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Part II 

The Glyceride Structure of Fats and Oils 
R. J. VANDER WAL, Armour and Company, Chicago, Illinois 

I 
It' ON}.' W E R E  TO DEAL OUT,  into piles of three, a well- 
shuffled deck of cards ( f rom which the joker was 
excluded) and were to do so again and again, one 

would eventual ly lay down 64 different sequential 
com b ina t i ons  of the  va r i ous  sui ts .  Some of these  
would be simply the reverse of others. Fo r  instance, 
the sequence clubs--diamonds hearts  is simply the 
reverse, of hear t s - -d iamonds- -ch lbs .  I f  these and 
other similar pairs are considered equals, there still 
remain 4(I different and distinct combinations of three 
cards each, derivable f rom the four different suits. 

The triglycerides of a natural  fat  composed of four 
different f a t t y  acids esterified with glycerol likewise 
can exist in 64 different theoretical combinations, of 
which 40 are chemically distinguishable. A natural  
fat  eomt)rised of only four  f a t ty  acids would however 
be rare indeed. But ter  fa t  :is conlprised of at least 
28 different varieties capable of existing in nearly 
15,000 quite distinct combinations, each of which is 
a specific triglyceride. 

I t  would, of course, be a stupendous task to separate 
and ident i fy  each of these combinations even in a rel- 
atively simple fat  and to determine its percentage of 
the whole fat. I f  all the components were dispersed 
at random, it would na tura l ly  be quite a simple mat- 
ter to calculate the percentage of each var ie ty  of tri- 
glyeeride from the component acid analysis of tile 
whole fat  by  applying the simple rules of probability. 
But  it is not so simple because usually distribution in 
natural  fats is not completely at random. 

After  the discovery by Chevreul in 1823 that  fats 
are glyeeryl  esters of f a t t y  acids, it was more or less 
tacit ly assumed, according to Hilditeh (1), that  they 
are mixtures of simple triglycerides, such as triste- 
arine, triolein, etc. This belief was chMlenged near 
the middle of the century  by Berthelot,  who pointed 
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out the possibility that  they could contain molecules 
of the mixed tyI)e comprising two or three different 
fa t ty  acids. 

Hildi tch (1) and his co-workers have studied the 
glyeeridc s t ructure  of fats by a variety of techniques, 
the best of which is fractional crystallization at mod- 
erate and low temperatures,  followed by component 
atilt and other amdysis of the fractions. They  found 
considerable cvi(lenee of nonrandom attachnlcnt of 
specific varieties of acyl groups at the 2-positions of 
the molecule, findings later confirmed and elaborated 
by Mattson and coworkers (2,3),  and by some others 
(.ited by Mattson et al. 

These discoveries have disposed of any likelihood 
that, except in rare instanees, the f a t ty  acyl groups in 
fats are distr ibuted completely at random. I t  is there- 
fore not ordimtriIy possible to calculate the propor- 
tions of the specific triglycerides in fats f rom the 
component acid analysis of the whole fa t  by appli- 
cation of the rules of probability. 

The percentages of the glyeeride types Sa, S2U, 
SU=,, and Ua in a wide var ie ty  of fats were estimated 
by Hilditch and his co-workers. ]n many cases the 
percentages of nmre specifically defined triglycerides, 
such as disaturated oleins, saturated dioleins, and 
dioleolinoleins, were also estimated. 

T i le WORK of I t i ldi tch and his co-workers leads to 
the observation that  there is a tendency in the 

natural  fats toward heterogeneity in the distribution 
of the aeyl groups among the various molecules. In 
other words, there is a tendency to produce as little 
as possible of the simple triglycerides and a corre- 
sponding tendency to produce mixed triglycerides. 
This came to he known as the principle of " e v e n  dis- 
t r i bn t ion"  and is defined most recently by Hildi teh 
in the third edition of his well-known volume. 
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The next major  a(lvances in the s tudy of glyccridc 
s t ructure  were disclosed by A. R. S. K a r t h a  (4) in 
1949. ()ue of K a r t h a ' s  c o n t r i b u t i o n s  was a new 
method for determinat ion of the glyceride types S:~, 
S.,U, SI~.=,, and U:~ by a less difficult and perhaps  more 
consistently accurate procedure than  those used by  
I l ihl i tch and his colleagues. 

