'  RS,GH3(GHs)4 R .GHs.GHOH'GH¢-GH.GH'R (GIt-9) 

Linoleic acid is converted by alkali at 200°C. to a 
mixture  of cis and trans isomers. The double bond 
which moves presumably goes predominant ly  to the 
trans form. Indeed, if any cis, cis-conjugated linoleic 
acid exists, it has not been isolated. The double bond 
which has not moved in the alkali isomerization can be 
converted to the trans form by  iodine and sunlight. 
These same isomeric 9,11- and lO,12-trans, trans 
forms can be obtained f rom ricinoleic and ricinelaidic 
acids by isomerization and dehydration.  

Polymerization 
The reactions involved in heat polymerization of 

dry ing  oils have for the most par t  been clarified. Non- 
conjugated linoleic and linolenie acids are isomerized 
at the high bodying temperatures  to conjugated de- 
rivatives. These conjugated derivatives react with 
nonconjugated derivatives to give dimer]c products. 
The original basis for  the belief tha t  this type of con- 
densation occurred was the work done by Fa rmer  (1) 
on the polymerization of 1,4-pentadiene. This diolefin 
isomerizes at relatively low temperatures  to give 1,3- 
pentadiene. The conjugated isomer reacts as a typi- 
cal diene in the Diels-Alder reaction and reacts pre- 
dominantly with the double bond of the unc0njugated 
isomer: 

2CH2 = CH.  CH2. CH • CH 2 , CH3.CH - CH-CH • CH 2 

ICH2 - CH • CH z + 

I C H  
CH t ~ C H =  , CH= • CH. CH=- CH- CH= 
I I 

CH3-  CH .~CH _ 
CH ~ Dimer 

Similarly the accepted mechanism for the polymeri- 
zation of a dimeric fa t  product  involves a shift  of 
double bonds and probably a cis-trans isomerization: 

2R 5 - CH • CH-CIHs-CH • G H - R  4 

RS-CH -CH - C H  = CH-CHsR 4 
+ 

Rs-CH = C H - C H s - C H , C H - R  4 

~ H 2 -  CH • CH - R  4 

CH 
Rs.. CH "" ~ C H _ C H s _ R  4 

s l  I 
R - C H  CH~.~_~.CH Dimer 

For  this reaction of linoleate Wheeler (25) has sum- 
marized the evidence as follows: 

1. In  studies with methyl linoleate, conjugation 
rapidly  rises dur ing heat polymerization to a fa i r ly  
low concentration, 5- 7 percentage. Chances of col- 
lision of a conjugated with a nonconjugated linoleate 
are consequently much greater  than  chances of col- 
lision between two molecules of conjugated linoleate. 

2. Rate studies on mixtures of conjugated with non- 
conjugated linoleate show that  the two do react with 
one another. 

Studies with cis-trans-conjugated linoleates and 
trans-trans-conjugated linoleates indicate that  fur-  
ther  isomerization reactions may be involved. These 
studies may be summarized as follows. 

Gis-Trons-Linoleote A ,  Dimer - -  First Order Reaction 

Trons-Trans-Linoleote A.-A-,Dimer - -  Second Order Reaction 

Apparen t ly  cis-trans-conjugated linoleate isomerizes 
to trans-trans-conjugated before the diene reacts in 
the Diels-Alder reaction. These data are in agreement 
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with the information available on the Diels-Alder re- 
action of simple conjugated olefins (10). 

CH-O.L ° 
~! , , O  

CiS CHs- CH"CH-CH=CH=÷CH-C~, O Apparent First= Polymer 
Order 

Trans CH3-CH=CH-CH=CHz÷ " Ra~id Second Dimer 
O~der 

Thus the polymerization of non conjugated linoleate 
may be summarized as a complex reaction involving 
isomerization to cis-trans-conjugation, to trans-trans- 
conjugation, and finally a Die]s-Alder reaction pri- 
marily between the nonconjugated l~noleate and the 
trans-trans-eonjugated linoleate. Incidentally trans- 
trans-nonconjugated linoleate does polymerize some- 
what more readily than the cis-c~s-nonconjugated 
linoleate. The following schematic diagram summar- 
izes the reactions which occur where N stands for 
pentadiene-nonconjugated isomers, C stands for buta- 
diene-conjugated isomers, and small e and t denote 
cis and trans forms: 

