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ABSTRACT 

Enantiome ric and racemic triacylglyce rols (TGs) repre sentative 

of the major structural classe s in milkfat we re synthe sise d and the ir 

polymorphism was characte rise d by diffe rential scanning calorime try (DSC) 

and infrare d (IR) spe ctroscopy. 

With butyric (B) , ole ic (0), palmitic (P) and stearic (S) acids 

as starting mate rials, 22 racemic TGs were prepare d. The main TG classe s 

were : 1) palmitoyl-stearoyl TGs (e . g. PSS ) , 2) 1-butyryl TGs (BPS) , 

3) 1-ole oyl TGs (OPS) , 4) 2-ole oyl TGs ( POS ), 5) 1-butyryl-2-oleoyl 

TGs (BOS) and 6) 1, 2-dioleoyl TGs (OOS) . Three TGs containing e la idic 

acid (E) were also synthe sise d (BES, ESS and SES) . In a ddition, enan­

tiome rs of three of the racem ic TGs be longing to the 1-butyryl and 

1-ole oyl classe s  we re prepare d (�-SSB, -SSO an d -PPO) . 

The polymorphic forms of each TG we re classifie d as a, �· or� 

by comparison of the ir IR spe ctra with the spe ctra of the polymorphic 

forms of monoacid TGs. Solvent crystallise d forms we re also chara cte rise d 

by X-ray powde r diffraction . Ne lting poin ts of all polymorphs and heats 

of fusion of the least stable (a) and most stable forms we re de te rmine d 

by DSC . Howe ve r, the de termination of the p olymorphic assignment and 

heat of fusion of the inte rme diate forms was often unce rtain be cause of 

the difficulty in obtaining a pure phase. 

The principal findings we re :-

1) C orre spondin g enantiome ric and racemic TGs e xhibite d similar poly­

m orphic be haviour e xcept that the a forms of the enan tiome rs trans­

forme d more rapidly than those of the ir racemate s. 

2) For TGs in which one fatty acid was ve ry diffe rent from the othe r two 

(e . g. BSS, OOS) , the position of the unusual acid de te rmine d the chain 

pack ing of the stable form . If the acid was in a primary position, 

the TG was �'-stable (e . g. BSS, OSS, OOS) , while if it was in the 

se condary position,  the TG wa s �-stable (e . g. SOS, SBS) . 

3)  The re we re close paralle ls be tween the stable forms of corre sponding 

butyryl and ole oyl TGs (e . g. BSS, OSS; SBS, SOS; BOS, OOS) , although 

in othe r re spe cts the ir p olymorph ism ha d little in common . The stable 

forms of BSP and OSP showe d anomalous the rmal, diffra ction and spe ctral 

data compare d with the rema ining 1-butyryl and 1-ole oyl TGs. 

4)  The re sults obtaine d for the 1-ole oyl, 2-ole oyl and 1, 2-diole oyl TGs 

we re in gene ral a greement with earlie r reports, a lthough some 

diffe rences we re note d in the transforma tion of OSP, OPS, SOS and POP. 



Furthermore, previously undetected tran sitions were observed for a ll 

the oleoyl TGs, a lthough these were minor. A new polymorph of OPP 

was a lso characterised. With the exception of POS, all monooleoyl 

TGs showed anomalous crysta llisation beha viour. 

iii 

5) The results for the polymorphism of the palmitoyl-stearoyl and elaidoyl­

stearoyl TGs were a lso in accord with p revious reports. The presence 

of a � ·2 form was confirmed for all TGs except SPS and PSP. The heats 

of fusion of the � forms of SPS an d PSP were comparable with those of 

their unsymmetrica l counterparts, PSS an d PPS, but the heats of fusion 

of their stable� · forms were much higher than those of� ·  SSS, PSS, 

PPS and PPP. 

These findings are discussed in rela tion to the prin ciples of 

close packing and their relevan ce to the phase behaviour of milk fat. 
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NOMENCLATURE 

In general , the recommendat ions of the IUPAC-IUB Commission on 

Biochemical Nomenclature ( 1 976 ; Lipids � ( 1977 ) ,  455 ) are followed for 

the nomenclature of lipids containing glycerol . However , the abbreviations 

MG , DG and TG are used for mono- , di- and triacylglycerol respectively . 

For the sake of  brevity , TGs are specified by a three let t er c ode in 

which the lett ers indicat e the acyl group ( B ,  butyryl ; E, elaidoyl ; 

L ,  lauroyl; O ,  oleoyl ;  P ,  palmitoyl and S ,  st earoyl ) and the order o f  

t he symbols represents t he position of  the acyl group in the TG molecule. 

Enantiomeric TGs are dist inguished by the prefix ·�-',  while TGs without 

a prefix are understood t o  be racemic . Thus �-PPO represent s 

1 , 2-dipalmitoyl-3-oleoyl-�-glycerol and POS ( or SOP ) represents 

�-1 -palmitoyl-2-oleoyl-3-st earoylglycerol .  

The polymorphic forms o f  TGs are designat ed according t o  

Larsson's modificat ion ( Larsson , 1 966a ) on Lut t on's syst em o f  classificat ion 

( Lutton , 1 950) . Where necessary , the chain mult iplicity of a part icular 

form is indicat ed by a suffix. Thus the t erm · �-2 1 represents a �  form 

with a chain multiplic ity of 2. 



1 

Chapter 1 

INTRODUCTION 

1.1 Polymorphism of Triacylglycerols 

1.1.1 Historical Background 

The multiple melting behaviour of saturated triacylglycerols 

(TGs) was first observed in 1849. However, the basis for this phenomenon 

was not understood until 1934 when Clarkson and Malkin demonstrated that 

it was due to polymorphism, i.e. the occurrence for a given compound of 

different crystal forms. Clarkson and Malkin recorded the X-ray 

diffraction patterns of only two crystal forms c� and � in modern 

notation) for even monoacid TGs, although three melting points were 

earlier known to exist. Presuming that the third form was vitreous, 

they gave an erroneous conjunction between melting points and phases. 

In 1945, Lutton and other American workers re-examined the polymorphism 

of the monoacid TGs and discovered the error in Malkin' s association of 

melting points with X-ray diffraction patterns. Lutton obtained the 

diffraction pattern of the intermediate form (�1) and was able to give a 

correct description of the polymorphism. Unfortunately, Malkin did not 

accept this correction, but regarded the�· form as a fourth modification. 

The controversy continued for several years until Chapman (1955-1965) 

introduced infrared (IR) spectroscopy into studies of glyceride polymor­

phism and confirmed Lutton' s results. 

Although Chapman' s work resolved many of the earlier questions 

about TG polymorphism, neither IR spectroscopy nor X-ray powder diffrac­

tion could give the detailed structural information made available by 

application of single crystal X-ray techniques. The first single crystal 

analysis of a TG was performed in 1951, when Vand and Bell determined 

the chain structure of the stable� form of trilaurin. However, it was 

not until 1960 that the general molecular arrangement was resolved 

(Vand, private communication to Chapman, 1962). The complete structure 

determination was finally reported by Larsson in 1963 and in the same 

year Jensen and Mabis solved the essentially isomorphous structure of � 
tricaprin. Larsson subsequently made an incomplete analysis of the p' 
form of trilaurin in which the main features of the crystal structure 
were revealed (1964b, 1971). Only one further TG structure has been 

reported, that of the � form of the diacid TG, rac-2-(11-bromoundecanoyl)-

1,3-dicaproylglycerol (Doyne and Gordon, 1968). In spite of the small 
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number of structures that have been solved , X-ray single crystal 

analyses have provided a most important c ont ribut i on t o  our understanding 

of TG polymorphism . 

1 . 1 . 2 Structural Feat ures of Lipids in the Solid Stat e 

The structural principles involved in the molecular arrangement 

of lipids are a consequence of the requirement s of close packing. 

Kitaigorodskii ( 1 957 ) explained these principles in a thorough analysis 

of the packing of simple lipids and Larsson ( 1 964b , 1972 ) subsequently 

ext ended the c oncepts t o  include glyceride structures.  

( a )  Molecular Direc t i on 

Exc ept for cases where strong ionic f orces are involved , the 

solid stat e structure of lipids is dominat ed by the lat eral packing of 

the hydrocarbon chains . The chains are arranged in an ext ended planar 

zig-zag c onformat ion with their axes aligned parallel t o  one another t o  

f orm molecular layers . This arrangement gives t he closest packing and 

hence the highest possible van der Waals int eraction between chains . 

The layers are stacked s o  that the t erminal planes of end groups are in 

c ontact . Hydrocarbon derivat ives with a head group at one end ( e. g .  

fat ty ac ids ) are arranged head-t o-head in a bimolecular repet ition layer 

t o  allow maximum int erac tion between the polar groups. 

As a consequenc e of their molecular arrangement , l ong chain 

compounds give X-ray powder diffraction pat t erns which c onsist of two 

independent groups of spacings , referred to as long and short spacings . 

The long spacings give the thickness of the unit layer while the short 

spacings are relat ed t o  the lat eral packing or cross-sec t i onal arrange­

ment of the chains . 

( b )  Chain Packing 

Perhaps the most important structural feature of long chain 

hydrocarb on compounds is that the chains can pack in a number of different 

lat eral arrangement s which are energet ically almost equivalent ( i . e. have 

similar van der Waale int eract i on energies ) . The alt ernat ive packing 

modes , which form t he most common basis for lipid polym orphism , can best 

be described in t erms of their subcell symmetry,  where the subcell 

corresponds t o  the smallest repet ition unit within the chain structure 

(Muller , 1 927 ; Vand , 1 951 ) .  Two of the most common chain packings are 

shown in Fig. 1 - 1 . They are: T// , triclinic parallel , in which all the 

zig-zag planes of carbon at oms are parallel (Vand and Bell , 1 951 ) and 

0�, orthorhombic perpendicular , in which there are two equal sets of 

chain planes arranged so that every chain plane is approximat ely 
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perpendicular to  its four nearest neighbours ( Bunn , 1 939 ) .  In addit ion 

to T// and OJL, several other subcells with parallel or perpendicular 

chain plane arrangements are known ( Larsson , 1 972) ,  although t hey have 

been observed only rarely . 

Many long chain compounds crystallise from the melt in a form , 

usually called� , in which the hydrocarbon chains either rotat e or 
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undergo torsional oscillation.  The chains pack together like a bundle of  

long cylinders in  a hexagonal array ( Muller , 1 932 ) ,  alt hough the  actual 

crystallographic symmetry may be lower than t hat for true hexagonal 

packing ( Larsson , 1 967 ) .  Because of the rotat ional freedom of the chains , 

the hexagonal form ( subc ell H) has a lower packing density than subcells 

in which t he chains are in the planar zig-zag c onformat ion .  Geometrically , 

t he hexagonal form may be considered a variant on the OJLsubc ell , derived 

by an increase in the long axis unt il the angle between the basal 
0 

diagonals is 60  • In fact , both rise in t emperature and steric dist ort ion 

cause OJLt o  approach the hexagonal form in this manner (Abrahamsson , 

St�llberg-St enhagen and St enhagen , 1 963) . 

( c )  Layer Stacking and Angle of Tilt 

The subc ell regularity of  the layers is unchanged by relat ive 

chain displacements of an int egral mult iple of the subcell axis in the 

chain direct ion ( C  ) . Different angles of t ilt between the chain axes s 
and the end group planes are therefore possi bl e  for every chain packing. 

However , the number of possible angles of t ilt for a part icular chain 

packing is severely constrained by the opposing requirements of the polar 

and methyl end groups ( Kitaigorodskii , 1 957). A high angle of tilt gives 

more spac e for bulky polar end groups , but results in a reduced van der 

Waals int eract ion in the methyl end group region because of contacts 

between methyl and methylene groups . Thus , in simple carbon chain 

compounds such as the n-alkanes and �-fat ty acids , the displacement of 

adjac ent chains does not exceed one subcell period , C (Abrahamsson s 
et al . , 1 963 ) .  

The part icular tilt arrangement o f  a structure i s  best repres­

ented by the Miller indices of the subcell plane cont aining the methyl 

end groups or layer boundary (Vand , 1 954) . This classificat ion is more 

informative than merely giving the angle of t ilt since it illustrat es 

other structural f eatures such as the occurrence of t erraces in the � 
form of simple TGs ( Larsson , 1 964b) . 



( d) Summary 

The packing of hydrocarbon chain c ompounds in the solid stat e 

c an be visualised as : -

5 

1 )  lat eral packing of the chains t o  form unit layers - the packing 

i s  represent ed by the subcell 

2 )  stacking of the unit layers int o the three-dimensional structure  -

t he stacking is det ermined by the end group int eractions and represent ed 

by the subc ell indices of the layer boundary . 

Generally , polymorphism in lipids arises from differences in 

either the subcell or the layer stacking , both of which must therefore 

be specified t o  define a part icular form. The demands of close packing 

restrict the number of possible polymorphs and thus similar structures 

are often found for different long chain c ompounds (Abrahamsson et al . ,  

1 963 ) . 

The same packing principles are also applicable t o  TG structures .  

The three acyl groups may be regarded as separat e chain units with the 

c onstraint that attachment to the glycerol head group results in a loss 

of translat ional freedom (Larsson , 1972 ) .  

1 . 1 . 3 Monoacid Saturat ed Triacylglyc erols 

(a)  Description of Polymorphism 

Monoacid saturat ed TGs of �-fatty acids exhibit t hree main 

crystal f orms , a., p' and p ( Lutt on1s terminology , 1 950) . Relat ed poly­

morphic f orms occur in more complex TGs and in many fats and oils.  

Fig. 1 -2 shows the subc ell and layer boundary classificat ions of the 

three forms and the transformat ional relat ionships which occur in simple 

TGs ( Larsson ,  1 964b) . Rapid cooling of the melt gives the vert ical a 

form in which the chains have cylindrical symmetry , subc ell H. In 
contrast t o  simple l ipids , the chains cannot rotat e freely in the a. form 

of TGs and ,  inst ead , undergo a t orsional oscillation which increases with 

temperature (Larsson , 1 964b) . The a. form has the lowest melt ing point 

of the t hree TG polymorphs and t ransforms irreversibly on heat ing t o  

either � ·  or � - The p' form , which in simple TGs i s  of int ermediat e 

stability , has O�subc ell symmetry . It is normally obtained by trans­

formation of the a f orm at its melting point or crystallisati on of the 

melt at the same t emperat ure. The stable� form , which like � ·  is a 

tilt ed f orm , is prepared by crystallisat ion from solvents or by trans­

format i on of a or � ·· TG polymorphism is monotropic , t hat is , there is 

only one f orm thermodynamically stable under all condit i ons . Transit i ons 
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between the forms occur in only one direction under all conditions 

(Fig. 1 -2 ) .  

Criteria for the classification of TG polymorphs are given in 

Table 1 . 1 .  Lutton ' s  scheme (Lutton , 1 950 ) is based on the characteristic 

short spac ings of the three main subcells , H ,  0� and T//. A weakness of  

thi s  classification , however , is that short spacing data may be unreliable 

in cases of subcell distortion or uninterpretable in the presence of  an 

unusual subcell . Ac cordingly, Larsson (1964b ,  1 966a)  suggested a 

generalisation of  Lutton ' s  scheme in which both IR spectra and X-ray 

short spacing data are used to classify the forms unequivocally according 

to the arrangement of the chain planes (a, rotating ; �' , perpendicular; 

�, parallel ) .  

Fig. 1 -3 shows the a,�· and� melting points o f  the monoacid 

TGs of c1 0:0 to c22:0 �- fatty acids ( Lutton and Fehl , 1 970 ) .  For each 

TG the order of increasing melting point is a< � '< �. The melting 

points of the three forms increase with chain length , but only the � 

melting point shows alternation between even and odd members of  the 

series. Such alternati on depends on di fferenc es in packing densities at 

the layer interface (Larsson , 1964b; 1 966b ) .  If the layer boundary has 

the same appearance for even ru1d odd members of an homologous series of  

isomorphous forms , then the series will be  non-alternating and vice  versa. 