This method has been replaced by still bet ter  pro- 
eedures and need not be discussed in detail. I t  in- 
cludes a process for modifying the unsa tura ted  groups 
in fa t  molecules by oxidation, and par t ia l  separat ion 
of the reaction I)roduets by solubility differences af ter  
conversion of the acidic portions to the magnesium 
salts. 

The results of analysis by this procedure agree very 
well, in most cases, with those obtained by another  
procedure devised t)y Kartha,  by means of which the 
proportions of the glyceridc types are calculated f rom 
the S and S.~ content. This method of calculation is 
based ou the following assumptions:  a) tha t  in l iving 
tissue the acyl groups in the fa t  are constantly inter-  
changing with each other, t)) that  they are all equally 
reactive, c) that  acyl groups in the 1-, 2-, and 3-posi- 
tions interchange with equal readiness, and d) that  
no more Sa can be produced than  will remain in the 
living tissue in a state of fluidity. Under  these circum- 
stances distr ibution of the acyl groups  at any  instant  
will be at random, providing that  the quant i ty  of S:~ 
so produced can exist in the living tissue in a fluid 
state. ]in case the fa t  contains so much S that  the 
amount  of $3 which would be produced by str ict ly 
random distr ibution exceeds the amount  which can 
remain fluid, the excess S must  combine with U to 
fo rm mixed triglycerides.  The following example 
illustrates these variations. 

In  a na tura l  fa t  in which the f a t t y  acyl components 
consist of 50% of S and 50% of U, the percentages 
of the t r iglyceride types produced by random distri- 
bution would be: 

S:~ S,,U ' SIT,_, U:~ 
]2.5 37.5 37.5 12.5 

I f  12.5% of $3 can exist as a fluid in the living tissue, 
the fa t  in vivo will have this composition (according 
to Ka r tha )  at any  instant.  Upon the death of the 
tissue or ma tu ra t ion  of the seed, the interchange of 
groups will stop, but  the proport ions  of the glyceride 
types  will not change. 

I f  however no $3 whatsoever  can exist in the l iving 
tissue in the fluid state, no S.~ at all will be produced, 
according to the theory. Then the S which otherwise 
would have produced $3 must  combine with U to 
fo rm S2U or SU2. Calculated by  K a r t h a ' s  method, 
f rom the percentage of S which is 50 and the per-  
centage of $3 which is O, the percentages of the glyc- 
eride types will then be: 

$3 S2U SU2 U3 
0 58.4 33.3 8.3 

I f  any  quant i ty  at  all of Sa can be present  in the 
tissue as a fluid, the propor t ions  of the remaining 
types  will v a r y  accordingly. This type  of distribu- 
tion has been called "res t r ic ted  r andom dis t r ibu t ion ."  

The results obtained by  K a r t h a ' s  methods agree in 
almost all cases with the values for  the glyceride types 
obtained through other procedures  by  Vander  Wal  

(5), Youngs (6), and I I ammond  (8),  which will be 
discussed later. 

