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Shekleton of the Fermentation Section of the North- 
ern Utilization Research and Development Division 
for the microbiological assays of vitamins. The ultra- 
violet and infrared analyses were made by E. H. 
Melvin of the Physics Unit of the Northern Utiliza- 
tion Research and Development Division. The nec- 
ropsy examinations were conducted by H. E. Biester 
of the Veterinary Medical Research Institute and 
P. C. Bennett of the Iowa Medical Diagnostic Labo- 
ratory, Iowa State College. 
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Possible Mechanisms in 
Oils. II. Polymer Formation 
R. P. A. SIMS, Chemistry Division, Science Service, 

T 
HE RESEMBLANCE between thermal polymeriza- 
tion of vegetable oils and polycondensation re- 
actions has been pointed out by many workers 

(1, 4, 8, 13). However, in some cases, the extent of 
reaction was estimated from bulk viscosity measure- 
ments that, except during the early stages of body- 
ing, were shown to bear a nonlinear relation to mono- 
mer disappearance (14) or from iodine number de- 
terminations that lose reliability with an increasing 
extent of reaction. In the present paper, polymer 
formation was followed, using a molecular still in 
which monomerie glycerides were separated from 
polymer and trimerie acyl groups from esters of 
higher complexity. Disappearance of unsaturation 
was followed by hydrogenation in dilute solution. 
Reaction temperature has been shown to affect poly- 
mer formation (3, 9, 13, 14, 16). Therefore an at- 
tempt has been made to assess the influence of tem- 
perature on polymerization mechanism. 

The kinetics of the polymerization of methyl esters 
of unsaturated fat ty acids have been studied by 
Paschke and Wheeler (8, 9) and by Rushman and 
Simpson (10). Pasehke and Wheeler developed the 
idea that initially nonconjugated dienoic and trienoic 
acyl groups polymerize by way of a Diels-Alder type 
of reaction that is preceded by isomerization of the 
double bonds to the conjugated position. Noneonju- 
gated acyl groups were shown to react with con- 
jugated material. The latter workers have shown 
that polymerization of methyl linoleate is kinetically 
of the second order and proceeds more readily than 
diene conjugation. Second-order kinetics were also 
found by Sims (12) in a study of dilution polymer- 
ization of linseed oil. Fur ther  work is reported here 
in which the behavior of tung and oiticica oils, con- 

1 Contribution ~rom the Division of Applied t~iology, National  Re- 
search Laboratories ,  Ottawa, Canada .  Issued as N.I~.C. No. 4434.  

2 Presented a t  the 29th Fall Meeting, American Oil Chemists'  So- 
ciety, Philadelphia,  October, 1955.  

Thermal Polymerization of Vegetable 

Department of Agriculture, Ottawa, Canada 

raining large amounts of conjugated trienoic acids in 
the trans configuration, is contrasted with linseed 
and safflower oils where the unsaturation is initially 
cis and nonconjugated. 

Materials and Methods 

Linseed, safflower, tung, and oiticica oils were poly- 
merized in an all-glass apparatus kept under con- 
stant positive pressure of oxygen-free nitrogen (12). 
The oil was degassed before being added to the poly- 
merization vessel that was swept with nitrogen 
throughout the reaction. Samples were collected in 
an evacuated receiver, cooled under nitrogen, and 
kept under refrigeration in nitrogen-filled bottles. 
The nonconjugated oils were alkali-refined and 
bleached before heating whereas the conjugated oils 
were polymerized without prior purification. 

Some samples of heated oils were hydrogenated at 
atmospheric pressure in dilute cyclohexane solution, 
using a platinum on silica catalyst (15). Details of 
the preparation of esters from glycerides, their hy- 
drogenation, and their distillation have been reported 
elsewhere (14). 

Content of polymeric glyccrides and acyl groups 
was determined by micromolecular distillation (11); 
concentration of dimer was expressed in weight per- 
centage, identical with base mole percentage, the 
molar percentage of monomer units that have dinler- 
ized. Where necessary, apparent concentration of 
nlonomeric and polymeric glycerides and acyl groups 
was corrected for the presence of thermal decomposi- 
tion products. With oiticica oil as much as 16% of a 
sample distilled in the mono- and di-glyceride range. 
The results were therefore calculated on a true glyc- 
eride basis. With the other oils the differences were 
of the order of 3% or less and were not applied to 
the results. 
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To permit  expression of the data in terms of rate 
law parameters ,  the following relations were used. 

p = extent of reaction 
f rac t ion  of the funct ional  groups reacted 
in given time 

(l-p) = f ract ion of unreacted func t iona l  groups. 
When  the kinetic parameters  are expressed percent- 
age-wise, the above functions bear the following rela- 
tions to them: 

a-~- initial concentration of reactant  ~ 100% 
x ~ % reacted in given time 

(a-x) ~ % reactant  remaining ~ 100 (l-p) 
a(1-p) 

p ~ x / a  and  1 / ( l -p)  ~ 100/(100-x).  

