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industry. Two of the six, those made with the butyl 
and hydrogenated butyl esters of maleinated jojoba 
acids, met the still more stringent low-temperature 
requirements of the aircraft industry (-55°C.).  

In general, hydrogenation of a derivative adversely 
affected its compatibility in either the vinyl eopoly- 
mer or the Buna-N formulations. 
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M 
ONOGLYCERIDES are made commercially either by 
the esterification of fat ty acids with glycerol 
or by the alcoholysis of a fat with glycerol. 

The product is a mixture of mono-, di-, and triglye- 
erides with unreaeted glycerol. The last is frequently 
removed at the end of the reaction period. 

Feuge and Bailey (5) recognized that since mono- 
glycerides are customarily prepared at high tempera- 
tures in the presence of alkaline catalysts, conditions 
exist which are favorable to ester interchange equi- 
librium. They showed that the proportions of glyc- 
erol, mono-, di-, and triglycerides can be calculated 
statistically if one makes the following two assump- 
tions: a) that there is a random distribution of acyl 
groups on the hydroxyls of glycerol and b) that there 
is equal probability that the primary and secondary 
hydroxyl groups will be esterified. According to 
Feuge and Bailey, the predicted and experimentally 
estimated compositions were in reasonably good agree- 
ment. Although the method of calculation presented 
by them has contributed greatly to elucidating the 
composition of commercial monoglycerides, there ap- 
pears to be an inconsistency in their comparison of 
experimental and calculated compositions. In a recent 
review of the literature on monoglycerides Demarcq 
(4) noted the following: "Feuge and Bailey appear 
to rely on two contradictory postulates: that of equal 
chance of esterification of hydroxyls on the one hand 
and that of the nonformation of beta monoglyeeride 
on the other hand."  Demareq attempted unsuccess- 
fully to devise a nlethod of estimating relative hy- 
droxyl reactivity. The work reported here was directed 
at re-examining the assumptions required to predict 
the distribution of acyl groups. 

The first assumption necessary to predict the equi- 
librium composition of mixed partial esters of any 
polyol is that the chance that any hydroxyl will be 
esterified is determined by the relative molar pro- 
portions of acyl groups to hydroxyl groups. It is 

1 Presented at the 50th annual meeting, American Oil Chemists' Soci- 
ety, New Orleans, La., April 20-22, 1959. 

further implied that the presence of one aeyl group 
on a polyol is without effect on the esterifiability of 
the remaining hydroxyl groups. In order to test this 
assumption, the cquilibrimn composition of the reac- 
tion product of oleie acid and ethylene glycol was 
determined. Ethylene glycol (Carbide and Carbon) 
was reacted in approximately equimolar proportions 
with commercial oleic acid (Emersol 233LL, Emery 
industries) at 175°C. under nitrogen, using 0.1% 
NaOH as catalyst. The contents of the flask were 
sampled after approximately 1:~, 5~/4, and 12~/4 hrs 
and analyzed for acid number and sapouification num 
ber by essentially the A.O.C.S. methods; for hydroxyl 
number by a modification of the method of West, 
Hoagland, and Curtis (11); and for free ethylene 
glycol by periodate consumption. Results of the an- 
alyses are given below: 

Time----hours ................................. 1 ~ 5 ¼ 121~ 
Acid number .................................. 42.1 5.3 2.4 
Saponification number .................. 177.5 178.0 178.5 
Hydroxyl number .......................... 181.0 155.0 142.5 
Weight % free glycol ..................... / 5.9 3.8 3.6 

The ester number and hydroxyl number of the ester 
portion can be calculated on a free glycol- and fatty 
acid-free basis by using 276 as the molecular weight 
of the acid as determined from its acid number. As 
has been shown elsewhere (1), the mole ratio of mono- 
ester to diester, M, can be computed from the relation 

2 
M =  

(E/If) - 1 

where E and H are the ester number and hydroxyl 
number, respectively, of the ester portion. The weight 
ratio of monoester to diester is equal to 320M/578, 
where 320 and 578 are the average molecular weights 
of ethylene glycol nlono- and diesters of commercial 
oleic acid, respectively. From the weight percentage 
of free glycol, monoester, and diester in the acid-free 
product, the mole fractions can be computed very 
simply with the results given below: 
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1 ~ hrs .  5 ~A hrs .  12 ¼ hrs .  
T i m e - - } l o u t s  . . . . . . . . . . . . . . . . . . . . . . . .  

Expt l .  Calcd.  ExptL CM('.d, Exp t l .  Caled.  

E t h y l e n e  g'lycol . . . . . . . . . . . . . . . . . . . . .  0 .338  0 .328  0 .210  0 . 2 2 4  0 . 2 0 4  0 . 2 0 0  
E t h y l e n e  glycol monoes t c r  .... 0 .470  0 .489  0 . 5 2 6  0 ,499  0 . 4 8 6  0 . 4 9 4  
E thy l ene  glycol d i e s t e r  ... . . . . . .  0 .192  0 ,182  0 . 2 6 4  0 . 2 7 7  0 . 3 1 0  0 . 3 0 6  
I¢, mole ra t io  ac id /g lyco l  ...... 0 . 8 5 4  1 .053  1 , 1 0 6  

The exper imenta l  results are compared above with 
the compositions calculated on the assumption of equal 
react ivi ty  of all hydroxyls.  These theoretical composi- 
tions are calculated f rom R, the moles of combined 
f a t t y  acid per  mole of glycol, as follows. 