I T WAS however soon pointed out that  K a r t h a ' s  dy- 
namic equil ibrium concept is not ent i rely in agree- 

ment  with the facts. Shown in F igure  1 is a molecule 

.S, S, U 

H 
I 

(1) H - C - S  
I 

(2) H - C - S  (A) 
t 

(3) H - C - U  

H 

H H 
I I 

(1) H - C - O H  (1) H - C - U  
I s , s , u  [ 

(2) H - C - O H  ~. (2) H - C - S  (B) 

(3) H - C - O H  (3) H - C - S  
I 

H H 

H 
I 

(1) H - C - S  
s , s , u  I 

-~ (2) H - C - U  (C) 
I 

(3) H - C  S 
I 

H 

Fro. 1. Specific triglycerides obtainable by cstcrification of 
two saturated and one unsaturated aei(is with glycerol. 

of glycerol, the carbon atoms of which arc numbered 
1, 2, and 3. Esterification of this molecule with two 
molecules of sa tura ted  and one molecule of unsatu- 
rated f a t t y  acid can occur in three ways, as shown 
in F igure  1. Molecule A is however not chemically 
distinguishable f rom Molecule B so actual ly  only two 
chemical species are produced. 

Note however that  if A, B, and C are produced with 
equal facility, as when reaction occurs at random, 
there is twice as much oppor tun i ty  for  format ion of 
the combined unsymmetr ica l  forms of S2U, which we 
will designate as SSU, as for  format ion  of SUS. In  
the same way two molecules of SUU, the unsymmet-  
rical fo rm of SUe, will be produced for  each one of 
USU. A state of dynamic equil ibrium result ing in 
r a n d o m  d i s t r i b u t i o n  of S a n d  U in t r i g l y c e r i d e s  
will, then, result  in two par ts  of the unsymmetr ica l  

I n d e x  to  P a r t  II 
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T A B  L E  I *  
T r i g l y c e r i d e  Types  and  l;someric F o r m s  in Some :l-Iypothetical and  N a t u r a l  F a t s  

F a t  

l fypo the t i ea l ,  No. 1 
a = 5 0 ; b = 5 0  
] ) i s t r i bu t i on ,  r a n d o m  

Hypothe t i ca l .  No. 2 
a : 5 0 ; b = 0  
Pos i t i ona l  d i s t r i bu t i on  
r a n d o m  

K o k u m  bu t t e r  ( 2 )  
a I-- 59.3  ; b ~ 3.7 

Pig' fa t  ( 2 )  
a ~ 3 6 . 0 ;  b ~ 70 .7  

l ?eanu t  oil ( 2 )  
a = 2 0 . 9 ;  b =  1.4 

Bee f  f a t  ( 2 )  
a = 53.5  ; b - 29.2  

Cocoa bu t t e r  ( 2 )  
a - -  5 9 . 9 ;  b - ~ 9 . 8  

P i g  fat ,  safflower oil d ie t  (21 
it = 22.3  ; b ~ 44 .0  

Rat  fat ,  fa t - f ree  diet  ( 2 )  
a ~ -  14 .8 ;  b ~ 17 .2  

Soybean oil ( 2 )  
a = 1 2 . 8 ;  b =  O.O 

Cale,, p r e s e n t  method 

Cale., r a n d o m  d i s t r i bu t i on  

Calc., p r e s e n t  method 

Calc., r e s t r i c t e d  r a n d o m  d i s t ' n  

Cale., p r e s e n t  method 
Found ,  ( 5 8 . 9 %  S in  sample )  

( 4 )  
Calc., r e s t r i c t e d  r a n d o m  dis t 'n  
( 5 8 . 9 %  S in sample )  

Cale.. p r e s e n t  method 
Found ,  ( 3 7 . 8 %  S in sample )  

( 5 )  

Calc., p r e s e n t  method 
Found ,  ( 1 9 . 5 %  S in sample )  

( 3 )  
Calc., r a n d o m  dis t 'n ,  ( 2 0 %  

S in  sample )  

Calc., p r e s e n t  method 
Found ,  ( 5 9 . 4 %  S in sample )  

( 5 )  

Calc., p r e s e n t  method 
Found ,  ( 5 9 . 8 %  S in  sample )  

