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ABSTRACT 

The polymorphism of 25 glycerol trioctadec- 
enoates with double bonds ranging from A4-A 17 was 
investigated by differential scanning calorimetry. Tri- 
glycerides with cis bonds in odd positions A7-A13 
exhibited three intermediate melting (/3'-) forms, but 
those with cis bonds in even positions, except cis A4, 
lacked fl'-forms. Among the trans compounds, only 
A l l ,  13, and 14 showed fl'-forms. The cis and t rans  
A5 triglycerides were unusual, because they readily 
assumed low melting (a-) forms that were not easily 
converted to high melting ~-)  forms, fl-Form mp of 
compounds in each series (cis or t rans)  alternated 
depending upon double bond position; an even 
position correlated with high mp. Heats of fusion 
(AHf) for fl-forms, likewise, fluctuated with double 
bond position but nonuniformty;  t rans  A6 had the 
highest AHf (43 cal/g), cis A12 the lowest (21 cal/g). 

INTRODUCTION 

Unsaturated triglycerides are thought to occur in crystal 
forms analogous to those of saturated triglycerides because 
of similarities in X-ray patterns (1) and IR spectra (2). 
Accordingly, melting profiles for unsaturated triglycerides 
should, and do, show sharp endotherms that are charac- 
teristic of polymorphic forms now well established for 
saturated triglycerides; namely a, lowest melting; fl, highest 
melting; and fl', intermediate melting (3-5). An earlier study 
of single-acid triglycerides (6) via differential scanning 
calorimetry (DSC) presented evidence that certain saturated 
and unsaturated molecuels can assume more than one fl' 
conformation. In this earlier study, unsaturated triglyc- 
erides that had cis double bonds in odd positions appeared 
normal because a-, ilL, and fl-forms were observed, but, at 
the same time, they exhibited unusual behavior, because 
multiple fl'-forms also were detected. No fl'-forms were 
found, however, with trielaidin, in which the t rans  bond 
occurs at an odd position nor were any intermediate forms 
found for unsaturated triglycerides that had cis or t rans  
bonds in even positions. Realizing the limitations of 
previous data in correlating lipid properties with structural 
effects, we now offer a study that more clearly describes 
the thermal behavior of isomeric single-acid unsaturated 
triglycerides. 

MATERIALS AND METHODS 

Almost all the octadecenoic acids were synthesized by 
Gunstone and coworkers (7,8). A t rans  impurity was 
removed from methyl esters of the cis A13, 14, and 15 
acids before triglyceride preparation by preparative thin 
I:~ er chromatography (TLC) (9) on a 20% AgNO3 plate 
with benzene as the eluting solvent. 

Each triglyceride was prepared by reaction of the 
appropriate acid chloride with glycerol. Ca. 50 mg acid was 
treated with t.2 parts by wt of oxatyl chloride (Aldrich 
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Chemical Co., Milwaukee, Wisc.) for 3 days (10) after 
which excess oxalyl chloride was removed under vacuum; 
all operations were conducted at room temperature. The 
acid chlorides were dissolved in 0.5 ml distilled n-hexane, 
and to this solution was added glycerol in pyridine (125 
g/liter) to a 1:4 molar ratio, glycerol:acid chloride. The 
reaction mixture was allowed to stand 24 hr, and then 
triglycerides were purified by preparative TLC on Silica Gel 
G in 70:30 n-hexane:ethyl ether; all were at least 95% pure 
by gas liquid chromatography (GLC) (11) and TLC. 