Ncc • , Nct ~ , Ntt 

I l /  
Cct " , Ctt 

+N lor G 
Dimer 

Although the diene part of an aeyclic chain involved 
in a DiMs-Alder reaction apparently must be a trans- 
trans form in order to react readily, the dienophile, 
such as maleie or fumaric acid, can have either cis or 
trans configuration. Consequently there is no apparent 
choice between the nonconjugated linoleates regard- 
ing reactivity as dienophiles. However conjugated 
linoleates of cis-trans isomerism would be much more 
active dienophiles than the nonconjugated forms. 

The formation of trimeric fat ty acids from dimeric 
fa t ty  acids most likely occurs by a reaction of the 
dimer with a conjugated linoleate. However the un- 
saturation as measured by iodine value suggests that 
some other mechanism nmy be effective. The iodine 
values of dimers and trimers from non-conjugated 
linoleates are approximately equal, indicating that the 
loss in unsaturation in going from dimer to trimer 
was not comparable to the loss of unsaturation which 
occurs when the dimer is formed (9). 

The polymerization of trienoic acid proceeds in a 
manner similar to but not identical with that of the 
dienoic. More isomeric forms are possible and the 
products differ in structure, but the reactions in- 
volved, i.e., isomerization to conjugation and from cis 
to trans forms, are undoubtedly similar in nature. The 
products differ in their structure because monocyclic 
dimers are formed from linoleates and bieyelic dimers 
are formed from the trienoic acids, and incidentally 
a monomeric cyclic derivative is obtained, or deriva- 
tives which do not hydrogenate to stearic acid (24). 
The polymerization reactions of the nonconjugated 
trienoic acid are summarized in the following sche- 
matic diagram: 

Cis-Cis-Cis-Normal Cis-Trons-lsomeric 
Linolenote Linolenote 

I I 
L 

Dienoically Conjugated Linolenates 

÷ Linolenote 

1 
Monocycic Dimer I 

Monocyclic 

Bicyclic Dimer 

Monomer 

+ Dimer 

1 
Trimer 

Normal linolenate when heated to high tempera- 
tures probably isomerizes to give cis-trans-nonconju- 
gated linolenates and conjugated linolenates in which 
both 2 and 3 double bonds are conjugated. These con- 
jugated derivatives react with nonconjugated lino- 
]enates to give a monocyclic dimer which rearranges 
to give a bicyclic dimer. The dimerie product reacts 
with the conjugated linolenate to give a trimer. Some 
monomeric cyclic derivative is formed from the lino- 
lenate containing either 2 or 3 double bonds in con- 
jugation, whereas, in the polymerization of linoleates 
without catalyst the dimeric products predominate, 
trimeric products are much higher in the polymers of 
the linolenates if any prolonged polymerization is 
carried out (9, 19). 

The eleostearates, or conjugated trienoie acids, be- 
have somewhat similarly to the nonconjugated tri- 
enoic, but the reaction is much faster. The reactions 
which occur in heat polymerization can be summarized 
as follows : 

C i ~ : :  rff:;:n sT~Ta¢: :_-ffl el : :  : : : : : :  e 1 

+ a or.8-Eleostearote 

. Monocyclic Dimer Trimer 

l 
Bicyclic Oimer 

+Dimer 

Incidentally recent work has confirmed the 9,11,13- 
cis-trans-trans-configuration for a-eleostearic acid and 
9,11,13-trans-trans-trans-configuration for fl-eleo- 
stearic acid (6). Also a monocyclic dimer containing 
conjugated trans-trams bonds (8) and a monoeyclie 
monomer (24) have been found. 

Ionic Polymerization. Boron trifluoride, hydrogen 
fluoride, and other catalysts will polymerize unsatur- 
ated fat ty acids or esters to dimer, trimer, and prob- 
ably higher polymeric products. Ionic catalysts would 
be expected to give different products from thermal 
polymerization which involves a Diehl-Alder addition 
reaction. However little information is available 
on mechanism of fat ty acid or ester polymeriza- 
tion with these ionic catalysts. The properties of the 
products and theoretical considerations suggest the 
following reactions (11): 
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R6-CH • CH-R4+ BF3-H20 * BF3OH~+ RE-CH=-CH • 
I 

6 6 R 4 R R 
- 4 / I  ~ I 

n R~-CH =CH-R , H |CH-CHI -CH-CH~ 
I I \ dn .. 