For the T// subc ell , none of the possible layer boundaries has the same 

structure for even and odd chains , so the � polymorphs of monoac id TGs 

form an alternating series. However , the a polymorphs are non-alternating 

bec ause of the rotational symmetry of the chains , which results in an 

equ ivalent end group structure for even and odd regardless o f  the layer 

boundary . In the case of the 0� subc ell , there are no end group planes 

with exactly the same structure for even and odd , but layer boundaries 

such as ( 0 ,  n ,  1 )  or ( n , n ,  1)  for n = 11 31 5 • • • show very close 

resemblanc e betwe en even and odd . Since the layer boundary o f  the� ·  

form of monoacid TGs satisfies the latter c ondition , the�' polymorphs 

show no detectable alternation of physical properties. 

( b ) Holecular Arrap.gement of  � and (3 1 Forms 

Fig.  1 -4 shows the b-axis pro jection of the (3 form o f  trilaurin 

( Larsson , 1 963; 1964a ) .  The molecular conformation may be described as 

an unsymmetrical 'tuning-fork ' in which chains 1 and 2 are extended in a 

straight line and chain 3 is close packed alongside chain 1. The 

molecules are arranged in double chain layers with the glycerol residues 

at the centre and the methyl groups on the layer boundaries . This 

arrangement c orresponds to the head-to-head bimolecular layer structure 

common to many long chain compounds . 



Table 1.1: Classification of the Polymorphic Forms of Glycerides 

Criteria for Classification 

Luttona 

Basis for Classification Characteristic short spacings of H ,  0 and T// subcells 

Sub-a a low temperature phase transforming reversibly or 
irreversibly to a ;  spacings near 4.2 and 3.8A 

Polymorphie 

Forms 

a 
�I 

p 
Nomenclature for two 
forms satisfying the 
same criteria (e.g. �) 

single strong spacing near 4.1A 
strong spacings near 4.2 and 3.8A 

a strong (usually the strongest) line near 4.6A 
sub-p and � in order of increasing melting point 

b Larsson 

Arrangement of chain planes (rotating, 
perpendicular or parallel) 

1) a phase transforming reversibly to 
a irrespective of spacings 
(Larsson 1964b), or 

2) this term is eliminated (Larsson, 
1966a) 

------------------- 0 
single strong spacing near 4.1A 

1) spacings near 4.2 and 3.8A or 4.3, 0 --
4.0 and 3.7A, and 

2) doublet near 720cm-1 in the IR 
spectrum 
-------------------

does not satisfy criteria for a or� 1 
�2 and �1 in order of increasing 

melting point 

a Lutton (1950); Wille and Lutton (1966); Lutton and Fehl (1970). In Lutton1s terminology the chain multiplicity is 
denoted by a suffix: thus, �1-21 p-3. 

b Larsson (1964b; 1966a). Larsson recommended elimination of the term sub-a because if the transition to a is second 
order,then sub-a is not a separate phase, while if the transition to a is first order, then sub-a is more properly 
named p1• 

(X) 
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An unusual feature of  the TG structure is that the methyl end 

groups form terraces while in most other long chain structures the 

terminal groups lie in one plane or in two parallel planes ( Larsson , 

1 964a ) .  In the layer boundary classification the occurrence o f  

terraces i s  indicated by a fractional Miller index, thus the c lassifi­

cation for the� form is ( 1 /3 0 1 ) . The terraced structure has an 

important influenc e on the stability of the � form of TGs containing 

fatty acids of different chain lengths ( Larsson , 1 972 ) .  

Although the structures  of the � and�' forms o f  simple TGs are 

not known in such detail as that of the � form , it is probable that the 

tuning-fork conformation occurs in both polymorphs (Larsson , 1 964b ) .  

Some incomplete single crystal studies of�' by Larsson ( 1 964b ,  1 971 ) 

and Webb ( private communication to Lutton, 1 972 ) have shown that the 

1 1  

molecules are packed in a double chain layer with a change in the 

direction of tilt at the glyc erol residue . The chain tilt alternates 

between opposite directions in successive double layers so that chains on 

opposite sides of the layer boundary are parallel.  Thus the chain axes  

are arranged i n  a zig-zag pattern with a repetition period of  four chain 

layers. According to Larsson ( 1 966a ) , the�' end group structure , 

0� ( 1 1 1 ) ,  can readily accommodate different chain lengths and this partly 

explains the increased stability of the �'  form in mixed TGs and fats . 

( c )  Liquid State 

Close packing c onsiderations suggest that the tuning- fork struc­

ture probably persists above the melting point since conformations in 

which the third chain is not folded back parallel to the first two are 

very much less compact . Both nuclear magnetic resonance (NMR )  

(Callaghan, 1 977 ) and X-ray diffraction (Larsson , 1 971 ; 1 972 ) studies 

of TG melts are consistent with this tuning-fork liquid state model, 

and Larsson has proposed a short-range lamellar arrangement formed by 

the lateral interlocking of these units (Fig. 1 -5 ) .  In general , simple 

lipid molecules such as fatty acids do not possess a lamellar structure 

in the liquid state, although such structures are found in the meso­

morphic forms of more c omplex lipide ( Lutton, 1 972 ) .  

Since the structures o f  the TG melt and the loosely packed � form 

are so similar , crystallisation of the � form is kinetically favoured 

over that of the more tightly packed�' or� form.  Larsson ( 1 971 ) has 

suggested that natural fats show similar solidification behaviour to 

simple TGs because glycerides with different chain lengths can readily 

be accommodated in the same liquid lamellar structure units adopted by 



- 200 .!. 
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monoacid TGs. 

(d) Additional Forms 
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On cooling the � form, the chain oscillation is progressively 

reduced permitting tighter packing of the chains within the lattice. At 

sufficiently low temperatures (-50 to -70
°

C for tristearin; Chapman, 

1962; Larsson, 1964b), a gradual and reversible transition to the 0� 

subcell is observed with no change in long spacing. The continuous 

enantiotropic nature of the transition suggests that it is second order 

(Chapman, 1962; Larsson, 1964b), although no accurate heat capacity data 

have yet been reported to confirm this. The transformation was first 

reported by Jackson and Lutton ( 1950) who called the low-temperature form 

'sub-a'. Larsson (1966a) has suggested that this term should be avoided 

because the form is not strictly a separate phase. However the name will 

be used here as it is convenient for describing spectral patterns. 

In addition to sub-a and the three main forms occurring in 

simple TGs, there is evidence for the existence of at least one other 

form. In a survey of the thermal behaviour of saturated and unsaturated 

monoacid TGs, Hagemann, Tallent and Kolb (1972) noted that the saturated 

TGs showed two endothermic transitions intermediate between the least 

stable (a ) and most stable (p) polymorphs. Hagemann et al. attributed 

these transitions to the melting of multiple�· forms, which, in accor­

dance with Larsson's nomenclature (Table 1. 1), were labelled p;, p12 in 

order of decreasing melting point. Perron, Petit and Mathieu ( 1969) had 

earlier reported a sub-p' form (�•2 according to Larsson's nomenclature) 

for the mixed TGs PSS, PPS and PSP, although their evidence, based on 

differential thermal analysis, was less convincing than that of Hagemann. 

Contrary to Hagemann �al. ( 1972), these workers did not detect a �·2 

form for SSS and PPP. The structure of the p•2 form is unknown although 

presumably it is closely related to the structure of the main p• 1 form. 

1. 1.4 Unsaturated Triacylglycerols 

Glycerides containing unsaturated fatty acids show similar chain 

packings (a,�· and p) to those of the saturated TGs (Chapman, 1962). 

However, the presence of the double bond, particularly if it is cis, 

introduces a distortion which reduces the chain packing density and hence 

lowers the melting point of the unsaturated TG compared with the corres­

ponding saturate. Trans-unsaturated TGs show similar thermal behaviour 

to their saturated counterparts which is a consequence of the relative 

ease with which the saturated chain zig-zag can accommodate a trans-



double bond. The only major difference shown by trans-TGs is that the 

�' form is frequently absent (Minor and Lutton, 1953; Hagemann et al., 
1972, 1975). In contrast to the trans-isomers, cis-unsaturated TGs, 

particularly the monoenes, show additional polymorphic complexity 

compared with the simple saturates. 

(a) Monooleoyl Triacylglycerols 

The most studied of the unsaturated TGs are the disaturated 1-

14 

and 2-oleoyl glycerides, mainly because of their practical importance in 

confectionary and enrobing fats (Lutton, 1972). Although there is general 

agreement on the stable forms, the number of polymorphic forms for these 

TGs is still in doubt and there is a wide diversity of melting point 

data, particularly for the three TGs SOS, POS and POP. In spite of the 

variety of results reported, the consensus would appear to favour the 

work of Lutton (Lutton, 1946, 1951; Lutton and Jackson, 1950; Wille and 

Lutton, 1966). It is significant that the very complete study of Lavery 

(1958) on all seven racemic monoene TGs of oleic, palmitic and stearic 

acids showed substantial agreement with Lutton's results. A summary of 

the polymorphism of these TGs based on the results of Lutton and Lavery 

is presented in Table 1.2. 

The most characteristic feature of the polymorphism of the TGs 

OXY and XOY (where X and Y are palmitoyl or stearoyl) is the occurrence 

of triple chain length structures (denoted by the suffix '-3' following 

the chain packing designation, Lutton, 1950). Fig. 1-6 shows the triple 

chain length (TCL) structure postulated by Larsson (1972) for the stable 

r-3 form of SOS, which is isomorphous with the stable forms of POS, POP 

and cocoa butter (Wille and Lutton, 1966). Although the tuning-fork 

conformation is still present, the chains are sorted into two equivalent 

saturated layers with the unsaturated layer sandwiched between. This 

'chain sorting' allows the most efficient chain packing for each type of 

chain, i.e. T// for the saturated chains and 01// for the unsaturated 

chains. The latter subcell is adopted by the low-melting form of oleic 

acid and is apparently well suited for accommodation of a cis-double bond 

into the chain packing (Abrahamsson and Ryderstedt-Nahringbauer, 1962). 

The proposed molecular arrangement is supported by diffraction and 

spectral data, both of which show contributions from the two subcells 

(Larsson, 1972; Chapman, 1962). 

Long spacing data for the stable forms of the OXY TGs show that 

they also have TCL structures, although the short spacings and IR spectra 

are consistent with a�' packing rather than the� packing adopted by the 



Table 1. 2: The Polymorphs of 1-0leoyl and 2-0leoyl 

Disaturated Triacylglycerols 

15 

1) a Polymorphs of SOS, POS and POP in order of decreasing melting 

pointb (°C) (from Lutton, 1951; Lavery, 1958; Wille and Lutton, 

1966 ). 

SOS 

�-3 

sub-p-3 36.2 
�'-3c,e 35 

a-3 
c sub-a-3 

22.4 

2) a Polymorphs of 

melting pointb 

oss 

� '-3 43.5 

POS 

P-3 37.3 

13'-3 33 
13'-2c 25.5 

a-2 18. 2 

sub-a-3c 

oss, OSP, OPS and OPP1in 

(
oC) (from Lutton, 1951; 

OSP OPS 

POP 

P-3 

13'-2 
sub-13 '-2 c 

sub-13-3 or 13" d 
M 

a-2 

sub-a-3 c 

order of decreasing 

Lavery, 1958). 

OPP 

13' �e 
-:> 39.8 13'-3e 40.2 �·-3 

13'-2 40. 2 

sub-P'-3 37 
(?)d 30.6 

a-3 30.4 sub-a-2c 26.3 a-2 25.3 a-3 

33-5 

26.5 

26.7 

18.1 

35. 2 

18.5 
sub-a-3 sub-a-3 d 25. 5 sub-a-2 no sub-a observed 

a Lutton's nomenclature is used throughout (see Table 1.1) 
b melting points are primarily those reported by Lutton (1951) 

c observed by Lutton only 

d observed by Lavery only 

e from solvent only 
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stable forms of the XOY TGs . The glycerol conformation of the OXY stable 

f orm must be different from that of the tuning- fork model because chain 

sorting in the TCL forms of OXY TGs can only occur if the primary and 

secondary saturated chains pack alongside each other leaving the oleoyl 

primary chain extended in t he opposite direction (the so-called 'chair' 

conformation; Lutt on , 1 948 ) . In the tuning-fork conformation both 

primary chains are packed t ogether with the secondary chain extended away 

from them . 

In addition t o  t he subcell differences in the saturated chain 

layers of the stable forms of XOY and OXY TGs ,  there are clear differences 

in the oleoyl chain packings of the t wo forms. For example , a strong band 

at 690cm-1 , attributed t o  the C-H out-of-plane deformation o f  the cis­

group ( Bellamy , 1975 ) ,  occurs in the IR spectrum of the �-3 stable form 

of SOS but not in the spectrum of the �'-3 stable form of OSS ( Chapman , 

1 956 ). Furthermore , NNR studies suggest that the oleoyl chains in the 

1-isomer have greater mobility than those in the 2-isomer ( Chapman , 

Richards and Yorke , 1960 ). 

Although TCL struct ures are predominant in the polymorphism o f  

XOY and OXY TGs (Table 1 . 2 ), double chain length (DCL )  structures also 

exist. They are distinguished by the suffix '-2'. In these DCL forms 

the oleoyl chain must pack alongside the saturated chains and , whether 

the chains are extended or bent ( Sundaralingham , 1972; Huang , 1977a , b ) , 

there must be considerable dist ortion of the packing around t he cis­

double bond. Presumably this chain distortion is best accommodated by 

t he�· subcell since no �-2 forms occur (Table 1 . 2 ) .  

The monooleoyl TGs show unusual crystallisation behaviour . Thus 

OSP is reported to crystallise direct ly in the sub-a form , t ransforming 

on heating t o  p ' -2 ( Lut t on ,  1951 ) or a 30°C-melting-form ( Lavery , 1958 ) 

without the intermediacy of an a form . �oreover , there is some uncertainty 

about the chain multiplicity of sub-a OSP since Lavery reported a sub-

a-3 form whereas Lut t on found sub-a-2.  OSS and OPS show conventional a 

forms , a-3 and a-2 respectively , but the reversible transition to  the 

sub-a form occurs at much higher temperatures (about 0°C )  than the 

corresponding transition in saturated TGs ( Lut ton ,  195 1 ;  Lavery , 1 958; 

Chapman , 1 962 ). The solidification behaviour of SOS , POS and POP is 

particularly puzzling . On very rapid cooling of the melt , t he TGs 

crystallise int o a fleetingly stable , low-melting state with sub-a short 

spacings and long spacings which are suggestive of a TCL forrn (vlille and 

Lut ton ,  1966 ). These so-called 'sub-a' forms transform irreversibly t o  
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the c onventional a forms, a-3 f or SOS and a-2 for POS and POP , even if  

held at temperatures well below their melting points. This behaviour is 

obviously contrary to that of normal sub-a forms . 

( b )  Dioleoyl Triacylglycerols 

Dioleoyl TGs containing palmitic or stearic ac id are important 

components of many fats . They show somewhat similar polymorphism to the 

monooleoyl TGs discussed above . Thus the symmetrical compounds , OXO , 

have a ,  P ' -2 and stable � -3 forms ( compare XOY ) while the unsymmetrical 

compounds , OOX , have only a and stable � ' -3 forms ( compare OXY ) ( Lutton , 

1 966 ) .  The TCL stable forms o f  the dioleoyl TGs are analogous to the 

corresponding forms of the monooleoyl TGs except that the layer arrange­

ments are reversed so that the diene structures consist of a layer of 

saturated chains sandwiched between two equivalent unsaturated chain 

layers . Comparison of the melting points of the stable forms of mono­

and dioleoyl TGs shows that the presence of the additional oleoyl chain 

in the latter TGs lowers the melting points by approximately 20°
C ( D -3 

SOS 44. 3°C ,  OSO 25 . 4°C ;  � ' -3 OSS 43. 5°C , OOS 24.5
°C ;  Lutton , 1 951 , 1 966 ) .  

