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The/3-phase crystal  structures  o f  unsaturated triacyl- 
glycerols  (TAGs)  have been  analyzed.  Long spacings  
and melt ing  points  o f  monounsaturated  TAGs such as 
16" O .  16  and 1 6 . 0 "  18  indicate a fi-3C packing mode  
with a methyl  terrace that d i f fers  from that  o f  the  
saturated /3-3 TAGs. In addit ion to the  hydrocarbon 
chain subcel l  packing and the methyl  terrace struc- 
ture, the  conformat ion of  the o leoyl  chain also has  to 
be considered.  This conformation is analyzed in con- 
nect ion  with the symmetry  relation be tween  the  two  
half-layers on ei ther s ide o f  the plane through the  
double  bonds.  Geometric  analysis  shows  four possibi l-  
ities,  which have b e e n  explored further by means  o f  
energy minimizat ion computat ions .  In these  calcula- 
t ions  the  structure o f  the  o leoyl  chain, in its crystal l ine 
environment,  has  b e e n  opt imized  whi le  taking all  
relevant  intramolecular and intermolecular  forces  
into account.  Though the calculations reveal  relatively 
smal l  energy  d i f ferences  be tween  the  four possibil i-  
t ies,  the  most  l ikely  structure can stil l  be identif ied.  
On the basis  o f  the  results  obtained for the  monounsat-  
urated TAGs, proposals  for the crystal  structures o f  
d iunsaturated (e.g. ,  0 �9 1 8 .  O) and triunsaturated 
(e.g. ,  0"  0" O)  TAGs are briefly outl ined.  

KEY WORDS:/3-Phase, crystal structure, energy calculation, 
polymorphism, triacylglycerols. 

The crystal s tructures of fl-phase sa turated triacylglycer- 
ols (TAGs) are now know in sufficient detail, either from 
single crystal X-ray diffraction analysis (1-4) or from 
model building studies (5,6). In this paper  we extend our 
modeling studies to the crystal s tructures and melting 
points of unsatura ted  TAGs in the fi modification. The 
unsatura ted  TAGs are of particular interest because they 
are major constituents of cocoa but ter  and confectionery 
fats, and also because they give rise to undesirable 
(re-)crystallization phenomena  in palm oil products. 

Throughout  this paper  the term "unsaturated" will be 
used in the restricted sense of "c~/s-unsaturated ''. With 
regard to solid-state properties, t r a n s - u n s a t u r a t e d  fat ty 
acids behave rather  like the sa turated fatty acids and, 
hence, TAGs with such acyl chain have already been dealt 
with in our earlier work (5). 

If we disregard the exact  chemical s t ructure of an acyl 
chain, apart  from the distinction of saturated (S) as 
opposed to unsatura ted  (U), then the unsatura ted  TAGs 
may be divided into five classes--S.  U" S, U. S" S, U- S" 
U, U- U- S a n d  U- U" U. The stable form of TAGs belonging 
to the symmetrical classes S" U. S, U" S '  U and U" U" U 
is fl, whereas TAGs from the asymmetrical classes U" S" S 
and U" U" S do not occur in this fi form. Hence, in this 
work, which concerns the fl phase, we deal exclusively 
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with the S" U" S-, U" S .  U- and U" U" U-type TAGs. As 
before (5,6), the saturated fatty acids in a TAG will be 
denoted bY the number of carbon atoms in the chain, and 
p, g and r represent chain 1, 2 and 3, respectively. The 
unsaturated acids will be denoted by O for oleic acid [(Z)- 
9-octadecenoic acid] and E r  for erucic acid [(Z)-13- 
docosenoic acid]. 

Much of the work described in this paper  concerns the 
crystal s tructures of the monounsa tura ted  TAGs p .  O .r. 
From the analysis of these TAGs, the main features of the 
crystal s tructures of the remaining O'  q �9 O and U" U" U 
TAGs may be deduced in a fairly straightforward manner. 
It should be emphasized, however, that  in these two cases 
the experimental evidence available for checking the 
proposed structures is particularly limited. 

THE fl PHASE OF MONOUNSATURATED 
TRIACYLGLYCEROLS 

Molecu lar  s t ruc ture .  We have already noted that  only 
TAGs from the symmetrical classes S" U. S, U" S '  U and 
U" U" Uoccur  in the fi crystal modification. Apparently, 
it is a prerequisite for the fl form that  the two outer chains 
are of like character.  This is consistent with the adjacent 
packing of chains 1 and 3 observed in the fl phase of 
saturated TAGs. Therefore, we assume that  the molecular 
s t ructure is very similar to that  of the saturated TAGs in 
the fl-2 and fl-3 phases. The one essential difference 
between the saturated and the unsatura ted  TAGs 
obviously is tha t  the geometry of the unsa tura ted  chain 
will not be linear or, more correctly, zigzag, but ra ther  
bent or kinked. 

