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amount  of unsaponifiables found is corrected for the 
0.13% originally present  in the stearic acid. The 
data  are presented in Table I I I .  Good recoveries were 
obtained in all eases, and the average deviation f rom 
theory is -+- 4%. This is equivalent  to a s tandard  
deviation at the 1% level of unsaponifiable of only 
0.05%. 

The reproducibi l i ty  for  replicate analyses of three 
different tallows, a coconut oil, and a soap is pric- 
sicnted in Table IV, and the results are compared to 
the macro method values. 

T A B L E  I V  

Unsaponif iable  Conten t  of Somc Fats 

Sample  

Tal low A ................ 
Tal low ]r ................ 
Tal low C ................ 
Coconut  ()iI ............ 
Soap ....................... 

No. of . . . . . . . . .  / " j ;  l J n s a p .  . . . . . . . . .  

r u n s  Semimicro  / A.O.C.S. 
( ] i t  (hi-40 Std. (h!v. 

. . . . . .  / 
6 ] 0.79 0.57 0.12 

10 / 0.83 {).55 0.05 
2 / 0.58 0.45 0.04 
4 0.40 0. '39 0.05 
3 / 0.45 0.44 0.04 

The sicmimicro lnicthod gave the sam(; or slightly 
higher unsaponifiablic values than the macro pro- 
ceduric, A.O.C.S. Ca 6a-40. Since the seniimicro (ion 
exchange) method is a direct  determinat ion of non- 
ionic mater ia l  whereas the macro (extract ion) method 
is empirical,  the sicmimicro results shouht be more 
accurate  and more nearly t rue values. The rcl)roduci- 
bil i ty of the sere)micro method is good and is toni- 
parable  to tha t  obtained by the macro nlicthod. The 
s tandard  deviation f rom the mean for the five sam- 
plies was 0.06%. 

Twenty- three  additional dicternlinations on fa t  and 

oil salnples were run under  routine analytical  condi- 
tions. The s tandard  deviation f rom the mean for the 
range 0 -2% lmsaponifiable mat te r  was 0.06%. 

When soaps are examined for unsaponifiables plus 
unsaponified materials,  the sample is dissolved in 
warm water  and extracted with ethyl ether wi thout  
any  saponification. The ion exchange procedure is 
the same as that  in the method. 

The unsaponifiabh~ determinat ion is applicable to 
all normal fats  and oils (both crude and refined), to 
par t ia l  glyccrides and esters, and to f a t ty  acids and 
soaps containing no more than  22 )carbon atoms. 
Severely oxi(tizcd fats  or polymerized f a t ty  acids can- 
not be analyzed becaltsic these f a t t y  acids are not re- 
tained by the ion exchange resin. Some modification 
of the icluting systicnl couhl possibly give bet ter  ric- 
ticutions. 

This nlicthod has 1)een used in various nutr i t ional  
studies and shouhl fin(I atiplication in clinical investi- 
gations. Where  it is desirable to use this technique 
on a pricl)arativic scale or where larger  samples are 
to be used, propor t ionate  increases in reagents and 
equipment  were ft/lmd to giw~ sa t i s fac tory  results. 
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Thermal Dimerization of Fatty Ester Hydroperoxides 1 

E. N. FRANKEL, C. D. EVANS, and J. C. COWAN, Northern Regional 
Research Laboratory, "~ Peoria, Illinois 

F 
ORMATION of conjugated f a t ty  hydroperoxides  as 
init ial  products  in fa t  autoxidat ion is well estab- 
lished (1,6,8,22,23,28). However  knowledge on 

the subsequent  decomposition of hydropicroxidics is 
re la t ively incomplete. Some of the confusion in the 
l i te ra ture  arises f rom the great  var ie ty  of conditions 
of decomposition used by different workers. 

Thermal  decomposition of fa t  hydroperoxides  pro- 
duces a va r ie ty  of scission products  (3,10,13,19) and 
high-molecular-weight material ,  p r inc ipa l ly  dimeriic 
in na ture  (7,8,27,31,35,36). When decomposition is 
carr ied out at  relat ively low tempera tures  and in the 
presence of oxygen, dimeric products  appear  to be 
oxygen-linked. By  molecular  distil lation Swern et al. 
(31) isolated polymeric fract ions f rom methyl  oleate 
autoxidizicd at 65~ in the presence of cobalt olic- 
ate. To account for  the excessive oxygen they believed 
that  the polymers  were oxygen-linked and assumed 
an ether l inkage since the polymers  were resis tant  to 

1 P r e s e n t e d  a t  33 rd  fall  mee t iag ,  Artier)can Oil Chemists '  Society, Los 
Angeles,  Calif., Sept.  2 8 - 3 0 ,  1959.  

This  is a l abo ra to ry  of the N o r t h e r n  Uti l izat ion Resea rch  and  De- 
ve lopment  Divis ion,  A g r i c u l t u r a l  R e s e a r c h  Service,  U. S. D e p a r t m e n t  
of Agr icu l tu re .  

saponification. Chang and Klnnmerow (7) and Wit-  
t ing et al. (36) used solvent extract ion to isolate 
polymers  f rom ethyl linolicatic and linolenatic, respec- 
tively, which were autoxidized at  30~ They were 
able to spli t  the polymers  into monomicric units  with 
concentrated halogen acids, thus indicat ing an oxygicn- 
linkage. 