The first-order expression thus becomes v - ~ - k  (l-p),  
and that  for  a second-order reaction, of the type 
2 A ~ - B ,  v ~ k  (l-p) 2 

The density of linseed and safflower oils was deter- 
mined at 25, 100, 200, and 250~ using P y r e x  pye- 
nometers. Specific volumes of the oils were then cal- 
culated and used to estimate molar i ty  at reaction 
temperatures .  

Samples of polymerized linseed and tung oils were 
f raet ionated by  the method of Bernstein (2), which 
consisted essentially of ex t r ac t ion  at  @3~ with 
three successive batches of solvent and protection 
f rom oxidative polymerization by 0.1% hydroqui-  
none and a ni t rogen atmosphere. By  using a rotat- 
ing evaporator  to remove the solvent, the samples 
could be s t r ipped at tempera tures  no higher than 
50~ Last  traces of solvent were r emoved  under  
high vacuum at room temperature .  Molecular weights 
of the fract ions were determined by the Signer 
method of isothermal dist;llation, using ether as the 
solvent (5). 

t~xperimental and Results 
Index of Extent of Polymerization. Exten t  of 

polymerization can be estimated in two ways, f rom 
decrease in unsatura t ion or f rom disappearance of 
monomer. The first method was tested by  using hy- 
drogenation in dilute solution to determine the de- 
crease in unsaturat ion.  The results (Table I )  show 

T A B L E  I 

Effect of Heati~rg Time on H y d r o g e n a t i o n  Iod ine  Value  

Linseed  Safflower 
Oila Oilb a-Tung Oil c ~l-Tung Oil e Oitieica Oil a 

H o u r  HI~V H o u r  H I V  Hour  H I V  H o u r  I t I g  H o u r  H I V  

0.00 185.0 0.00 145.0 0,00 23~ .2-  0.00 235.0 0.00 189.2 
0.05 131.7 0.15 141.1 0,03 236.2 0.05 231.4 0.25 169.5 
1.0 153.5 1.0 131.3 0,75 227.9 0.75 205.0 0.50 153.2 
2.0 135.9 2.0 112.5 1.50 219.3 1 . 5 0  175.0 0.75 137.6 
2.5 123.4 3.0 92.6 2.25 209.0 2.25 ........ 1.00 128.7 
3.0 111.0 4.0 80.8 3.00 194.4 
4.0 91.9 5.0 70.0 3.75 176.3 
5.0 75.9 6.0 61.0 

a 310oC., b 320oc.,  e 203~ d 230oc.  

tha t  the linseed oil has lost more than  one double 
bond per  molecule; division of change in hydrogena-  
t ion iodine value ( H I V )  by 86.6 seems unreliable (1).  

Ex ten t  of reaction f rom hydrogenat ion data  was 
therefore calculated by using two denominators:  total  
unsatnra t ion as found in the 0-hr. sample and 86.6. 
When the data  were used in second-order, rate  plots 
(p/[1-p]  vs. t ) ,  eurved lines were obtained in all 
eases when 86.6 was the denominator.  When  total  

unsa tura t ion  was used in the calculations however, 
s t ra ight  lines were obtained with oitieica oil and 
a- tung oil at 203~ whereas a-tung oil at  270~ 
linseed and safflower oils gave linear plots only af ter  
a short, initial curved portion. The data for  fl-tung 
oil, heated at 203 ~ C., gave a curved plot in this case. 

When  the data  were applied to first-order, rate 
plots, log (l-p) vs. t, curved lines were obtained in 
all eases when extent of reaction was calculated, us- 
ing 86.6 in the denominator.  On the basis of total 
nnsaturat ion,  safflower and linseed oils yielded l inear  
plots while tung and oiticica oils gave curves. 