Any chain conformation can best be described in terms 
of the torsion angles ~p about the individual carbon- 
carbon bonds. Unsaturated chains show three types of 
carbon-carbon bonds, v/z., -CH2-CH2-, -CH2-CH = and 
-CH=CH -. The first type usually adopts the t rans -  (or 
ant i - )  configuration ( ~ 1 8 0 ~  especially when long 
chains in the solid state are concerned. The alternative, 
but less likely possibility, is that  of a gauche-conf igura t ion  
(cp~_+60~ The torsion angle of the cis  double bond is, by 
definition, zero, i.e., r ~ 

There is ample evidence that  the C-CH2-CH=C fragment 
differs from the C-CH2-CH2-C fragment with respect to its 
conformational behavior. This has been demonstra ted 
clearly, for example, by the data  we obtained from a 
literature search of the torsion angles of 350 C-C-C=C 
fragments from single crystal X-ray analyses of about 140 
compounds,  each containing this fragment (Fig. 1). The 
stable conformation are s k e w  (~+_120  ~ and cis  (or syn ,  
r176 rather  than t r a n s  or gauche.  When the geometry of 
the double bond itself is already cis  (Fig. 1B), as in oleic 
acid, the configuration around the single bond adjacent 
to the cis  double bond can only be skew. 

The conformation of the entire oleoyl chain now can be 
given in terms of the above-mentioned torsion angles 
using the following code: c for c/s (0~ g for gauche  + (60~ 
s for s k e w  + (120~ t fo r  t r a n s  (180~ ~ for skew-  (240~ ~ 
for gauche-  (300 ~ and C for the cis  double bond. 
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STRUCTURES AND MELTING POINTS OF TRIACYLGLYCEROLS 

TABLE 1 

E x p e r i m e n t a l  Long  S p a c i n g  ( L )  and  M e l t i n g  P o i n t  (Tin) D a t a  o f  U n s a t u r a t e d  T r i a c y l g l y c e r o l s  in  t h e  fl P h a s e  
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Triacylglycerol n L /  n m  Refs. Tm/~ Refs. 

p .  O. p (symmetric monounsaturated TAGs) 
10. O. 10 38 4.88 9 6.2 9 
14.  O. 14 46 5.67 10 28.5 10 
16. 0 . 1 6  50 6.1, 6.07, 6.09 9, 10, 11 35.2, 37.5,38.3 9, 10, 11 

6.04, 6.05, 6.3 11, 12, 13 36, 38, 37.2 11, 12, 13 
6.16, 6.10 14, 15 35.5, 36.7 14, 15 

18. 0 �9 18 54 6.5, 6.41, 6.48 9, 16, 10 43.0, 42.0, 43.5 9,~16, 10 
6.5, 6.47, 6.50 17, 18, 15 41.7, 43.5, 43.0 17, 18, 15 

20 .  O. 20 58 7.07 19 48.3 19 
22 .  O. 22 62 7.36 19 53.3 19 

p �9 0 �9 p+2 (asymmetric monounsaturated TAGs) 
14.  O. 16 48 - -  - -  27 
16. O. 18 52 6.31, 6.41, 6.37 20, 21, 17 38, 37.7, 35.7 20, 21, 17 

6.26, 6.43, 6.40 22, 23, 18 35.5, 35.0 23, 18 
18. O. 20 56 6.7 a 41.5 a 

O" q" O (diunsaturated TAGs) 
O. 1 6 . 0  52 6.30, 6.35 24, a 21.0 24 
0 �9 18. 0 54 6.44, 6.50 24, 25 25.4, 25, 24.5 24, 25, a 

U . U . U  monoacid triunsaturated TAGs) 
O �9 O.  O 54 4.33, 4.25 26, 25 5.5, 5 26, 25 
E r .  E r .  Er  66 5.13, 5.11 27, 28 31.5, 30 27, 29 

aThis work. 

A s s u m i n g  t h a t  t h e  s a t u r a t e d  p a r t s  of  t h e  oleoyl  c h a i n  a re  
in t h e  fully e x t e n d e d  a l l - t r a n s  con f igu ra t i on  we  der ive  
two  essen t i a l ly  d i f fe ren t  c o n f o r m a t i o n s : . . ,  t t s C ~ t t . . .  (I)  
a n d  . . .  t t s C s t t . . .  (II) .  These  c o n f o r m a t i o n s  a r e  dis- 
p l a y e d  in F igure  2. A sa l i en t  f e a t u r e  of  such  c o n f o r m a -  
t ions  is t he  p s e u d o - s y m m e t r i c  r e l a t i o n s h i p  b e t w e e n  b o t h  
c h a i n  halves,  n a m e l y  a re f lec t ion  for  I a n d  a two- fo ld  
r o t a t i o n  for  II. The  t h i r d  c o n f o r m a t i o n  s h o w n  in F igure  2, 
� 9  t t s C s g t . . .  ( I I I ) ,  is in t r igu ing  b e c a u s e  it ha s  an  overa l l  
s t r a i g h t  conf igura t ion .  