The chance that  an hydroxyl  will be esterified is 
]~/2, and the chance that  an hydroxyl  will be free is 
1-R2. Hence the mole fract ions of free glycol, mono- 
ester, and diester in the general case are:  

F ree  glycol = (1 -- R /2 )  ~ 
Monoester = 2 [R /2  (1 - R/2)  [ 
Diester  = (R/2)  ~ 

I% is calculated f rom ester and hydroxyl  numbers  of 
the f a t ty  acid-free product.  The agreement  is within 
the precision of the analyses and justifies the assump- 
tion of r andom esterifieation of all available hydroxyl  
groups. The first sample at  1:~: hrs. was incompletely 
esterified but, on a free acid-free basis, showed as good 
agreement  of calculated and determined molar  compo- 
sitions as la ter  samples. This demonstrates  that,  in 
the case of ethylene glycol, ester interchange equilib- 
r ium l)roeeeds as rapidly  as est(~l'ifi~:ation. The obser- 
vation that  random esterificati(m (tf p r imary  hy(lrox- 
yls oecl,rs dur ing  esterifieati/m is in agreement  with 
the (;om;h~sion reaehe(l in I)r('vious stu(ties on the f(lr- 
mation of i)olyoxyethylene (8) sleal'atc by the rea(;- 
tion of ethylene oxide with (tomm(,l'('~ial stearic acid (1). 

Sinec the above data have del,l/mstraled c(tnal aim 
in(lelmnllcnt react ivi ty  of the p r i m a ry  hydroxyls  of 
ethyhme glycol, we believe it. is r('aSOllld)lc to expect 
this to be t rue  of the p r i m a r y  hydroxyls  of glycerol. 
We do not intend to imply lha! the reaetivity of a 
ilrima,'y hy(lroxyl gr(lup on gly(,(,rol is the same as 
that  of a l ) r imary hydroxyl  (in (,lhyhme glycol. 

We can now proceed to examim~ the seeon(l ~LSNIIlll])- 
lion of Feuge and Bailey of equal rvactivity of pri- 
mary  and se(~olldary hydroxyls  of gly~'ero]. 

Theoretical 
As was demonstra ted above by results on ethylene 

gly(:ol oh,ate, the probabil i ty  lhat  a p r imary  () l l  will 
be estcrified is equal to the mole raiio of tile esterifiell 
p r ima ry  O l I ' s  to total p r i m a r y  ( ) l l ' s  or a / ( a + l ) ,  
where a is the mole ratio of esterifie(l to t'ree p r imary  
hydr/)xyl groups. Similarly the probabil i ty  that  a 
secondary OI[  will be estcritie(l is equal io b / ( b  + 1), 
where b is the mo] ratio of eslerifie(I to free seconltary 
hydroxyl  groups. 

As a general expression, llle mmd)er of rallies (If 
acid esterified with a mole of i)olyol is /~qllal to the 
number  of I ) r imary hydroxyl  groups in the pl/lyol 
times the f ract ion of p r i m a ry  groulls esterified l)lus 
the nmnber  (if secondary t/ydr(/xyl groups in the 
polyol times the fract ion (if Sl,COn(tary hydroxyls  es- 
terified plus a similar term for t e r t i a ry  hydroxyl  
groups if they are present. In the ease of glycerol 
the expression for moles fa t ty  a/;i(l esterifiell l)er mole 
of glycerol re(tuces to 2 a / ( a  ÷ l )  +/) / (1)  ÷ 1). 

In  a mixture  of glycerol, mouo-, di-, and trilz'ly('er- 
ides, raider suitable ester interchange e(m(litions, the 
following equilibria will be expel, ted to be established: 

1. 2-mono ~ 1-mono 
[1 mono] 

K1--  
[2 mono] 

also 2-mono ~-  3-mono 
K I '  = [3-mono] 

[2-mono] 

Adding,  K1 + K I '  = [1-mono]+ [3-mono] 
[2-mono] 

Since K1 = K t '  and [1-mono] + [3-mono] 
= observed a-monoester content  

[a-mOUO] 
K 1 -  

2Ifi-mono] 

The other ester interchange reactions and equil ibrium 
expressions are summarized as follows: 

2. 1,2-di ~ 1,3-di 
2 [~, ~-di ] 

K2 
I ~,/3-di] 

3. glycerol + 1,2-di ~- 1-mono + 3-mono 
[~-mono] 2 

2 [glycerol/[a,fl-di]  

4. l -mono ÷ 2-nlono ~ g l y e e r o l +  1,3-di 
2 [glycerol ] [a,a-di] 

K 4 
[ ( t - n l O l l O ] ] f l - H l O I l ( ) ]  

5. 1,2-di + 2,:l-di ~ l-tattoo + tr i  
2] ~-,nono] Itril 

K5 = 
I ,~,//-d i ] " 

6. glycerol + tri ~ l-nmlm + 1,3-11i 
! ,,.-mono ] ],~,~-dij 

K .  = 
2[ glycerol ] [tri ] 

The above reactions arc the only ones involving the 
migrat ion of an aeyl group f rom a 1)rinutry to a sec- 
(/mlary hydroxyl  or vice versa. 