When decomposition of f a t  hydroperoxidics is car- 
ried out at tempera tures  above 100~ and in an 
iner t .a tmosphere ,  the dimeric products  appear  to be 
linked by a carbon-to-carbon bond. Will iamson (35) 
d e c o m p o s e d  autoxid iz icd  m e t h y l  l i n o l e a t e  (33~ 
U.V. l ight) by  heat ing it at  100~ in nitrogen. 
Dimers  isolated by  solvent f ract ionat ion and molec- 
u lar  distillation contained monomeric units  linked by 
icarbon-to-icarbon bonds since they were not cleaved 
with hydrogen iodide. In  these studies the isolation 
procedures were complicated by  the presence of in- 
completely decomposed fa t  hydropicroxides and other 
products  of autoxidat ion similar in solubi l i ty  char- 
aeticristies to the polymerized material .  I t  is difficult 
to isolate polymerized mater ia l  by  solvent fract ion- 
ation of autoxidized mixtures  without  contaminat ion 
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by peroxides. On the other hand, molecular distil- 
lation of incompletely decomposed autoxidized fats  
would be expected to result  in fu r the r  thermal  de- 
composition of f a t  hydroperoxides.  

In  the present  s tudy  the dimerie products  (here- 
a f te r  called dimers)  were isolated front autoxidized 
fats  and methyl  esters and f rom purified f a t t y  hydro- 
peroxides af ter  complete decomposition of the hydro-  
peroxides at 210~ in an inert  atmosphere.  These 
conditions are similar  to, but  not identical with, the 
commercial  processing conditions encountered during' 
deodorization of vegetable oils. The purpose of our 
work was to characterize the dimers formed under  
these conditions. Previously these dimers were shown 
to lower the flavor and oxidative s tabi l i ty  of soybean 
eli (11) and may  therefore contribute to the flavor 
reversion problem. 

Exper imenta l  

Preparation of Methyl Esters. The methyl  esters 
of safflower oil and soybean oil were p repared  by a 
s tandard  transesterifieation procedure  with sodium 
methoxide in methanol,  folhlwed by vacuum distilla- 
tion. Methyl linoleate was p repared  by esterification 
of a ]inoleie acid concentrate derived f rom safflower 
f a t t y  acids by Podbielniak extraction with fu r fu ra l  
and hexane (2). The fraction boiling at 147-150~ 
ram. was used (I .V. 170.0, theoretical 172.2). Gas- 
liquid chromatography  showed the presence of 1.2% 
oleate. Methyl oleate (99 .5§  lnlre).,  obtained f rom 
ApI)lied Science lmboratories  Inc., State C<)llege, 
l 'a.,  h a d  no d e t e c t a b l e  iml) l l r i l i es  by gas-li(lui<l 
(:hromatography. 

Alkal i -conjugated  methyl  l inoleale was prellared 
f rom safflower f a t t y  aei(ls crystallized f rom hexane 
at - 4 0 ~  to remove satlu'ate(t m,ids. Isolnerizalion 
was earrie(l out with 15% K() I I  in elhylene glyel/I at 
1!)0-202~ for 45 rain. The eon.illgaled acids were 
methylated in methaln)l and sulfuric act(l, and the 
methyl esters were. dislillcd at 144-160~ ~. The 
conjugated methyl linoleale, had an ahsl)rl)tivily 11f 
76.9 at 232 m~ (the el)rrespon(liug ahsl)rptivily 11I' 
cis-tratls eonjugated nlethyl linoleaie is <)3.7) and 
contained al)proxinlately 85% c, is,tra,.~" (liene hy in- 
frare(I analysis. 

Autoxidation. The, soyl)ean oil was ant<)xidiz(,(I al 
60~ in tile dark  with <)xy~e.. The methyl eslers 
were autoxidized at 5~ by exl)l>sure t(> a high- 
I)ressure, mereltry-val)or I ianovia  ]atoll (100 watts)  
and a continuous s t ream of oxygen. I Iydroperoxide  
concentrates were prepare(l  t'r(nn aut(lxi([ized methyl 
esters of safflower oil (peroxi<te vahle 1,800 me/k~. )  
by the eountereurrent  extraction proee(lm'e of Zilch 
et al. (37). The purified hydroperoxide fract ious had 
peroxide values ranging  from 3,630 111 5,'~0(). 

Decomposition. The autoxidized esters were decom- 
posed by heat ing at 210~ for  15 t(l '10 rain. with 
agitat ion f rom a fine s t ream of nitrogen. This treat-  
merit was sufficient to destroy all the peroxides as 
d e t e r m i n e d  i o d o m e t r i e a l l y  wi th  p o t a s s i u m  iodide.  
When  the peroxide value of the esters exceeded 1,000, 
the initial stages of decomposition at 210~ were very 
vigorous, and it was necessary t<> t reat  the esters in 
small lots of 50 to 100 g. The volatiles were collected 
through an air  condenser and consisted of water  and 
liquid products.  Decoml)osition of autoxidize<l soy- 
bean oil was carr ied out under  the Collditions ()f 

l abora tory  s team deodorization: 210~ 2 hr., pres- 
sure below 1 ram. Hg.  

Preparation of Dimers. The dimers were distilled 
f rom the rmal ly  decomposed autoxidized esters at 
5-15 ~ in a molecular still. The deodorized-autoxi- 
dized soybean oil was converted to methyl  esters pr ior  
to distillation. Typical  fraet ionat ions are given in 
Table I. 