At  th is  s t age  of  t h e  ana lys i s  it  is no t  poss ib le  to  m a k e  a 
decis ive  choice  b e t w e e n  the  t h r e e  c o n f o r m a t i o n s .  Howev- 
er, an  i nd i ca t i on  in favor  of  c o n f o r m a t i o n  I c o m e s  f rom 
t h e  c rys t a l  s t r u c t u r e  of  oleic ac id  (7),  w h i c h  h a s  th is  ve ry  
c on f o rma t ion .  An  a r g u m e n t  aga in s t  t h e  t h i r d  c o n f o r m a -  
t ion  is t h a t  i t  involves one,  ene rge t i ca l ly  less favorable ,  
g a u c h e  t o r s ion  angle.  I t  does  occur ,  however ,  in t he  
c rys t a l  s t r u c t u r e  of  cho les t e ry l  p a l m i t o l e a t e  (8).  Disre- 
ga r d ing  the  p r ec i s e  c o n f o r m a t i o n  of  t he  o leoyl  chain ,  
however ,  we sha l l  f i rs t  c o n s i d e r  t h e  l a t e r a l  p a c k i n g  of  t he  
molecu les  in t h e  fi c rys ta l l ine  phase .  

L a t e r a l p a c k i n g .  All ava i lab le  long spac ing  a n d  me l t ing  
p o i n t  d a t a  for  t h e  u n s a t u r a t e d  f l -phase  TAGs have  been  
co l lec ted  in Table 1. In  F igure  3 t h e s e  d a t a  have  been  
p l o t t e d  as a f u n c t i o n  of  t he  t o t a l  n u m b e r  of  c h a i n  c a r b o n  
a toms ,  n - - p + q + r ) .  A fi-3 p a c k i n g  m o d e  of  t h e  mo lecu l e s  is 
i m m e d i a t e l y  a p p a r e n t  f rom the  high va lues  of  t h e  long 
spac ings .  A fi-3 s t r u c t u r e  is pe r f ec t ly  logical  b e c a u s e  it 
a l lows s ide-by-s ide  pack ing  of  t he  u n s a t u r a t e d  chains .  
These  u n s a t u r a t e d  cha in s  a r e  s a n d w i c h e d  b e t w e e n  lay- 
e rs  of  s a t u r a t e d  cha ins  p a c k e d  la tera l ly .  In  t h e  fl-2 
p a c k i n g  m o d e  t h e  u n s a t u r a t e d  cha in s  w o u l d  have  h a d  to  
be  p a c k e d  i n -be tween  the  s a t u r a t e d  chains .  

F o r  a m o r e  d e t a i l e d  d i scuss ion  of  t h e  l a t e r a l  p a c k i n g  we  
can  benef i t  f r om our  p r ev ious  ana lys i s  of  t h e  fl-3 p h a s e  of  

s a t u r a t e d  TAGs (6). S t a r t i n g  f rom t h e  a s s u m p t i o n  t h a t  
t h e  T / / s u b c e l l  h y d r o c a r b o n  cha in  p a c k i n g  is r e s p o n s i b l e  
for  t he  unde r ly ing  s t r u c t u r e  of  e ach  fi phase ,  g e o m e t r i c  
ana lys i s  of  t h e  p a c k i n g  a n d  s u b s e q u e n t  l a t t i c e  ene rgy  
c a l c u l a t i o n s  i n d i c a t e d  t h a t  t he  e x p r e s s i o n s  for  t h e  un i t  
cell  axes  a a n d  b, in t e r m s  of  t he  subce l l  axes  as, bs a n d  Cs, 
are:  

a = 2as + tcs [1] 
a n d  b = bs. [2] 

I t  was  a lso  f o u n d  t h a t  on ly  two  so lu t ions  w e r e  admiss ib le ,  
v i z . ,  t = 1 a n d  t = -1.  The  f i rs t  so lu t ion ,  t = 1, ( c a l c u l a t e d  
r = 67 ~ app l i e s  to  t h e  s a t u r a t e d  fl-3 TAG sys tems .  The  
a l t e r n a t i v e  so lu t ion ,  t = -1  ( c a l c u l a t e d  r = 56~ a l t h o u g h  
t h e o r e t i c a l l y  qui te  feasible,  h a d  to  be d i s c a r d e d  for  t he  
s a t u r a t e d  TAGs because ,  a m o n g  o t h e r  things ,  it  d i s a g r e e d  
w i th  t he  o b s e r v e d  va lue  angle  of  ti l t :  r = 66 ~ F o r  t he  
p r e s e n t  fl-3 u n s a t u r a t e d  TAGs, t he  l eas t  s q u a r e s  l i nea r  
e q u a t i o n  for  t h e  e x p e r i m e n t a l  long spa c ing  (Fig. 3) is: 

L = ( n  + 9.2) �9 0.103 n m  [3] 

The  s t a n d a r d  e r r o r s  a r e  2.0 for  no a n d  0.003 n m  for  t he  
slope.  The  e s t i m a t e d  va lue  of  9.2 for  no is no t  s ign i f ican t ly  
d i f fe ren t  f rom t h e  va lue s  (no ~ 6 -7 )  f o u n d  ea r l i e r  for  t h e  
s a t u r a t e d  fl-2 a n d  fi-3 TAGs (5,6). This  is as  e x p e c t e d  
b e c a u s e  no a c c o u n t s  for  t he  s p a c e  o c c u p i e d  by  the  non-  
subce l l  reg ions  (g lycerol  g r o u p  a n d  m e t h y l  e n d  g r o u p s )  
a n d  p r o b a b l y  does  no t  d e p e n d  m u c h  on  the  p a r t i c u l a r  
p a c k i n g  mode .  