A general expression for migra t ion of acyl groups 
between I)r imary and secoll(tary hydroxyls  is derived 
t)elow, where RpOH and R,()I[ (hmote nloleeules con- 
taining a p r i m a r y  and secondary hydroxyl  group, 
respectively: 

R~,-()II + R'C()()tt ~-  Rj,-()()(Jlg' + HeO 
and l/~-()H + R 'C( )OI [  ~ R~-OO(UU + H e 0  

Tim abov{~ chemical equations of esterification of pri-  
nlary and secondary hydroxyl-containing compounds 
can be subtracted one f rom another  with the following 
equation result ing:  

R~,-()H + R~-OOCR' ~--- R~-OI[ + R,-OOCR' 

for which the equil ibrium constant,  K, can be ex- 
pressed as follows: 

[R~-'OH] LR,-OOCR'I  
K -  

[R~-OOCR'] [ R , - O H ]  

The term [R~,-OOCR']/[R~,-OH] is equal to the quan- 
t i ty  "a" as defined earlier, and [R~-OH]/[R~-OOCR'] 
is equal to l / b .  Consequently the equil ibrium constant 
for migrat ion of a(:yl groups between p r i m a r y  and 
secondary hydroxyl  positions is s imply  equal to the 
following: 
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a 
K - -  

b 

I f  one makes the assumption, as we have here, that  
any  p r i m a r y  hydroxyl  in glycerol has the same chance 
of being esterified as any  other p r i m a ry  hydroxyl ,  
regardless of whether other hydroxyls  in the molecule 
are free or esterified, and similarly for secondary hy- 
droxyls, it is obvious that  

K I : K 2  = K ~ : K 4 : K ~ : K 6 : K  

The molar  composition can now be related to the 
probabili t ies that  the p r i m a r y  and secondary hydroxyl  
groups will be esterified, as demonstrated below: 

a 
Probabil i ty  of esterified p r imary  OH 

a + l  
1 

a + l  
Probabi l i ty  of free p r i m a ry  OH 

Likewise for the secondary hydroxyl ,  
b 

Probabi l i ty  of esterified secondary OH = b +-----~ 

1 
Probabi l i ty  of free secondary OH = -b + 1 

The molar  composition in terms of a and b is as 
follows: 

Glycerol = 
1 1 1 1 

. o  _ - -  

a + l  a + l  b + l  ( a +  1)2 (b + 1) 

~-Monoglyceride = 
a i 1 2a 

a+l a+l b+l (a+ 1)2 (b+ I) 

fl-Monoglyceride = 
i 1 b b 

a + l  a + l  b + l  ( a + l )  2 ( b + l )  

a,a-Diglyceride = 
a a i a" 

a+l a+l b+l (a+ I)2 (b + I) 

a,fl-Diglyceride 
a 1 b 2ab 

2" 
a + l  a ÷ l  b ÷ l  ( a +  1)2 (b + 1) 

Triglyceride = 
a a b a2b 

a + l  a + l  b ÷ l  ( a + l ) 2  ( b + l )  

There are a number  of ways in which the above equa- 
tions may  be combined to yield a value for " K "  f rom 
the determined values of glycerol, alpha mono-, total 
mono-, di-, and triglycerides.  The two most useful 
methods of calculation are derived below: 
Method 1 

a - m o n o  2 a  

fl-mono b 
a 

Since K = - -  
b 

a - l n o n o  
Therefore  K = 

2 × fl-mono 

This is a very  simple way of calculating K and of 
get t ing the rat io of " a "  to "b." The only experi- 

mental  data  needed are alpha-mono content and total  
mono content. 
Method 2 

Di a 2 + 2ab a + 2b 1 2 

Tri  a2b ab b a 
a Tri  

a Di - 2 Tri  
a 2 + 2ab 

Rear ranged  b = 

Di 
Also - -  -- 

Mono 2 a + b  

Subst i tut ing for " b "  in terms of " a "  and rearrang-  
ing yields the quadrat ic  a 2 Mono -- 2a Di + 3 Tri  = 0 

Di _+ \ / D i  ~ -- 3 Mono x Tri  
Whence a = 

Mono 
Di 1 2 

Since - -  -- ~- - -  
Tri  b a 

a a Di 
K -  - - -  2 

b Tri  

This method of calculating K depends upon the total  
mono-, di-, and tr iglyceride contents and is independ- 
ent of the free glycerol and alpha-monoester contents 
of the sample. 