1 . 1 . 5 Diacid Saturated Triacylglycerols 

The phase behaviour of mixed saturated TGs is best illustrated 

by an analysis of the polymorphism of diac id TGs . In general , these 

glycerides behave like tristearin with three DCL polymorphs , a ,  P '  and p 
in order of increasing stability. However , depending on the symmetry o f  

the T G  and the di fference i n  chain lengths , three variations from this 

scheme may be observed : ( 1 ) a reversal of the relative stabilities 

of � · -2 and p -2 ,  ( 2) the absence of a � -2 form and ( 3 )  the presence of 

a � - 3  form similar to the TCL structures which occur in the oleoyl TGs 

( Lutton and Fehl , 1 972 ) .  The nature of the polymorphism of a given TG 

is primarily determined by the end group structures of the possible forms 

( Larsson , 1972 ) . Thus close polymorphic similarity occurs for mixed TGs 
• 

in which the chain length di fferences ( 6 ) betwe en the three positions 

are the same (Malkin , 1 954 ) , e . g. c1 4  c1 4  c1 8  and c1 8  c1 8 c22 ( Lutton and 

Fehl , 1 972 ) . 

( a )  Diacid Triacylglyce rols with a Chain Length Differenc e of 

2 CH2 Units 

Consider first the case of TGs containing both palmitoyl and 

stearoyl chains , i . e .  diacid TGs with a chain length difference of two 

methylene units ( �  = 2 ) .  If the � -2 forms o f  the four possible isomeric 

TGs (PSS , PPS ; PSP , SPS ) are as nearly isomorphous as possible with the 
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� -2 forms of trilaurin and �-2- ( 11-bromoundecanoyl ) -1 , 3-dicaproyl­

glycerol ( an analo gue of c10 c12 c10 ) ,  then there are two possible t errac e 

arrangements of the methyl end groups ( Lut t on ,  1971a; Larsson , 1972 ) .  

The unsymmetrical glycerides with one primary chain short er or longer 

than t he other two ( PSS , PPS ) have the same end group structure as mono­

acid TGs (left hand diagram in Fig . 1-7 ). However , the symmetrical TGs 

( PSP , SPS ) show a much steeper terrace arrangement ( right hand diagram in 

Fig. 1-7 ) in which the methylene groups of one layer are almost in van 

der Waals contact with the methyl groups in the opposite layer , an 

unfavourable situat ion as ment i oned in Sec t ion 1 . 1 . 2 .  Thus the � -2 

polymorphs of C C 2 C TGs form limits for the possibilities of  iso-n n + n 
morphism ( Larsson , 1972 ). As a general rule , glycerides such as C 

n 
C 2 C 4 for which an isomorphous � -2 form would have steeper n - n + 
terrac es than this limit ing case  either show no � form or show only a TCL 

structure for this chain packing. It is noteworthy that of all the 

palmit oyl-st earoyl TGs , only PSP and SPS have stable � ·  forms , the 

remainder being p -stable . Howe ver , � ·  SPS ( like � PSP ) is only obtained 

with difficulty ( Lutton and Hugenberg , 1960; Hugenberg and Lut ton , 1963 ) . 

( b )  Diacid Triacylglycerols with a Chain Length Difference of 

4 CH2 Uni t s  

A s  the chain length difference increases to  four or more methylene 

units ,  it is not possible to obtain close packing in the methyl end group 

region of any DCL form with ext ended chains . If , for example , one chain 

is much short er than the other two , the two surfaces  of the unit layer 

will have an empty spac e in one out of t hree chain posit ions and no 

chain penetrat ion to fill up these spaces is possible . In the a and � ·  

forms o f  such glycerides , there fore , close packing near the chain terminus 

is achieved by a bend in each of the two longer chains at the position 

of t he short er chain methyl group , so that these two chains are close 

packed in the same lat eral space as is occupied by all three chains in 

the inner chain region ( Lutt on , 1950; Larsson , 1972 ) .  Such an arrange­

ment , which is independent of the symmetry of the glyc eride , is apparently 

more readily accommodat ed by the H and O Jl  subcells than by the T// 

subcell. Thus many diac id TGs for which � � 4 show both a-2 and � '-2 

but no � -2 form ( e . g. c22 c22 c16 and c22 c18 c22; Jackson and Lut t on ,  

1950; Lutt on and Fehl , 1972 ) .  In other cases , � -2 is present but is 

less stable than p'-2 ( e . g. c22 c18 c18; Lutt on and Fehl , 1972 ) . 

However , most of these TGs show another structural variant , � -� ,  

whi ch is invariably the most stable polymorph . This TCL form allows 



e n e n e n C n C n ! 2 C n 
C n  e n t 2  e n :!: 2  

FIG. 1-7 L AYER STAC KING OF METHYL END GROUPS IN THE 

B - FORMS OF C n  /C n±2 T RIACYLGLYCEROLS S HOWING T HE T WO 

TER RAC E STRUCTURES ( L U T TON , 1 971 ) .  

C HAIN AXIS -- ; L AYER BOUNDARY 
I\) 0 



closer packing than the DCL forms because extended chains can be acc om­

modated without any empty space in t he end group region . As in mono­

and dioleoyl glycerides only the symmetrical diacid saturated TGs ( e . g. 

C C + 4 C ) can give chain sorting ( of the C + 4 chains ) in a TCL n n - n n -
structure with the favoured t uning-f ork conformation . However , in 

contrast t o  the unsaturated TG series , unsymmetrical diacid TGs of the 

type C C C 4 also show TCL forms ..,1ith the � packing ( Lut ton and n n n + 
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Fehl , 1 972).  In further c ontrast to the unsaturated TGs , diacid saturated 

TGs do not generally show a and � · TCL structures unless the difference 

in chain lengths becomes very large ( .6. � 1 0; Jackson and Lutt on ,  

1 952 ) .  

( c )  Diacid Triacylglycerols with a Chain Length Difference of 

- 1 0 CH2 Unit s 

The polymorphism of glycerides containing both long and very 

short chains has been much st udied ( Jackson , v/ille and Lut t on ,  195 1 ;  

Jackson and Lutton , 1 952; Menz , 1 975 ). These glycerides exhibit unusual 

and markedly individual behaviour , especially in respect o f  the a forms 

(C�pman , 1 962). This presumably results from the relatively large 

structural role played by the c arbonyl portions of the short acyl groups 

compared with their polymethylene chains ( Jackson et al. , 1951 ). The 

investigations have generally c oncentrated on TG types which do not occur 

naturally , for example the diacetyl TGs , which were considered to  have 

possible applications as coating fats (Baur , 1 954). The polymorphism of 

the short chain TGs that occur in bovine milkfat has not been reported 

in the literature. 

1. 1 . 6 Enantiomeric Triacylglycerols 

The preceding sections have dealt with the polymorphism of racemic 

TGs , but many fats ( e. g. milkfat ) contain unsymmet rical TGs which 

represent one or other of the two antipodes rather than the racemate. 

Surprisingly , no c omparison of t he polymorphic behaviour of corresponding 

enant iomeric and racemic TGs has yet been reported , although other lipids 

are known to show differences in the polymorphism of chiral and racemic 

forms ( e . g. 1 -acylglycerols , Larsson , 1964b; 1 -stearoylpropylene glycol ,  

Stauffer , 1 967 ) . Enantiomeric TGs have in fact been synthesised by a 

number o f  workers ( Baer and Fischer , 1 939b; Tat trie , Bailey and Kates , 

1 958 ; Schlenk , 1 965; Quinn , 1 967; Gronowitz ,  Herslof , Ohlson and 

Ttlregard , 1975; Lok , Ward and van Dorp , 1 976 ) , but in general only the 

melting points of the st able forms were determined .  In most cases , the 

melting point s were approximately equal t o  those of the equivalent 



racemic forms , part icularly where both determinat ions were made in the 

same laboratory (Schlenk , 1 965; Quinn , 1 967 ) . However , Schlenk did 
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find distinct differences in the X-ray diffract i on pat terns of the stable 

forms of corresponding �- and sn-TGs . For the t hree TGs whose diffrac­

t ion patterns were reported ( LPP , PPS and POS ) ,  the racemates all had � 

stable forms while the stable forms of the enant i omers showed spacings 

more characterist ic of � '  than � . Unfortunately , Schlenk did not confirm 

these apparent subcell di fferences by IR spectroscopy , nor did he further 

characterise the polymorphism of the TGs. 

1 . 2 Infrared Spectroscopy of Triacylglycerols in · the Solid State 

Infrared ( IR )  spectroscopy has proved a valuable complementary 

technique t o  X-ray powder diffract i on in the study of the polymorphism of 

lipids .  Its use by Chapman ( 1 955-1 965 ) conclusi vely confirmed Lut ton ' s  

controversial descript i on of TG polymorphism ( Sect ion 1 . 1 . 1 ). IR spec­

troscopy is less direct than X-ray powder diffraction because of the 

overlapping effects of polymorphism and chemical structure but it is 

capable of giving structural informat ion which is not obtainable by t he 

X-ray technique. 

1 . 2 . 1  Assignments o f  Characterist ic A bsorpt i on Bands 

The most important characterist ic bands in the solid state spectra 

of TGs are presented in Table 1 . 3  together with their assignments. Some 

vibrat ional modes give rise t o  a single band ( e. g. the carbonyl st retching 

frequency at 1740cm- 1 ) while others cause a number of related bands ( e. g. 

8 8 -1 6 -1 
the methylene wagging and rock-t wist modes at 1 3  5-1 1 5cm and 1 0  0-720cm 

respect ively ) .  The t erm 'band progression ' is applied t o  the absorpt ion 

bands which belong t o  a single vibrat ional mode in a part icular compound 

( de Ruig , 1 971 ). 

For the interpretat ion of their IR spectra , TG molecules can be 

thought of as consist ing of a number of independent units or ' diatheses' , 

each generat ing charact erist ic b��d progressions or sets of normal 

vibrat i ons ( de Ruig , 1 971; Di jkstra and de Ruig , 1 973; de Ruig and 

Dijkstra , 1 975 ). A 'diathesis' is defined as a group of atoms joined 

together in a spat ial arrangement so that at least one vibrat i onal mode 

exists in which all atoms are involved. In saturated TGs in the solid 

state each all-trans-polymethylene chain constitut es a separate diathesis 

because the carbonyl group is the only barrier to vibrat ional coupling. 

Hence in a di- or triacid solid TG , two or three different chain diatheses 
are present result ing in a superposition of two or three band progressions 

for each mode. 



Table 1 . 3 :  Charact erist ic  Bands i n  t h e  Soli d  Stat e Spectra 

o f  Triacylglycerols ( from de Ruig, 1 97 1 ) 

Approximate_1  Frequency/cm 

2925 

2850 

1 740 

1 475 [ 1 470 

1 460- 1 440 

1 415  

1 385 

1 385- 1 1 85a 

1 1 80 

1 1 15 

890 

1 060-720a 

720 

Intensity 

very strong 

very strong 

very strong 

strong [ strong 

some shoulders 

medium 

strong 

strong to medium 

very strong 

strong 

medium 

medium t o  wea.lt 

very strong 

a regular band progression 

Assignment 

methylene asymmetric stret ching 

methylene symmetric stret ching 

carbonyl stretching 

methylene scissoring [c ombinat ion of methylene scissoring 

and methyl asymmetric deformat ion 

a-methylene scissoring 

methyl symmetric deformat i on 

methylene wagging 

c..!:....t:J stretching 

c� stretching 

methyl rocking 

J A B of -C�H -1 1  2 
o f  0 

methylene rocking-twist ing 

principal methylene rocking band 

23 



24 

Table 1 . 4 gives the methylene wagging band progressions generated 

by palmitoyl , stearoyl , oleoyl and elaidoyl diatheses in monoaci d  TGs in 

the � phase ( de Ruig and Di jkstra , 1 975 ) .  For the oleoyl chain , the 

same diathesis is present as in t he c9 chain ( although shi fted  by -1 2cm-1 ), 

i . e .  only that part o f  the chain between the carbonyl and cis-double 

bond shows its band progression in the spectrum. For the diathesis 

between the double bond and the t erminal methyl group , the methylene 

wagging bands are not intensified by the inductive e ffect of the carbonyl 

group ( which is blocked by the c i s-bond) and cannot therefore be observed 

alongside the wagging bands due to the first diathesis.  Thus , in triolein , 

the c is-double bond acts as a barrier for the normal vibrat ions of  t he 

polymethylene chains. By contrast , in trielaidin , the t rans- double bond 

only forms a part ial barrier for the chain vibrat ions , so that the c 1 8  
diathesis generate s  the methylene wagging frequencies above 1 25 1 cm- 1  

and the c9 diathesis generates those at 1 251  and 1 207cm- 1 • A s  a result , 

the � spectrum of  trielaidin is similar t o  � triolein between 1 200 and 

1 260cm- 1 and t o � t rist earin between 1 260 and 1360cm-1 ( de Ruig and 

Di jkstra , 1 975 ) .  

In the liquid state , a long chain compound primarily displays 

conformat ions in which two sec t i ons of all-trans-single b onds are joined 

by a cis-single bond ( i . e . a gauche arrangement ) in various places along 

the chain ( Horowit z  et al . , 1 973 ) . The c is-bond in the chain acts as a 

barrier for normal vibrations so each all-trans-part forms one diathesis.  

The net effect is that in the liquid stat e  there are many more diatheses 

than in the solid , causing many more different band progressions in the 

IR spectrum . These overlap t o  give a spectrum with very few significant 

features , in effect the spectrum of a complex mixture of diathese s 

( de Ruig , 1 971 ; de Ruig and Di jkstra , 1 975 ) . 

1 . 2 . 2  Spectral Differences Between Polymorphic Forms 

The effect of the polymorphic stat e o f  a TG on i t s  IR spec trum is 

a second order one and these interchain or intermolecular effects are not 

so well understood as the intramolecular e ffects discussed above . 

Nevert heless , spec t ra of the same TG in different polymorphic forms show 

marked differences , the most import ant of which are summarised in 
- 1  Table 1 . 5 .  The main methylene rocking ban d  near 720cm has proved t o  

b e  espec ially characteristic of  t h e  three principal chain arrangement s ,  

� :  singlet 

at 7 17cm-1 • 

at 720cm- 1 ; � · :  doublet at 726 and 71 9cm- 1 ; � :  singlet 

The � -specific band at � 900cm-1  and the p 1 -specific  bands 



Table 1 . 4 :  Methylene Wagging Band Distributions for the Alpha 

Forms of the Monoacid  Triacylglycerols of Elaidic , 

Oleic , Palmit i c  and Stearic Acids ( from de Ruig, 

1 971  and de Ruig and Dijkstra, 1 975 ) 

Acyl Group Hethylene Wagging Band Distribution/cm -1  

1 6 : 0 1 348 1 331  1 31 1  1 286 1 266 1 243 

1220 1 1 96 

1 8  : 0 1 358 1 346 1 327 1 31 4  1 293 1 273 

1254 1 233 1 2 1 4  1 1 93 

1 8  : 1 t rans-9 1 358 1 346 1 327 1 314 1 293 1 251  

1207 

1 8  : 1 cis-9 1 330 1 295 1 25 1  1 207 

25 
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Table 1 . 5 :  Comparison of the Spectra of � , p '  and � Polymorphs 

of Monoac id Saturat ed  Triacylglycerols 

( from de Ruig, 1 97 1 ) 

Number of bands 

Appearance of bands 

fcH2 scissoring + CH3 l_asymmetric deformat ion 

� -CH2 scissoring 

CH3 symmetric deformat ion 

CH2 wagging 

CO-O stret ching 

CH2 rocking 

� 

less bands 

less sharp 

1 470- 1 450 

1 41 8rn 

1 380a broad 

1 385- 1 1 85 
regular pro-

gression 

1 1 78 

720 

Other characterist ic bands .... 950 

of unknown assignment 

1:3 '  � 
more bands still more bands 

more sharp still more sharp 

dit t o  a ditt o  a 

1 436 extra band 1 439 extra band 

1 41 5 s  

1 395 sharp 

1 380a broad or 

doublet 

dit t o  

splitt ing up 

1 1 75a 

726 and 7 1 9  

"' 975m 

- 950rn 
... 925m 

"' 835m 

.... 635 
- 6 1 0  weakest 

... 575 strongest 

1 425- 1 41 5m 
doublet or t riplet 

a 1 395 sharp 

ditt o  

more splitt ing 

up 

1 1 80 
- 1 1 60 extra band 

7 1 7 

"' 900s 

.... 635 
"' 61 0  strongest 

- 600 weakest 

a Shoulders or weak bands at the lower frequency side of the band.  
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-1 at 835 , 925 , 950 and 975cm have also proved useful for i denti fication 

purposes ( de Ruig , 1 97 1 ) .  In addit ion to these charact erist ic differences , 

the t ransit ion sequence a �  p '  � � results  in a general sharpening of 

all absorpt ion bands in the 1 500 to 600cm-1 region of the IR spectrum 

and a progressive increase in band splitting and other irregularit ies , 

part icularly in the methylene wagging band progression. 