T A B L E  I 

Molecu l a r  Dis t i l l a t i (m of T h e r m a l l y  Decomposed  
Autox id ized  F a t t y  E s t e r s  

t i ' rae t ions  

C y c l i c  s t i l l .  ~ Safflower methyl  es ters  (P .V .  
1 5 2 5 ) .  P r e s s u r e :  1 5 - 5 0  t~. Two  passe~ 
at  each t e m p e r a t u r e .  

1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
6 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
7 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
R e s i d u e  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

F a l l i n g - f i l m  s t i l l .  Soybean oil methyl  esters 
( P . V .  1 4 1 0 ) .  P r e s s u r e :  5 - 1 0  /x. Frac-  
t ions  recyc led  at  each t e m p e r a t u r e .  

1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
g e s i d u e  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

" R o t a , - Y i l m "  s t i l l  ( A s c o  " 5 0 " ) .  b Methyl  
linol,cate ( P . V .  2 2 1 0 ) .  P r e s s u r e  5 - 1 0 / t .  

I . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
g e s i d u e  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Tempe r -  [ P e r c e l  
a tu0r e. affe o 

�9 I to ta l  

100  41 .2  
120  5.0 
150  5.7 
175  5.9 
200  7.3 
2 2 5  5 .6  
250  4 .6  
250  24 .7  

120  7"1.7 
2t)0 16.5  
250  5.4 
250  4.4 

120  65.9  
200  28.1 
200  6.0 

a Consol ida ted  ~,Ya('lllllil Corpora t ion ,  l loc l les te r ,  N. Y, 
h A. F, Smi th  Coml) tny, Roches le r .  X. Y. 

~ - :Molecu- 
l a r  

__ w e i g h t  

301  
336  
421  
517  
568  
7O6 
763 

1 1 6 0  

287  
527 
708 

135(I  

30O 
603 

1 1 4 0  

.ltutlytic<ll l'rocedures. Moleeular weights were 
del:ernlined eryosc.opi<.ally ill tlcnzene sa tura ted  with 
water  (to nli,dlnize absorption of moisture f rom the 
atmosl)here),  l 'eroxides were deterlnined iodomet- 
rically by redueti<>n with I)otassiuln iodide (12) or 
hydriodie acid (15). lodim, wthles were determined 
hy tile s tandard Wijs  method. AttemlllS were Inade to 
hyth'ogenale the dimers in ethyl aeetate sollltion with 
pallalliuln catalyst  at atnl()sl>ln'ric pressure,  l Iowever  
the (tim(,rs wet1, not e<mll)letely hydrogenated  as in(li- 
('ated t)y lhe slow hydrogen allsorptiol L which <lid not 
reach a inaxinmnt value in several hours. The diffi- 
cul ty in i)btaining" (tmmtitative measurement  of an-  
sa tura t ion i)f I)olymeric material  is well known (35). 
Carhonyl an(1 oxirane oxygen were determined by  
])rocedures similar to 1hose described by Knigh t  and 
Swern 1211. I)iene conjugati<m was determined spee- 
trol)h()tolne|rically in absl)lute nlethanol by  using a 
Carey Model 14 instrument .  The in f ra red  meas- 
llrenlents were made with a Baird-Atomic KM-1 in- 
strulnent,  using sodimn chloride ceils�9 An inf rared  
l)roeedure was devised for hydroxyl  deternlination 
with methyl  rieinoleate as s tandard.  Beer ' s  law was 
followed in the range i)f I to 5% rieinoleate. Dilners 
analyzed either iu dihlte carbon tetraehh)ride solu- 
tions (less than 5%) or un(liluted gave resldts that  
deviated witllin 10% of the average and that  agreed 
with the chemical analysis for hydroxyl  groups (26). 

Reaction with Hydroge~ Iodige. Diiners (6 g., 0.01 
M) were refluxed for  2-3 hrs. with constant  boiling 
hydriodie acid (30 ee., 55-58%).  The reaction mix- 
t a re  was extraeted with ether, and the extract  was 
t reated with aqueous sodimn bisulfite. Combined 
iodine was removed by refluxing in glacial acetic acid 
in the presence of zinc dust (35). Af te r  30 rain. the 
reaction mixture  cleared, then it was filtered and ex- 
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t raeted with ether. The extract  was dried over so- 
dium sulfate to give a yield of 94%. Since hydrogen 
iodide converted the dimers to the free acids they 
were remethyla ted  with diazomethane prior  to char- 
acterization. 

R e d u c t i o n  P r o c e d u r e s  

a) Catalytic Hydrogenation. l ) imers  were catalyt-  
ically hydrogenated  for  2 hrs. in a Par r  shaker in 
ethyl acetate solution at 50-60 ~ 40 p.s.i, hydrogen 
pressure, with 3 -6% pla t inum oxide catalyst.  

b) Sodium ~ulfite. The dimers (6 g.) were stirred 
with 20 ml. of ethanol and 5 g. of sodium sulfite for 
24 hrs. The solution was filtered and extracted with 
ether. The extract  was dried ()vet' sodium sulfate, 
and the solvent was removed i'n vacuo. 

c) Sodium Bisulfide. Reduction with sodium bisul- 
rite was ('arrie(1 out by the procedure of l (night  and 
Swern (20) for the reduction of peroxides. 

d) Hydriodic Acid. Reduct ion with hydriodic acid 
consisted of determining peroxide with hydriodic acid 
(18), followed by ether extract ion of reduced (limers. 

e) Acetic Aeid-Zi',c. The dimers (6 g.) were re- 
fluxed with 50 ml. gla('.ial acetic and 5 g. zinc dust for 
30 rain. The mixture  was poured in wat( 'r  and ex- 
t racted with ether. The ether extract  was washed with 
water,  then with (lilute alkali, followed by water  un- 
til the washings were neutral ,  and was dried over 
sodium sulfate. 