DSC procedures were as described previously (6), except 
for modifications to measure temperatures on rapid scans 
and to determine heats of fusion (AHf) for certain 
unusually stable fl'-forms. Melting temperatures of transient 
forms detected during scans faster than 10 C/min were 
corrected by a quanti ty required to make the fast-scan 
melting temperature of a stable form (generally fl) coincide 
with its slow-scan melting temperature. When two endo- 
therms appeared on the same scan and when the AHf of 
one was known, a "double endotherm" technique was used 
to estimate the AItf of the second endotherm. This 
technique enables Attf's to be determined on polymorphs 
(primarily fl'-forms) that cannot be prepared in pure form 
or as a single endotherm. The principal condition under 
which the method is valid requires that an exotherm not 
appear between the two endotherms, i.e. the scan speed 
must be greater than the rate of transformation of the 
polymorph to be measured. With AHf for the fl-form 
known, the amount of sample required to give the 
measured area of the fl-form endotherm was calculated. 
This wt was subtracted from the total sample wt to give the 
amount of sample represented by the fl'-endotherm, which, 
with the fl' endotherm area, was used to calculate AHf. 
When DSC sensitivity and recorder chart speed are the same 
for sample and reference standard, calculations were simpli- 
fied by applying the following: 

AHf (unknown) = AHf (standard) x area (unknown) x wt (standard/ 
area (standard) x total sample wt -- I At-if (standard) x area (known) 

x wt (standard)/AHf (known)] 3 

R ES U LTS 

Melting Points 

DSC data on the newly prepared glycerol trioctadeceno- 
ates and on those selected for study previously (6) are 
summarized in Table I. For convenience, we abbreviated 
triglyceride nomenclature and refer to individual com- 
pounds by only their most distinguishing features, i.e. type 
and position of double bond in the constituent acid. For 
example, glycerol tri-cis-6-octadecenoate is identified as cis 
216, glycerol t r i - t r a n s - 6 - o c t a d e c e n o a t e  as t rans  A6, etc. 
Following convention, the highest major melting endo- 
therm for each triglyceride, differing by only a few degrees 
from the low melting form of the individual fatty acids (8), 
is assigned to the fl-form, and the lowest melting polymorph 
is the a-form; those melting between a- and fl-forms are 
fl'-forms. Subscripts denote decreasing mp (12). 

Two fl-form mp are reported for three of the cis and two 
of the t rans  samples. The lower melting polymorphs, which 
appear as shoulders on the principal (ill-form) endotherms, 
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T A B L E  I 

Mel t ing  Po in t s  a n d  H e a t s  o f  F u s i o n  o f  cis a n d  trans Tr ig lyce r i de s  

D o u b l e  b o n d  
p o s i t i o n  

S l o w  c o o l i n g  
F o r m  a n d  m p  (C)  e x o t h e r m  

ot ~3' /~2' ill' ~2 B1 (C) 

A H f  
(~ - fo rm)  
(ea l /g )  

cis A 4  S 8 , 1 1 , 1 4  1 9 , 2 2  32 3 4  8 
cis A5 -6 a 14 -9 
cis A6 b 2 8  -2 
cis A7 -36 c -30  -27  -1 5 7 -39 
cis A8 -15 d 2 4  -18 
cis A 9  b -34  -12 -8 -5 S -30 
cis A 1 0  -20  e 2 7  -7 
cis A l l  b -3 0 3 f 10 -11 
cis A12 32 8 
cis A 1 3  9 15 17g 2 4  2 6  6 
cis A I 4  15 d 4 4  19 
cis AI 5 4 3  2 9  
trans A4 27 53  2 4 , 2 8  
trans A5 2 3  h 41 19 
trans A 6  b 52 32 
trans A7 16 39 12 
trans A 8  -2 4 9  25 
trans A 9  b 15 41 12 
trans AIO 49  2 6  
trans A11 b 15 2 3  i 4 3  18 
trans A 1 2  21 51 2 6  
trans A I 3  2 3  37J 42 4 4  2 7  
trans A 1 4  27  e k 4 3  d 55 58  35 
trans A 1 5  37 5 6  36  

A I 7  4 3  d 551  4 2  

2 5 . 4  
30 .2  
30 .7  
2 8 . 9  
2 5 . 9  
2 5 . 8  
2 7 . 8  
27 .1  
21 .2  
21 .7  
30 .6  
2 9 . 6  
38 .0  
35 .6  
4 3 . 0  
36 .0  
34.1  
39 .5  
34 .8  
38 .7  
33 .9  
2 8 . 9  
33 .8  
33 .6  
32 .8  

a A H f  = 15.2  ca l /g .  
b D a t a  f r o m  reL  6.  