F r o m  the  s lope  we  o b t a i n  an  angle  of  t i l t  r = sin -1 (0.103 
�9 2 /0 .2545)  = 54~ wi th  a s t a n d a r d  e r r o r  of  30. Hence,  for  t he  
u n s a t u r a t e d  TAGs, t h e  so lu t ion  t = -1  app l i e s  and ,  
consequen t ly ,  t he  a ax is  is given by: 

a = 2a~ - Cs. [4 ]  
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FIG. 4. Lateral arrangement  o f p .  O . p  tr iacylglycerols  (p=10) ,  showing the subce l l  
packing and the methyl  terrace.  Only h a l f a  layer is shown.  Project ion is  on the  ascs- 
plane.  

In Figure 4 this type  of  pack ing  is displayed for a p"  O" p 
TAG. Only hal f  a layer is shown since we do not  yet  know 
the  s t r u c t u r e  of  the  oleoyl chain. The methyl  terrace,  with 
the  t e r r ace  indices (-1,0),  will be deno ted  hence fo r th  as 
f l -3Cand should  be dis t inguished f rom the  fi-3A (0.1) and  
fl-3B (-1,2)  te r races  found  for  the  s a t u r a t e d  TAGs (6). A 
simple ex tens ion  of  chain  3 by two ca rbon  atoms,  t rans-  
forming p .  O. p into p" O" p+2, leaves the  methyl  t e r race  
essentially una l te red  [(-1, 0) ~ (0, -1)] .  

So, the  p"  O" p and  p" O" p+2 TAGs share  the  same  fi- 
3C terrace.  For  en t ropy  reasons  (5,6), the melt ing point  
line of  the  asymmet r ic  p �9 0 �9 p+2 TAGs should  then  lie 
about  4~ benea th  the  one  for  the  symmetr ic  p �9 O �9 p 
TAGs. This is indeed observed (Fig. 3). In sum, the  
combined  evidence of  long spac ing  data ,  melt ing points,  
geometr ic  packing  analysis and  latt ice energy  calcula- 
t ions (6) leads unambiguous ly  to the  fl-3Clateral packing  
given by Eqs. [2] and  [4] and  i l lustrated in Figure 4. 

Assembly of  the two half-layers. The next  s tep is to 
%veld" the two half-layers toge ther  in such  a m a n n e r  as to 
give an acceptable  con fo rma t ion  for  the  oleoyl chain  and  
having no shor t  n o n b o n d e d  a t o m - a t o m  con tac t s  between 
neighboring oleoyl chains.  We will a s sume tha t  the  two 
layer halves are  re la ted  t h r o u g h  a crys ta l lographic  sym- 
m e t r y  element.  Even if this a s sumpt ion  should  no t  hold 
fully, the  t rue  s t ruc ture ,  with two independen t  molecules 
in the  a symmet r i c  unit, p robab ly  depa r t s  only slightly 
f rom the  m o r e  symmet r i c  si tuation.  

Geometric analysis. The (pseudo- )  s y m m e t r y  e lements  
t ha t  m a y  be conceived are  a (glide-)reflection, a two-fold 
( sc rew-) ro ta t ion  and  an inversion. In principle, the  oleoyl 
chain con fo rma t ion  (Fig. 2) should  be compat ib le  with 
this crys ta l lographic  symmetry .  Hence, a mi r ro r  symme-  
t ry  mus t  be associa ted  wi th  con fo rma t ion  I, the  ro ta t ion  
s y m m e t r y w i t h  con fo rma t ion  II and  the  inversion symme-  
try, giving rise to essential ly s t ra ight  oleoyl chains, with 

con fo rma t ion  III. The center  of  s y m m e t r y  and  the  mir ror  
(glide) p lane  parallel  to  the  ab plane pu t  no addi t ional  
cons t ra in t s  u p o n  the a and  b axes, which have a l ready 
been fully establ ished (Eqs. [2] and  [4]). The converse  is 
t rue  for ro ta t ion  symmetry ,  because  a two-fold axis in the 
ab plane implies the presence  of  a unique axis in this 
plane at  r ight  angles to the o the r  unit  cell axes. With the 
a and b axis given by Eqs. [4] and  [2], respectively, it 
t u rns  ou t  t ha t  the  b axis is a lmost  pe rpend icu la r  to the  ab 
diagonal  axis a': 

a'---- a + b = 2as + b s -  %. [5] 

On the  basis of  the subcell d imensions  given in our  
earlier work  (5), the  angle 7 '  = 89.2~ With a minor  adap-  
ta t ion  of  the  subcell % angle, viz., f rom 121 ~ to 121.9 ~ an 
exac t  r ight  angle for ~/' is achieved. Consequently,  the 
possibility of  a two-fold (screw) axis, e i ther  parallel  to a '  
or  to b, is real. 