To permit  estimation of the extent of reaction f rom 
the disappearance of monomerie gtycerides, samples 
of oils were distilled molecula: ly (Table I I )  and the 

T A B L E  I I  

Polymer  Fo rma t ion  in Heated  Oils 

Linseed 240~ 
Time, hr.  1.0 13.0 24.0 48.0 6] .0 80.0 95.0 
% P G  1.01 5.58 10.6 21.4 27.3 30,4 38.5 
% P A G  0.46 3.73 5.96 10.3 12.6 . . . . . . . . . . . .  

~im~eed 310~ 
Time, h r .  0.15 0.50 1.0 2.0 2.5 3,0 4.0 
% P G  7.00 20.0 30.2 55.1 58.2 61,3 67.5 
% P A G  3.06 7.00 13.6 24.5 28.5 31,3 36.1 

~*a~lower 320~ 
Time, hr.  0.15 1.0 2.0 3.0 4.0 5.0 6.0 
% P G  5.00 31.8 53.0 65.1 72.3 75.4 76.4 
% P A G  2.24 14.1 28.0 39.1 47.6 52.8 58.7 

a-Tung 203~ 
Time, hr. 0.08 0.75 1.5 2.25 3.00 3.75 
% P G  5.23 27.5 43.0 55.4 60.1 63,0 
% P A G  2.28 14.3 22,7 30.9 34.1 39.8 

E-Tung 203~ 
Time, hr.  0.15 0.80 1.50 2.25 3.00 
% PQ 10.6 41.4 54.9 62.0 67.0 
% P A G  6.62 25.8 35.5 39.9 ...... 

Oiticica 195~ a 
Time hr.  O.0 1.0 2.0 3.0 
% P ~  40.2 51.5 52.2 63.6 
% P A G  . . . . . . . . . . . . . . . . . . . . . . . .  

a Corrected for 31.6, 16.3, 15.9, 13.0% mate r ia l  of M.W. 880 
P G  ~ polymeric glycerides. 
F A G  = polymeric  aeyl groups.  

data expressed in two ways. F rom the format ion  of 
polymer,  residual  monomer was calculated and plot- 
ted as 1 / ( l -p )  and also log (l-p).  With  linseed oil 
both plots curved;  the first-order plot curved af ter  
an initial  l inear period, and the second-order plot 
became straight  a f ter  an initial curved portion. Saf- 
flower oil appeared  to give a first-order plot exclu- 
sively. With  tung  oil the second-order plot was 
s t ra ight  whereas the first-order plot  was curved. Al- 
ternatively,  residual  monomer was plotted against  
time, and the kinetic order was obtained by  use of 
the fractional,  half-l ife period method (7). The re- 

s u l t s  of this analysis (Table I I I )  are in agreement  
with those obtained above. 

T A B L E  I I I  

React ion Orders f rom Forma t ion  of Polymeric  Glycerides, 
U s i n g  F r a c t i o n a l  Half- l i fe  Per iod  Method 

L inseed  Safflower a-Tung F rac t i on  
Reacted 280~ 320~ 203~ 270~ 

0.2 2.08 2.3 2.20 
0.3 2.11 1.8 2.59 
0.4 2.35 .... 2.66 

220~ 310~ 

1.09 1.04 0.98 0.98 
1.41 1.62 ...... 1.07 
2.06 2.43 ...... 4.22 

E-Tung 
203~ 

Ratios of Polymeric Acyt Groups to Polymeric 
Glycerides. Ratios of polymeric acyl groups to poly- 
meric glyeerides were calculated f rom the d a t a  in 
Table I I  and plot ted in F igure  1 as functions of the  
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DEGREE OF P O L Y M E R I Z A T I O N  
}PIG. 1. Ratio of polymeric acyl groups to polymeric glyeer- 

ides as a function of degree of polymerization: tung oil. 
Open symbols: a-tung oil 
Closed symbols: fl-tung oil 

degree of polymerization, 1 / ( l -p ) .  With  unisomer- 
iced (a-) tung oil at low temperatures ,  the ratio in- 
creased slowly f rom a value of about 0.4, reaching 
0.55 at a D.P. of about  2. Isomerized tung  oil, heated 
at 203~ had a high initial  value for  the rat io that  
changed very  little as the degree of polymerization 
increased. Unisomerized tung  oil, heated at 270~ 
behaved in an intermediate  manner.  