The a , � ·  and � polymorphs of natural fats show similar spec tral 

differences to the corresponding polymorphs of monoaci d  TGs although the 

spectra are generally less well defined.  Hence the � ·  form can be dis-
-1 t inguished by the presence of a doublet near 720cm and two absorpt ion 

bands of medium intensity at 922 and 835cm- 1  which are absent in the p 
form . S imilarly , the spectrum o f  the � form of fats shows a sharp singlet 

at about 720cm- 1 and a strong band at 890cm- 1 • The a form is easy t o  

recognise from the appearance of the whole spectrum , having fewer and 

broader bands than the spectra o f  the p '  and � forms ( de Ruig , 1 97 1 ) .  

Melt ing and Solidificat ion of Fats  

Technical Importance of the Phase Behaviour of Fat s 

Apart from flavour and nutritional aspects , fats are important 

food c onst ituents because of the way their physical propert ies influence 

the t exture of foods . The most important propert ies in this regard are 

those which govern the phase behaviour of fat s .  A major part of the 

technology of edible fat s is therefore concerned with the production of 

glyceri de mixtures which have specific phase properties , for example 

mixtures which will either soft en and melt or remain plast ic and workable 

within a given temperature int erval . 

Polymorphism of Fats 

Although fats are complex mixtures of TGs differing in chain 

lengths and degree of unsaturat i on ,  they o ft en behave physically as a 
single c omponent or a simple mixture of two or three components ( Bailey , 
1950 ) . Furthermore , many fats display the same polymorphic forms and 
phase relations as s imple TGs ( e . g.  milkfat ; Woodrow and de Man , 1 968 ) . 
According t o  Larsson ( 1 971 ) ,  such behaviour occurs because fats in t he 
sol i d  state  adopt similar lat t i c e  arrangements t o  the polymorphi c  forms 
of s imple  TGs. However , in fats the end group structure is disordered 
so t hat chains of various lengths can be accommodated.  Thus , when a fat \ . 
crystallises from t he melt in the a form , the randomly distribute d  chains 

form bimolecular layers in which the various chain lengths are extended 

as far as possible in the regular a packing but are disordered in the 

' 
) 



28 

end group region t o  obtain the closest local c ontact distance across the 

layer boundary. Two types of disorder probably occur , bending of longer 

chains near the ends of  adjacent shorter chains and int erpenetration of 

the longer chains int o adjacent lamellae . 

The process of transformat ion from the vert ical a form or the 

lamellar melt to a crystal form with t ilted chains (� ' or � )  is great ly 

facilitated  if the two chain layers of the lamellae adopt opposite t ilt 

posit ions as in the � ·  structure ( Sect ion 1 . 1 . 3 ) . The a � � · phase 

transit ion involves an accordian-like contract ion of the double layer 

with little displac ement of the end groups along the layer boundary . 

However , in the a �  p or � · � p transit ions it is necessary for the 

methyl groups on opposite sides of the boundary to slide horizontally in 

relat ion to each other , because there is only one chain t ilt direction in 

the � form. In fats this process would be impeded by the int erpenetrat ion 

of chains between adjacent lamellae . Accordingly , for complex glyceride 

mixtures the transit ion a � � ·  is usually more facile than the trans­

it ions a �  p and � · � p so that the p '  form is more stable in mixtures 

than in pure monoacid  TGs ( Larsson , 1971 ) . However , fats in which the 

chain lengths show lit tle variation , e . g. hydrogenat ed soybean oil , 

are p -t ending. �1en blended with liquid oil t o  make short enings , such 

fats confer different rheological propert ies on the product than do � · ­

tending fats ( e . g. hydrogenated cottonseed oil ) because of the different 

crystal habits of the two forms (Lutton , 1972 ) .  

Solid �iscibility of Fats 

The melt ing behaviour of fats is not only dependent on their poly­

morphism but also on t heir pronounced tendency to solid miscibility 

(Bailey , 1 950 ) .  The t wo phase phenomena invariably occur together , 

although polymorphism is more evident in sharp melting fat s which c onsist 

of a small number of TGs ( e . g. cocoa but ter ) ,  while solid miscibility is 

more apparent in c omplex fats with a broad melting range ( e . g .  milkfat ) .  

Substitutional solid solut ions occur when molecules of one type 

in a crystal lattice can be replaced at random by molecules of a second 

type . The extent of solid miscioility is governed by the degree to which 

the molecules are isomorphous and by the ability of the lattice  to acc om­

modate dist ortion . In lipids , this  accommodat ing power increases in the 

order p < � · < a ( Chapman , 1 962 ) . 

In fats , TGs belonging t o  a single structural type , such as t he 

long chain saturates , are generally miscible in the solid stat e regardless 

of the distribution of the fat ty acids among the TG molecules . The 
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different chain lengths are acc ommodat ed in soli d  solut ion by disorder 
in the end group region ( Larsson , 1 971 ; Knoest e r , de Brui jne and van den 
Tempel , 1 972 ) .  The l imits to solid solut ion format ion in fat s ,  although 
ill-de f i ne d , appear t o  b e  formed by relat ively gross differences in 
molecular structure , the most important of whic h  is the structural 
dichot omy b etween sat urated and cis-unsaturat e d  chains . Thus the t en­
dency is for trisaturat e d  glyceride s  to form a separat e solid solut i on 
from the disat urat e d  gly cerides ��d so on . However , the ext ent of int er­
solubility should increase as the m olecular c omplexity and resultant 
lat t i c e  dist ort ion increase . As a result , TG c lasses would be expect e d  
t o  show increasing overlap i n  solid miscibility as t hey become more 
unsaturat e d .  To a first approximat ion ,  then , solid fats behave l ike a 
simple m ixture , each c omponent o f  which is a solid solut ion containing 
TGs from one or more c lasses . In pract ical t erms , the solid solut i ons 
formed by the tri- and disaturat e d  glyceride c lasses are part icularly 
important c omponent s o f  plast i c  fat s because they det ermine the rheological 
propert i e s  of these mat erials over t he temperat ure range of domest ic use . 

Because of the b ulk of TG molecules , the format ion o f  their solid 
solut ions is subject t o  diffusional delays and t hus the composit ion o f  
the mixe d crystals i s  dependent on t h e  rat e o f  c ooling ( Bailey , 1 950 ; 
Hulder , 1 953 ; Hannewi jk , Haight on and Hendrikse , 1 964 ) . Sinc e polymor­
phism is also dependent on t emperature hist ory , the thermal behaviour o f  
fat s i s  part icularly c omplex . 

!1elt ing and Sol i di fication o f  Milkfat and Milkfat Frac t ions 

( a )  C omposit ion o f  Milkfat 
Although bovine milkfat c ontains an ext raordinary number o f  

unusual fat ty aci ds , almost 9 0  mole % is ac c ount e d  for by 1 0  major ac i ds 
comprising t he long chain saturat es ( 1 4 : 0 ,  1 6 : 0 and 1 8 : 0 ) , the short 
chain sat urat es ( 4 : 0 ,  b : 0 ,  8 : 0 ,  1 0 : 0 and 1 2  : 0) and the c is- and 
t rans-monoenes ( 18 : 1 ) . As a c onse quence o f  ruminant physiology , bovine 
milkfat has an unusual abundanc e o f  short chain acids and a relat ively 
high t rans-content , but is low in polyunsat urat e d  fat ty ac i ds .  

S t ereospecific analyses o f  milkfat frac t ions have shown that the 
fat t y  ac i ds in milkfat are distributed in a highly select ive manner 
( Breckenr i dge and Kuksi s , 1 968 , 1 969 ; Taylor and Hawke , 1 975b ) . Thu s , 
4 :  0 and 6 :  0 ure esteri fied almost ent irely at posit ion �-3 ,  1 4 : 0 i s  
c onc entrat ed at posit i on sn-2 and 1 6  : 0 is pre ferent ially esterified a t  
posit i ons sn- 1 and sn- 2 .  In low molecular weight TGs , 1 8 : 0 and 1 8 : 1 
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are preferentially esterified at posit ion �- 1 , while in high molecular 

weight TGs they are c oncentrated at both �-1  and �-3 posit ions . 

Fig. 1 -8 summarises the result s  reported by Taylor and Hawke ( 1 975a , b )  

for New Zealand milkfat and shows the major TG types present in c lasses 

separated according t o  molecular weight and degree of unsaturat ion . Of 
the TG t ypes represent ed , only those of high molecular weight have been 

characterised with regard to their polymorphism . 

( b ) Phase Behaviour of Milkfat Fractions 

The relat ively homogeneous fract ions o f  milkfat separated by 

fract i onal crystallisat i on or chromat ography show clear evidence of poly­

morphism and solid misc ibility . For example , the high-melt ing glyceride 

(ID1G ) fract i on of milkfat , obtained by crystallisat ion from acetone 

( Pat t on and Keeney , 1958 ) ,  exhibits polymorphic behaviour typical of t he 

� -stable palmit oyl-stearoyl TGs ( \o/oodrow and de Han , 1 968 ) . Such 

behaviour is a consequence of t he relative homogeneity of the HMG 

fract ion , which contains very high proport ions of palmit ic and stearic 

ac ids ( Pat ton and Keeney , 1 958 ) . However , when the HHG is subdivided 

by further acetone fract i onat ion , the subfract i ons show a progressive � � 

tendency as their melt ing points decrease (Barbano , 1973 ) .  The increasing 

stability of  t he � � form is probably the result of the greater hetero­

geneity of chain lengths in the lower melting subfract ions . 

Solid solution formati on between fract i ons of milkfat was first 

demonstrat ed by Sherbon and Coulter ( 1966 ) ,  using an adiabat i c  calorimeter . 

Compar ison of the thermograms obtained for a mixture c ontaining equal 

parts of high- and low-melt ing frac t i ons to the thermogram calculated on 

the basis of no interact ion of the two component s showed that the low­

melting fracti on melted at a higher temperature in the mixt ure than it 

did alone , whereas the high-melt ing fraction melted at a lower tempera­

t ure than it did alone . Such t hermal behaviour is consistent with t he 

occurrence of partial solid miscibility for the two fractions. 

Taylor ( 1 973 ) has reported on the thermal behaviour of fract ions 

which were separated from milkfat ac cording t o  molecular weight and 

degree of unsaturat ion ( cf .  Fig. 1-8 ) . The saturated TGs o f  high , medium 

and low molecular weight showed c lear evidence of polymorphic  trans­

formation , although no phase assignments were made. Comparison of the 

melting thermogram of the low molecular weight fraction with those o f  its  

saturated and unsaturated subfract ions indicated that little solid 

solut ion format ion occurred between the two subfract ions . In other 
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words , t he stru c tural difference b e t ween t he saturat e d  and unsaturat ed 
TGs of low mole cular weight was sufficient ly large to prevent s ignificant 
sol i d  miscibili t y .  However , the saturat e d  and unsaturat e d  TGs of the 
high molecular weight fract ion showe d great er overlap o f  t heir melt ing 
ranges on mixing t han would be expec t e d  on the basis of no int erac t ion 
between the two c omponent s . This result is somewhat surprising in view 
of the fac t  that the high-melting fract ions separat e d  by crystallisat i on 
cont ain little i f  any unsaturat e d  fat ty ac ids . The lat t er observat ion 
is c onsist ent with the earlier c omment ( S e c t ion 1 . 3. 3 ) ,  that the saturat e d  
TGs o f  fat s show a general t endency t o  form a separat e soli d  solut ion 
from the unsaturat e d  TGs . 

( c )  Phase Behaviour of Nilkfat 
Because of the variat ion in both molecular weight and degree o f  

unsat urat ion of i t s  component TGs , milkfat has a wide melt ing range 
( -40 t o  40°C ) .  Nl'lR measurement s on a sample of New Zealand summer milk-

() 0 
fat t empered at 20 C showed t hat approximat ely 37% melted below 0 C ,  

0 () 0 37% between 0 and 20 C and t he remaining 26% above 20 C ( Norr1s and 
Taylor , 1 977 ) .  The results o f  Taylor ( 1 97 3 )  suggest t hat the fract ion 

() melt ing below 0 C consist s primarily of unsaturat ed TGs , espec ially those 
n of low molecular weight , that melting bet ween 0 and 20 C c onsists of 

sat urat e d  TGs o f  low molecular we ight or monoene TGs o f  high molecular 
0 we ight , and that melt ing above 20 C c onsists of saturat e d  TGs of high 

molecular we ight . 

In 1 953 , h ulder not e d  the possibility of sol i d  miscibility in 
milkfat and discussed the conse quenc es of such phase behaviour on the 
melt ing and solidi ficat ion of milkfat . In part i cular , Mulder showed 
that a larger proport ion of fat would be expec t e d  t o  cryst allise on 
rapid c ooling t han on slow cooling . Lat er workers c onfirmed Mulder ' s 
observat i ons ( e . g . de l'ian and \vood 1 1 959 ; Vasic and de Man , 1 966 ) . 

� ulder ( 1 953 ) was also one of the first invest igat ors t o  describe 
polymorphism in mi lkfat . He observed a double melt ing point for milkfat 
whic h  had been rapidly cooled to 0°C . More recently , a number o f  workers 
( e . g . \voo drow and de Nan , 1 968 ; de Ruig , 1 9?1 ; van Berest eyn , 1 972 ) 

have demonst rat ed by means o f  X-ray di ffract ion and IR spec troscopy that 
a , � ·  and � polymorphs can all occur in milkfat . Acc ording t o  Woodrow 
and de Han ( 1 968 ) , milkfat which had been slowly cooled from 40°C to 0°C 

indi c at e d  the presence o f  p ' and p forms , but rapidly c ooled milkfat 
crystallised predominant ly in the � form . () On subsequent holding at 5 C ,  

the a form slowly transformed t o  the p ' and � forms . A possible int er-



33 

pre t at ion of this work is that the proport ion of milkfat melt ing between 
0

°
C and 40

°
C c onsi sts of at least t wo soli d  solut i ons , one � -stable 

( pr esumably the HMG fract i on melt ing b e t we en 20 and 40
°

C ) and t he other ( s )  
� ' -stable ( presumably the TG fract i on melt ing between 0 and 20°C ) . 

Obviously , a good deal more work i s  required t o  relat e t he phase 
behavi our and rheological propert ies of milkfat and other fat s t o  the 
phase behaviour o f  their component TGs . 

1 . 4 Aim o f  t he Present i•/ork 

The aim o f  this invest i gat i on was t o  synthesise a series o f  
rac emic and enant iomeric TGs representat ive of the maj or milkfat glyceride 
classes and t o  charact erise t heir phase behaviour by different ial scanning 
calorimetry and IR spectrosc opy . Initially , it had been ant ic ipat e d  that 
binary systems would be studi e d  but this proved too ambit ious . The 
invest igat ion was t herefore limi t e d  to a t horough analysis of the poly­
morphism of the sele c t e d  TGs . 