Al together  the re  are  now four  opt ions  for the  s y m m e t r y  
opera t ion  t r ans fo rming  the  two half-layers: i) a glide 
p l a n e / / a b  with an a/2 glide; ii) a two-fold screw a x i s / /  
a'; iii) a two-fold screw axis / /  b; and  iv) the  inversion 
symmetry .  We have cons t ruc t ed  c o m p u t e r  models  for 
each of  these  four  s t ructures .  The two layer  halves were 
placed a r o u n d  the  s y m m e t r y  e lement  in such  a w a y  tha t  
ca rbon  a toms  C8 and  C l l  of  the  oleoyl chain are  at  a 
dis tance (0.315 nm)  dic ta ted  by the  rigid geomet ry  of  the 
cis C8-C9=C10-Cl l  f ragment .  Subsequently,  the  coordi-  
na tes  of  the  double  bond  a toms  C9 and  C10 are  genera ted  
in 36 different  ways,  co r r e spond ing  to a full revolut ion of  
the  C8-C9=C10-C11 fragment ,  in s teps  of  10 ~ a r o u n d  the 
C8 . . .  C l l  axis. For  each of  the  ensuing s t ruc tu res  the 
tors ion  angles a r o u n d  the  bonds  C7-C8, C8-C9, C10-C11 
and  C 11-C 12 and  the  bond  angles C7-C8-C9 and  C 10-C 11- 
C12 were  computed .  Surprisingly, all four  symmetr ies  
gave accep tab le  conformat ions ,  i.e., with the  tors ion 
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gated the stacking of the layers in any further  detail 
because it is of less importance than the s t ructure  of the 
layer itself. Moreover, there would be no way to check the 
theoretical results with the experimental  data. In Figure 
5 the s tructure of 16- O" 16 is illustrated, assuming a glide 
plane to be present at the double bonds and inversion 
centers between the methyl groups. We have suggested 
earlier (33) that  the phase t ransformation V~VI in cocoa 
but ter  (18,34), which is responsible for the formation of 
"bloom" on chocolate, involves a change of the layer 
stacking, giving a higher crystal symmetry  and resulting 
in a simpler powder diffraction pattern.  Also, the subtle 
difference between the so-called fll and f12 forms observed 
by Sato et  al.  (15) may lie in a different stacking of the 
layers. However, these are mere speculations, which 
probably can be settled only by single crystal X-ray 
diffraction analyses. 

o I U  o o o 

THE/~ PHASE OF SYMMETRIC DIUNSATURATED 
TRIACYLGLYCEROLS 

The long spacings of the O �9 q �9 O TAGs, plotted as a 
function of n, coincide with those of the monounsatura t -  
ed p .  O" r TAGs (Fig. 3). As a result, the lateral packing 
and the methyl terrace are probably identical. An obvious 
solution to the crystal s t ructure is therefore a f i -3C 
structure  with the unsa tura ted  chains at the outsides 
and the saturated chains at the inside of the layer. The 
symmetry element at the center of the layer can be an 
inversion only, since a two-fold (screw-)axis or a 
(glide-)reflection would lead to non-straight sa turated 
chains. 

There can be no true symmetry at the planes through 
the double bonds, but there may be a local pseudo- 
symmetry relation between the oleoyl chain halves. All 
four possibilities proposed in the foregoing section maybe  
considered again. Since the methyl terrace is exactly the 
same as that  for the monounsa tura ted  TAGs, the same 
considerations regarding the layer stacking apply here. In 
Figure 6 the simplest possible s t ructure  is shown with a 
center of symmetry between the layers and a pseudo- 
mirror plane at the double bonds. 

o o ~  

FIG. 5. Proposed  crystal  s tructure  for fl-3C monounsaturated  
p .  O.  p tr iacylglycerols  (p=10) .  Space  group P 2 ] / a  assumed.  

halves we may conceive several symmetry elements 
relating the layers, v i z .  a center  of symmetry, (glide-)re- 
flections or two-fold (screw-)axes. We have not investi- 

THE fl PHASE OF TRIUNSATURATED TRIACYLGLYCEROLS 

The lowvalues for the long spacing of fi-phase O" O" O and 
E r "  E r  - E r  (trierucin) (Table 1) show that  these tri- 
unsa tura ted  TAGs crystallize in a fi-2 modification. Since 
there is no distinction between chains 1 and 3 on the one 
hand, and chain 2 on the other, there is no "advantage" for 
the fl-3 packing mode. Compared to their sa turated 
analogs (1), the long spacings lie between those of the fl- 
2A and the f i - 2E  submodification, though somewhat  
closer to the former. A satisfactory model for the A-type 
s t ructure  is shown in Figure 7. However, we have not 
pursued the analysis beyond this stage of explorative 
model building since the crystal s t ructures  of these low- 
melting compounds  are of less practical interest. 

DISCUSSION 

The work described in this report  forms the first investi- 
gation of the crystal s tructures of unsa tura ted  TAGs at 
the atomic level of detail. Previously, more schematic 
proposals for these structures have been put forward 
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angles  a n d  b o n d  angles  no t  too  fa r  f rom the i r  f avo red  
va lues ,  d e m o n s t r a t i n g  the  feas ib l i ty  of  t h e s e  four  differ-  
en t  s t r u c t u r e s .  