The ratios found with safflower and linseed oil also 
show (Fig. 2) a difference in behavior between oils 
heated at  high and low temperatures.  At  high poly- 
merization tempera tures  the ratio increased f rom a 
value slightly greater  than  0.4; the rate  of ratio in- 
crease apparen t ly  became greater  as the degree of 
polymerization became larger. Use of high reaction 
tempera tures  resulted in a larger  ratio except dur ing 
the early stages of the reaction. Up to approximate ly  
20% reaction (D.P. ~---1.25), linseed oil, polymerized 
at low temperatures ,  and safflower oil at 280~ had 
a high initial polymeric acyl group content. 

Approximate Polymer Distribution. To determine 
the approximate  polymer  distribution, solvent frac-  
t ionation was per formed on four  samples of oil: low 

T A B L E  I V  

P o l y m e r  D i s t r i b u t i o n ,  % b y  W t .  

L i n s e e d  O i l  T u n g  O i l  I 

M o n o m e r  b . . . . . . . . . . . . . . . . .  P = 0 ' 4 5 4  a 7 2 . 6  P : 1 ' 7 9 a  3 3 . 8  

" b D l m e r  . . . . . . . . . . . . . . . . . . . . . .  I 1 6 . 1  l l . 8  
T r i m e r  b . . . . . . . . . . . . . . . . . . . . .  9 . 2  1 0 . 4  
T e t r a m e r  . . . . . . . . . . . . . . . . . . .  2 . 9  8 . 1  
T e t r a m e r  . . . . . . . . . . . . . . . . . . .  N i l  3 5 . 9  

p---- 0 . 2 6 8  a p - - - - 0 . 7 4 6  a 

4 3 . 9  2 8 . 4  
3 2 . 1  1 5 . 0  
1 4 . 5  1 3 . 0  

3 .8  8 .7  
1 5 . 8  3 4 . 9  

a E x t e n t  o f  r e a c t i o n  c a l c u l a t e d  f r o m  l o s s  i n  u n s a t u r a t i o n .  
b Mn by ilothermsl diltillation. 

and high viscosity l inseed and low and high viscosity 
tung oils. Molecular weights of the monomer, dimer, 
and t r imer  fract ions were determined, and  a rough 
polymer  distr ibution was calculated. The results 
(Table IV)  show that  whereas the monomer peak in 
linseed oil is but slowly reduced, tung  oil monomers 
are rap id ly  converted to dimers which, in turn,  react 
further .  

D i s c u s s i o n  

I n  general, nonconjugated oils display first-order 
characteristics dur ing the ear ly  pa r t  of the polymer- 
ization reaction whereas conjugated oils react in an 
apparen t ly  second-order manner .  However  both re- 
actions become complicated on or before 50% reac- 
t ion; more acyl groups are used up per  glyceride 
molecule polymerized, and f rom the hydrogenat ion 
data more than one double bond per  molecule is in- 
volved dur ing  polymerization. 

Two aspects of the hydrogenat ion data  deserve 
comment. Oxidation of the samples could be re- 
sponsible for  the observed consumption of more than 
one mole of hydrogen per mole of f a t t y  acid, and 
difficult-to-saturate double bonds in polymer mole- 
cules could give the  impression of too great  an ex- 
tent  of reaction. The samples were not checked for 
peroxide value before hydrogenation,  nor were infra- 
red spectra measured af terwards.  However  extreme 
care was taken to avoid oxidation of the samples, 
and an excess H I V  of 23 (eolmnn 1, Table I )  is 
equivalent to a peroxide value of 950 millimoles 
per  kg. 

An analysis was made of the effect on the shape 
of the ra te  plots of a continuously increasing error 
in HIV.  Because of the fo rm of the functions, the 
second-order expression is more sensitive to error 
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[]  = LIN. ,  240 ~ C 
�9 -" LIN. ,  320 ~ C. 
�9 = SAFF.,  320 ~ C 
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0.40 I 
0.30 I 1 1 
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DEGREE OF POLYMERIZATION 
FIG. 2. Ratio of polymeric acyl groups to polymeric glycer- 

ides as a function of degree of polymerization: linseed and 
safflower oil; 
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than the first-order expression, and, in either case, 
greater sensitivity is obtained when p is calculated 
by using the smaller denominator. The curvature 
of the lines obtained when the hydrogenation data 
were tested support the suggestion that difficult hy- 
drogenation was encountered. However the same 
trends in reaction order were found in the molecular 
distillation data. 