1 . 4. 1 Select ion of T riacylglyc erols for Synthesis 

Most TGs were synthesised from four of t he major fat ty ac ids 
occurring in milkfat , i . e .  butyric ,  ole ic , palmit ic and st earic acids .  
With these st art ing materials , 2 2  of the 40 possible rac emic TGs were 
sele c t e d  for preparat ion (Table 1 . 6 ) . In addition ,  t hr e e  t rans-monoenes 
were also synthes i se d , i . e . SES , ESS and BLS . Elaidic ac i d ,  trans-9-
octadec enoic ac id , was used f or t he preparat i on of these glyc erides 
because o f  t he di fficulty in obtaining trans-1 1 -octadec enoic ac i d ,  the 
most abundant of t he trans-isomers in milkfat ( Hay and lvlorrison , 1 970 ; 
Parodi , 1 976 ) .  However , the monoaci d  TGs of these two ac i ds have very 
similar thermal propert ies ( Hagemann et al . ,  1 972 , 1 975 ) ,  suggesting that 
the 9-isomer is a suitable analogue for the 1 1 -isomer . 

In general , t he select e d  TGs were representat ive of , or isomeric 
t o , the most important glyceride c lasses in milkfat (Fig.  1 -8 ) . Howe ver , 
no at t empt was made t o  synthesise glycerides such as OXO and BXO with low­
melt ing residues in b oth primary glyc erol positions , because of the 
d�fficulty in pur i fying their part ial glyceride intermediat es (Mat t son 
and Volpenhe in , 1 962 ) .  

To allow a c omparison o f  the polymorphism of ant i pode and racemat e ,  
enant i omeric TGs c omplementary t o  t hree o f  the racemic TGs listed in 
Table 1 . 6 were also prepared. Because o f  t he di fficult y o f  synthesis , the 
select ion was l imi t e d  to TGs represent at ive of the two most abundant TG 



Table 1 . 6 :  Selection o f  Triacylglycerols for Synthesis 

TG Type 
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Holec ular Symmetrical a U . a nsymmetn.cal 
Unsaturat i on \</ei ght 

saturat ed  high sss SPS PSP PPP PSS PPS 

saturated  low SBS BSSb BSP BPS 

c is-monoene high SOS POSa POP ossb OSP OPS 

t rans-monoene high SES ESS 
---

c is-monoene low BOS BOP 

trans-rnonoene low BES 

cis-diene high oos OOP 

Key : B butyryl;  E elaidoyl ; 0 oleoyl;  P palmitoyl ; S st earoyl 

BSP �- 1 -butyryl-2-st earoyl-3-palmit oylglycerol 

BPP 

OPPb 

Note : a Symmetry \vith respect t o  1 and 3 posit ions. For POS , P and S 

are suffic iently similar t o  each other and different from 0 

that the TG may be c onsidered symmet rical . 

b Enantiomers of these three TGs were also prepared.  



classes , i . e .  saturat ed low molecular weight ( sn-SSB ) and c is-monoene 
high molecular we ight (�-SSO and sn-PPO ) .  
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Chapter 2 

hATERIALS AND H.E."THODS 

A .  Analytical and Synthetic Hethods 

2.1 Materials 

Unless otherwise stated, all chemicals were supplied by British 

Drug Houses Ltd . (Poole, England) or by Hay and Baker Ltd . (Dagenham, 

England). 

2 .1.1  Solvents 

Reagent grade acetone was dried by distillation from Caso4. 

Diethyl ether and 2-methoxyethanol were dried and rendered peroxide-free 

by passage through a column of activated alumina (2l/100g) and were then 

distilled . Dry pyridine was obtained by reflux and distillation over 

NaOH pellets . Reagent grade �,� ' -dimethylformamide was dried with Caso4 , 

distilled under reduced pressure and stored over Caso4• tl-dibutyl ether 

was synthesised from �-butanol and £-toluenesulphonyl chloride (Schorigin 

and Hakarov-Zemlianskii, 1932 ) , dried with alumina and distilled . 

Chloroform for esterification reactions was washed with concentrated 

sulphuric acid ( 3  x 0.1  vol.)  to remove ethanol, with water ( 3  x 0 . 5  vol . )  

to remove acid, partially dried with Na2so4 and then distilled from P2o5 • 

Either butanol (100 ppm) or 2,6-di-t-butyl-4-methylphenol (BHT, 50 ppm ; 

Eastman Kodak, Rochester, U .S .A.) was added to the chloroform to prevent 

formation of phosgene during storage. Analytical grade acetone, benzene 

and methanol were used v1ithout purification . 

2 . 1 . 2 Reagents 

Powdered H3Bo3 , anhydrous Na2so4 and granulated silica gel were 
0 

dried at 110 C, while Caso4 and Union Carbide Flolecular Sieves 'rype 4A 

were dried at 240
°

C and 300
°

C respectively . Chromatographic grade 
0 

neutral alumina was activated at 500 C overnight. 

Analytical grade glycerol was dried ·by heating to 160
°

C for 15 

min and then used directly (Hartman, 1957 ) .  Reagent grade thionyl chloride 

was purified by the method of Friedman and Wetter (1967) . 

Analytical grade oxalyl chloride, £-toluenesulphonic acid , 

D-mannitol and anhydrous sodium acetate , ZnCl2 and K2co3 were used as 

received . Reagent grade lead tetraacetate and NaBH4 were also used 

directly . 
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2. 1 . 3  Fat ty Acids 

Butyric acid and "specially pure grade" palmit ic and stearic 

acid were supplied by BDH. If necessary , batches of the lat ter two fatty 

acids were recrystallised from acet one to a final purity of at least 99% 

when measured by gas-liquid chromat ography (GLC ). A second lot of stearic 

acid ( >  99. 5% by GLC; Fluka A.G . , Buchs, Switzerland ) was used without 

further purificat ion. Elaidic acid from the Sigma Chemical Company 

( Saint Louis , U .S .A . )  was checked by GLC ( > 99% 1 8 : 1 )  and silver ion 

thin-layer chromatography ttLC) ( >  98% trans-monoene), then used as received. 

Oleic acid was prepared from olive oil according t o  the procedure 

of Rubin and Paisley ( 1 960) with some modificat ions. Fig. 2- 1 gi ves a 

flow sheet for the preparat ion. The final product (yield 1 92g , 1 5% based 

on olive oil fatty acids ) contained > 99.5ib 1 8 : 1 by GLC , and no trans­

acid could be detected by either silver ion TLC or IR spectroscopy. The 

position of the double bond was determined by the ozonolysis and GLC 

procedure of Stein and Nicolaides ( 1 962 ). Comparison \.,rith an oleic acid 

standard ( 99% , Sigma Chemical Company ) confirmed that more than 99% of 

the double bonds in the product were in the 9-1 0  posit ion . 

2. 1. 4 St orage of Glycerides and Synthet ic Intermediates 

0 
Prior to analysis , all glycerides were dried in vacuo at 20 C 

0 
and st ored in airt ight screwcap jars. Saturated TGs were st ored at 0 C 

while unsaturated TGs , acyl chlorides , part ial glycerides and all other 

intermediates were st ored at -20
°C. 

2. 2 Analyt ical Met hods 

2. 2 . 1  Thin-Layer Chromat ography 

Thin-layer chromatography (TLC ) was used for following the course 

and extent of react ions and for checking the identity and purity of 

products. 

Thin-layers of silica gel G were prepared by slurrying the 

adsorbent with water ( 1  : 2 w/v ) or a solut ion of boric acid ( 35g/l ) and 

spreading onto glass plates (20 x 20cm ) to a thickness of 0. 3mm. After 

air-drying for 30 min , the layers were act ivated by heat ing at 1 1 0°C for 

2h. 

Thin-layers impregnated with AgN03 were prepared from a slurry of  

30g silica gel G and 65ml of a soluti on of AgN03 ( 1 00g/l ) .  

Samples were appl ied as spots with a 3�1 syringe and the plates 



F ig.2·1 Scheme for the Preparation of Oleic Acid 
- adapted from Rubin and Paisley [1960] 
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were developed by the ascending method in saturat ed chromat ographic 

tanks . Part ial glycerides were separate d  on silica gel G layers impreg­

nat ed  with H3Bo3 using a solvent syst em o f  hexane-diethyl ether ( 50 : 50 } 

or chloroform-methanol ( 150 : 3 ) . For TGs the thin layers were developed 

in either hexane-diethyl ether ( 85 : 1 5  and 50 : 50 ) or dichloromet hane . 

Lipids were det ected  by fluorescence ( spray reagent : 2g/l o f  2 , 7-

dichlorofluoroscein in methanol ) or charring (5�6 ( v/v ) sulphuri c  aci d ;  

150°C for 1h ) .  The dichlorofluoroscein spray reagent was mainly used 

for the det ection of fatty acid� which are not stained by the sulphuri c  

ac id spray. 

For the determinat ion of glyceri de purity , conditions were chosen 

so that expected impurities c ould be det ected at the 1% leve l .  This 

det e c t ion level was confirmed by the examinat ion of pure standards tn 

whi ch increasing levels of spec ific impurit ies had been added .  

2 . 2 . 2 Colwnn Chromat ography 

With the except ion of saturated  TGs o f  high molecular weight , all 

TGs were purified  by column chromatography on alwnina according t o  the 

convenient procedure of Jensen et al . ( 1 966 ) . 

Column criTomatography was also used t o  separat e unreact e d  1 -

st earoylglycerol from 1 -butyryl-3-st earoylglycerol since the t wo compounds 

were not readily separat ed by crystallisat ion ( cf .  Feuge and Lovegren , 

1 956 ) . To prepare the adsorbent , chromatographic grade neutral alumina 

(90g ) was added t o  a solut ion of H3Bo3 in methanol ( 1 0g in 200ml ) in a 

21 flut ed flask and the suspension was evaporated t o  dryness on a rotary 

vacuum evaporator at 35-40° C . After 30 min the free-flowing powder was 
0 

transf erred t o  a beaker ,  dried overnight at 1 1 0 C and then stored in a 

dessicator . The c olumn was packed by adding the adsorbent ( 2g/g of 

compound ) in suc c e ssive small amount s to  a chromatographic tube ( 2 . 5cm 

i . d . ) filled with developing solvent ( hexane-diethyl ether 25 : 75 ) . The 

c rude 1 , 3-diacylglycerol , dissolved in 1 vol . of developing solvent , was 

applied t o  the t op of this column and then rapidly eluted  ( < 1 5 min ) with 

20 vol . of  developing solvent . Examinati on of the eluant by TLC showed 

that all the 1 -acylglycerol had been retained on the c olumn and t hat 

little further i soinerisat ion o f  the 1 , 3-diacylglycerol had occurred.  

Based  on the original mass of the reaction product applied to  the  column , 

the recovery of the part ially purified 1 -butyryl-3-stearoylglyc erol was 

88%. 



2 . 2 . 3 Gas-Liguid Chromat ography 

Gas-liqu i d  c hromat ography ( GLC )  was used t o  det ermine the purity 
of the fatty aci d  s t art ing mat erials and t he fatt y  ac i d  c omposit ion o f  

40 

the synthetic TGs and their l ipolysis produ c t s .  Analyses of fat t y  aci d  
methyl est ers were performed on a Varian Aerograph ( Walnut Creek , Cali­
fornia , U .S .A . )  Series 1 520 chromat ograph f i t t e d  with a flame ioni sat ion 
det e c t or and a linear t emperat ure prograrrme r . Long c hain glyceride s  and 
fat t y  ac i ds were c onvert ed to met hyl esters by the method of Van 
Wi jngaarden ( 1 967 ) while butyryl TGs were int erest eri fied by t he proce dure 
of Shehat a ,  de Han and Alexander ( 1 970) . Nethyl est ers were analysed on 
a stainless steel c olumn ( 2 . 4m x 3 . 2mrn i . d . ) packed with 1 2% die t hylene 
glycol succinat e on Chromosorb �/ ( 60-80 mesh , acid washed and DHCS 
t reat e d ) .  Gas flow rat es were 25 , 250 and 20 ml/min of nitrogen c arrier 
gas , air and hydrogen respe c t ively . Inj e c t or and det e c t or t emperatures 

0 . were 230 and 250 C and the column oven was operated � sot hermally at 
- 1 90° C ( long chain est ers )  or progrrunmed from - 60 t o  1 90°C at 1 0°C/min 

(mixt ures of short and long chain est ers ) . Peak areas were measured by 
triangulat ion ( he ight x width at half height ) or by an electronic 
int egrator ( Varian Hodel 480 ) and the relat ive proport ions o f  est ers 
were obtained using experimental vteight response fac t ors ( Shehat a � al . 1 

1 970 ) . 

But yri c ac id was analys e d  for pur i t y  by chromat ography o f  the 
free ac i d  on a glass column ( 2. 4m x 3 . 2mm i . d . ) packed with 1 0% ( w/w ) 
di ethylene glycol adipat e and 2% ( w/w ) phosphoric acid on 60-30 mesh 
Chromosorb W ( ac i d-washed and L'\vJ.CS treat e d ) .  The oven was maintaine d 

0 
at 1 00 C .  The gas flow rat e s  were the same as t hose for the methyl est er 
column although a formic ac i d  b ubbler was f i t t e d  in t he carrier gas line 
to r e duc e tailing of the peru(s . 

2. 2 . 4 Struct ural ; nalysis o f  Triacylglyc erols 

Posit ional and st ereospeci fic analyses were performed on sele c t e d  
TGs by Dr I .  horri son a t  Hassey Universit y  ( Ph . D. Thesi s , 1 976 ) . The 
proc e dures were e ssent ially those described by Luddy e t  al . ( 1 96 4 ) and 
Chris t  i e  and Ho ore ( 1 969 ) . 

2 . 3 Preparat i on o f  Rac emic Triacylglyce rols 

The general scheme adopted for the preparat ion of racemi c TGs i s  
shown i n  Fig . 2-2 . Triac id TGs were synthesised v i a  1 - ( mono ) acylglycerol 
(1-HG) and 1 , 3- diacylglycerol ( 1 , 3-DG ) by direct est erificat i on with the 
appropr iat e acyl chloride ( Hartman , 1 957 ; Nat t son and Volpenhein , 1 962 ; 



F ig. 2-2 General Scheme for the Synthesis of Racemic Triacylglycerols [Hartman , 1957 J 
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Quinn , Sampagna and Jensen , 1 967 ; Jensen , 1 972 ) . Rac- 1 -MGs were 

prepared from 1 , 2-isopropylidene glycerol ( Quinn et al . ,  1 967 ) according 

t o  the react i on scheme shown in Fig . 2-3 ( scheme 1 ) . 

UnsytMletrical , diacid �-TGs were synthesised by c omplete 

esterificat ion of 1 -MGs while symmetrical diacid TGs were synthesised 

from monoacid 1 , 3-DGs .  The lat ter c ompounds were prepared by direct 

esterificat ion of glycerol (Hartman , 1 957 ) . However , there were several 

except ions t o  the scheme for the preparat ion o f  diacid TGs. OOP and OOS 

were prepared from 1 -oleoylglycerol via the 1 , 3-DGs.; ESS and PSS were 

synthesised from �-1 , 2-distearoylglycerol; BPP and BSS were synthesised 

from 1 -palmitoyl- and 1 -stearoylglycerol via t he 1 , 3-DG . 

Acyl Chlorides 

Palmit oyl and stearoyl chlorides were prepared using thionyl 

chloride as the chlorinat ing reagent, while oleoyl and elaidoyl chlorides 

were prepared using oxalyl chloride ( Quinn et al. , 1 967 ) . Butyryl chlor­

ide was synthesised with phosphorus trichloride (Cason and Rapoport , 1 970 ) 

and the crude product was dist illed through a 1 5 x 1 . 5cm i . d .  c olumn packed 
() 

\vi th  3mm single-turn glass helices ( b . p. 1 00-1 02 C ) . 