E n e r g y  m i n i m i z a t i o n  c a l c u l a t i o n s .  A m o r e  c o m p r e -  
hens ive  analys is ,  however ,  shou ld  t a k e  in to  a c c o u n t  all 
i n t r a -  a n d  i n t e r m o l e c u l a r  i n t e r a c t i o n s  a n d  t h u s  es tab l i sh  
t h e  m i n i m u m  ene rgy  s t r u c t u r e .  This we  have  done  by  
m e a n s  of  t he  Q C F F / M C A  p r o g r a m  p a c k a g e  (30,31),  
w h i c h  a l lows o p t i m i z a t i o n  of  all  a t o m i c  pos i t i ons  of  a 
mo lecu l e  in a c rys ta l l ine  env i ronmen t .  The  force  field 
given (30)  inc ludes  all  r e l e v a n t  c o n f o r m a t i o n a l  a n d  
pack ing  p o t e n t i a l  func t ions :  b o n d  s t r e t c h i n g  (Ustr), angle  
b e n d i n g  (Ubend), t o r s ion  (Vtors) a n d  i n t r a m o l e c u l a r  
(U,o,b), as  well  as  i n t e r m o l e c u l a r  (Utmost) n o n - b o n d e d  
in t e r ac t ions .  

The c a l c u l a t i o n  of  a c o m p l e t e  TAG molecule ,  hav ing  
100-200 a toms ,  however ,  w o u l d  involve a p roh ib i t ive  
a m o u n t  of  c o m p u t i n g  t ime.  F u r t h e r m o r e ,  we  a re  in t e re s t -  
ed  on ly  in t h e  o p t i m u m  c o n f o r m a t i o n  a n d  p a c k i n g  n e a r  
t h e  doub le  b o n d s  of  t h e  oleoyl  cha ins .  Thus,  for  ou r  
p u r p o s e ,  it  is suff ic ient  to  c o n s i d e r  on ly  p a r t  of  t he  oleoyl  
cha in .  In  fact ,  we have  u sed  ( Z ) - 5 - n o n e n e  as  a m o d e l  for  
t he  C5-C13 f r a g m e n t  of  oleic acid.  

The "best" s t r u c t u r e s  de r ived  f rom the  ea r l i e r  c o m p u t e r  
mode l ing  exe rc i s e  se rved  as  t he  s t a r t i n g  p o i n t s  for  t he  
Q C F F / M C A  ca lcu la t ions .  In  o r d e r  to  e n s u r e  a s m o o t h  
t r a n s i t i o n  f rom the  doub le  b o n d  region  C7-C12 to t he  
subce l l  r eg ions  C1-C8 a n d  C l l - C 1 8 ,  bo th  p r o p y l  ends  of  
t he  n o n e n e  molecu le  were  k e p t  in a pos i t i on  p r e s c r i b e d  by  
the  subce l l  packing .  This was  ach ieved  by  j ud i c ious ly  
chosen  p e n a l t y  func t ions ,  wh ich  we re  a d d e d  to t he  
p r o g r a m .  By do ing  so, s ix t o r s ion  angles ,  five b o n d  angles  
a n d  four  b o n d  leng ths  of  t h e  c a r b o n  c h a i n s  r e m a i n e d  to  
be op t imized .  The f inal  r e su l t s  of  t h e s e  ca l cu l a t i ons  a r e  
given in Table 2. 

The o p t i m i z e d  s t r u c t u r e s  of  t h e  oleoyl  cha in  a re  c lea r ly  
i n t e r p r e t a b l e  in t e r m s  of  t h e  idea l ized  s t ab le  con fo rma-  
t ions.  Thei r  e n e r g y  differences ,  however ,  a r e  too  smal l  to  
w a r r a n t  a p r e f e r e n c e  for  a n y  of  t h e s e  s t ruc tu r e s .  This is 
b e c a u s e  t he  a c c u r a c y  of  t he  c a l c u l a t i ons  is no t  high 
enough,  the  c a l c u l a t e d  ene rgy  d i f fe rences  being only  a few 
kJ /mo l .  We m u s t  also t a k e  into  a c c o u n t  k inet ic  f ac to r s  
o p e r a t i n g  d u r i n g  t h e  c rys ta l l i za t ion  process .  Hence,  even 
if t h e  ene rgy  d i f fe rences  a re  real ,  th is  does  no t  a u t o m a t -  
ical ly  imp ly  t h a t  t h e  low-energy  s t r u c t u r e ,  i), is t he  one  
f o r m e d  in p rac t i ce .  