Under  conditions of ester interchange equil ibrium 
which exist dur ing esterification of f a t t y  acids with 
glycerol or glycerolysis of fats, one may  expect the 
equil ibrium constant, K, calculated by Method 1 to 
be the same as that  calculated by Method 2. However,  
under  certain conditions of temperature ,  catalyst,  etc., 
migrat ion of the aeyl group may  occur without  estab- 
l ishment of equilibrium. Under  these circumstances 
the values of K calculated by Methods 1 and 2, al- 
though they will not represent  t rue equilibrium, will 
show the extent of aeyl group migration.  K calculated 
by Method 1 utilizes the alpha- and beta-monoester 
contents and therefore measures the extent of equili- 
brat ion of acyl groups by intramolecular  exchange. 
K calculated by Method 2 gives a measure of equili- 
brat ion of acyl groups by intermolecular  exchange. 
As will be shown by the experimental  results, intra-  
molecular exchange of acyl groups occurs more readily 
than intermoleeular  exchange. 

Experimental 

Par t ia l  glycerides were p repared  by the alcoholysis 
of glycerol with tr iglyceride at  200°C. in a ni t rogen 
atmosphere in the presence of 0 . 1 %  sodium hydroxide 
as catalyst.  Reaction times of 2 to 4 hrs. were used to 
insure ester interchange equilibrium. Several rat ios 
of glycerol to tr iglyceride were employed, using both 
a hard  fa t  (hydrogenated tallow) and a liquid tri- 
glyceride (glycerol tr ioleate).  The ratios chosen were 
such as to insure homogeneity at reaction tempera-  
tures. At  the end of the reaction period 0.25- to 1.0-g. 
samples were removed into tared beakers for analy- 
sis. The catalyst  in the reaction mixture  was then 
neutralized with 85% phosphoric acid, and additional 
small samples were taken. The procedure of taking 
small samples permit ted  rapid  cooling f rom reaction 
tempera ture  to room tempera ture  and thus minimized 
any  rear rangement  pr ior  to analysis. 

The samples were analyzed for free glycerol and 
alpha-monoester content by  the method of Pohle and 
Mehlenbacher (7). Total mono-, di-, and tr iglyeeride 
contents were estimated by a modification of the col- 
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G r a m s  of 
g u n  glycerol. 
NO. a p e r  100 

g. of f a t  

1 11 .8  

2 6.5 

3 12 .5  

4 6.6 

5 11 .4  

6 15.5  

7 14.5  

8 23 .1  

Cata l :  
n e u t r  

ized 

No 
Yes 

No 
Yes 

No 
Yes 

No 
Yes 

No 
Yes 

Yes 

No 
Yes 

No 
Yes 

Glyce,rol 
( P  & M) 

2 .25  
1 .69 

0 .57  
0 .18  

2 .71  
2 .20  

0 .75  
0 .54  

2 .33  
2 . 0 4  

3 ,95 

4 .20  
3 .88  

8 .70  
7 .49 

U n c o r r e e t e d  we igh t  9'o composi t ion  Cor rec ted  mole f r ac t i ons  

a l p h a  
Glycerol  Mono- 
( co lumn)  ( P  & M) 

2 .04  26 .2  
1 ,74  24 .2  

0 .61 12.7 
0 ,34  11 .6  

2 .58 27 .9  
2 ,29  26 .5  

0 .73 15.0  
0 .57 13.9  

2 .12  2 5 . 6  
1 .95  24 .9  

3 .78  32 .0  

4 .72 33.5  
4 .01  33 .0  

...... 40 .9  

...... 39 .3  

T o t a l  
lnono- 

29 .0  
28 ,2  

14 .6  
14 .0  

31 .5  
31.9  

16 .5  
15.9  50 .9  

29 ,5  4 9 . 2  
28 .9  :50.1 

38 .1  44 ,6  

36.9  45 .5  
37 .3  4 5 . 7  

46 .2  36 .6  
46 .5  37 .0  

Di-  T r i -  

4 9 . 8  19.2  
50 .6  19 .6  

48 .6  36.2  
4 9 . 6  37.O 

4 8 . 6  
49 .2  

16 .5  
16.9  

49 .5  32 .0  
32 .4  

18 .7  
18.8  

1l, t3 

13.1 
12,8  

7.5 
7.7 

Glycerol  

0 .101  
.087  

.033 

.016  

.123 

.108 

.036  

.026  

.103 

.095 

.168  

.190  
.177 

.321 

.287  

a l p h a  
Mono- 

0 .360  
.339 

.216  

.199 

.372 

.354  

.250 

.233 

,354  
.346  

.391 

.399 

.396 

.397 

.397  

~otal Di- 
lono- 

1.402 0 . 3 8 5  
.399  .399  

.250  .458  
.243  .473 

.425  .360 
.430  .366  

.279  .460 
.269  .476  

.411 .378  
,406  .389  

.470  ,302 

.437  .309  

.446  .313  

.446  .202 
.467  .214  

I T r i -  

0 , 1 1 1  
.116  

.260  

.268 

.093 

.095  

.225 

.229 

.109  

.110  

.061  

.065 

.064  

.031 

.031 

a R u n s  1 to 6 were  made  f rom glycerol  and  hydroffeilate<l talh)w reaete( t  2 to 4 hrs ,  a t  200°C. ,  a n d  R u n s  7 and  8 f ronl  glycerol  and  glycerol  t r i -  
oleate r eac t ed  2 to 2 1/~ hrs .  a t  200°C.  

umn chromatographic nlethod of Quinlan and Weiser 
(8). The improved chromatographic method of Smul- 
lin and Olsanski (,()), which was employed, also gives 
a value for free glycerol. All mlalyses were run in 
duplicate. 