All acyl chlori des >·Jere checked. for the presence o f  unreacted 

fatty ac id by n� spectroscopy (Youngs , Epp , Craig and Sallans , 1 957 ); 

samples with more than 1 -2']6 of fat ty  acid v1ere reacted with fresh 

chlorinat ing reagent and the work-up repeated. 

1 - Acylglycerols 
Preparation of �- 1 -�iGs was the first step in the synthesis o f  

triacid and unsymrnet rical diacid TGs ( Figs . 2-2 and 2-3 scheme 1 ) .  

Racemic 1 -l•tGs were prepared (Fig. 2-3 scheme 1 )  by a modificat ion 

( Quinn et al . , 1 967) of  Hartman 1 s  procedure (1 960). Glycerol ( 0. 72 mol ) , 

acet one ( 1 . 44 mol ) , p-t oluene sulphonic acid hydrate (0 . 01 mol ) and 500m1 

o f  benzene were refluxed in a 21 flask fitted with a Dean-Stark trap and 

a c ondenser . At the cessat ion of water formation ( 10- 1 2h ) , 0 . 24 mol of 

fat ty acid ( palmit ic , stearic or oleic ) was added and the refluxing 

c opt inued for a further 1 2- 1 6h unt il water format ion had again stopped. 

The acid catalyst was then neutralised by shaking the flask c ontents with 

powdered anhydrous sodium acetate ( 0. 03 mol ) . After filtering , the 

s olut ion was washed with water t o  remove excess isopropylidene glycerol , 

dried with anhydrous Na2so4 and then evaporated t o  dryness under reduced 

pressure . 
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FIG. 2 - 3 SY NTHES IS  OF RACEMIC TRIACYLGLYC EROLS 
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The ketal blocking group was removed by borat e replac ement ; 
the acyl acet one glyc erol was reac t e d  with boric ac id ( 2 . 4  mol ) in 400ml 

0 
of 2-methoxyethanol for 1 . 5 h at 1 00 C .  The react ion was carried out 
with c areful exclusion of wat er in a 21 flask fit t e d  with an air con­
denser , a silica gel drying t ub e  and a magnetic st irrer bar . At the 
complet ion of the react ion the flask c ont ents were allowe d  t o  c ool and 
were t hen filt ered . The boric ac i d  prec ipitate was washed repeat e dly with 
a t ot al of 21 of diethyl ether-chloroform ( 3 : 1 )  and the c ombined filt rat es 
were extract ed wit h  wat er ( 4 x 1 1 )  and dri e d  with anhydrous Na2so4• �1ost 

0 of the solvent was removed under reduced pressure at 30-35 C and t he 
crude 1 -MG was then crystallised t wo or three t imes from 1 0- 1 5  vol . o f  
diethyl ether-hexane ( 6  : 4 )  a t  20°C f o r  t h e  saturat e d  1 -HGs and -20°C 
for 1 -oleoylgly c erol . Examinat ion o f  the recrystallised products by 
TLC showed t hat only t races of the 2-isome r  were present . Furthermore , 
IR spec trosc opy of the methyl est er prepare d  from 1 -oleoylglyc erol 
demonst rat ed t hat no det ectable isomerisat ion of the double bond had 
oc curre d .  

�- 1 -pabnit oylgly c erol m . p .  

yield 

�- 1 -st earoylglycerol m . p .  

yield 

�- 1 -oleoylglyc erol yield 

1 73-Diacylglyc erols 2 . 3 . 3  

( a )  Monoac i d  1 ,3- Diacylglyc erols 

observed 75-76°C 
lit erature 76 . 5 °C ( Lut t on ,  1 971 b )  
73% based on fat t y  ac i d  

observed 80-81 °C 
lit erature 8 1 . 6 °C ( Lu t t on ,  1 971 b )  
7 1% 

66x; 

The preparat ion of monoac i d  1 , 3- diacylglyc erols ( 1 , 3-DGs ) was 
the first st ep in the synthesis of symmetri cal diac i d  TGs ( Figs . 2-2 
and 2-3 scheme 2 ) .  

1 , 3- Dipalm i t oyl- and 1 , 3-dist earoyl- glycerol were prepared by 
the direct ester i f i c at ion o f  glyc erol in an homogeneous reac t i on system 
( Hartman , 1 957 ) . Anhydrous glycerol ( 0 . 05 mol ) was dissolved in � ,� ' -

. 

dimethylformamide ( 1 0ml ) ,  chloroform ( 75ml ) and pyri dine ( 25ml ) in a dry 
st opper e d  flask . St earoyl or palmitoyl chloride ( 0 . 1 1  mol ) in chloroform 
( 1 50ml ) was then adde d dropwise to the magnet ically st irr e d  solut ion . 
If nec essary , more pyridine or dimethylformamide was added at this stage 
to ensure that the flask cont ents were homogeneous . After 4- 1 6h ,  

methanol ( 1 0ml ) was adde d t o  react with unchanged acyl c hloride and the 
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0 clear s olut i on was then evaporat e d  t o  dryness at 30-35 C .  Examinat ion 

of the crude react ion product by TLC showe d that the chi e f  impurit ies 
were methyl ester , TG , 1 , 2-DG and 1 -HG . The o i ly solid was then 
c rystalli s e d  successively from 300ml o f  absolut e ethanol and 250ml o f  

0 hexane at 20 c .  This proce dure removed pyr i dine , dimethylformamide and 
most lipid contaminant s except for TG . The lat t er was remove d by t wo 

() further re crystallisat ions from 1 0  vol . of hexane at 35 C .  TLC of t he 
final product showed no detectable impurit ies . 

0 m . p . observed 73 - 5-74. 0 c 1 , 3-dipalmi t oylglyc erol 
lit erat ure 73. 5-74 . 0° C  ( Hartman , 

1 957 ) 
yield 51% base d  on glyc erol 

1 , 3-dist earoylglyc erol m . p . observed 79-80°C 

lit erat ure 80°C ( Hartman , 1 957 ) 
yield 56% 

( b )  Recovery of Triacylglyc erol from 1 , 3-Diacylglycerol Preparat ion 
() The c ombined 35 C hexane f iltrat es from the 1 , 3-DG puri ficat i on 

were evaporat ed to dryness and the r esultant solid was re crystallised 
t wice from absolute et hanol-hexane ( 1 : 1 )  and t hen t wi c e  from chloroform­
hexane ( 1  : 5 ) .  TLC of the recrystallised TG showe d no det e c table impurit i e s .  

t ripalmit oylgly cerol m . p .  observed 
lit erature 

yield 1 5% base d 

t rist earoylglyc erol rn . p . observed 
literat ure 

yield 6% 

( c )  Diac id 1 73-Diacylglyc erols 

on 

65 . 8-66 . 2° C 
66 . 4°C ( Lutton and Fehl , 

1 970 ) 
glycerol 

0 7 1 . 5-72 . 5 c 
0 73 - 5 c ( Lutton and Fehl , 

1 970 ) 

Diac id �- 1 , 3- diacylglycerols were int ermediat es i n  the synthe­
sis o f  all t riacid TGs _and the diac id TGs , BPP , BSS , OOP and OOS ( Figs . 
2-2 and 2-3 scheme 1 ) . 

( i )  Diac id 1 , 3-Diacylglyc erols of High Holecular Weight 
Rac - 1 -oleoyl-3-st earoylglyc erol and �- 1 -oleoyl-3-palmit oylglycerol 

were prepared by the est erificat ion of �- 1 -oleoylglycerol ( 1 00g/l 
in chloroform )  with an equimolar quant ity o f  stearoyl or palmitoyl 
chlori de in the presenc e of exc ess pyridine ( Hartman , 1 957 ) .  Aft e r  



standing overnight , methanol was adde d t o  react with any remaining acyl 
chloride and t he solut ion was evaporat ed under reduce d  pressure at 

0 30-35 C .  The resultant soli d �t�as t aken up in ether and the solut ion was 
then extract ed four t imes with wat er t o  remove pyri dine and evaporat e d  

() t o  dryness at 30-35 C .  Finally , the c rude 1 , 3-diacylglyc erol was 
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c rystallise d from 95% e t hanol ( 1 0  vol ; 0°C ) , followed by t wo recrystall-
o i sat i ons from hexane ( 1 0  vol . ; 0 C ) .  No impurit i e s  c ould b e  det e c t e d  in 

t he pro du c t s  by TLC . Base d  on 1 -l'·\G , the yields of 1 , 3-00 were 70 and 64% 
for �- 1 -oleoyl-3-st earoylglycerol and 1 -oleoyl-3-palmit oylglyc erol 
respe ct ively . 

1 -Palmit oyl-3-st earoylglyc erol was rec overed as a by-product from 
the preparat ion of the TG PPS . 1 -St earoylglyc erol ( 0 . 05 mol ) was 
inc omplet ely est erified by react ion with palmit oyl chlori de ( 0. 1 0 mol ) 
for 24h and the TG recovered by 4 crystallisat i ons o f  the crude react ion 
mixt ure from ac et one-chloroform-hexane ( 4 : 1 : 1 ) .  The first two filtrat es 
were then c om b ined and recrystallised t hree t imes from hexane ( 1 0- 1 5  vol . ) 
at 35°C t o  yield 9�6 ( base d  on 1 -hG ) of the pure 1 , 3-00. 

( ii )  Diac i d  1 , 3-Diacylglyc erols of Low 1-lolecular vJe ight 
Honobutyryl 1 , 3-00s were prepared from palmitoyl or st earoyl 

1 -NGs because of the difficulty of synthesising pure 1 -butyrylglycerol . 

Rac - 1 -st earoy lglycerol ( 1 00g/l in chloroform ) was est erified 
with butyryl chloride ( 1 : 1 . 05 molar rC:J.t io ) in the presence o f  excess 
pyri dine . Aft er leaving overnight , the solut ion was evaporat e d  in vacuo 
at 30-35° C t o  remove chloroform , pyr i dine and any remaining but yryl 
chloride . Examinat ion o f  the crude product by T LC  showe d t hat the main 
impurit ies were pyridine hydrochlori de , unreac t e d  1 -MG , 1 , 2-DG and TG . 

Pyridine hydrochloride was remove d by dissolving the crude solid 
in warm hexane (5 vol . ) ,  c ooling t o  20°C and filt ering through a Milli­
pore membrane filter under posit ive nitrogen pressure . ( Pyridine hydro­
chloride c ould not readily be remov e d  by extract ion with wat er b ecause 

of t he very stable emulsions formed when organic solut ions of the crude 
00 were shaken with wat e r .  Presumably DGs containing short and long 
ch_ain fatty ac ids are effective emulsi f iers ) . The clear hexane solut ion was 

0 
evaporat e d  t o  dryness at 30-35 C and t he resultant solid was chromat ographed 
on a c olumn o f  aluminium oxi de-boric ac i d  t o  remove 1 -NG and remaining 
traces of pyri dine hydrochloride ( Sect ion 2 . 2 . 2 ) .  Finally , to remove TG 
and 1 , 2-DG , the product was c ryst allised twice from 1 5  vol . of hexane at 
-5°C . The overall yield of �- 1 -butyryl-3- stearoylglyc erol was 6 1 %  ( base d  
on 1 -HG ) and no impurities c ould b e  det e c t ed i n  the product by T·LC . 
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Rac- 1 -butyryl-3-palmitoylglycerol was prepared in a similar 

manner , although the overall yield was much lovJer (29";6 b ase d on 1 -HG ) 

b ecause of t he higher molar rat i o  of acyl chloride t o  1 -MG ( 1 . 5 : 1 )  and 

the loss of mat erial during repeat ed at t empt s to remove 1 -Iv!G by extrac­

t i on , crystallisat ion and , f inally , c olumn chromatography . Because o f  

t h e  large exc ess of acyl chloride , t h e  T G  BBP acc ount ed for about half 

of the crude react ion produc t .  It was recovered from the final two 

hexane filtrat es and pur i f i e d  by c olumn chromat ography on alumina 

( Jensen et al . , 1 966 ) . The yield of pure BBP was 32% bas e d  on 1 -l'iG. 

1 ,2- Dist earoylglyc erol 

Rac- 1 ,2- dist earoylglyc erol , an int erme diat e in the preparat ion 

of the TGs ESS and PSS , was synthesise d acc ording t o  the scheme shown in 

Fig .  2-4. 

Glycerol- 1 -tetrahydropyranyl(TlfP) ether (Barry and Crai g ,  1 955 ) was 

est erified with stearoyl chloride ( 1 0/o molar excess ) in a one phase 

syst em c ontaining chloroform , E ,� ' - dimethylformamide and excess pyri dine . 

Aft e r  1 0  days , methanol was added and the solut ion was e vaporat e d  
0 

in vacuo at 35-40 C .  The resultant slurry was taken up in ether , and 

the solut i on was washed with wat er ( t o  remove pyri dine and ,li ,Ji' - dirnethyl­

formamide ) ,  dried with anhydrous Na2soL� and evaporat e d  to dryness in vacuo . 

The THP group was removed from the crude �- 1 ,2-dist earoyl-3-

( t et rrulydropyranyl ) - glyceryl ether by a modificat ion of the proce dure of 
Gigg and Gigg ( 1 967 ) which utilised the c leavage and prot ect ive proper­

t ies of boric ac i d  ( c ompare t he removal of the isopropylidene group in 

the preparat ion of rac - 1 -l'iGs ) . Bori c  ac i d  ( 0 . 51+ mol ) and �- 1 ,2-

dist e aroyl-3- ( t et rahydropyranyl )-glyc e ryl ether ( 0 . 01 89 mol ) in 1 40ml of 
2-methoxyethrulol were plac e d  in a round-bot tom flask f it t e d  with an air 
condenser , a silica gel drying tube and a magnetic st irrer b ar .  The 

flask was transferred to a b o iling wat er bath and the c ont ent s were 
0 

vigorously stirred for 1 . 5h. After cooling t o  20 C ,  t he slurry was 
dilut e d  with dichloromethane and filt ered t o  remove boric ac i d .  The 

clear filtrat e was washed with wat er and t hen evaporated to dryness at 

35-40°C . Exami nat i on of the crude react ion product by TLC showed t hat 

the main impurit ies were : 1 -MG , 1 - ( mono )st earoyl-3- ( t et rahydropyranyl ) ­

gly c eryl ether , st earic ac i d  and ( running t o gether ) methyl st earat e and 

unchange d 1 ,2-distearoyl-3- ( t etrahydropyranyl )glyc eryl et her . Only a 
trac e ( < 1 /o )  of 1 , 3-00 was present with the 1 12- 00 , whi ch forme d the 

maj ority of the react ion product .  The 1 , 2-DG was purif i e d  by cryst allis­

at ion of the crude product from 20 vol . of acetone-methanol ( 1 : 1 )  at 



. F ig. 2- 4 SYNTHESIS OF RACEMIC 1 , 2 - DIAC YLG LYCE RO L  

Adapted from Krabisch and Borgstrom [1965] 
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H C O C O R  
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l H3 803 
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0°C f ollowed by t wo recrystallisat ions from chloroform-hexane ( 1  : 1 0 )  
0 at -5 c .  No impurit ies in t he final 1 , 2-DG c ould be det e c t e d  by TLC . 