From monomer disappearance data, specific rate- 
constants were calculated, first order for linseed and 
safflower oils and second order for tung and oiticica 
oils, and substituted in the Arrhenius equation. En- 
ergies of activation were calculated and compared 
(Table V) with those obtained previously (13). The 

TABLE V 

Activation Ene rgy  by Viscosity and  Polymer Format ion 

Oil ~ Tempera ture  E (K. cal./base-mole) 

Range, ~ viscosity dM/dt 
Linseed ............................... ] 220 -320  34.4 35.9 
Tung ................................... 195 -270  23.2 26.4 
()iti( lea ................................ 195 -230  ...... 22.4 

results indicate good agreement between viscosity 
rate constants and monomer-disappearance, rate-con- 
stants when both are measured in the early stages of 
the reaction. Because oiticiea oil gave curved viscos- 
ity plots that were not amenable to treatment, the 
monomer disappearance plots in this paper are the 
first indication of the order, rate, and activation en- 
ergy of the polymerization of oitieica oil. 

Increasing the polymerization temperature affected 
the ratio of polymeric acyl groups to polymeric glye- 
erides, an observation made previously (12, 14, 16). 
As shown in Figures 1 and 2, conjugated oils, par- 
ticularly when in the all-trans configuration, tend to 
participate in intrag!yceride reactions. With noncon- 
jugated oils the ratio was not affected in the same 
manner. Beyond a D.P. of about 1.5, the ratio ap- 
peared to be relatively temperature-independent. In 
the early stages of polymerization, oils heated at low 
temperatures appeared to have a large polymeric acyl 
group content. Although this observation might be 
attributed to a slower rate of polymerization at lower 
temperatures, thus permitting more accurate assess- 
ment of the polymer content, low ratios were con- 
sistently obtained at small degrees of polymerization 
when the 0ils were heated at high temperatures. 

The high initial ratios of polymeric acyl groups to 
polymeric glycerides might be the result of early, 
incomplete randomization of the acyl groups. How- 
ever Dutton and Cannon (6) have shown that lin- 
seed oil has essentially a random distribution of acyl 
groups. I t  would therefore seem that at low poly- 
merization temperatures (260~ a small amount of 
intraglyeeride reaction may precede interglyeeride 
polymerization. 

The differences in kinetic order between the poly- 
merization of nonconjugated and conjugated oils in- 
dicate a difference in mechanism. The first-order 
behavior of linseed and safflower oils might be inter- 
preted as resulting from polymerization following 
isomerization. Similarly the second-order kinetics ob- 
served with the conjugated oils might be considered 
support for this hypothesis. However, in experiments 
where an inert diluent was used, second-order kinet- 
ics have been observed in the thermal polymerization 
of methyl linoleate (10) and linseed oil (12). 

An explanation of the differences in kinetic order 
when the oils are heated in bulk can be found in 
their bulk molarity and in the molecular weight dis- 
tribution of the polymers. Vegetable oils, by reason 
of their density and molecular weight, are approxi- 
mately 1 molar with respect to themselves. There- 
fore, until the concentration of monomer is reduced 
by polymerization, they will display pseudo-unimo- 
lecular characteristics. Fractionation of samples of 
linseed and tung oils by the method of Bernstein (2) 
has shown that, whereas the monomer peak in linseed 
oil is but slowly reduced, tang oil monomers are 
rapidly converted to dimers. Consequently the tran- 
sition from pseudounimoleeular behavior is rapid 
with tung oil and slower with linseed oil. 

Summary 
From molecular distillation data, and information 

obtained by hydrogenation in dilute solution, extents 
of reaction have been calculated for the polymeriza- 
tion of linseed, safflower, tung, and oiticica oils. The 
hydrogenation data indicate that more than one 
double bond per molecule can be consumed during 
polymerization. 

The kinetic order of the polynlerization of non- 
conjugated oils increases from an initial value of 
unity to approach a value of two. With conjugated 
oils, second-order characteristics were maintained 
during the course of the bodying. An explanation of 
this difference in reaction order based on monomer 
disappearance is presented. Rate constants and over- 
all energies of activation were calculated and com- 
pared with those obtained from viscosity measure- 
ments. Agreement between the two sets of values 
was obtained. Oiticica oil, which gives curved viscos- 
ity plots that cannot be resolved, has been treated 
successfully in this manner. 

Intraglyceride reactions have been studied, and 
differences in behavior between nonconjugated and 
conjugated oils at high and low polymerization tem- 
peratures have been observed. 
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