(6) 
Calc.. p r e s e n t  method 
Calc.. r a n d o m  d i s t r i b u t i o n  

Cale., p r e s e n t  method 
Cale., r a n d o m  d i s t r i bu t i on  

Cale., p r e s e n t  method 
Cab.., r a n d o m  d i s t r i bu t i on  

Composi t ion  : Types  ( %  w t . )  I 

GSU,~ __ G U:~ 

37 .5  12.5 

37 .5  12 .5  

37 .5  I 6 .25 [ 

Composi t ion  

33 .3  8.3 

2 1 . 6  1.6 

20 .8  1.6 

20 .6  ~' 2 a 

55 .7  19.4  

53 .3  a 18.5  a 

42 .5  47 .5  

42 " 49  a 

38 .4  51.2  

35.3  8.4 

30.3  a 4 9 " 

23.3  2.1 

21 a ...... 

45 .8  44 .0  
4 0 . 4  46 .9  

32 .3  61.7  
32.2  61.8  

31 .O 65.3 
29 ,2  66.3  

S U S  SSU 

25.C 

12.5  25.C 

56 .25  0 

19.5  3,%(3 

73.1 0,~ 

25 .1  50.3  

1.0 21..4 

9.3 0.6 

3.2 6.4 

30 .6  13.1 

65.O 2.5 

0.7 8.9 
3.9 7.8 

1.6 4.1 
1.9 3.7 

3.7 0 
1.4 2.9 

* R p r i n t ed  f rom lgeferen(.e 5 :  a <2'o Mol. .In these fats  the ( l i fferen( 'es  bet, wern  % reel and r/~ w,. a r e  m'gli~ibl(, ,  

forms of mixed triglycerides,  SSU and UUS, for each 
I)art of the symnmtri(.al forms, SUS and USU. Re- 
s t r i c t i o n  of the  p r o p o r t i o n  of S:~ f o r m e d  in the 
rea(~tiolt would make no difference in this ratio. But  
l l ihl i tch long ago demonstrated that, in some fats 
at least, the unsynlmetrical  and symmetrical  isomers 
of S2U and SU._, do not exist in the ratio of 2 to l ,  
and lmtton,  Mattson, c t a l .  (2,3) have supported 
and Cxl)anded these observations. 

It  is obvious therefore tha t  even though K a r t h a ' s  
method of calculation of the glyceride types does 
give values usual ly  agreeing with  those of others, the 
theory of a dynamic equil ibrimn of equally reactive 
aeyl gront)s among equally reactive posit ions of the 
glycerol component  is not  tenable. This defect in 
K a r t h a ' s  theory shows up s t rongly when an a t t empt  
is nladc to calculate the glyceride type of composition 
of lard. The la t ter  is sharp ly  distinguished fronl all 
other fats on record by the fact that an extraor- 
dimu'ily large part of the 2-positions is occupie(l by 
sa tura ted  aeyl groups. This circumstance makes it 
inlllOssible to calculate the correct values by means 
of Kartha's  formulas.  

The basis for  the next fo rward  stride in the elu(,i- 
darien of glyeeride s t rneture  was laid in 1!)56 by 
Mattson and Beck (2) ,  who found that long-chain 
a(.yl groups in the 1- and 3-positions of triglyceri(h, 
molecules can be selectively removed by digestion of 
the fat  with pancreatic lipase. Analysis  of the frag- 
ments enabled them to conclude, in agreement with 
the earlier observations of Hilditeh,  that, in some 
fats at least, the aeyl groups are not distributed at 
random but that some of them are to be fomld in 
greater- or lesser-than-random proportions in the 2- 
positions. 

I n 1958 Mattson and Lutton (3) published the 

: I somer s  ( %  wt . )  

U S U  U U S  

12.5  25 .0  

12.5  25 .0  

0 37 .5  

11.1  22 .2  

O 21 .6  

6.9 13 .7  

46 .9  8.8 

0.7 41 .8  

12.8  2 5 . 6  

3.4 31 .9  

0.2 23 .1  

34 .5  11.3  
13 .5  27.(I 

12 .8  19.5  
10 .7  21 .5  

O 31 .0  
9.7 19.5  

results (if a series of (lUa,ltitative analyses of various 
fats  by which they determined the prol)ortions of S 
in the whole fats  and the proport ions of S in the '2- 
monoglyccrides that  rcmaim~'d a f te r  the groups ill the 
1- and 3-positions were remow,(I by means of t)ancre - 
atie lipase hydrolysis.  