There was evidence of slight intermoleeular rear- 
rangement of har<t mono- and diglyeeride samples on 
the silica gel eolllmn, and therefore mixtures made up 
from known am(lUl~ts of pure mono-, d i ,  and triglye- 
erides were analyzed. Pure distearate was obtained 
from mixed esters I)y ehronmtographie separation and 
purification. Alpha lnonostearate was synthesized via 
the acetal route, and tristearin was used as is. The 
following corre('tion fac.t<lrs were established: 

Corr. 'fi, (li = obs. m(>lm/0.99 
Corr. % mollo = <)bs. di - ].6 
Corr. % tri = obs. tri/0..q6 

Ill 1he case ()f oh.ah' esters, the correction factors were 
fouIM to be within the precision of analytical methods, 
and corrections were not eol~sidere(1 necessary. 

Tabh', I presents data on the i>reparation and an- 
alysis of a number <>f partial glycerides. 

Table l[ gives lhe equilibriul, constants calculated 
by Methods I and 2 from the dala of Table I. The K 
vahws for Methods I and 2 for samples taken before 
and after neutralizillg the catalyst are averaged sep- 
arately for oh,ate and stearate esters ill the same table. 

Discussion 

Examination of Table 1 [ reveals that equilibrimn 
constants at 200°C. are all subslantially greater than 
1, thereby denlonstrating the preferential esterifiabil- 
i ty of the pr imary  hydroxyl.  For stearates, the aver- 
age K calculated by Method 2 is the same before and 
after neutralization of the catalyst. The average K 
calculated by Method 1 is substantially the same as the 
above for the samples tak(m after neutralizing the 
catalyst. However, for sanlples taken with catalyst 
still present, the average K by Method 1 is definitely 
higher. These results indicate that  intermoleeltlar re- 
arrangement in hard monoglyeerides is arrested by 
cooling even in the presence of catalyst. [ntramolee- 
ular rearrangement,  i.e., tile wandering of an aeyl 
group from the beta to the alpha position within the 

molecule occurs on rapid cooling if a basic catalyst is 
present. The equilibrium constant at the reaction 
temperature of 200°C. appears to be about 2.3. 

For  liquid monoglyeerides the average K by Method 
2 is also about 2-2.5 independent of whether the cata- 
lyst is neutralized. The higber wthles for K calculated 
by Method 1 indicate that  intramoleeular rearrange- 
ment occurs in li(lui(t monoglyeeri(les regardless of 
whether the catalyst is neutralized. ]n the presence 
of catalyst intramole(~ular rearral~gement oc('.llrS more 
rapidly, lit is evident that  K at room temperature 
nlust be considerably higher lhan at 200°(?., i.e., that  
there is a shift of acyl groups from secciMary to pri- 
mary  hydroxyls on cooling. 

The I)hysieal forlll of th(! l>arlial glyceride is seen 
to tlave an effee£ on the rate t)f acyl group migration 
at room temperature. In or(ler to estimate the equi- 
librium <',(instant at room temperature and to establish 
wh(,ther the constant (lepen(ts ml the physical form of 
1he glyceride, five i)reparatitlllS made from several 
InOl,l hs to two years earlier and stored at room temper- 
atur(, were analyzed with the results shown in Table 
I l l .  

The apparent  e(tuilillriuln constants are ph)tted in 
Figure  1 as a fulmtion of time, and the average K ' s  
for zero time are those given in Table I [  for neutral- 
ized saml)les. K by Method 2 for Sample E at 3 
ntt>nihs was not ploiied sinee lhe value is out of lilm 
with the 12 m<lllths' wdue, presumably be<muse of 
error in the triglyeeride analysis. The apparent  K ' s  
calculated by Method 2 indicate that internlolecular 

T A B L E  I [  

Ca lcu la ted  E q u i l i b r i u m  Cons tan t s  of Glyeer ides  

Run  No. 
Cata lys t  p r e s e n t  

Method 1 

1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4.2 
2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3.2 
3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3 .6  
4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4 ,5  
5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3, l 
6 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
7 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  5.3 
8 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4 .0  
A v e r a g e  K for s t ea r a t e s  

( R u n s  1 to 6) .................. 3 .7  
Ave rago  K for  oleates 

( g u n s  7 and  8)  ............... 4 .6  

Method 2 
I 

2.4  
2.1 
2.3 
2 .4  
1.9 

2.5 
1.6 

2.2 

2.1 

Ca ta lys t  n e u t r a l i z e d  

Method I Method 2 

2.6 
2,3 2.7  
2.3 2.2 
3.2 3,2 
2 .8  2 .5  
2.5 2 .0  
4 ,0  2 .6  
2.8 1.9 

2.7 2 .5  

3.4 2 .3  
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8 

6 

4 '  

2 ,  

0 
0 

q 

(D o 

X K, METHOD 2 X 
X _~¢ 

, , , , , , , , , , 

4 6 8 I0 12 14 16 18 20  2 :) 24  

STORAGE TIME IN MONTHS 

F r o .  1. V a r i a t i o n  o f  c a l c u l a t e d  ( a p p a r e n t )  e q u i l i b r i u m  c o n s t a n t ,  K ,  w i t h  s t o r a g e .  

rearrangement  may occur to a slight extent over the 
period of two years. The apparent  K ' s  from Method 1 
show that  the shift of the acyl group from the beta to 
alpha hydroxyl  position on storage is very pronounced. 