�- 1 , 2-dist earoylglyc erol 

Triacylglyc erols 

m . p .  observed 
l i terat ure 

0 70-72 c 
0 

7 1  C ( Howe and Malkin , 
1 951 ) 

yield 47% base d on gly ce rol- 1 -
t e t rahydropyranyl ether 

TGs were prepar e d  by est eri ficat ion of the appropriat e  part ial 
gly c eride acc ording to the scheme out lined in F i g .  2-2 . The part ial 
glyceride was dissolved in chloroform and reac t e d  with acyl c hlori de in 
t he presence of exc ess pyri dine . To ensure maximum TG yiel d ,  a 5�� molar 
exce ss of acyl chlori de was normally used ( Quinn et al . , 1 967 ) , but this 
was reduced to a 1�� excess for the b utyryl TGs to avoid possible diffi­
cult ies in pur i f icat ion. After react ion t imes ( at 20°C ) of 4- 1 6h for 
1 , 2-00 or 3-7 days for 1 -HG and 1 , 3-DG, methanol was usually added t o  
react with exc ess acyl c hloride and t h e  solut ion was evaporat e d  t o  

0 dryness at < 35 C .  Purifi cat ion was then c arried out as follows : -

1 )  Saturat e d  TGs o f  high molecular weight were first recrystallised 
onc e or twice from either absolut e ethanol-acetone ( 4 : 1 )  or absolut e 
ethanol-hexane ( 1  : 1 )  t o  remove methyl est er , part ial glycerides and 
pyri dine hydrochloride , and then 1 t o  3 t imes from acetone-hexane ( 4 : 1 )  
t o  remove fat ty acid.  ( Unless otherwi se stat e d ,  all cryst allisat ions 
were from 1 0- 1 5  vol . of solvent at 20°C . )  

2 )  Monobutyryl sat urat ed TGs were recrystallised twice from acet one-
methanol ( 2 : 1 )  at 20-25°C ,  chromat ographe d on alumina ( Jensen et al . ,  
1 966 ) and finally recrystallised from acet one or acetone-hexane ( 4 : 1 )  

0 at -5 C .  

3 )  Crude SES and ESS were taken up i n  hexane , washe d  with 95% 
ethanol and evaporat e d  t o  dryness . The oily soli ds were cryst allised 
from ac et one -methanol ( 2 : 1 )  at 1 2° C 1 chromat ographed on alumina ( at 30°C )  

0 and finally recrystallised from 1 5  vol . o f  acetone at -5 C .  

4 )  Monooleoyl TGs o f  high molecular weight were crystallised t wi c e  
0 0 from ac et one or ac et one-hexane ( 4 : 1 )  at 0 C or -5 C ,  chromat ographed on 

0 alumina and t hen recryst allised from 1 5  vol . o f  acetone at -5 C .  

5 )  Crude BES was t ak en up in hexane and washed several t imes with 

95% methanol .  The hexane solut ion was then evaporat ed t o  dryness and 



50 

chromatographed on alumina. After evaporat ion of the eluant , the slowly 

solidifying oil was cryst allised twice from 40 vol . of acet one-methru1ol 

( 2 : 1 )  at - 1 8°C . 

6 )  TGs whi ch are liquid  at or near room temperature (BOP , BOS , OOP 

and OOS ) were t aken up in hexane and ext racted with water.  After evapor­

at ion of the hexane solut ion in vacuo , the oils were purified by chroma­

t ography on alumina . The products were not purified by crystallisat i on 

because of their high solubility . 

All crystallisat ions were monitored by TLC of both filtrate and 

precipitat e .  with the except ion o f  BES , the puri fied TGs contained no 

impurities det ectable by TLC . However ,  the chromatographic examinat i on 

o f  BES showed a t race o f  an impurity whic h  ran slightly ahead o f  the main 

band on a TLC plat e developed in dichloromethane . The closeness of the 

Rf values suggest ed the possibility that the impurity was isomeric with 

BES , for example EBS . 
Yields of the pure TGs based  on the part ial glycerides were 

approximat ely 65% for the butyryl TGs and 75% for the others . 

2 . 4  Preparat ion of Enant i omeric Triacylglycerols 

The general scheme adopt ed for the preparation of chiral TGs is 

shown in Fig. 2-5 . 1 , 2-Dipalrnit oyl- and 1 , 2-dist earoyl-�-glycerol were 

synthesised from the key int e rmediate , 1 , 2-isoprqpylidene-�-glycerol 

( Baer and Fischer , 1 9393-), using the trichloroethylcarbonat e group to  

block the �-3-position ( Rakhit , Bagli and Deghenghi , 1 969 ; Pfei ffer , 

hiao and 'v/eisbach ,  1 970 ) . The sn-TGs were then prepared by est erificati on 

o f  the �- 1 , 2-DGs with the appropriat e acyl chloride .  

Although this procedure involves two addi t ional st eps c ompared 

with the alt ernat ive synthesis via sn-3-Jv G ( c f .  Fig . 2-3 , Scheme 1 )  the 

removal of the carbonat e blocking group occurs under part icularly mild 

c ondit ions and causes little or no acyl migrat ion .  Thus , only a t race 

( <  2%) of the 1 , 3-DG i somer was present in the crude �- 1 , 2-DG prepared 

by the above metho d ;  by c ontrast , 5 - 1 ry� of t h e  2-MG isomer was present 

in trial preparat ions of crude �-3-HG .  Since acyl migrat ion leads to  
racemisat ion , the former synthet ic scheme was chosen in pre ference t o  the 
latter.  

2.  4 . 1 1 , 2-Isopropyli dene-sn-glycerol 

This key int ermediate was prepared by the procedure of Baer ( 1 952)  

except that sodium borohydride was use d f or the reduct ion of 1 , 2-isopropy-
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FIG. 2- 5 SYNTHESIS OF ENANTIOMERIC TRIACYLGLYCEROLS 

[Rakhit et al. ,  1969] 
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lidene-�-glyceraldehyde ( Fig.  2-5 ) .  

A soluti on of the aldehyde ( 0 . 2  mol ) in methanol 

(5 vol . ) was added dropwise t o  sodium borohydride ( 0. 1 mol ) in wat er 

( 25ml ) .  The magnetically st irred react ion mixture was maintained at 
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0 
- 20 C during the addit ion ( 30 min ) and for a subsequent 2h period. The 

solut ion was then re fluxed for 30 min t o  decompose excess sodium bore­

hydride , evaporat ed under reduc ed  pressure to half its volume , saturat e d  

\-Jith K2co3 and extracted with ether ( 3  x 1 00ml ) .  The ether extracts were 

c ombine d ,  dried with anhydrous Na2so4 and concentrated in a rotary 
0 

evaporat or at 30-35 C.  Dist illat i on o f  the resultant syrup gave a middle 

fract ion , b . p .  80-84°C/1 2 mm H g .  The purity of the product , 1 , 2-

isopropylidene-�-glycerol , was confirmed by comparison of its GLC 

b ehaviour with an authent ic  sample o f  rac-1 , 2- isopropylideneglycerol 

( DEGS c olumn at 1 05')c ) .  

1 , 2-isopropylidene-�-glycerol 

observed 

[ ]  20 0 
a D 1 4. 08 � 0 . 07 

in substance 

2 . 4 . 2  1 , 2-Diacyl-sn-glycerols 

literature (Baer , 1 952 ) 

1 . 4347 

1 3. 8  
0 

1 , 2-Dist earoyl- and 1 , 2- dipalmitoyl-�-glycerol were prepared by 

the method of Rakhit et al . ( 1 969 ) according t o  the scheme shown in 

Fig. 2-5 . Treatment of 1 , 2- isopropylidene-sn-glycerol with � , � , � ­

trichloroethoxycarbonyl chloride gave the corresponding carbonat e . A 

solut ion o f  this carbonat e in 9�� ( v/v ) methanol was then passed through 

a column of Dowex 50 ( H+ ) ion exchange resin result ing in the hydrolysis 

of the i sopropylidene group and format ion o f  3- ( � ,� ,�-trichloroethyl­

carbonate )-�-glycerol . Aft er removal of solvent , the crude diol was 

fully esteri fied with a 1 �� molar excess o f  palmit oyl or st earoyl chloride 

and the resulting 1 , 2-diacylcarbonate was t reated  with zinc powder in 

acetic  aci d-diethyl ether ( 1 : 1 )  t o  remove the blocking group . 

The crude �- 1 , 2-DG , which contained only a t race of 1 , 3-DG , was 

crystallised from 1 0  vol. o f  acetone/methanol ( 1 : 1 )  at -5°C and then 

recrystallised twice  from chloroform-hexane ( 1  : 1 0 )  at 20°C . Examinat ion 

of the product by TLC showed only one spot up to the overload limit of the 

plat e .  



1 , 2-dipalmitoyl-�-glycerol 

1 ,2- dist earoyl-�-glycerol 

2 . 4 . 3  Triacylglycerols 

m . p .  observed 

literature 
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6?-68
°

C 

6?-6? . 5
°

C ( Sowden and 

Fischer , 1 941 ) 

68-69
°

C (Baer and 

Kat es , 1 950 ) 

yield 43/o based on 3- ( 13 , � , � -trichloroethyl-

carbonate ) -�-glyc erol 

m . p .  observed 

literature 

yield 48% 

74-75 · 5
°

C 

74-?4 .5
°

C ( Sowden and 

Fischer , 1 941 ) 

( Baer and 

Kates , 1 950 ) 

Diacid  sn-TGs were prepared by esterificat ion of 1 , 2-dipalmitoyl­

and 1 , 2-dist earoyl-�-glycerol with butyryl or oleoyl chloride. The 

�-1 , 2-DG ( 0 . 001 mol ) was dissolved in chloroform and est erified with a 

1 07� molar excess of the oleoyl chloride or a 2�fo molar excess of the 

butyryl chlori de in the presence of excess pyridine . Aft er a react ion 
0 

t ime of 30h at 20 C ,  purification was carried out as follows : -

1 )  sn-SSB 
0 

The r eact ion mixture was evaporat ed to dryness at 30-35 C and 

taken up in 25ml of diethyl ether . The solut ion was ext racted  with water 

(4 x 1 0ml ) and dried with anhydrous Na2so4• After removal o f  the solvent , 
0 

the crude solid was crystallised from acetone-methanol ( 2 : 1 )  at 20 C ,  

chromatographed on alumina and finally recrystallised from acetone at 
C) 

-5 c .  

2 )  sn-SSO 

The react ion mixture was worked up similarly t o  t hat of sn-SSB 

except that t he crude TG was chromatographed without prior crystallisat ion .  

The resultant solid was recrystallised from acetone at -5
°

C .  

3 )  sn-PPO 

Methanol was added t o  the react ion mixture which was then evapor-
0 

ated t o  dryness at 30-35 c .  The crude solid was taken up in hexane and 

succ essively washed with 2N-HC1 , H-NaHco3 and water.  Aft er evaporat ion 

o f  the hexane solut ion , the strongly-coloured oil was crystallised from 
0 

1 5  vol . of acet one at -5 C ,  chromat ographed on alumina and recrystallised 

as before . 



No impurities could be  det ected by TLC in the recrystallised 

produc t s .  

B .  Physical Het hods 

2 .5  Melt ing Point Determinat ion 
0 

Melt ing points above 30 C were determined with a calibrat e d  
() 

Koffler hot stage mi croscope t o  an ac curacy of + 0. 5 C .  

2. 6 X-Ray Powder Diffract ion 

2 . 6 . 1 Apparatus 
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Di ffract ion patt erns o f  all solvent crystallised phases were 

obtained using a Philips goni ometer ( model PW 1050) and an X-ray generat or 

( PW 1 01 0 )  with a cobalt target (Ka1 ; A = 1 . 789A ) . Short spac ing data were 

collect ed by scanning from 29 values of 17
° 

to 32
° 

( 6 . 05A to 3 . 25A ) at 
0 

2 /min. No long spac ings were det ermine d because of t he obsc uring 

effect of the high background at low 2& values . 

2 . 6 . 2  Preparat ion of Samples 

Powder f ilms of high-melt i�g TGs were prepared by deposit ing a 

few drops of a dichloromethane solut ion o f  the TG on a di f fract omet er 

slide and allowing the solvent t o  evaporat e . This t e chnique was unsuccess­

ful with low-melt ing TGs and in such cases the solid was ground with the 

minimum of silica gel H necessary t o  give a non- caking , fine powder and 

then spread as a uni form film on a vaseline-smeared sample slide . The 

addit i on o f  silica gel H was found essent ial t o  permit effect ive grinding 

and t hereby prevent spurious ' preferre d ori entat ion ' effects ( c f .  Kle in 

and Wilcox , 1 971 ) . Comparison between diffraction pat terns obtained for 

ESS , SES and SOS by the two methods of sample preparat ion showed that 

although the u se of silica gel H gave pat t erns with a convex baseline , 

it di d not signi ficantly obscure or distort the TG short spacings . 

2 . 6 . 3 Ident i ficat ion of Polymorphs 

Polymorphic forms examine d by X-ray di ffract ion were c lassi fied 

acc ording to t he criteria o f  Lut t on (Table 1 . 1 ) .  Thus , a form showing 

t wo strong short -spacing lines near 4 . 2  and 3. 8A was called � · ,  while a 

form with a st rong line near 4. 6A was t ermed � .  
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2 . 7 Infrared Spectroscopy 

2 . 7 . 1  Apparat us 

Solid stat e infrared spectra of TGs were re c orde d on a Beckman 

( Fullert on , Cali fornia , U .S .A . ) IH-20 spect rophot omet er . Under standard 
1 6 -1  

condi t ions , the instrument was scanned at 240cm- /min from 1 500 to OOcm , 

the most use ful region for the ident ifi cat ion of polymorphic forms 

-1 ( de Rui g ,  1 97 1 ) . vfuere closer examinat i on of the 720cm band was 
· d th · t t d f' 0 00 to 600cm- 1 at 60cm- 1 /ml· n  re qu1.re , e 1.ns rumen · \vas scanne rom v 

with fourfold scale expansion o f  the absc i ssa. Wave number ac curacy was 

bet t er t han 2cm- 1 ( calibrat ed) and 1 0cm- 1 ( uncalibrat ed) over the entire 
- 1  - 1 range and resolut ion was bet t er than 5cm at 720cm • 

Solvent crystallised phases were examined as K Br discs which were 

prepared in a Wilks ( South N orwalk , Connect icut , U . S .A . )  Minipress using 

BDH KBr "specially prepared for IR spectroscopy" . 

The polymorphism of �-TGs containing butyrat e ,  elai dat e or 

oleat e was invest igat ed using a Variable Temperature Chamber Hodel 1 04 

(Barne s  Engineering , Stamford , Connect icut , U .S .A . ) . The chamber t empera­
() 

ture was measure d  t o  an accuracy of � 0. 5 C by a calibrat e d  c opper/con-

stant an t hermocouple pair connec t e d  t o  a digital voltmet e r .  

2 . 7 . 2 Invest igat ion of Polymorphism 

A few drops of molt en TG were plac ed between KBr plat e s  and the 

cell was loaded in t he variable temperature chamber and equilibrat ed at 
0 

1 0-20 C above the melt ing point o f  the stable form . Aft er re c ording the 
0 

spectrum of the melt , the chamber was cooled rapidly t o  ..., 0 C t o  produce 

the a f orm . The a spectrum was recorded and the t emperature further 
() 

reduc e d  t o  -30 C ,  the lower limit of t he chamber , t o  invest igat e possible 
() 

format i on of the sub-a phase . TGs with a forms melt ing b elow 0 C were 
() 

cooled directly t o  -30 c .  

The sample was then slowly heat ed t o  the a melt ing or transit ion 

t emperature and held isothermally unt il suc c essive spec t ra showed no 

further change . Aft er recording the spectrum of the new form , the 

procedure was repeat e d  at each successive transit ion point unt i l  the stable 

form was obtaine d ( de Ruig , 1 97 1 ) . Finally , the sample was melted as 
. 0 

before and then c ryst all1.sed 1 -2 C above t he a melt ing point ; the 

spect rum o f  the f orm so obtained was compared with the c orresponding 

spectra recorded during the heat ing cycle . This procedure was repeat ed 

for each of the t ransit ion point s found previously . Thus , the form or 



forms intermediat e bet ween a and the stable form were normally obtained 
both by t ransformat ion of lower melt ing forms and by crystallisat ion from 
the melt . Compari son of the spectra obtained in these two ways provided 
a useful check on phase purit y .  