BF30H ® 

R 6 R 6 

H(~H- GHI- GH- CH-OH +BF 3 
' ~4/n ~4 

n " I t 0 5  

R s = CH3(C H2) 4- CH = CH - CH 2- 

Ionic catalysts have not been used much in either 
polymerizat ion or copolymerization of dry ing  oils be- 
cause dark  brown products  are obtained. Consequently 
they are not of general  interest  to the protective coat- 
ing industryY 

Co,polymerization 

Copolymerization of f a t t y  molecules with a var iety 
of materials  has a t t rac ted  a lot of interest  commer- 
cially dur ing  the past  20 years. This interest  has been 
p r imar i ly  directed toward the p repara t ion  of new ma- 
terials suitable for  protective coatings. One of the 
most controversial  subjects in eopolymerization is the 
reaction of s tyrene with f a t t y  products. Before pro- 
ceeding to discuss this subject, I believe it would help 
to briefly review the polymerizat ion of styrene (2). 

Styrene undergoes addit ional polymerizat ion by a 
:free radical  or ionic mechanism. Let  us direct  our 
a t tent ion to the free radical mechanism because it is 
more impor tan t  industr ia l ly  and is direct ly related to 
our subject. A typical  init iator of polymerization is 
benzoyl peroxide which dissociates to form benzoyl 
and phenyl  free radicals. 

C-(~z • + .+ + - C O 0 .  +CO,,, 

Initiotion 

These free radicals react  with s tyrene molecules to 
give an adduct. 

+COO. + CH 2 • OH .,, +-O00CH2-OH" 
i I 
+ + 

This adduct  is a free radical  and reacts rap id ly  with 
m a n y  styrene molecules to form a long chain. 

+GOOGH,- GH.+n OH z- CH • + GOO/GH2G. H' ~ • 
I I / | I + + \ ÷/.+z 

Propogotion 

Now this reaction, or propagat ion,  is funct ional ly  ca- 
pable of proceeding indefinitely as necessary by  defi- 
nition. However  other reactions occur which cause 
cessation of this propagat ion  reaction. Cessation or 

SAt the Short Course it was disclosed tha£ bodied oiIs of good color 
obtMned by polymerization with ionic ca~alyst,s are available com- 
mercially. 

te rminat ion  reactions in the polymerizat ion of vinyl  
compounds can occur in a number  of ways. For  ex- 
ample, coupling or disproport ionat ion may  occur. 

,ooo(o.e/ ,ooo/o.e 
\ ~]m \ + ]n  

+GO0 - (G H2(~HI - (l~l H CH~- OCO + 
\ +In\+ ~)]m 

Coupling 

2 +000/CH2GI H/'m ' +COO/CH,CI H/H + 

\ + /n \ + in 

Disproportionotion 

+GOO/CH2- GIH/GH" GH+ 

\ +/n-! 

Now cessation or te rminat ing  reactions can and do 
occur readi ly  with molecules other than  the propa- 
gat ing chains. Solvent molecules, such as benzene or 
toluene, or modifiers deliberately added to reduce 
molecular weight such as dodccyl mercaptan,  and 
molecules such as methyl  linolenate can react to ter- 
minate  these growing chains. One major  difference 
between dodecyl mereap tan  and methyl  linolenate is 
that  the mercap tan  acts p r imar i ly  as a chain t ransfer  
agent  and the linolenate does not. 

0 0 

* - C - O  H,-IC e+RTSH = * - ~ - 0  H,-IC H fRT-S e 

\ +In ', +/n 

\ ÷I" 

RTmCI2H2s" 

Butadiene and other conjugated dienes polymerize 
readi ly  with conjugated monomers such as styrene 
and acrylonitrile.  Incidenta l ly  nonconjugated vinyl  
monomers also readi ly  copolymerize with one another  
but do not copolymerize readi ly  with conjugated 
monomers (2). 