Crystalline s t ructure  of a part ial  glyceride may re- 
duce the rate of intramolecular rear rangement .  Evi- 
dence for this is the observation that  a sample of pure 
alpha glycerol monostearate prepared more than seven 
years ago by the hydrolysis of 1,2-isopropylidene-3 
stearate still analyzes 98% total monocster, 98% alpha 
monoester. Any  t reatment  of this sample, resulting 
in destroying its crystallinity, reduces its alpha-mono 
content. For  example, recrystallization from warm 
methanol gave a high yield of product  analyzing 
98.4% total mono but  only 95.3% alpha mono. When 
the pure alpha monostearate was held molten at 100 ° C. 
over a weekend, it underwent  some rearrangement  to 
glycerol, di- and triesters, but  most notably the mono- 
glyceride analysis showed 87.7% total mono and 78.5% 
alpha mono. K calculated from these values by Method 
1 is 4.3. 

The migration of acyl groups during aging and the 
effect of fat  composition thereon arc mentioned in the 
li terature.  Brokaw, Perry ,  and Lyman (2) observed 
that  freshly distilled monoglyceride from freshly pre- 
pared mono-diglyccride mixtures made from hydro- 

genated lard analyzes as low as 86% mono by periodic 
acid consumption. Upon standing 24 to 48 hrs. this 
increases to as much as 94% with an average change 
of 4 to 6%. This change was not observed on freshly 
distilled mono from aged mono-diglyccrides. The 
above observations lead to an apparent  K calculated 
by Method 1 of about 3 for fresh mono and about 6 for  
mono aged either before or af ter  distillation. These 
authors fu r ther  observed that  monoglycerides from 
unsaturated fats were higher in alpha-mono content 
originally and did not change on aging, thus showing 
the fast shift of acyl groups in liquid products. 

The method for determining total monoglyeerides 
described by  Martin (6) some years ago depends upon 
equilibration of acyl groups on alpha and beta hy- 
droxyls because of the catalytic effect of perchloric 
acid at room temperature.  The average factor  pro- 
posed by Martin for converting from percentage of 
alpha monoester to total monoester is 1.15, corre- 
sponding with an equilibrium constant, K, by our 
Method 1 of 3.3. This value is lower than the K 
values obtained in this s tudy on aged glycerides at 
room temperature  and indicates that  perchloric acid 
incompletely promotes alpha-beta equilibration, or 
that  some intermolecular rearrangement  occurs, or 

T A B L E  I I I  

Calculated E q u i l i b r i u m  Cons tan t s  of Aged  Glycer ides  

- -  P e r c e n t a g e  composi t ion K 

Sample  Type  of g lycer ide  ~ Method 
2 

A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

B . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

B . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

D . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Plas t i c  mono- from l a rd  

P la s t i c  mono- f r o m  la rd  

P la s t i c  mono- f r o m  la rd  

P la s t i c  mono- f r m n  la rd  

H a r d  mono- f r o m  h y d r o g e n a t e d  tallow 

D .................................. H a r d  mono- f r o m  h y d r o g e n a t e d  tallow 

E .................................. P l a s t i c  mono- f r o m  la rd  

E .................................. P l a s t i c  mono- f rom la rd  

a These  samples  w e r e  all p r e p a r e d  by  
n~u t ra l i za t ion  of t he  ca ta lys t .  

S ~ r a g e  
t i m e i n  
mon ths  

ca .  2 4  

3 

12 

24 

10 

19 

3 

12 

Glyc- 
erol 

0.60 

0.50 

0,51 

0.48 

0.95 

1.04 

0.61 

0.71 

a l p h a  
Mono- 

43.9 

42.7 

44.1 

42.2 

52.9 

56.1 

55.5 

56.2 

Tota l  
mono- 

4 6 . 2 - -  

47.9 

47.3 

46.0 

57.0 

58.6 

60.0 

60.7 

Di- 

t2 .6  

42.7 

42.1 

43.0 

34.5 

34.2 

33.1 

32.6 

r r i -  Method 
1 

3.9 9.5 

3.4 4.1 

S.5 6.9 

~.1 5.6 

4.4 6.4 

4.5 11.2 

3.3 6.2 

4.3 6.2 

3.1 

3.3 

3.1 

4.1 

3.7 

3.7 

5.1 

2.4 

the alcoholysis of glycerol w i th  fat,  u s i n g  caus t ic  catalyst ,  and  were  s t r ipped  of glycerol a t  about  200°C.  a f t e r  
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that  conditions may  not be s tr ict ly comparable with 
those used in this study. 