I t  shou ld  be reca l led ,  however ,  t h a t  t he  c o n f o r m a t i o n  of  
t he  oleoyl  cha in  in s t r u c t u r e  i) v e r y  c losely  r e sembles  t he  
one  f o u n d  in t h e  c rys t a l  s t r u c t u r e  of  oleic ac id  ( l a s t  
c o l u m n  of  Table 2). Furthermoi~e,  an  a r g u m e n t  aga in s t  
t h e  ii) a n d  iii) s t r u c t u r e s  is t h a t  t he  s y m m e t r y - r e l a t e d  
molecu les  ins ide  a l ayer  a r e  no t  op t i ca l  an t ipodes .  Then,  
for  t he  r a c e m i c  p .  O" p + 2  TAGs t h e  imp l i ca t i on  is t h a t  t he  
s t e r e o i s o m e r s  a r e  p a c k e d  a l t e r n a t e l y  in s e p a r a t e  layers .  
D e p e n d i n g  on t h e  m e c h a n i s m  of  c rys t a l  growth ,  th is  m a y  
be k ine t i ca l ly  unfavorab le ,  a n d  a s t r u c t u r e  such  as i) o r  
iv), wh ich  have  b o t h  D a n d  L molecu le s  ins ide  one  layer ,  
m a y  deve lop  m o r e  readi ly.  In  th i s  c o n n e c t i o n  it is a lso 
i n t e r e s t i ng  to  obse rve  t h a t  ch i r a l  1 6  �9 0 �9 18  does  no t  
c rys ta l l ize  in a fl p h a s e  (22). Shou ld  it have  done  so, t h e n  
s t r u c t u r e s  i) a n d  iv) wou ld  have  h a d  to  be exc luded .  If  t h e  
s t r u c t u r e  is ii) o r  iii), t hen  it is h a r d  to  u n d e r s t a n d  w h y  
t h e  op t i ca l ly  ac t ive  16" O" 1 8  does  no t  c rys ta l l ize  in t he  fl 
modi f ica t ion .  All  t h e s e  c o n s i d e r a t i o n s  l ead  to  the  conc lu-  
s ion t h a t  t he  m o s t  p r o b a b l e  s t r u c t u r e  is i). An  a t t e m p t  to 
a r r ive  a t  a dec i s ion  by c o m p a r i n g  the  e x p e r i m e n t a l  
p o w d e r  d i f f r ac t ion  d i a g r a m s  wi th  c a l c u l a t e d  d i a g r a m s  
(32)  b a s e d  on t h e  re f ined  t h e o r e t i c a l  s t r u c t u r e s  has  been  
unsuccessfu l .  

L a y e r  s t a c k i n g .  J u s t  as  wi th  t he  p a c k i n g  of  the  l aye r  

TABLE 2 

Optimized Structures and Energies of  the Oleoyl Chains in the  Four Different  
Lateral Packing Modes of  fl-3 Unsaturated Triacylglycerols 

Structure 
Oleic 

Parameter i) ii) iii) iv) acid ~ 

07 111.6 109.4 114.4 115.1 111.0 
Bond 08 108.6 110.3 109.4 110.3 105.8 

angle/~ 09 126.6 126.5 126.6 127.4 125.8 
010 127.3 127.7 127.0 126.4 125.6 
0H 108.5 109.4 109.9 114.3 107.4 

Torsion 
angle. ~ 

~6-7 185 188 184 183 180 
r 180 175 84 66 176 
r 124 121 126 131 132 
~9-10 0 -4 2 -4 -2 
r -138 118 -137 123 -128 
r -162 162 160 173 -171 

U~tr 0.0 -0.4 -0.6 -1.5 
Relative Ube,,a 0.0 1,8 1,7 5.5 

energy/ Utor~ 0.0 -1.3 2.8 -1.5 
(kJ mol 1) U~,onb 0.0 -0.9 1.1 1.5 

U~.,~t 0.0 2.3 1.2 3.6 
Utota ! 0.0 1.5 6.1 8.0 

I 

Symmetry a glide 21//a' 21//b 
Conformation . ttsC~t. . ttsCst. . tgsC~t. . tqCst. . ttsC~t. 

aRef. 7. 

JAOCS, Vol. 68, no. 6 (June 1991) 



STRUCTURES AND MELTING POINTS OF TRIACYLGLYCEROLS 

377 

CO o o t8 
'~ ~) 18 

,3 

o o 

FIG.  6. P r o p o s e d  c r y s t a l  s t r u c t u r e  for  fl-3C d i u n s a t u r a t e d  O .  p �9 O t r i a c y l g l y c e r o l s  
( p = 1 0 ) .  P1 s y m m e t r y  a s s u m e d .  

(34-36) .  Fo r  e x a m p l e ,  t h e  fl-3 pack ing  mode ,  as  o p p o s e d  
to  t he  c o m m o n  f~-2 pack ing ,  was  i m m e d i a t e l y  r ecogn ized  
by  the  f irst  w o r k e r s  w h o  used  X- ray  p o w d e r  d i f f rac t ion  as  
a tool  to  s t u d y  t h e  p o l y m o r p h i s m  of  u n s a t u r a t e d  TAGs. 