Now let us consider what  is known about the co- 
polymerizat ion of s tyrene with f a t t y  esters. Harr i son  
and Tolberg (15) recent ly  reported on the polymeri- 
zation of styrene with pure  f a t t y  derivatives and have 
clarified most of the so-called mysteries of styrene co- 
polymerizat ion with f a t t y  molecules.. Styrene poly- 
merization was init iated by  benzoyl peroxide with a 
number  of pure  f a t t y  esters under  comparable and 
controlled conditions. Results are summarized in 
Table I I .  Methyl s tearate  and oleate behave as solvents 
for  the polymerizat ion reaction with some t ransfer  
reactions occurring which reduced sl ightly the molec- 
u lar  weight. Sl ightly more methyl  oleate was com- 
bined in the polymer  than  methyl  stearate,  indicating 
some difference in react ivi ty  of the two esters toward 



NOVEMBER 1954 COWAN : POLYMERIZATION 533 

T A B L E  I I  

Copolymer iza t ion  of S ty rene  

Solvent  Molecu la r  No. of f a t ty  es ters  
w e i g h t  pe r  molecule  

2¢Iethyl s t e a r a t e  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Methy l  oleate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
2¢Iethyl l ino lea te  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
/~ethyl  t t  10,12-oeta-  

decad ienoa te  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
~Iethyl  l ino lena te  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Me thy l  a lka l i  con juga ted  

l ino lea te  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
B u l k  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
B e n z e n e  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

39 ,000  
39 ,000  
1 9 , 0 0 0  

4 0 , 0 0 0  
13 ,000  

3 3 , 0 0 0  
4 9 , 0 0 0  
2 8 , 0 0 0  

0 .64  
1.7 
3.0 

14.5  
1 . :  

12 .1  

free radicals. However  methyl  oleate appeared  to act 
as a chain t ransfer  agent. 

0 
II 

,/,-C-O CH -?H / • + R3GH = GHGH2 R9 

0 \ ~ ]n 1 

+ o o o  

Rg-(GH2)6GO~H 

I n  the styrene polymer  f rom methyl  oleate approxi-  
mate ly  1.7 molecules of methyl  oleate were present  at 
a molecular weight of 40,000. Conseqnently some 
chains must  have been terminated by  a t r ans fe r  re- 
action shown in the above equations and other chains 
init iated by a free radical formed f rom methyl  oleate. 

In  the presence of methyl  linoleate and linolenate 
the rate  of polymerizat ion of the s tyrene is drast ical ly 
reduced and the molecular weights achieved were sub- 
s tant ia l ly  lower. 

S tyrene  in methyl  linoleate and methyl  linolenate 
a t ta ined molecular weights of 19,000 and 13,000, re- 
spectively. These are approximate ly  one-half and one- 
th i rd  that  a t ta ined in methyl  s tearate  and oleate. 
Consequently these two polyunsa tura ted  esters are 
effeetive chain te rminat ing  agents. The mechanism 
of the terminat ion is not known, but  it may  occur as 
follows: 

, -  iGi - O- (GH2- ?H'~. + R5- GH" GH-GH2- GH" GH-R 4 " 

o \ ,/n 

0 R 4  
II I 

,-G-O-(GHt-GI H ~ H ÷ FIS-GH'GH-GH=GH-GH . 

\ ~ In 

We have formed here a conjugated diene which is a 
free radical ; it can couple readi ly  to terminate  another  
chain;  it can react  with peroxide-derived free radicals  
to reduce init iat ion and rate  of polymerization. I t  
might  react to abst ract  a hydrogen f rom another  mole- 
cule to fo rm a conjugated diene. This last reaetion 
may  occur to a minor  extent because some methyl  
linoleate is appa ren t ly  incorporated in the chain;  i.e., 
3 molecules of methyl  linoleate per  polymer  chain. 
However  only 1 molecule of methyl  linolenate was 
found per  polymer  chain, indicat ing that  terminat ion 
is the p r i m a r y  reaction and probably  the only reaction 
with a growing chain. 