A recent paper  by  Crossley, Freeman,  Hudson,  and 
Pierce (3) presents data  on acyl migrat ion in mono- 
glycerides and in diglyeerides. In  their  work on mono- 
glycerides they repor t  pure  1-mono-oleate and l-mono- 
s tearate  to fo rm equil ibr ium mixtures  containing 90% 
1-monoglyeeride in 3 hrs. at  100°C. This corresponds 
to a K by our Method 1 of 4.5 and agrees well with our 
results on heat ing pure  alpha monostearate at  this 
temperature .  By  selective crystall ization these authors  
were able to separate  quant i ta t ively  the 1,2- and the 
1,3-diglyeerides of several f a t t y  acids. Given below 
are their  determined quantit ies of 1,2- and 1,3-diglye- 
erides in mixtures  equil ibrated at 165°C. in the pres- 
ence of trace amounts  of base catalyst.  

% 1,3- % 1.2- Calculated 
(;lycerin(, ])ifflyeeride Digly(:eride equ i l ib r ium 

• eonstall  t, K 

! ) i s tea r in  .............................. 58 42 2.8 
n i p a h n i t i n  ............................ 56 44 2.5 
D imyr i s t i n  ............................ 55 45 2.4 
D i b m r i n  ............................... 55 45 2.4 
Diolein .................................. 53 47 2,3 

The equilibrium constants were calculated as follows. 
As shown in the Theoretical Sectimb the amount  of 
1,2-diglyeeride, in the general case, is equal to 

2ab 

( a + l )  2 ( b + l )  

atul the amount  of ],3-diglyccritle is equal to 
i t  2 

(a + l ) "  (b + 1) 

The ratio of 1,3- to ],2-diglycerides is thm~ a"//2ab or 
a/2b. Since K = a /b  

2 ( ] ,:l-d iglycer ide) 
K -  

(1,'2-digly~oride) 

Equi l ibr imn eonstanis at 165 °C. ~.almtlated from the 
data  of Crossh,y ct al. and the constants determined 
in this work at 2(}0°C. avree quite satisfactorily.  

Si.e(, this paper  w a s  f i r s t  presemed,  an article h a s  
appeared by Vail l~ohuizcu and Verkade (10) whi(,h 
substantiates certain of our obserwtlions. In l)artien- 
lar, the work riled above is t'm-ther evidence that  
cqui l ihr im,  can be estahlislwd bolwem~ alpha and 
beta, nn)noglycerides. Under  th(' aci(1-('atalyzed con- 
ditions of equilibration at 25°C. i ,  ah'oholic solution, 
the ratio of alpha to b(~ta mono(,stors was found to be 
88/12. K calculated by our Metho(] 1 from these data 
is 3.7. ~inee K appears  to bc lower under these con- 
ditions than under  the eoJ~ditio,s we employed, it is 
possible that  some other factor  may  be involved here. 
These authors also reported more rapid mi~'ration of 
the aeyl group within a molecule than t)etween mole- 
cules. They found that  the nature  of the acyl ~roup 
affects the migrat ion rate  but  has very little influence 
on the position of equilibrium betw(mn alpha and beta 
monoglyeerides. In citing the data of Crossley et aI., 
they concluded tha t  the position of e(luilibrium in 
diglyeerides and in monogly(,erides is widely differ- 
ent. As we have shown earlier, the proport ions of 
isomeric monoglyeerides aml diglyeerides are exact ly 
those to be expected if intramoleeular  migration of the 
aeyl groups has proceeded to equilibrium, taking into 
account the relative esterifiabilities of p r i m a r y  a,<l 
secondary hydroxyls.  

I t  is not possible at this t ime to assign a precise 
value to K at  room tempera ture .  F r o m  the data on 
aged samples and the extrapolat ion of values observed 
at 100 °, 165 °, and 200°C., it appears  tha t  K at 25 ° 
has a value between 6 and 10. The value of K at room 
tempera tu re  may  depend upon the physical  fo rm of 
the material .  

The difference in free energy between the p r i m a r y  
and secondary hydroxyl  positions may  be calculated 
f rom the expression, 

A F = - -RT In K 

The difference in free energy at  room tempera tu re  
is about 1.2 keal /mole  and somewhat less at higher 
temperatures .  

F r o m  K one can calculate the equil ibrium compo- 
sition of homogeneous part ial  glycerides as follows. 
The number  of moles of f a t t y  acid reacted with a 
mole of glycerol is equal to 2 a / ( a  + 1) + b / ( b  + 1 ) .  
The value of K at  a given t empera tu re  enables one to 
subst i tute for  " a "  in te rms of " b "  in the above ex- 
pression. One can therefore  solve the quadrat ic  equa- 
tion for  " b "  for  any  desired ratio of f a t ty  acid to 
glycerol. Once " b " ,  has been determined, " a "  is 
easily found, and the mole fract ions of free glycerol, 
alpha menD, beta, menD-, di-, and tr iglyeerides eat, 
, ow  be computed. 