CAHf  = 10.1 ca l /g .  

d E s t i m a t e d  f r o m  a 4 0  C / m i n  scan .  

e E s t i m a t e d  f r o m  a n  8 0  C / r a i n  scan .  

f A H f =  21 .5  ca l /g .  

g A H f  = 2 0 . 0  ca l /g .  

h A H f =  19.5  ca l /g .  

i/31' s u g g e s t e d  a t  2 8 - 2 9  C on  2 0  C / m i n  scans .  

JzaHf = 24.1  ca l /g .  

k/32' s u g g e s t e d  at  4 0  C o n  4 0  C / m i n  scans .  

ISolvent  c r y s t a l l i z e d  m a t e r i a l  mel t s  a t  59  C. 

are listed in Table I as ~2-forms and illustrated in Figure 1 
for cis A4. Though there may be a question whether or not 
the/32-forms are really/3-forms, we report  them as such for 
at least two compelling reasons. First, their mp are close to 
those of the r-forms and are at least 5 C from the reported 
/31'-forms; both  conditions suggest structural similarity to 
i l l .  Second, no exotherm was observed between the two 
/3-forms. DSC scans showing both /Y- and /~-forms usually 
exhibit  an exotherm between the two endotherms unless 
the/Y-form is unusually stable. 

Eight of  the samples in Table I exhibited no a-form 
endotherms. In earlier work (6) slow-scan cooling curves 
were generally exothermic at ca. the mp of  the a-form, and 
the exotherms were, therefore,  used in estimating a-form 
mp for cis and trans A6 and cis AI  1. For  many samples in 
our latest s tudy,  however, the slow-scan cooling exotherm 
occurred at a higher temperature than the a-form mp. 
Therefore, identification of  the a-form mp via slow-scan 
exotherms is not  justified for unsaturated triglycerides 
showing no a-form endotherms. 

An mp of 55 C is reported here for thermally prepared 
A17, even though distilled n-hexane crystallized material 
melted at 59 C. Forms obtained from monoacid saturated 
triglycerides by crystallization from solvent often melt at 
higher temperatures  than those produced by thermal 
methods (3), sometimes by as much as 3 C (13). Condi- 
t ioning of A17 at temperatures  below 55 C did not produce 
any of the 59 C form. 

i l l -Form mp of  both the cis and trans series compounds 
alternated with double bond position, the even posit ion 
correlating with higher values in both  series. This alterna- 

t ion is shown clearly in Figure 2, which also illustrates the 
effects of geometric isomerism upon mp and upon amplitude 
of  mp fluctuation with double bond posit ion from A4-A12. 

Multiple/%Forms 
Multiple intermediate melting forms were encountered 

most often with cis t r iglycerides in which the double bond 
occupied an odd posit ion near the central port ion,  A7-A13, 
of the consti tuent  acid. When the double bond was near 
either end of the chain, A5 or A15, /Y-forms were not  
observed. Likewise, they were not  apparent when the cis 
bond occurred in even positions other than A4. Though 
definitely showing intermediate forms, the polymorphism 
of  cis A4 was quite different from that  characteristic of  cis 
odd triglycerides. Melting profiles for cis A4 (Fig. 1) were 
complex and varied considerably with conditioning time 
and scan rate, but  ~'-forms could be detected reproducibly 
at  scan speeds of  2.5-10 C/rain. The endotherms are listed 
in Table I as a,  /$', or /3 depending upon their  positions 
relative to exotherms at ca. 8, 16, and 25 C. 

In the series of trans triglycerides, only A l l ,  13, and 14 
exhibited /Y-forms. So far as we know, this observation is 
the first of /~'-forms for trans single octadecenoic acid 
triglycerides, albeit /Y-forms of glycerol tri-trans-I 3-docos- 
enoate were observed during previous studies (6). 