f) Lithium Alumi,um llydride. This (0.2 g., 0.005 
mole) was suspeuded il~ 10 ml. of d ry  ether in a round- 
bottom flask and mixed wilh a magnetic s t i r rer  in a 
nitrogen almospher(,. A solution of dimcr (1.5 g., 
0.0025 mob') was ad(led (Iropwise to the suspension of 
lithium aluminum hydri(h, f rom a dropping  funnel 
stol)pered with a drying lube. Af te r  addit ion of the 
dimer, the mixture  was refluxed for 30 rain. The 
l i thium a luminum hydride was then inact ivated with 
25 ml. of 0.1 N hydrochloric acid. The reaction mix- 
ture  was filtered, and the ether layer  was washed with 
water  and dilute acid, followed by water  unti l  the 
washings were neutral .  The ether solution was dried 
over sodium sulfate, and the solvent was removed 
in vacuo. 

Results 

Polymerization of Autoxidized Fatty Esters and 
Fat Hydroperoxides. To determine the effect of hy- 
droperoxide concentrat ion on the extent of polymeri-  
zation, a series of autoxidized f a t t y  esters and of fa t  
hydroperoxide  mixtures  were decomposed at  210~ 
in ni t rogen for  15 min. The decomposed esters were 
distilled molecular ly at 120-140~ t' to remove the 
mixed monomeric materials.  :Results in Table I f  show 
a l inear  relation between the peroxide value of the 
esters before decomposition and the amount  of poly- 
mer  formed. There is good agreement  between the 
exper imenta l  yields of polymers  and the yields cal- 
culated on the basis that  only hydroperoxides  poly- 
merize. In  the presence of alkal i-conjugated f a t ty  
esters, as with the nonconjugated f a t ty  esters, the 
yields of polymers  agreed with the yields calculated 
f rom the peroxide value of the mixtures.  The fresh 
esters did not polymerize under  conditions used for  
decomposition. Analyses of the nlonomerie fract ions 
showed tha t  they consist main ly  of the nonoxidized 
methyl  esters plus a small port ion of low-molecular- 
weight decomposition products  of hydroperoxides.  In  

TABLIq I I  

])olymerization by Thermal ])ecomposition of Fatty 
Ester [~ydroper( xides 

Yield of p lymer 
Hydroperoxide mixtures 

Autoxidized soybean oil methyl 
esters ................................................. 

Mixlures of nlethyl linoh,ate hydroper- 
oxides in 1 l l l e t h y  I I  ) ] (~ l l t ( :  . . . . .  

Mixtures of methyl linoh.ate hydrol~er- 
oxides ~n(I alkali-(,onjuffated methyl 
linohmte ............................................. 

Peroxide 
vl~hle 

0 
113 
642 

105(,) 
1382 

0 
132 5 
265{) 
3975 
5300 

0 
1250 
2315 
3550 
4630 

l~'ound Ct~leu- 
lated " 

% % 

0 0,0 
2.6 1.8 
9.3 10,5 

16 17,3 
21 22 ,5  

o 0.o 
25 21.6 
4'3 43,3 
65 64 .9  
7~ 86.5 

o o.0 
21. 20.4 
43 40.4 
62 59 .8  
71 75.6 

a Assuming that methyl linoleate hy(lrop(!roxide (P.V. 61251 giw, s 
100% 1)olymer. 

the monomeric fract ious f rom the mixtures  of conju- 
gated methyl  linoleate and nlethyl linoh,ate hydro-  
peroxides, the (liene conjugation increased in direct 
proport ion to the concentration of conjugated methyl 
linoleate in the mixtures  before heating (F igure  11. 

100.0[ 

25.C "% ~ M i x t u r e s ,  before heating 
- -e - -Monomers,  after heating 

0.0 I I I 
25 50 75 100 

flydroperoxide Concentrate, ~ . ~ -  
-'.*."-Conjugated Methyl Linoleate 

[~'IG, | .  l ) i ene  c o l ~ j u g a t i o n  i n  m i x t u r e s  o f  m e t h y l  l i n o l e a t e  
h y d r o p e r o x i d e  a n d  a l k a l i - c o n j u g a t e d  m e t h y l  l i n o l e a t e  b e f o r e  
a n d  : f f t e r  h e a t i n g .  

The polymers f rom all the mixtures  of hydroperox-  
ides and methyl  esters had approx imate ly  the same 
characteristics, e.g., saponification equivalent, iodine 
values, and hydroxyl  concentrations. The amount  of 
volatiles produced f rom the polymerizat ion of f a t  
hydroperoxides  in sealed tubes at 210~ in inert  at- 
mosphere varied f rom 8 to 10% of the weight of hy- 
droperoxides. These volatiles consisted of 48 to 52% 
water, which is equivalent to approx imate ly  one mole 
per  mole of hydroperoxide.  

