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p REVIOUS ATTEMPTS to  c h a r a c t e r i z e  t h e  a u t o x i d a t i v e  
polymers of linolenates have met with little suc- 
cess since, af ter  oxidation, scission products, par- 

t ially oxidized monomers, polynlers, and unreacted 
ester form a complex mixture which is not easily re- 
solved (4). I t  has also been pointed out that  many 
of the accepted quanti tat ive determinations of func- 
tional groups may give erroneous results when ap- 
plied to oxidized fats (17, 27). In  the present work 
the autoxidation products  of pure ethyl linolenate 
were fraet ionated b y  solvent extraction. The poly- 
mer fractions were then analyzed by procedures de- 
signed to overcome many of the errors f requent ly  
noted in determinations of the constants of autoxi- 
dized fat. 

:Experimental 
Ethy l  linolenate was prepared from raw linseed 

oil by the bromination-debromination method as de- 
scribed by Rollett (23) and Kass (15). To follow 
the oxidation, a closed system was used, which, ex- 
cept for  the lack of a sigmamotor (Figure  1), was 
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Fro. 1. Diagram of a p p a r a t u s  used for  autoxidat ion of the 
ester in a closed system: A. reaction vessel; B. f r i t ted  glass 
stick; C. cold t r ap ;  D. cold t r ap ;  E. absorpt ion  t ra in ;  1 ~. ab- 
sorpt ion t ra in ;  G. manometer ;  and H.  constant  temperature  
bath.  

similar to that  described by Johnson, Chang, and 
Kummerow (14). The sample, 500 g. of ethyl lino- 
lenate, was placed in the reaction tube A and sus- 
pended in a constant temperature  bath tI ,  which 
was maintained at 30 ~ ~ 1~ Oxygen was dispersed 
through the ethyl linolenate by means of a f r i t ted  
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glass filter B, sealed into the bottom of the tube. The 
reaction tube was connected to two cold traps, C and 
D, which were cooled with a mixture  of d ry  ice and 
acetone. These traps in turn  were connected to an 
absorption t ra in  E, in which gaseous decomposition 
products were collected. The oxygen entering the 
system was freed of COx, HpO, CO, and H2 by means 
of purification t ra in  F. Oxygen was blown through 
the system continuously from a s tandard  K type 
cylinder. 

At various intervals the autoxidation was inter- 
rupted,  the amount of volatile decomposition prod- 
ucts in C and D and gaseous products in E was de- 
termined, and a sample was removed for analysis 
(Table I ) .  The autoxidation was terminated when 
the refractive index of the autoxidized material had 
reached a maximum. The polymerized ethyl linole- 
hate was stored at - -20~ under  ni trogen prior to 
analysis. 

A solvent-extraction procedure, essentially that of 
Chang and Kummerow (4), was employed to sep- 
arate the polymers f rom the monomers and scission 
products formed dur ing the autoxidation. The sepa- 
rat ion was made by use of solvent mixtures of diethyl 
ether and Skellysolve F. (Table I I ) .  Af ter  storage 
under  nitrogen at - -20~ for three months, fraction 
12 was fu r the r  subdivided into five new fractions by 
extraction with solvent pairs made up of redistilled 
acetone and Skellysolve F. The analyses herein re- 
ported were made upon the arbi t rar i ly  selected frac- 
tions 9 and 12-II. 

In f ra red  absorption spectra were determined with 
the use of a Perkin-Elmer  double beam spectropho- 
tometer. Samples were analyzed as smears between 
two plates of sodium chloride. Ultraviolet absorption 
spectra were determined with a Beckman model D. U. 
speetrophotometer. Absolute ethanol and 0.5% aque- 
ous potassium hydroxide in absolute ethanol were 
used as solvents. 

The molecular weights of the samples were deter- 
mined in two ways. F i rs t  it was done cryoscopically 
in benzene, using a Precision-Shell eryoscopic molecu- 
lar weight apparatus. Then when it had been ascer- 
tained that  the two fractions, 9 and 12-II, were 
essentially equivalent to the dimer and trimer, a 
second value was obtained, based on ethoxyl g roup  
analysis. The procedure of Elek and of Samsel and 
McHard was used in the manner  suggested by Siggia 
(24). The peroxide value was determined by the 
method of Fugger  et al. (10). The hydroxyl  group 
was determined by the method of Chang and Kum- 
merow (4). This analysis was specifically designed 
for use on oxidized fats. Epoxy  groups were deter- 
mined by the method of Swern et at. (28). 