Polymorph Stability 
The t e rm  "s table"  used here to describe polymorphic  

forms is based upon Lutton and Fehl 's (13) definit ion and 
pertains to the tendency to transform during thermal 
transitions. Rate of  transformation is qualitatively deter- 
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FIG. 1. Differential scanning calorimetry curves of glycerol 
tri-cis-4-octadecenoate with endotherms shown as negative peaks. A. 
Heating rate 2.5 C/rain after holding 1/2 hr at 12 C, then 1/2 hr at 
15 C. B. Heating rate 5 C/min after holding 1/2 hr at 12 C, then 1/2 
hr at 15 C. C. Heating rate 10 C/min after holding 1 hr at 15 C. D. 
Heating rate 10 C/rain after holding 1/2 hr at 10 C. E. Heating rate 
20 C/min after holding 1 hr at 15 C. 

60 
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FIG. 2. Triglyceride ~ mp vs double bond position. ~t-Form mp 
were used where more than one/3-form was observed. 

mined by scan speed; the faster the scan speed required to 
observe a polymorph, the more unstable the form. 

Both the cis and trans A5 samples exhibited an 
unusually stable a-form, the cis being so stable that the 
/~-form could only be prepared by crystallization from 
distilled n-hexane. Conditioning of cis A5 for up to 4 hr at 
-6 to -8 C or up to 22 days at 0 C did not produce even a 
small amount of the/3-form. Pure/3-form of trans A5 could 
be made by holding the sample overnight, ca. 16 hr, at 
room temperature. Other stable non-~ forms were the 
e~-form of cis A7, the fll '-forms of cis and trans A13, and 
the previously reported/31'-form of cis A11. The/3] '-form 
of trans A13 was observed only in the presence of the 
/3-form. 

Heats of Fusion 

As shown in Figure 3, AHf values for/3-forms of trans 
compounds alternated discontinuously with increasing dou- 
ble bond position, whereas values for cis compounds were 
more uniform throughout the same series of double bond 

40 
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FIG. 3. Triglyceride ~ £xHf vs double bond position. The ht of 
the vertical bars indicate the 95% confidence interval for the values 
of AHf. 

positions. Some interesting, though as yet poorly under- 
stood, variations in AHf correlate with certain double bond 
positions. The trans series changes direction of AHf 
alternation at A7 and again at A12. Variation of AHf with 
cis double bond position was less for A8-A11 than when cis 
bonds occurred near the extremes, A5-A6 and A12-A13. 
Both cis and trans A13-A15 have similar melting behavior; 
the cis and trans A13 and the trans A14 each show two 
/3-forms, and both A15 compounds exhibit no /3'-forms. 
Further similar characteristics also are displayed in the AHf 
pattern of Figure 3, most noteworthy being the rise in value 
from A13 to A14 and the leveling off to A17. Currently 
unknown is how the AI-If values for A16 samples would fit 
into the pattern. Of even greater interest would be whether 
the A16 triglycerides can assume /3'-forms, as did A17, or 
whether they might behave as A15, which exhibited no 
/3'-forms. 

Although mp may vary with phase preparation as earlier 
stated, no difference in AHf was found between the 55 and 
59 C forms of A17. Both the zero AHf difference and the 
observation that the two forms do not occur simultane- 
ously suggest that the two melting values are not due to 
two distinct polymorphs. 

The AHf values in Table I have a standard deviation, 
calculated by a pooled analysis of variance, of 1.24 with 
91 ° of freedom. Results determined for samples exhibiting 
more than one/3-form include both forms in the AHf value. 