The effect of autoxidat ion and subsequent thermal  
decomposition on the in f ra red  spectra  of soybean oil 
esters is shown in F igure  2. The autoxidized esters 
show an hydroxyl  band at 2.95 ~ and cis-trans conju- 
gation at 10.2 and 10.6 t~, which are a t t r ibuted  to the 
format ion  of fa t  hydroperoxides  (6,25,28,30). An 
accumulat ion of earbonyl  compounds is also indicated 
by. the broadening of the earbonyl  band at 5.8 t~ to 
5.9 t~- On polymerizat ion the hydroxy l  band decreased 
and shifted f rom 2.95 to 2.88 ~. This absorption is 
a t t r ibu ted  to a secondary hydroxyl  group and is sub- 
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Thermal Decomposition of Autoxidized Soybean Methyl Esters 
Wave Numbers, Cm -I. 
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.I~IG. 2. Effe('t of therm,~l decomposition of autoxidized soy- 
be~ln methyl esters on i21fr~ired spectra. 

s tant iated by the al)sellee i,I the polynlerized esters of 
peroxides as deterlniHed iodometri( 'ally with potas- 
sium iodide. Only a lracc of cis-trans absorption is 
.~hown in the autoxidize(I-thcrmally decomposed esters, 
which is replaced by /rans-trans COlljugatiou at 10.1 ~. 
The decrease in cis-trans conjugat ion was confirnIed 
by the loss of diene conjugation measured at 232 m m 
Af tc r  thermal  decomposition the dicnc conjugat ion in 
lhe autoxidized esters decreased f rom 18.1% to 8.4% 
lusing an absorpt iv i ty  of 81.3 for pure  methyl  lino- 
leate hydroperoxide (6) ] .  The broad carbonyl band 
at 5.8 ~ remained unchanged in the. decomposed esters. 
The monomer obtained by molecular distillation of 
the decomposed ester shows a mu('h smaller hydroxyl  
batl(l at  2.88 ~, less trans-trans absorption at 10.1 ~, 
alld a narrower  carbonyl  band at 5.8-5.9 ~ than  the 
dime, r. The diene conjugation nlcasnred at 232 nl~ 
was 3.5% for the motlomer and 23% for the dimer. 

Thc inf rared  spectra  of the polymeric fract ions ill 
thermal ly  decomposed autoxidized safflower methyl  
esters were similar to each other (F igure  3). 

Characterizatio~l of Dinwrs. The pri~lcipal fract ions 
obtained by molecular distillation of the various ther- 
mal ly  decomposed hydroperoxides  were the dimers. 
The yields of dimer ill polymers  f rom tile decom- 
posed hydroperoxides were safflower esters, 70 ; soybean 

esters, 62.7; soybean oil, 66.8; methyl  oleate, 90.9; 
and methyl  linoleate, 82.4%. The analyses of dimeric 
fract ions are given in Table I I I .  The unsa tura t ion  of 
the dimers can only be est imated f rom the iodine val- 
ues measured,  which probably  represent  min imum 
values (35). Determinat ions  of hydrogen iodine val- 
ues in the dimers agreed with those by the Wijs  
method, but  precision was poor. Each dimer contains 
about two double bonds according to these data. The 
dimers f rom polyunsa tura ted  f a t t y  ester hydroper -  
oxides showed diene conjugat ion ranging  f rom l0 to 
20%. This diene conjugat ion could be par t ly ,  but  not 
entirely, a t t r ibuted to conjugated carbonyl because a 
poor correlation exists between diene and the carborly! 
content of the dimer. All the nonester oxygen cannot 
be accounted for by the hydroxyl  and carbonyl  oxygen. 

Molecular Distillation Fractions 
Thermally Decomposed Autoxidized Saff lower Methyl Esters 

Wove Numbers, Cm7 I 
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]~IG. :{. | t l f r ; i r e ( l  sp( , ( ; t ra  o f  niolL~c.uhlr d i s t i l l a t i o n  f r ; i c t J o l ) s  
f r o m  t h e r m ; l l l y  d e c o m p o s e d  a u t o x i d i z c d  s a f f l o w e r  e s t e r s .  

The (timl~l'S of polyunsatura ted  esters contain about 
] mole hydroxyl  am] 0.5 nn)h; of ('arbozlyl per mole of 
dinler. The co~melltration of th(,sc functional  groups 
is somewhat h)wer in the olcate dimer. 

In F igure  4 a comparisozl is made of the infrared 
sl)ectra of methyl  oleate, a~ld methyl ]iuoleate with 
their  corrcspoln]ing hydropcroxide dimers. The spec- 
t ra  of the (]im(;rs werc similar to those of th(~ original 
~'atty esters except for  the appearal lee of a balld at 
2.85 ~ for the secondary hydroxyl  group, a broade~l- 
ing of the carbonyl  band at  5.7-5.8 ~, and a decrease 
ill the cis peak at 6.1 ~. The oleate dimer showed a 

T A B L E  I I I  

Character is t ics  of Thermal  Dimers  

Dimers  Moh SaD. C ][  O Iod ine  Diene OH Carbonyl  
wt. equiv.  (by diff. ) va lue  

% % % % mole~mole mole~mole 
~thyl oleate 552 290 74.2 l 1.2 ] 4.6 76.7 3.7 0.36 0.23 
ethyl l inoleate ............ 603 304 73.6 10.4 16.0 98.0 23.4 0.64 0.52 
,fflower methyl esters 544 263 70.9 11.5 ] 8.6 83.3 20.5 1.1 0.55 
~ybean methyl esters ...... 527 299 72.9 10.6 ] 6.5 96.2 23.0 1.0 0.34 
pybean oil 546 288 73.1 10.6 ] 6.0 86.5 12.3 7.2 0.31 
meric oleate (calculated)  591 296 77.8 1] .2 11.0 86.1 ...... 
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C h a r a c t e r i s t i c s  of g e d u e e d  T h e r m a l  I ) i m e r s  

l )  imers  

S o y b e a n  e s t e r  d i m e r  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
] : I y d r o f f e n a t e d  d i m e r  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
S o y b e a n  oi l  d i m e r  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