Wi th  pure  esters of trans-trans- and cis-trans-octa- 
decadienoic acids, eopolymerization of the s tyrene 
with the conjugated ester resulted with molecular 
weights comparable to s tyrene polymerizat ion in a 
solvent medium. Twelve to 14 ester groups were com- 
bined in the chains of styrene. The conjugated esters 
reacted at the rate  of about 1 mole for  every 15 moles 
of styrene. This behavior could be represented as fol- 
lows where n ~ 1 5 :  

0 
II . ~ 5 4 ~ G O(GHt ?H~.+R -GH-GH-GH-GH GH2 R 

o P 
II / ~ I 

\ ?", 
R 4 

Natural ly this new free radical could continue to r e  
act with both styrene and conjugated fat ty esters mztil 
t r ans fe r  or terminat ion of the free radical  occurs. 

This informat ion helps to explain the results of co- 
polymerizat ion with f a t ty  esters. Lit t le or no poly- 
merization occurs in unmodified dry ing  oils because 
free radicals are destroyed by  linoleic and linolenie 
esters. A polymerizat ion of styrene can be init iated 
in an unmodified vegetable oil provided enough cata- 
lyst is used and a relat ively low molecular weight is 
desired. 

Oxidized or blown oils show a much greater  ten- 
dency to eopolymerize because the linoleate and lin- 
olenate contents are reduced, some of the double bonds 
have been shifted to conjugation, and a high percen- 
tage of hydroperoxides are found in the blown oil. 
This greater  potential  supply  of free radicals natu- 
rMly might  reduce molecular  weight but  would in- 
crease the amount  of totM polymer  formed. Bodied 
oils f rom noneonjugated oils p robab ly  would copoly- 
merize to a l imited extent  beeause these bodied oils 
have some conjugated esters, reduced linolenic and 
linoleie content, and substant ia l ly  more polymeric es- 
ters. The la t ter  would beha : e  more like methyl  oleate 

RS-GH= GH-GH2-?H-;H-R 4 
GHG=O 

% 

I /o 
GH-G=O 
I / 

I I 
RS-GH- GH-GHi-GH-GH-R 4 

I I 
GH GH 
1 | o.c  /c.o 

o 1 
R~-GH-GH = GH -GH-GHo-R 4 

I ! " 
GH GH 
I I 

O=G_ .G-O 

~ I G .  1.  
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and stearate and enter  into the polymerization to a 
limited extent. 

This copolymerization of styrene with conjugated 
esters as first demonstrated and visualized by Hewit t  
and Armitage (16) was expected because b o t h  are 
Conjugated monomers. Vinyl  acetate and similar non- 
conjugated monomers do not readily copolymerize 
with conjugated monomers, and vinyl  esters would 
not be expected to copolymerize with conjugated 
esters. 

Maleic Anhydride. Drying oils modified with maleie 
anhydr ide  have enhanced drying properties and are 
used extensively. Like many reactions with f a t ty  
esters, the reaction is not simple and straightforward.  
Oleie acid will react with maleic anhydride to intro- 
duce a group at the 8, 9, 10, and 11 positions. The 
maleic anhydride group in each of the four derivatives 
is at tached to a carbon atom which is not par t  of a 
double bond (7). 

Re-GH2-GH = GH-GH=-Re÷ GH = GH 
i I 

O =G\o/G=O 

RS-GH • GH -GHz- GHz- R 9 
I 
IGH -G. H2 

I 
O =G\o/G=O 

R e, GH 3- (GH=~) 6" 

Linoleic acid however does not behave in a similar 
manner.  Apparent ly ,  under  the conditions of the 
polymerization, some isomerization of the linoleic acid 
or its adduct  occurs so that  a typical  Diels-Alder prod- 
uct is obtained. (See Figure  1.) 

The major product  of the reaction is not a mono- 
meric adduct  but  is a polymeric adduct  involving at 
least 3 moles of maleic anhydride and 2 molecules of 
linoleic acid. The unsaturat ion as measured by iodine 
value dropped from approximately 170 to 28, and most 
of the data on chemical properties of the nonvolatile 
adduct  agree with the following structure:  

0,, G / O ~ G , , O  
I I 

GH ~ GH 
5 I I 4 

R -GH-GH=- IGH-GH-GH2-R 

GH-G2 0 
I 

GH-G=/O 

I I 
GH ~ GH 
! I 

O ,G  G=O 

Thus maleie anhydride can react to combine two glyc- 
eride molecules, containing linoleic radicals, and act 
as a bodying or thickening agent (22). 