D I S C U S S I O N  

Alternation of mp for isomeric cis and trans triglycerides 
is analogous to the mp alternation for saturated triglyc- 
erides (13), which according to Larsson (14) is due to 
different packing densities at the methyl end groups. In 
addition, our results are consistent with Larsson's further 
conclusion that, in a series of cis acids, packing density 
differences cause mp to alternate as the number of 
methylene groups between the carboxyl group and double 
bond increases. Changing double bond position in the 
t r i -c is -octadecenoates  is similar to varying the number of 
methylene groups and results in alternation of rap. Simi- 
larly, differences in the degree of tilt relative to end group 
planes, as observed by Lutton and Kolp (15) in X-ray 
diffraction patterns for a series of trans octadecenoic acids, 
could account for the observed alternation of mp in the 
t r i - t rans-oc tadecenoate  series. 
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Endotherms of triglycerides from cis unsaturated acids 
tend to extend over a larger temperature range than those 
in the trans series. That this tendency may be due to an 
inability of chains containing cis bonds to pack as effi- 
ciently as those having trans bonds is suggested by the 
following argument: volume/CH 2 group (23.7 A3) based 
upon the triclinic (T//) packing of trilaurin (16) is similar to 
the orthorhombic (0' / /)  volume/CH2 group (23.8 A 3) of 
the low melting form of oleic acid (17). Whereas saturated 
and trans unsaturated (trielaidin) tfiglycerides have similar 
zigzag geometry (18), it is conceivable that methylene 
chains in the trioctadecenoates might have similar packing 
volumes provided trans chains pack as T [ / a n d  cis chains as 
0'[[. However, taking into account that the triglyceride 
structure around the first three carbons in one of the a-acyl 
moiety of trilaurin (19,20) does not permit the close 
packing of which straight chain compounds are capable 
(T.D. Simpson, private communication),  it seems more 
likely that the packing volume in the t r i -e is -octadecenoates  
should be greater than that for the corresponding trans 
compounds. 

The number and presence or absence of/3'-forms are in 
general agreement with previous speculations (6) explaining 
the polymorphism of eis unsaturated triglycerides. Double 
bonds in the even positions divide the chain into two even 
methylene group segments which may be somewhat less 
stable than odd group segments; hence, the absence of 
/3'-forms in the even series and the presence of/3'-forms in 
the odd series. Unfortunately,  three exceptions, eis A 4 ,  5, 
and 15, confront this explanation and are not easily 
rationalized even though proximity of the double bonds to 
the glycerol moiety or to methyl end groups might be 
invoked to account for the behavior in the /3' region of 
these three samples. 

Similarly, trans A l l ,  13, and 14 oppose the earlier 
finding that trans octadecenoic acid triglycerides exhibit no 
/3'-forms. The presence of/3'-forms in the trans compounds 
cannot yet be explained adequately in structural terms. 

The correlation between /3-form mp and AHf for the 
trioctadecenoates (Fig. 4) differs markedly from the 
smooth curve relationship observed for saturated triglyc- 
erides (6). Graphic patterns for the two eis series are quite 
similar, but patterns for the trans samples are located ca. 10 
cal/g higher than the cis patterns and are shaped differently. 
The trans odd series even shows a reversal in the arrange- 
ment of points, i.e. points A5-A11 flow clockwise in Figure 
4, while the correspoinding cis compounds are distributed 
in a counterclockwise fashion. Whereas the melting patterns 
of Figure 2 suggest a consistency of structure throughout 
both series of compounds, the AHf patterns in Figures 3 
and 4 indicate variations in structure. Similarly, the 
polymorphism observed for the trioctadecenoates also 
reveals the more complex nature of these compounds as 
opposed to the saturated triglycerides. Considered together, 
these observations suggest possibilities of greater crystal 
structure variation then anticipated for unsaturated triglyc- 
erides, thus confirming the early X-ray data of Lutton and 
Kolp (15). These workers in establishing the similarity 
between all-odd or all-even trans A6-12 octadecenoic acids, 
also found differences in fine detail that might be inter- 
preted as eviaence of subtle crystal variation with double 
bond position. 

Between the extreme AHf values for trans A6 and eis 
A12 (Fig. 4), four compounds melting near room tempera- 
ture, eis A6, 8, 10, and 13, are scattered over a range of 9 
cal/g. This distribution and others provide, from a practical 
standpoint,  for a selection of materials with varying heat 
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FIG. 4. Triglyceride/3 mp vs AHf./31-Form mp were used where 
more than one,/3-form was observed. - -  = Odd double bond position 
and - = even double bond position. 

requirements, melting levels, or processing times, or all 
three. 

Almost all the compounds in this study were prepared 
synthetically, but  a good portion of the component fatty 
acids occur naturally (21)  and may prove to be important  
in future research and developments that take advantage of 
the structure-determined potymorphic characteristics of 
lipid interactions. 
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