The method of B ry an t  and Smith (3) was used to 
determine the ketone earbonyl groups. Hydrogena- 
tion at 15 p.s.i.g, at room temperature  over a plat- 
inum catalyst for  one hour  was used as a prel iminary 
t reatment  for  removal of the peroxide group prior to 
analysis fo r  earbonyl groups. The values so obtained 
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were corroborated by their agreement with the ob- 
servations of Treibs (30) on samples which were 
not hydrogenated. The hydrogen number, corrected 
for the peroxide value, was used as a measure of 
unsaturation. 

Results 

In the course of the oxidation the refractive index 
o f  the ethyl linolenate increased from 1.4658 for the 
pure ester to 1.4841 for the autoxidized product. 
This increase in the refractive index indicated that 
there was an increase in the number of functional 
groups and an increase in molecular weight of the 
autoxidized ester. Carbon dioxide production reached 
a maximum at about 60 hrs., coincident with the first 
qualitative detection of carbonyl compounds in the 
cold traps. As the reaction progressed, the peroxide 
number increased while the iodine number decreased 
(Table I) .  

Refractionation of fraction 12, after three months' 
storage under nitrogen at --20~ indicated that 

even under these conditions some spontaneous de- 
composition had occurred. Two main fractions were 
obtained, which were distinguished by their differ- 
ence in solubility in 20% acetone in Skellysolve F. 
Three small (0.5, 0.8, and 0.7 g.) fractions soluble in 
Skellysolve F containing 0, 5, and 10% acetone were 
also obtained. Refractive indices indicated that these 
materials were degradation products. These frac- 
tions were not subjected to further analysis. 

In  the infrared region the absorption spectra o f  
fractions 9 and 12-II were almost identical (Figure 
2). On examination of the spectra, absorption bands 
characteristic of the methyl group, the methylene 
group, carbon to carbon double bond, and the car- 
bonyl group could be detected. The ketonic carbonyl 
group, shown to be present by chemical analysis, 
could not be resolved from the ester carbonyl group 
in the infrared region. Dugan et al. (5) have pointed 
out that absorption resulting from the ketone car- 
bonyl group appears as an indefinite shoulder on the 

TABLE I 

Decompos i t ion  P r o d u c t s  F o r m e d  and Changes in Constants D u r i n g  
Au tox ida t ion  of E thy l  L ino lena te  

T i m e  CO,~ H~O a CO He Cold P e r o x i d e  No. I o d i n e  R e f r a c t i v e  
t r a p s  ( mi l l imoles /  i ndex  

( h r s . )  (g , )  (g . )  (g , )  (g . )  (g . )  ki lo . )  n u m b e r  (30o0 . )  

0 . . . . .  0 248.2 1.4658 
20 0,0088 ,0109 .0043 .0020 0.07 228 234 1.4658 
40 0.1951 .0047 .0009 .0003 0.01 390 229 1 .4679 
60 0.8464 .0038 .0221 .0008 0.09 1054 208 1.4711 

102 0,1392 .0062 .1120 .0126 0.48 1608 147 1.4822 
130 0 .0136 .0065 .0336 .0159 0.36 1488 111 1.4841 
150 0 .0042 .0048 .0387 .0089 0.81 1753 118 1.4840 

a W a t e r  in  cold traps not included.  
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T A B L E  IX  
Po lymer  F r a c t i o n s  Obta ined  on Solvent  E x t r a c t i o n  

Ethyl  
F r a c t i o n  e ther  

% 

2 
3 
4 
5 08 
6 1 
7 12 
8 20 
9 30 

10 40 
11 50 
]2  60 
13 70 
14 80 
15 90 
16 100 

Skelly- 
solve F. 