I ~ e d u e e d  d i m e r  w i t h  : 
S o d i u m  su l f i t e  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

S o d i u m  b i s u l f i t e  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Z i n c - a c e t i c  a c i d  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
t I y d r i o d i c  a c i d  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
L i t h i u m  a l l l l r l in l t l l t  h y d  ri<le . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

I o d i n e  
v~ll le  

q 6 . 2  
2 2 . 2  

sharp band for isolated Ira+is at 10.3 ~ wbMl is the 
same as the correspon(lilsg oleate hydroperoxide  (20), 
whereas the lin<ileate (timer showe(1 absorlltiou for 
tra, ns- trans  c(m.iugatioil at 10.1 ix (16) an<l for cis- 
tra'ns eonjug'ation at 10.2 and 1.0.5/,. 

Since the oxygen unaccounted for  in the dimers 
var ied fronl 0.4 to 2%, the possible presenc.e, of other 
oxygen-containing groups was investigated. The di- 
mers sh(>wed no (>xirmw oxygen or peroxi(lic oxygen 
i<>dometrically with l)otassium iodide. Evidence of 
other peroxi<li(~ oxygen was sought 1)y using hy(lriodic 
acid. This reagent is us(,d for determining d i ter l ia ry  
butyl  peroxide (9),  which is not reduced by I>olas- 
slum iodide (21). The dimer frmn soybean ester 
hydropcroxides  was reduced with hydriodic avid, and 
the l iberated iodim' was equiwdent to 2.(;5% " a c t i v e "  
oxygen, a value higher than the oxygen n l l a t ~ ( , O l l l l t e d  

for (1 .4%).  On catalytic hydrogenati<>n of the (limcr 
the active oxygen content decreased f rom 2.65 to 0.4%. 
This evidence may  possibly indicate the presem.e of 
intram<11ecular peroxide gr<tups iu the dimers. 

Reaction of the soybean ester hydroperoxide  (limer 
(OII ,  3.1; diene, 2:1; oxygen, 16.5%; tool. wt., 530) 
with hydrogen i<)dide elinfimtie(1 the hydroxyl  group 
and diene conjug'aliou. The hydrogen i<)dide-treated 
dimer had the following characteristics:  e l l ,  0; d iene, 
0; oxygen, 13.0%; tool. wt., 670. El iminat ion of the 
hydroxyl  group aceollnts for the decrease in oxygen 
content. Since no cJeavage of the dimer oceurre<l, 
it is concluded that  a (.arbon-to-carbon bond exists 
between the monomeric units. 

The reduction of soybean oil and soybean ester' 
hydroperoxide  dimers with different agents is shown 
in Table IV. I tydr iod ic  acid and l i thium ahnninum 
hydr ide  were the only chemical redncing-agents  that  
decreased the diene conjugation. L i th ium ahiminum 
hydr ide  almost doubled the hydroxyl  content indicat- 
ing the reduction of one ester group to the alcohol. 
Al though the catalytic hydrogenat ion of the dimer 
was not complete, the diene conjugation was elimi- 
nated by  this reaction. The molecular  weight of the 
hydrogenated  dimer  did not change. 

The a t t empted  aronlatization of methyl  linoleate hy- 
droperoxide dimer  by  brominat ion with N-bromosue- 
einimide and dehydrobrominat ion with N,N-dimethyl  
anil ine (32) failed. The dehydrobrominated dinler 
showed no aromatic absorption in the ultraviolet  re- 
gion. The residue (2.6%) obtained after exhaustive 
oxidation with permangana te  (5 hrs.) was also not 
aromat ic  before or a f te r  sublimation. Since the pres- 
ence of an hydroxy l  group in the vicini ty of a cyclic 
s t ruc ture  might  p revent  aromatization,  the bromina-  
t ion-dehydrobrominat ion procedure was repeated with 
the linoleate dimer, which was freed of hydroxyl  by 
t rea t ing  with hydrogen  iodide and acetic acid-zinc. 
The products  obtained a f te r  dehydrobrominat ion and 
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fract ion remained adsorbed on the colunlu, which 
could be eluted with ether. The dibasic aeid fract ions 
were identified by chronmtographing the mixed acids 
containing pure  sebacie and azelaie acids. The pre- 
sumed monobasie peaks were reehromatographed on a 
special column, using a s ta t ionary  phase rich in meth- 
anol to separate  C12 and C+a dibasic acids f rom pel- 
argonic acid (17). The ulonobasic f ract ion f rom the 
safflower ester dimer was all recovered as a single 
peak showing no higher dibasic acids. I t  was rechro- 
matographed  on a Ni jkamp eolunm (24) and was 
identified to be chiefly pelargonic acid. 

The presumed monobasic f ract ion f rom oleate di- 
mer on reehromatographiug  yielded 70% of a mono- 
basic peak and 21% of a mixture  of polar  dibasic 
acids which were not completely separated.  The first 
peak (70%) gave only 27% monobasic steam-distill- 
able adds .  The nondistil lable residue had a neutrali-  
zation equivalent  of 330, indicat ing that  it consisted 
of the original diineric acid which was not oxidized 
by the permanganate-per iodate  procedure. The com- 
plete f raet ionat ion of the acids f rom oxidized methyl 
oleate dimer gave the following composition: dibasic 
acids (C6 to Clo), 35%;  unidentified polar  dibasic 
acids, 9% ; polar  acids eluted with ether, 15% ; steam- 
~olatile monobasie acids, 8% ; and dimer not oxidized, 
15%. I t  is eoneluded that  the dimerie aeids behave 
like monounsa tura ted  mixtures  containing double 

% 
41 .4  

0 . 0  
9 .9  

15 .1  
4 , 2  
5.6 

14.9  

9 1 . 6  

afte.r 1)ermanganatc oxidation (2%) showed no aro- 
matic character  in the ultraviolet.  