U sIN(~ 'r[tES~,: I)ATA, Vander  Wal  (5) published a 
l)ro~'e(lure for cah 'ulat ing the 1)roportions, not 

only of the $3, S2U, NIL,, and IT3 but  also those of the 
isonlcric forms of S21;, wlli('h are, SSU alut SI;S, and 
lhosc of SU2, which arc UI;S and I;SIT. 

The method is based on the folh)wing two 1)ostu- 
latcs: whatever  i)roi)ortions of S and U OCClll)y the 
collective 1-positions, the collective 2-positions, and 
the collective 3-positions in the trigly( 'erides of a nat- 
m'al fat, they are dispersed therein at random;  what- 
ever prol)ortions of S and U occnpy the collective 
1-positions, equal proport ions  occupy the collective 
3-positions. A. S. Richardson (5) was quite likely the 
first to conceive of ttle pa t te rn  of (l~strihlltioll rep- 
r(,smlted by these two postulates. 

lh)w well the vahles calculated by this lncihod 
agree with some exper imental  and ltnown wtlues is 
show.  in Table [. In the table the letter a, in tile 
first colmnll, represents  the percentage of S in the 
whole fa t  while b represents  the percentage (if S in 
the acyl groups in the 2-position only. The nmthe- 
matieal  procedure can be found in Reference 5. 

I t  can be seen tha t  there is good agreement  be- 
tween the experimental  and calculated values where 
the samples are comparable except in the case of 
cocoa butter. Even in this instance the divergences 
are so small that they could well  be due to experi- 
mental  error. Calculated and experimental  values 
agree well  for lard, which has a large preponderance 
of S in the 2-position, and for kokum butter, in which 
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U great ly  prepondera tes  in the same position. Note 
that  one is an animal fa t  and the other a vegetable 
fat.  Appl icat ion of the method to the hypothet ical  
fa t  of known consti tution (No. 1) shows tha t  the 
mathenmtical  process is a valid one. As will be de- 
scribed later, other investigators are in agreement  
with the results. 

It seems reasonable to conclude that  for fa ts  such 
as these, in which C16-Cls component  acids predomi- 
nate arid in which shorter  or longer components are 
present  in relat ively small proportions,  the process is 
likely to give a good representat ion of the actual  
s tructure.  

Short ly  a f te r  the foregoing procedure was described 
in 1959, A. S. Richardson, in pr ivate  correspondence, 
described a much simpler method of calculation giving 
the same results, which presumably  he will describe. 

Quite rece~ltly Yomlgs (6) has announced the dis- 
eovery and development of another  process for deter- 
mini~lg the proI)ortions of the glyceride types and 
isomers, based on separati(m by means of chromatog- 
r a p h y  of the products  of par t ia l  oxidation of the 
unsa tura ted  molecules. Analyses by Youngs confirm 
the accuracy of Vandcr  Wa l ' s  results. 

Dut ton  (7) has described recently the appl icat ion 
of the counter-curt(rot distr ibution technique to the 
analysis of cocoa butter .  I l i s  article, when published, 
will contain references 1o other work by means of the 
same procedure.  

H a m m o n d  (8) has employed the t empera tu re  gradi-  
ent technique in resear(.h (m glyceride structure.  His  
results also agree with those of Vauder  Wal.  

I t  should be obvious by now tha t  ra ther  than  being 

a helter-skelter,  unpredictable,  unordered mixture  of 
t r iglyeeride components, the na tura l  fa t s  are highly 
organized and quite predictable. 