% 

98 
96 
94 
92 
90 
88 
80 
70 
60 
50 
40 
ao  
20 
1oo 

W e i g h t  
(g . )  

89.3 
12.6; 
17.o 

5.3 
3.9 
5.4 

12.2 
6.6 

21.o 
34.4 
30.6 
31.o 
27.5 

8.1 
8.0 
3.9 

Ref .  index  
(28~ 

1.4701 
1.4855 
1.4824 
1.4812 
1.4810 
1.4811 
1.4829 
1.4842 
1.4854 
1.4880 
1.4899 
1.4917 
1.4950 
1.4960 
1.4985 
SOlid 

Pe rox ide  
No, 

781 
2008 
2150 
1576 
1622 
1728 
1660 
1618 
1563 
1381 
1401 
1403 
1381 
1318 

band, which was caused by ester carbonyl  in autoxi- 
dized linoleate. Dugan  et al. considered the band at 
3467 cm. ~ as due to hydroxyl  groups and that  at 
3430 cm. -I as due to peroxides. I t  is of interest to 
note that  these absorption spectra are similar to those 
obtained f rom the polar  polymers of ethyl linoleate 
and methyl  ]inoleate hydroperoxide.  

The absorption spectra in the ultraviolet  region 
indicated that  nei ther  the dimer (F igure  3) nor the 
t r imer  contained two, three, or four  double bonds in 
conjugation. Trea tment  with mild alkali developed 
a maximum at 2750 A, which was probably  caused 
by a conjugated system of three double bonds formed 
through the enolization of an alpha diketone in con- 
jugat ion with a double bond. A scheme whereby this 
type of alpha diketone could arise dur ing  the autoxi- 
dation of unsa tura ted  f a t ty  esters has been postu- 
lated by  Morrell and  Phillips (19). That  an alpha 
diketone was present  was fur ther  indicated by the 
development of a s t rong reddish-brown color when 
alcoholic solutions of the dimer or the t r imer  frac- 
tion were t reated with potassium hydroxide. This 
coloration, according to O'Danie l  and Parsons (20), 
resulted f rom the quinoid compounds which are 
formed by aldol condensation of the a lpha  diketones 
in a manner  analogous to the format ion of para-  
xyloquinone f rom diacetyl. 

On a basis of molecular weight and ult imate an- 
alysis (Table I I I ) ,  f raet ion 9 was found to corre- 

T A B L E  I I I  
Cbara.cterization of the  P o l y m e r s  

D i m e r  T r i m e r  

Ul t imate  ana lys i s  / 
(J% ............................................. ....J 63.23 
H %  ............................................ "" / 9.16 
0 %  ............................................... 27.61 

Molecular  we igh t  
Cryoscopic  ..................................... j 758 
Calcula ted  on ethoxyl g r o u p  .......... 778 

E m p i r i c a l  f o r mu la  ............................. [ (24oHs~O12.a 
Double  bonds  per  mole ...................... / 1.8 

62.17 
9.09 

28.74 

1169 
1222 

CsoHloTO2o s 
3.0 

spond to a dimer formed f rom 2 moles of ethyl lino- 
lenate plus 9 atoms of oxygen while f ract ion 12 cor- 
responded to a t r imer  formed f rom 3 moles of ethyl 
linolenate plus 15 atoms of oxygen. 

Since the solvent-extraction procedure did not have 
the required degree of selectivity to produce ideal 
fractionation,  the components which made up the 
polymer  fractions cannot  be considered to have been 
homogeneous in composition. However  the data  (Ta- 
ble IV)  would appear  to indicate tha t  the dimers and 
t r imers  differed only in the character  of the func- 
tional groups at tached to a g iven  molecule. Since the 
hyd roxy l  and carbonyl  groups were probably formed 
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TABLE IV 
Functional Group Analysis 

Functional group Dimer a Trimer a 

Peroxide ............................................ 2.4 
Hydroxyl ........................................... 1.4 
Carbonyl ............................................ 3.1 
Ester .................................................. 4.0 
Epoxy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  O,O 

Subtotal ..................................... 10.9 
Attributed to polymeric linkage ........ 2.0 
Undetected . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.0 

Total . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  [ - -  12.9 
i 

~ Atoms of oxygen per mole of polymer. 

3.2 
3.4 
4.0 
6.0 
0.0 

16.6 
4.0 
0.2 

20.8 

by secondary reactions of the peroxide group, this 
series occurred because secondary reactions of this 
type had not proceeded to completion. The charac- 
terization therefore represented the average state of 
the polymers within the fraction. 