The dimeric acids of methyl  oleale aml safflower 
ester hydroperoxides Otl~ained by saponification of the 
dimer esters were subjected to permanganate-per io-  
date oxidation (1.8) to estimate the position of double 
bonds. The ti tratiott  per weight of acids obtained 
af ter  oxidation was twice that  of the s tar t ing  dimeric 
acids. This effect would be expected f rom the forma- 
tion of either two dibasic acids or one monobasic acid 
and a tribasic acid. 

The oxidation t rea tment  yielded a complex mixture 
of mono- arrd dibasic acids and oih(w acids, which 
were not all identified. The chromatographic  separa- 
lions arc shown in Table V. An apl>reciatrh~ polar 

q ~ A B L E  V 

( ~ h r o n l a t o g r a l ) h i c  S e p a r a t i o n  of t h e  A c i d s  f ron t  ] ) i nn , r s  a f t e r  O x i d n t i o n  
with P e F Ill II ngll n D. re- P (!rio(lille 

F r a c t i o n s  Oh'a te  Saffiowt.r 
d i m e r  ostq.r d i tm.r  

,/, 
1. "Monobas i c "  p e a k  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  26 .6  
'~. (J[o d i b a s i c  a c h l  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  6 . 6  
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5. (~7 dibas ic  ac id  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
6. C~ d i b a s i c  a c i d  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . ..... 
7. E t h e r  e lua te  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

T o t a l  r e c o v e r y .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  7 3 . 8  
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Comparison of Methyl Esters and Their Thermal Dimers 
Wave Numbers, Cm: -~ 

hove LengtH, n11crons 
t.)s2o 

I,'m. 4. ]nfr:n'ed spectra of methyl esters and the correspond- 
ing hydroperoxidc dimers. 

bonds in positions Cs, C9, and C~o in the safflower ester 
dimer and in positions C6, C7, Cs, C9, and C~o in the 
oh'ate dimer. 

D i s c u s s i o n  

The thermal decomposition of autoxidized f a t t y  
cstcrs at  210~ gave yiehls of polymers approxi-  
mately  equal to the percentage, of eonce, n t ra t ion  of 
hydroperoxidcs.  The dilution of hydroperoxides  with 
alkali-con.iugatcd methyl  liuoleate did ~mt increase the 
y M d s  of polymers.  Fu r the rmore  thc characterist ics 
of the polymers obtained f rom mixtures  of hydroper-  
oxides and nonconjugated and conjugated fa t ty  esters 
were similar. These data  suggest that  only the hydro-  
I)croxides arc involved in the polymerization rcactions. 

This conclusion is in contrast  with the deduction of 
Williamson (35) that  methyl  linoleate and its hydro- 
peroxide arc involved in the polymerization, l i e  ear- 
ried out the decomposition at 100~ to 90% com- 
pletion amt found tha t  the oxygen ('onlent of the 
monomcric compounds formed was c(tual to more than 
half  the oxygen present  in the hydropcroxidc.  At  the 
levels of autoxidat ion studies in the present  paper,  
the hydroxyl  content of the monomeric I)roducts was 
only a small pa r t  of tha t  found in the polymers.  Our 
dimers f rom polyunsatura ted  fa t ty  ester hydroper-  
oxides are similar to those isolated by Williamson 
since they showed a carbon-carbon bond between the 
monomeric units. However  our dimers showed about 
half  as much unsatura t ion  and dicne conjugation and 
more oxygen than the principal  dimerie f ract ion iso- 
lated by  Williamson. A smaller dimeric f ract ion iso- 
lated by  him showed more similar eharacterist ics (low 
unsatura t ion  and higher oxygen) to the dimers iso- 
lated in the present  work. Williamson postulated 
that  this second dimerie product  is derived f rom the 
first major  dimer, probably  through reaction with 
hydroxyl  radicals. 

A number  of analyt ical  problems remain to be 
fu r the r  explored before one can obtain a clearer pic- 
ture of the s t ructure  of these hydroperoxide dimers. 

The oxygen content  of the dimers, which was not 
all accounted for  by  the hydroxyl  and earbonyl  con- 
tent,  may  only be a reflection of some inaccuracy  in 
the analyt ical  methods used. The data  on hydriodic  
acid reduction suggest a source of addit ional  oxygen 
in the dimers, which could be a t t r ibuted  to difficultly 
reducible peroxide linkages, e.g., in t ramoleeular  per- 
oxides. The presence of these linkages in var ious 
products  of autoxidat ion and polymerizat ion has been 
suggested by different workers  (4,5,6,22). Such link- 
ages, like the dialkyl  peroxides, are not reducible with 
potassium or sodium iodide (29,33). Hydr iod ie  aeid 
reduction is a s tandard  procedure  to determine di- 
alkyl peroxides like d i t e r t i a ry  butyl  peroxide (9).  
Recent unpubl ished evidence in this l abora to ry  in- 
dicates that  the presence of allylie unsa tura t ion  in 
alcohols and corbonyl compounds, as well as epoxy 
groups, give a positive test  for  hydriodic reduction. 
This may  account for  the excessive oxygen values 
obtained by hydriodie acid reduction of the dimers. 