This method of (.alculating the (.ompositio, of par- 
t im glyeerides is applied below. In Figure 2 are plot- 
ted exper imental ly  determined,  alpha monot~ly(mride 
contents for various ratios of tzlycerol to fa t  on a free 
glycerol-free hasis. The exl)erimental data  are from 
Peuge and Bailey (5),  l )emarcq (4),  and f rom un- 
publishetl work of this laboratory.  The line passing 

MOLES ADDED GLYCEROL PER MOLE FAT 

20  8 6 4 3 2 1.5 1.0 0.5 0 .25  
tO0 / I = = ~ i ~ = i , , 

/ 

I0  20  3 0  4 0  50  6 0  70 8 0  9 0  100 

PER CENT HYDROXYLS ESTERIF IED  

Fro. 2. Comparison of predicted and experimentally deter- 
mined, alpha-monoester eolJtent of glyccrides of varying degrees 
of esterification. 

Sources of experimental data-- 
Feugc and Bailey--@ 
Dem'~ req--@ 
Uupublished Atlas data--C) 
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through the experimental points was calculated ac- 
cording to procedures developed for K ---- 4.5. The cal- 
culated line for K = 1 (equal reactivity of primary 
and secondary OH's) is also shown. Obviously the 
experimental data fit the curve favoring esterification 
of the primary hydroxyls. Although the preparations 
were made at 200°C. or higher temperatures where K 
is about 2, the fact that the points fit well on a curve 
for K = 4.5 shows that a substantial degree of intra- 
molecular rearrangement has occurred on cooling, 
prior to analysis of the samples. 

Summary 
A method has been devised for determining the 

relative esterifiability of the primary and secondary 
hydroxyl groups of glycerol. Contrary to the theory 
previously advanced by Feuge and Bailey, the pri- 
mary and secondary hydroxyls are not equally esteri- 
fiable. The equilibrium constant favoring esterifica- 
tion of primary hydroxyl over secondary is ca. 2.3 at 
reaction temperature (200°C.) and between 6 and 10 
at room temperature. Since the equilibrium constant 
is substantially different at room temperature from 
that at reaction temperature, monoglyeerides as cus- 
tomarily prepared are not at equilibrium at room 
temperature and undergo intramolecular migration 
of acyl groups from beta to alpha hydroxyl positions. 

The rate of migration depends on the physical form 
of the ester and is accelerated by basic catalysts. In 
the vicinity of room temperature intermolecular re- 
arrangement occurs only over very prolonged periods. 
The method of calculating relative esterifiability of 
primary and secondary hydroxyls should be applica- 
ble to other polyols. 
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A General Method for the Chromatographic Analysis of 
Mono-, Di-, and Triglycerides and the Mono- and Diesters 
Ethylene Glycol and Polyethylene Glycol 

of 

GERALD J. PAPARIELLO, SUNIS CHULKARATANA, and TAKERU HIGUCHI, School of Pharmacy, 
University of Wisconsin, Madison, and J. E. MARTIN and V. P. KUCESKI, 
The C. P. Hall Company of Illinois, Chicago, Illinois 

I 
N TIIE COMMERCIAL manufacture of partial esters 

of polyhydric alcohol mixtures, the monoesters, 
diesters, and the triesters are usually obtained 

along with the acid and alcohol reactants. A direct, 
general method for the quantitative analysis of such 
complex mixtures has been lacking. Recently several 
specialized methods have been developed. Ravin, 
Meyer, and Higuchi (1) developed a chromatographic 
method of analysis of mixtures of glyceryl esters and 
mineral oil, and Quinlan and Weiser (2) also chro- 
matographed a glyceryl system. Malkemus and Swan 
(3) developed a procedure for the analysis of poly- 
ethylene glycol ester mixtures, based on extraction. 

This paper is concerned with the application of the 
chromatographic method of Ravin et al. (1) to esters 
of ethylene glycol, polyethylene glycol, and glycerol. 
Their method was based on the observation of Kauf- 
man and Wolf (4) that silica gel will adsorb the most 
polar component of a mixture of g]yeerides to the 
greatest extent. Ravin et al. employed a mobile phase 
consisting of a series of solvents of increasing polarity 
to separate the components of mixtures of mono-, di-, 

and tristearin and mineral oil. It  was hoped that this 
principle could be applied to any polyhydric alcohol 
and its esters. 

Two solvent systems were developed. The first was 
a slight modification of the eluent system of Ravin 
et al. I t  separated the components of two types of 
mixtures, glyeeryl esters and ethylene glycol esters. 
A second system was developed for the separation of 
polyethylene glycol ester mixtures. 

The exact weight compositions of the ester mixtures 
chromatographed were determined by adding to- 
gethcr the weights of the residues found in all frac- 
tions under each peak. The positive identification of 
the peak material was made by interpretation of in- 
frared spectra and saponification values. 

To determine whether this method of analysis was 
as general as it was originally hoped to be, the effects 
of such factors as unsaturation in the acid moiety 
of the glyceryl esters or a change in the molecular 
weight by 100 or 200 of the polyethylene glycol were 
investigated. 

Since glyeeryl ester mixtures which are to be ana- 