The hydrogenation prior to determination of the 
carbonyl group cannot be considered a possible source 
of error. A slight production of carbonyl groups on 
hydrogenation of lipid peroxides may occur. How- 
ever the conjoint determination of carbonyl and 
hydroperoxides with hydroxylamine indicated that 
this did not occur at a measurable level. Slover 
and Dugan (25) state that existing earbonyl groups 
are not measurably reduced by this hydrogenation 
procedure. 

The dimer and trimer fractions, on a basis of ulti- 
mate analysis and molecular weight calculations, 
contained 12.9 and 20.8 atoms of oxygen, respec- 
tively. However only 10:9 and 16.6 atoms of oxygen, 
respectively, were identified through functional group 
analysis. I t  is possible that the undetected oxygen 
may be present in the polymeric linkage. 

Discussion 
In autoxidative polymerizatior~ Holman et al. (12) 

believed that the carbonyl group could undergo aldol 
condensation with active methylene groups to form 
carbon-to-carbon linked polymers. Since oxygen 
serves to conjugate the nonconjugated systems (8), 
Farmer strongly advocated the view that polymers 
are formed by a Diels-Alder type of reaction between 
conjugated double bonds and a single double bond. 
This mechanism has been shown to operate during 
thermal polynlerization. 

The differences in the solubility properties of 
autoxidative and thermal polymers seem to indicate 
that they are not of the same type. Kass (16) pointed 
out that thermal polymers become progressively in- 
soluble in oxygen-bearing solvents whereas autoxi- 
dative polymers become progressively insoluble in 
nonpolar solvents. Powers, Overholt, and Elm (22) 
suggested that the polymers are formed by addition 
at the double bond to give a vinyl type of polymer. 
This suggestion is also subject to the limitations set 
by Kass. A second type of polymer that has been 
proposed is the oxygen-linked polymer. This linkage 
has been suggested in three forms. Swern (26) fa- 
vored an ether linkage, ttollis (11) pictures the 
polymerization reaction as occurring through the 
combination of epoxide groups to form a dioxane 
ring while Treibs (29) considered that the ring could 
be formed by an addition of peroxide groups, fol- 
lowed by a rearrangement of the original complex. 
The work of Farmer (6, 7, 9) and of Bolland and Gee 
(2) has indicated that oxidative polymers are most 
probably peroxide-linked. Farmer has postulated a 

scheme in which a conjugated double bond reacts 
with oxygen by 1:4 addition and this cyclic perox- 
ide reacts to form a polymer by adding to a second 
cyclic peroxide. Bolland and Gee preferred to con- 
sider a free radical mechanism, where a peroxide 
radical regardless of the nature of its formation adds 
to a double bond. This free radical mechanism has 
been supported by Bawn (1) and Powers (21). 

From the present data, if all of the undetected 
oxygen is assumed to be present in the polymeric 
linkage, two possible structures exist: the dioxane 
ring or the peroxide bond. Either of these would 
require 2 atoms of oxygen in formation of a dimer 
and 4 in formation of a trimer. Similar data were 
noted by Chang and Kummerow (4) in their studies 
of the autoxidative polymers of ethyl linoleate. 

In an attempt to learn more of the nature of the 
polymeric linkage the polymeric material was depoly- 
merized with 3.4 N ethanolic HC1, as recommended 
by Chang and Kummerow (4). The polymer frac- 
tion, which had an average molecular weight greater 
than 758, was depolymerized to a product with an av- 
erage nlolecular weight of 296. Insufficient material 
was available for characterization of the depolymer- 
ized product to be completed. 

Summary 
Pure ethyl linolenate was prepared and autoxidized ; 

and dimeric and trimeric fractions were separated by 
solvent fractionation. These fractions were subjected 
to quantitative, functional group-analysis. On a basis 
of oxygen known to be present but no t  detected in 
the functional groups the possibility that polymeri- 
zation had taken place through an oxygen linkage 
was considered. The mild nature of the reagent caus- 
ing depolymerization suggested that this linkage was 
of the peroxide type rather than the dioxane ring. 
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