Cyclopentadiene. Cyclopentadiene is another ma- 
terial  used to improve the properties of dry ing  oils. 
As normally used, dicyclopentadiene is mixed thor- 
oughly with t h e  oil and heated to about 250°-270°C. 
The dicyclopentadiene decomposes at about 170°C. 

to give cyclopentadiene which then reacts with un- 
saturated fa t ty  acids to give a modified fa t ty  acid 
derivative. 

. G H - - G H ~ G H  2 
c~ \ I ~ ~ / % .  
li GH- I GH ,, 2OH GH 

G2 
RS-CH'GH-GI'~-GH'GH'R4+ G~" ~ G H  RS-GH GH-GH=-GH'CH-R 4 

II U " I I 
G H ~ G H  GH - GI"I2- GH 

I I 
GH ~)  GH 

This monomeric adduct  could readily react with an- 
other molecule of cyelopentadiene at the double bond 
in the 5-membered r ing A. Because the resulting ad- 
duct  would have no double bond in the 5-membered 
ring A, it would probably be comparatively stable and 
not readi ly  decompose to give cyclopentadiene even 
af ter  2 cyclopentadiene molecules have added on to 
the f a t ty  acid. Similarly, the third and fourth mole- 
cules of cyclopentadiene, which add to the double bond 
in the r ing previously formed, give a stabilized mole- 
cule because the ring is saturated. At  250°:270°C. 
where most commercial copolymers are formed, the 
conjugated fa t ty  acid derivatives would undoubtedly 
react with the adduct,  as shown in the following 
equation: 

RS-GH GH- GH2--GH, GH-R4+R-GH.GH-GH,GH-CH2-R 4 
I I 
GH - GH 2- GH | 
I I 
GH GH 

R 5-GH GH-GH t -GH•GH-R 4 
I I 
GI H -GH2-GH 

I 
GH GH 

RS_~ H I G H - G H f R  4 
I I 
GH OH 

The average number of cyelopentadiene groups con- 
necting the fa t ty  acid molecules in a eopolymerized 
oil would be determined by the amounts of eyelopenta- 
diene which was combined with the oil. In  commercial 
practice brittle films are obtained if too great an 
amount  of cyclopentadiene is used (14, 23). 

Glyceride Polymerization. Polymerization of a dry- 
ing oil by heat or catalytic means proceeds primari ly 
through the formation of dimerie and trimeric fa t ty  
acids by intra- and intermolecular condensations of 
the f a t ty  acid radicals. These condensations form di- 
meric, trimeric, and higher combinations of glyceride 
molecules. Undoubtedly side chains grow during the 
polymerization which, if carried out long enough, re- 
sults in a three-dimensional gel containing some linear 
or branch molecules of lower molecular weight (4).  
With oils containing reactive conjugated acids in high 
percentages, such as tung oil, viscosity increases rap- 
ildy at bodying temperatures,  and gelation occurs in a 
short per iod--12 minutes. With oils containing less 
reactive nonconjugated f a t ty  acids but in high per- 
centages, such as linseed oil, the viscosity increases 
somewhat more slowly at bodying temperature,  but 
viscosity does increase rapidly  just  before gelation 
which may occur in 6-12 hr. With oils containing 
lower percentages of these less reactive nonconjugated 
f a t ty  acids, such as cottonseed oil, the viscosity in- 
creases slowly, and gelation without autoxidation is 
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difficult to achieve. When  an addit ional  molecule 
enters into the polymerization, such as maleic anhy-  
dride, the polyunsa tura ted  acid radicals are combined 
with maleic anhydr ide  to f o r m d i - ,  tri-, and polyglyc- 
erides. In  general, the addit ion of maleie anhydr ide  
and cyclopentadiene speeds the reaction so tha t  vis- 
cosity changes occur more rapidly.  