The complex s t ruc ture  of the dimers is demonst ra ted  
by the mixtures  of acids obtained with pe rmangana te -  
periodate oxidation. One of the double bonds in the 
dimers was resistant  to this oxidation t rea tment ,  pos- 
sibly as a result  of sterie hindrance. The acids f rom 
oxidative fission of the oleate direct suppor t  the fol- 
lowing s t ructures  : 

R - C - [ 
R C 

A 
R - (~, - -  

COOl[  

COOl[  

COOII  

- - -  ( : ()OIt  
B 

Struc ture  A on oxidative spli t t ing would yield one 
short dibasic acid (C(~ to C9) and a higher  dibasic 
acid (0,7 to C:~) whereas Struc tm'e  B would yield 
one short monobasie, acid art(1 a higher tribasic acid. 
The isolation of only 8% monobasic acid f rom this 
dimer wouhl indicate tha t  S t ruc ture  A is the pre- 
dominant  one. Although only the C~; to (~o dibasic 
acids and the (',9 monobasic acid were positiw~ly 
identified, the presence of polar  highcr dibasic acids 
containing an hydroxyl  group or a tribasi( t acid is 
probably  indicated in the highly polar chromato-  
graphic fract ion that  was eluted with ether. 

The establishment of a mechanism for the dimer- 
ization of fa t  hydroperoxides  must  await  fu r the r  
kinetic investigations of this reaction. The present  
data  however do not suppor t  a l)iels-Ahler addit ion 
since no evidence of a six-membered cyclic s t ruc ture  
was obtained by brominat ion-dehydrobrominat ion  of 
the thermal  dimers. This mechanism is excluded in the 
thermal  decomposition of methyl  olcate hydroperox-  
ides that  yielded 90% dimer. F rom present  informa-  
tion on the decomposition of organic hydroperoxides  
(34) one may  postulate tha t  the thermal  decomt)osi- 
tion of fa t  hydroperoxides  yields an alkoxy and a 
hydroxyl  radical  by homolytie fission of the hydro-  
peroxide linkage. These radicals would, in turn,  at- 
tack other hydroperoxide  molecules to yield water  
and alkyl radicals that  would either dimerize with 
themselves or with alkoxy hydroperoxide radicals. 
The fai lure of added alkal i-conjugated f a t t y  esters 
to react and the substantial  loss of conjugat ion f rom 
the hydroperoxides  dur ing  the reaetion suggest tha t  
the hydroperoxide  free radicals must  rea r range  be- 
fore dimerization. Since the hydroperoxides are con- 
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jugated, their free radicals would be more reactive 
with each other than with the noneonjugated ester 
molecules (14). The high proportion of dimers ob- 
tained under  our condit ions  of decomposit ion is 
therefore attributed to interaction of free radicals 
derived by homolytie fission of the hydroperoxides. 

zation of hydroxyl determinations; to E. P. Jones for 
invaluable help in the permanganate-periodate oxi- 
dations and in chromatographic separations; to R. E. 
Beal for supplying the linoleie acid; to C. R. Sehol- 
field for the alkali-conjugated linoleic acid; and to 
Mrs. C. McGrew for the elemental analyses. 

Summary 

When autoxidized fatty esters and purified fatty 
hydroperoxides were decomposed in the absence of 
oxygen at 210~ the princii)al reaction was dimeri- 
zation of the fatty acid chains with elimination of the 
hydroperoxide groups, l) imers isolated by molecular 
distillation (60 to 90% of the polymer) have apIlroxi- 
mately 1 mole hydroxyl,  0.5 mole carbonyl, and two 
double bo]lds per mole of dimer. Diene conjugation 
in the dimers f rom polyunsatura ted fat hydroperox- 
ides varied from 10 to 23%. The infrared spectra of 
the dimers were similar to those of the original fatty 
esters except for one striking band at 2.9 ~, which is 
attributed to the secondary hydroxyl group. The cis- 
trans diene in the polyunsaturated hydroperoxides 
was isomerized to thc trans-trans configuration on 
dimerization. The mctllyl oleate hydropcroxide di- 
mer showed only abs()rtltion for isolated trans double 
bond. The dimer was llOt split either by catalytic 
hydrogenat ion or by hydrogen iodide, indicating a 
carbon-carbon bond between the nlOnO]ner units. On 
oxidation with per]uangamm,, and Ileriodate, the all- 
merle acids behaved like a nlononnsat]lrated mixture 
containing double bonds in the C~, C7, Cs, C9, and C1o 
positions in the oleatc direct and in the Cs, C9, and C10 
positions in the safflower ester dimer. Although the 
dimcrs showed n(t ])eroxi(lic oxygen iodometrically 
with potassium iodide, a rednction occurred with 
hydriodic acid that  may indicate the presence of in- 
t ramolecular  peroxide grout)s a]lll/or allylic alcohol 
or carbonyl groups. Bromination with N-bromosue- 
cinimide and dehydrobronlinatiou with N,N-dimethyl 
aniliue produced m) aromatization. Subsequent oxi- 
dation of the dehydrobronlinated dimer yielded 2.6% 
residue, which was not aromatic. This evidence indi- 
cates that the dimer does not have a six-membered 
cyclic structure. Dimerization of the hydroperoxides 
is suggested as occurring through alkyl or alkoxy 
hydroperoxide radicals to give carbon-carbon linked 
fatty acid dimers and some higher polymeric units. 
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