T IlE END is not yet. Another  great  problem is the 
explanat ion of how both plants  and animals can 

produce such complicated but precisely organized 
substances as fats. This is pa r t l y  the biochemist 's  and 
the enzymologist 's  job, but the mathemat ica l  relation- 
ships discussed in this paper  must  be satisfied by  any  
system of synthesis they evolve. Indeed these indi- 
viduals may  very  profi tably be guided thereby. 

F r o m  the point  of view of the chemist in industr ial  
fats  and oils a knowledge of the s t ruc ture  of fats  is 
as impor tan t  as a road map to the traveller.  Research 
heretofore has been done without real knowledge of 
the s t ruc ture  of the substances involved and has there- 
fore been carried on in a state of semiblindness. Now 
we shall be able to see where we are, what  we have to 
work with, and what  we can hope to achieve. The 
results should be bet ter  products,  more economically 
produced, with advantages  to all concerned. 
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Interesterification of Edible Fats 
W. Q. B R A U N ,  Wilson and Company, Chicago, Illinois 

D 
U R I N G  T H E  L A S T  T E N  Y E A R S ,  rearranged lard has 
become a very  impor tan t  shortening ingredient.  
I t  is p repa red  f rom na tura l  lard by redis t r ibut-  

ing the f a t t y  acid radicals among the t r iglyceride 
molecules. 

T h a t  e s t e r s  can  e x c h a n g e  ac id  g r o u p s  has  been  
]Known for  almost one hundred  years. In  1865, Fr iedel  
and Crafts ,  of Fr iedel -Craf t s  reactions fame, heated 
a mix ture  of amyl  acetate and ethyl benzoate at 
300~ in a sealed tube. When  they analyzed the 
contents of the tube, they found ethyl acetate and 
amyl  benzoate as well as the original amyl  acetate 
and ethyl benzoate (1).  This classical exper iment  was 
the first demonstra t ion of interesterification~ the ex- 
change of aeyl and alkyl groups between esters: 

RCOOR'  + R " C 0 0 R ' "  ~ R C O O W "  -4- R " C O O R '  

In  this discussion the t e rm interesterification will 
re fer  only to an exchange of acid or alcohol groups 
by esters. This is sometimes also called ester inter-  
change or transesterification. Al though we are p r imar -  
ily concerned with the interesterifieation of edible fats, 
it will be necessary to refer  to a number  of related 
ester reactions f rom t ime to time. 1. Esterificatio~ is 
the f o r m a t i o n  of an ester and water  f rom an alcohol 
and acid. 2. Hydrolysis is the spl i t t ing of an ester by  

water.  Free  alcohol and acid are formed.  3. Saponi- 
fication is the spl i t t ing of an ester by alkali. Soap and 
alcohol are formed. 4. Alcoholysis is a displacement of 
the alcohol radical  o f  an ester by another  alcohol. 
5. Acidolysis is a displacement of the acid radical of 
an ester by  another  acid. 

Interesterification of Triglycerides 

Fats  have three ester linkages per  molecule. There- 
fore the interchange possibilities are many.  Not only 
can the f a t t y  acid groups exchange positions within 
the molecule, but  each f a t t y  acid can also t rade places 
with any  one of three f a t t y  acids in another  molecule: 

Interesterification within Molecules 
CH2OCOR' CH2OCOR" CH~OCOR' 
I t I 
CHOCOR 'r ~-- CHOCOR r ~ CHOCOR" 
I ! t 
CHo.OCOR'" CH2OCOR" CH~OCOt~" 

Interesterification between Molecules 

CH2OCOR ~ CH2OCOR" CH2OCOPJ'  CH2OCOR" 
r I I I 
CHOCOR,' + CHOCOR" ~-- CHOCOR' W CHOCOR" 
I t r ] 
Ctt~OCOI~' CH~OCOR" CH2OCOR" CH~OCOR' 