Another  factor, which is of some theoretical impor-  
tance in the polymerization of d ry ing  oils, is the for- 
motion of in t rapolymers  or dialer acids in the same 
glyceride nlolecule. The interesterification reactions 
which occur at high tempera tures  of bodying appar -  
ently reduce substantial ly any  effect which these intra-  
polymers may  have on the propert ies  of the products  
(5). The interesterification leaves only a very  small 
percentage of in t rapolymers  in the bodied oil (20). 
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Utilization of Inedible Animal Fats 
DALE V. STINGLEY, Armour and Company, Chicago, Illinois 

I T is a remarkable  fact  that  for centuries only two 
ma jo r  uses for  animal  fats  were discovered. Edible 
fa ts  wire  used as food, and those deemed inedible 

were consigned to the soap kettle. I t  is even more 
remarkable  though, just  how vitally impor tan t  the 

small percentage of the to- 
tal  product ion of animal 
fats that  found its way into 

• industrial  usage was to the 
rise of industr ial  civiliza- 
tion. 

Pr ior  to the development 
i!::!~:! of the petroleum industry,  

animal fats  were almost 
~ without exception the sole 

source of lubricants  for  mo- 
tive power and machinery,  
including m e t a l  w o r k i n g  
oils. Animal  fats  also, in- 

.... . . . .  • cluding whale oil, were de- 
pended upon as the main 

!: : i ! source of i l lumination, and 
today, as in the past, most 

!.:/:: ~:!.::.)!::!::!::: :. " of these uses, plus the many  
Dale V. Stingley additional applicat ions of 

more recent development,  
give animal  fats  a top pr ior i ty  ra t ing as essential raw 
materials.  

Sources and raw materials  for  inedible animal fats  
have been discussed in a previous lecture, but, to 
avoid all possibility of misunderstanding,  the te rm 
" inedible  animal f a t s "  refers  to fats  and 0ils tha t  
are not suitable for  human  consumption. They are 
derived pr inc ipa l ly '  f rom cattle and swine. In  this 
country  this is a legal ra ther  than a technical defini- 
tion since the U. S. Depar tment  of Agricul ture  is the 
deciding author i ty  and, except for  a small product ion 
of animal  fats  produced and consumed locally within 
the various states, all edible animal fats  are processed 
in government-inspected plants. 

In  general, inedible animal  fats  are refer red  to in 
the t rade as " t a l l o w s "  (predominate ly  beef fa ts)  or 
"greases" (predominate ly  hog fa t ) ,  with recognized 
grade names based on titer,  free fa t ty  acid content, 
M.I.U., and color standards.  

A listing of the accepted grade names and specifica- 
tions commonly employed is given in Table I I  o f  the 
paper  by Kraybi l l  in this supplement.  

In  our modern  industr ial  system the key to our 
enormous product iv i ty  has been standardization.  Nat- 
ura l  fats  and oils vary  somewhat in quali ty and com- 
position so the above s tandards  were set up many  
years ago to establish a un i form t rading basis. Unfor-  
tunate ly  these standards,  as originally established, 
were based on the requirements  of the soap indust ry  
and are now in many  cases too broad and indefinite 
to meet the needs of the modern  industrial  user. As 
a result, individual  companies have in many  cases set 
up their  own purchase specifications in an a t tempt  to 
obtain materials  suitable for their  needs or, in other 
cases, depend upon standardized products  such as 
f a t ty  acids, hydrogenated oils, lard oils, and other 
refined materials  to guarantee  the uni formi ty  they 
require. 

The need for  s tandardized products  and for  fa t  
products  with modified chemical or physical  proper-  
ties is the reason for  the existence of a sizeable indus- 
t ry  which takes crude inedible animal fats, fu r the r  
processes them, and, in turn,  supplies these materials  
to industr ial  users. In  general, these secondary proces- 
sors employ commercial  grades of tallows and greases, 
but in many  cases their  needs are best served by more 
s tr ingent  specifications, with the result  that  they must  
be selective in their  sources of raw materials.  

C U R R E N T L Y  our annual  product ion of inedible 
aninlal fats  is very close to 2,700,000,000 lbs., and 

it is to be expected that  this figure will continue up- 
ward since, as our populat ion increases, there will be 
a grea ter  need for  meat  with a consequent rise in the 