La r s son  (35) c o n s i d e r e d  the  fl-3 c rys t a l  s t r u c t u r e  of  
1 8  �9 0 �9 1 8  in s o m e  m o r e  de ta i l  a n d  a r r ived  a t  a r o u g h  
s t r u c t u r e  r e sembl ing  o u r  m o d e l  (Fig. 5). However ,  b o t h  
t he  m o l e c u l a r  s t r u c t u r e  a n d  the  l a t e r a l  pack in g  (O'  // 
subce l l )  of  t he  oleoyl  cha ins  we re  a d o p t e d  f rom t h e  
c rys t a l  s t r u c t u r e  of  oleic ac id  (7).  Fo r  t he  s a t u r a t e d  
cha in s  t he  T / / s u b c e l l  pack ing  was  a s sumed .  Unt i l  now, 
however ,  no c ry s t a l  s t r u c t u r e  of  a long-cha in  c o m p o u n d  
is k n o w n  t h a t  i n c o r p o r a t e s  d i f fe ren t  t y p e s  of  h y d r o c a r -  
bon  cha in  packing .  A t h e o r e t i c a l  a r g u m e n t  o p p o s i n g  t h e  
i d e a  of  a c c o m m o d a t i n g  two  d i f fe ren t  subcel ls  in a com-  
m o n  c rys ta l  s t r u c t u r e  is t h a t  it  is no t  poss ib le  to f ind s h o r t  
un i t  cell  axes  t h a t  can  be e x p r e s s e d  as  s imple  l i nea r  
c o m b i n a t i o n s  of  t h e  T / / s u b c e l l  axes  a n d  the  O ' / / s u b c e l l  

axes  a t  t h e  s a m e  t ime.  F u r t h e r m o r e ,  t he  p o w d e r  d i f f rac-  
t ion p a t t e r n s  do no t  p r o v i d e  conclus ive  ev idence  t h a t  t he  
O ' / / subce l l  prevai ls .  F o r  t h e s e  va r ious  r e a s o n s  we cons id -  
er, w i th  r e s p e c t  to  t he  l a t e r a l  a r r a n g e m e n t  of  t he  oleoyl  
cha ins ,  t h e  p r o p o s e d  s t r u c t u r e  no t  to  be en t i r e ly  cor rec t .  

A v e r y  de t a i l ed  s t r u c t u r e  has  been  p r o p o s e d  for  t h e  fl 
p h a s e  of  16" O" 18  as a m o d e l  for  t he  s t ab le  mod i f i ca t i on  
of  c o c o a  b u t t e r  (34). The  p r o p o s a l  is b a s e d  on  r a t h e r  p o o r  
e v i d e n c e - - t h e  cha in  p a c k i n g  has  no t  been  cons ide red ,  
the  angle  of  t i l t  u sed  is too  high, a n d  the  c o n f o r m a t i o n  of  
t he  oleoyl  cha in  is d e d u c e d  f rom a c o n s i d e r a t i o n  of  t he  fi- 
p h a s e  long spacing.  

In o u r  w o r k  seve ra l  pa c k ing  m o d e s  have  been  s h o w n  to 
be t h e o r e t i c a l l y  feas ib le  for  t he  m o n o u n s a t u r a t e d  TAGs 
p �9 O �9 r. In  p r a c t i c e  th i s  m a y  well  be r e f l ec t ed  by  the  
c o m p l e x  p h a s e  behav io r  o f  c o c o a  bu t t e r ,  w h i c h  has  two fl- 
3-like p h a s e s  (12,34). We have  also s h o w n  t h e  c lose  
s imi l a r i t y  of  t he  c rys t a l  s t r u c t u r e s  o f  1 6 . 0 " 1 6 ,  16" O " 18  
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a p p r o a c h  as our  mode l  bu i ld ing  s tud ies  of the var ious  fl 
phase  crys ta l  s t ruc tu res .  Such an  a p p r o a c h  ma y  p roduce  
a survey  of a great  va r ie ty  of s t ruc tures ,  de t e rmine  the i r  
c o m m o n  fea tu res  a n d  uncove r  the i r  essen t ia l  differences. 

o ;~ o o = o a  

FIG. 7. Proposal  for the  fl-2A crystal  s tructure o f tr iunsaturated  
glycerol tr io leate  (O-  O- O). 

a n d  1 8 "  0 �9 18, which  may  exp la in  the  high e x t e n t  to 
which  each of these  c o m p o u n d s  can  dissolve in the  solid 
s ta te  of the o thers  (12,37,38). 

Reviewing our  analyses  of the  s t r u c t u r e s  of fi-2 s a t u r a t -  
ed TAGs (5), of fl-3 s a t u r a t e d  TAGs (6) a n d  the  p r e s e n t  
u n s a t u r a t e d  TAGs, we note  t h a t  the  e x p e r i m e n t a l  d a t a  
have become increas ingly  sparse,  the  analyses  relying 
more  a n d  more  on theore t ica l  ca lcu la t ions  a n d  the  
resul t s  becoming  less a n d  less conclusive.  We believe t h a t  
wi th  the  p r e sen t  work  the  u t m o s t  has  been done  to clarify 
the  crystal  s t r u c t u r e s  of f l-phase TAGs on the  basis  of 
avai lable e x p e r i m e n t a l  data .  F u r t h e r  progress  in the  field 
can  only  be achieved by s ingle-crystal  s t r u c t u r e  analyses.  
This is pa r t i cu la r ly  t r u e  of the  fl' modif icat ion,  where  a 
s t r u c t u r e  t h a t  has  been  comple te ly  solved could serve as 
a s t a r t i ng  po in t  f rom which to develop a l t e rna t ive  fl' 
c rys ta l  s t ruc tures .  This could be done  by us ing a s imi lar  
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