2 . 7 . 3  Ident ificat ion o f  Polymorphs 

Polyrnorphs were ident i f i e d  by compdrison of their spectra with 
those of t he a , � ·  and � phases of monoaci d  TGs ( Chapman , 1 965 ; de Ruig , 
1 971 ; Table 1 . 5 ) . In pdrt icular , the following criteria were use d : -

a a form crystallising from the melt and displaying a s ingle band 
at 720cm- 1 • 

� · - a form exhibit ing a doublet in the 720cm-1 region ( - 7 1 9  and 726cm- 1 ) ;  
other charac t eristic bands are oft en present at "' 835 , 925 , 950 and 
975cm- 1 • 

p a form displaying a single sharp bru1d near 71 7cm- 1 ; often a strong 
band near 890-900cm- 1 is also present . 

The term ' sub-a '  was retained for any phase which was reversibly 
obtained by cooling the a form and which exhibited a doublet in the 
720cm - 1 region of t he IR spectrum ( "' 7 1 9  and 726cm -1 ) .  

Where possi ble , confirmat ion of  the above assignment was sought 
by comparison of phase preparat ion , transit ion temperature or t ransform­
at ion relat ionships with either the lit erature or an analogous form of a 
relat ed  TG. 

2 . S  Thermal Analysis 

2 . 8 . 1 Apparat us 

Thermal analysis was performed using a Perkin-Elmer ( Norwalk , 
Connect i cut , U .S .A . )  DSC 1 -b different ial scanning calorimeter ( DSC ) .  
Sealed sample pans and sample holder covers were used  for all runs.  The 
sample mass was generally 3-6mg for liquids and 1 -3mg for solids . To 
ensure good thermal contact , sol i d  samples were tightly c onfined in the 
base of t he pan wit h  an alumini urn foil inner l iner . The analyser unit 
was operat e d  in a dry box to permit more c onvenient sub-ambient operat ion 
(Currie and Doyle , 1 968 ) and liquid nitrogen was used as a c oolant for 
all samples except indium. The sample c ompartment was flushed with dry 
nitrogen gas at a flow rat e of 30ml/min ( measured at the outlet at a 

0 cell t emperature o f  1 00 C with no c oolant ) .  

Data from the DSC was recorded on paper tape by a Hewlett Packard 
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( Palo Alt o ,  California , U .S .A . ) dat a  acquisit ion system c onsist ing of a 

coupler-c ontroller ( model 2575A ) int erfaced to  a teleprint er ( 1 2801 A )  

and a digital voltmet er ( 3480A ) . 

2 . 8 . 2 Calibrat ion 

Power calibrat ion , thermal r esistance and average and differ­

ent ial t emperature cal ibrat ion were checked daily using 99 . 99�fo indium 

(K and K Laboratories , Plain view , New York , U .S .A . )  weighed on a l'iett ler 

( Zurich , Switzerland ) h5A microbalanc e . The heat of fusion of indium 

was t�en as 29. 2J/g (Richardson and Savill , 1 975 ) , rather than the 

older value of 28 . 4J/g �;hich has been widely used in DSC l it erature . 

Previously reporte d  heats of fusion o f  TGs which are present e d  here 

have been adjusted  in acc ordance  with the new value . It was found that 

the power calibrat ion constant relat ing raw ordinate data ( mV )  t o  the 

t rue heat flow rat e ( VJ )  showed little variat ion over a period of several 

months. For example , the constant had a coe fficient of variat i on of 

2 . 7% for 1 50 det erminat ions made over an eleven month period.  Conse­

quent ly , a r:�ean value of the constant , which was averaged over the ent ire 

period during which TGs vlere analysed , was used in the calculat ion o f  

the heat s of fusion o f  TGs . Similarly , an average value for the thermal 

resistance was used  in the correc t i on for thermal lag. 

At approximat ely three-monthly int ervals , the DSC t emperature 
< l  0 

axis was calibrat ed  over the range -60 C t o  80 C ,  using melt ing point 

standards ( James Hint on ,  Newport News , Virginia , U .S .A . ) according t o  

the procedure o f  Thermal Analysis Newslett er No.  5 (Perkin-Elmer , 1 966 ) . 

For each scan rat e , the relat ionship betlveen true t emperature and DSC 

dial t emperat ure was approximat ed by a quadrat ic regression , which was 

subsequently used to c orrect the t emperature axis of recorded thermograms . 

2 . 8 . 3 Presentat ion of Data 

Convent ions for the presentat i on o f  thermal analysis data are 

shown in Fig . 2-6 .  In different ial scanning calorimetry , the sample is 

heat ed or cooled at a linear scan rat e and the heat flow rat e to or from 

the sample is recorded as a funct ion o f  temperature . Phase t ransit ions 

appear as peaks superimposed on the scan baseline of the resultant graph , 

whi ch is called  a thermogram. In the present work , raw data c orresponding 

to the unc orrected thermogram were c ollected and stored on paper tape 

prior to  c omputer processing . In the subsequent analy sis , a straight 

line was fitted  to  the init ial linear port ion of the melt ing curve . As 

the dat a  were scanned  the f irst point with a residual great er than t hree 
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ISOTHERMAL 

EXOTHERM CRYSTALLIZATION 
PEAK 1 · 2  

TEMPE RATURE ( °C ) 

F IG. 2-6 CONVENT IONS FOR THE PRESENTATION OF 
THERMAL ANALYSIS DATA 

Note 1 .  H eats of transi tion are determined f rom peak are as . 
2. Tr ansition t emper a tu res are determined from p e ak 

t emper atu r e s  correct ed for thermal l ag . 
3. Ordinate d at a  in this thesis are prese nted i n  eith e r  

specific he at f low r ate units (W /g ) or apparent 
spe c if ic heat capaci ty units ( J/ (g K ) ) with the scan 
basel ine arbitr ari ly defined as ze ro. 
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s t andar d deviat ions about the regression line was t aken as the start - o f­

melt ing . The end- of-melt ing was det ermine d in a similar manner . The 

program t hen d e t e rmine d t he area b etween the melt ing c urve and t he 

straight l ine c onnect ing the star t - and end-of-melting. After c orre c t ions 

f or t hermal lag and the t emperat ure and power c alibrat ion , the c omput er 

det ermine d the heat of fusion and the peak t emperature ( melt ing po int ) 
and plot t e d  a c or rect e d  melt ing curv e . 

In this t hesis , a group of t hermograms illust rat ing t he poly­

morph i c  behav iour of a single TG or a set of relat e d  TGs are pre sent e d  on 

c ommon axe s .  For the sake o f  c lar i t y , only the transit i on curves are 

shown . The y-sc ale may be regar de d  as ' float ing ' with the zero y-value 

for each thermogram arb it rarily defined by t he horizont al line c onne c t ing 

t he start- and end-of-transit ion ( i . e .  t he c ont r i but ion of the sample ' s  

heat capacity t o  its heat flow rat e i s  arb it rarily set at zero ) . Normally , 

the ordinat e dat a o f  t he s e  c omparative diagrams are present e d  in t he c on­

vent i onal heat flow rate uni t s  C.W /g ) . However , in the c ompar i son o f  

t hermograms rec orded at dif ferent scan ra.t e s , the ordina t e  dat a are 

present e d  in un its of apparent heat capac i t y  ( J/ ( gK ) ) , obt aine d by 

di v i ding t he heat f l ow rat e values ( W/g ) , of a part i c ular thermogram by 

t he scan rat e ( l\/s ) .  The advantage of using apparent heat c apac it y  uni t s  

i s  t hat t he t ransi t i on area i s  t hen in dependent o f  scan rat e , allowing a 

more meaningful compari son o f  thermograms recorded at di f f erent rat e s . 

2 . 8 . 4 Inv est igat ion of Polymorphism 

The aim of t he t hermal analys i s  was t o  isolat e all the polymorphs 

of each TG and to det ermine the i r  melt ing point s and heat s of fusion . 

To this end , the following sequence of t hermograms was recorded for all 

TGs sol i d  at room t emperat ure : -

1 )  solv ent crystallised form � melt 

2 )  melt � ex. 

3 )  ex. �  melt 

4 )  int ermediat e f orm ( s ) � melt 

The melt ing t hermogram of the solvent crystalli s e d  ( s t ab l e ) f o rm was 
0 0 

r e c orde d at a heat ing rat e of 4 C/min from about 20 C below the melt ing 
0 

point of the form t o  ab out 1 0  C abov e . The resultant melt was c oole d ,  
0 

usually at 4 C/min , from above t he s t able form melt ing point t o  about 
0 

30 C below the main (ex. ) cryst al l i sat i on exot herm . From these two t hermo-

grams the thermal propert ies of the stable and ex. f orms were det ermine d 
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and the t emperat ure range of polymorphism defined. 

Melt ing thermograms of the a. form from 2)  were recorded from 

below t he a. freezing point t o  above the st able form melt ing point at 

di fferent heat ing rate s.  Slower scan rat e s  ( typically 2 ,  4 or 8°C/min ) 

were use d  t o  eluc idat e the a. t rans format ion sequence ( and determine 

melt ing or transit ion temperatures)  while faster rat es  ( 1 6  or 32°C/min) 

were employed to determine the heat of fus ion of the a. form . The part ic­

ular choice of scan rat es depended principally on the transformat ion rate 

of the a. form ; the slower the transformat ion rate , the slower t he scan 

rat e require d. 

Most TGs showed only one major polymorph intermediate in stability 

between a. and t he stable form . This int ermediate form was prepared 

either by isothermal transformat ion of a. at (or slightly below ) its  

melt ing point or  by  crystallisat ion of  the melt at  ( or slightly above ) 

the same t emperature . The minimum t ime required for each transformat ion 

was det ermined either by monit oring the isothermal heat flow rat e ( which 

ret urned to a constru1t value at the complet ion of the transit ion ) or , 

bet t er , by recording cooling thermograms at increasing t ime int ervals 

aft er t he start of  the transformat ion (no a. crystallisat ion exotherm 

oc curred on cooling when the t ransformation to the int ermediat e form was 

complet e ) .  Once det ermined ,  these minimum times were used for all sub­

sequent preparat ions . Longer t imes were avoided b ecause of the possibility 

of transformation of the int ermediate form itself. 

Heat ing thermogrwns of the int ermediat e form were recorded using 

a similar proc e dure to that described for the a. form . vlhere the t hermo­

gram showed two or more int ermediat e forms , at tempt s were made t o  isolat e 

the higher melt ing form by transformat ion of the lower melt ing form at 

its melt ing point , again for the minimum t ime re quired for complete trans­

format ion . A heat ing thermogram was then recorded as above . Unfortunat ely , 

rapid transformat ion , part ial melt ing during conversion and overlapping 

melt ing ranges often prevente d  an accurat e det erminat ion of the heat of 

fusion of intermediat e forms . 

Where possible , the stable form was prepare d  by transformat ion of 

a. or the highest melt ing int ermediat e form and a heat ing thermogram was 

recorded under the same condit ions as that for the solvent crystallised 

form . 

With the except ion of the solvent crystallised thermogram , a 

similar set of  thermograms was rec orded for those TGs which were liqui d 



at room t emperature.  The temperature range of their polymorphism was 

defined by exploratory cooling and heat ing runs between 35°C and - 1 00°C .  

For each TG , replicate thermograms were recorded with different 

samples and the result s averaged. For solvent crystallised forms , t he 

determinations of melt ing point and heat of fusion had standard deviat ions 

of about 0. 5°C and 1 .5% respectively . 

2 . 8 . 5 Identificat ion of Polymorphs 

Since the DSC can give no structural informat ion , the assignment 

of the polymorphs present in a thermogram was necessarily indirect . The 

basic assumpt ion was t hat for a given thermogram there is a one-to-one 

correspondence between the number of ' sharp ' endothermic transit ions and 

the number of polymorphs . 

A single endotherm was classified by comparison of its  transit ion 

temperature with t hat of the similarly tempered form examined by IR 

spectroscopy ( or ,  in some cases , reported in the literature ) .  The same 

procedure was used to  ident ify the phases present in more complex thertno­

grruns but transformat ional relat ionships were also invoked in the iden­

tificat ion of int ermediate forms . 

2 . 9  Preparat ion of p PSP and � ·  SPS 

The � form of PSP and the p '  form of SPS , which are not accessible 

by normal tempering procedures , were prepared by the methods of Lutton 

and Hugenberg ( 1 960 ,  1 963 ) . 

� PSP was prepared by crystallisat ion of a 20g/l hexane solut ion 

at 1 6
°

C (Hugenberg and Lut ton , 1 963 ) or of a 50g/l hexane solut ion at 

- 26
°
C in the presence of 1 g/l of finely powdered succinic acid ( Lutton 

and Hugenberg , 1 960 ) . A further preparat ion was obtained by evaporat ion 

of a dichloromethane solution on a diffractometer slide . 

� · SPS was prepared by crystallisat ion of a 1 00g/l hexane solution 

in the presence o f  2g/l of finely powdered succinic aci d  at - 34°C for 20 

days ( Hugenberg and Lutton ,  1 963 ) . The fine-grained � crystals which 

f�rmed init ially slowly transformed on standing to the spherulitic  � ·  

crystals . 

The preparat ions containing succ inic acid as nucleating agent 

were filtered and washed successively with hexane ( t o  remove mother 

liquor ) and methanol (to remove succinic acid) and then dried in vacuo . 



Chapt er 3 

HESULTS 

For ease of reference , the Tables and Figures for this Chapt er 
are collec t e d  t ogether on pages 83-92 and 93- 1 1 9  respectively . 

3. 1 Structural Analysis of Triacylglycerols 

Representat ive rac emic and enant iotneric TGs were sub j e cted t o  
hydrolysis by pancreat i c  lipase to check their isomeric purit y .  The 
results agreed closely with those expected for the composit ion of 
posit ion 2 of these TGs ( Table 3 . 1 ) . 
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The 1 , 2 ( 2 , 3 ) -DGs produce d from the hydrolysis of �-SSB by pan­
creat ic lipase , and from the hydrolysis of �-SSO by a Grignard reagent , 
were sub j e c t e d  to stereospec ific analysis as a check on the enant iomeric  
purity of  the two glyc er i des . The fat ty ac id composit ion of posit ions 
1 ,  2 and 3 of sn- SSO and sn-SSB (Table 3 . 2 ) was close to that expec t e d  
for the part icular enant iomeric forms , and was therefore consist ent with 
a high opt ical purity for both TGs . 

3.2  Polymorphism of Racemic Triacylglycerols 

Comparat ive results for the polymorphism of st ruct urally relate d  
TGs are present ed i n  the following sections o f  this Chapter , while 
thermograms and lR spectra of the polymorphs of the indivi dual TGs are 
shown in the Appendix . 

3.2. 1 

(a )  

Palmitoyl-St earoyl and Elpidoyl-St earoyl Triacylglycerols 

Solvent Crystallised Forms 
Short spacing data for the solvent crystallised forms of SSS , PPP , 

PSS ,  PPS , SES and ESS are present ed  in Table 3 . 3 and the corresponding 
X-ray dif fraction patterns are shown in Fig . 3-1 .  As expected , each TG 
cryst allised in the � form , which shows a strong spac ing near 4. 6A . 
Furthermore , there was a close similarity between the di ffract ion 
pat t erns of the saturated and unsaturate d  TGs . The IR spectra of the 
forms were also characterist ic of the � phase , with st rong bands at 7 1 6  
and 890cm- 1  ( e . g. � SES an d  ESS , Fig . 3-1 1 ) .  

In contrast t o  the above TGs , the symmet rical glycerides SPS 
and PSP could be crystallised from solvent in either the � �  or � forms. 
Short spacing data for. the normal solvent crystallised forms , � SPS and 
� ·  PSP , and the less accessible forms , � ·  SPS and � PSP ( prepared  by the 
methods of Lutton and Hugenberg ; 1 960 , 1 963 ) ,  are also presented  in 



Table 3 . 3  and the respect ive diffrac t i on patterns are shown in Fig. 3-2 . 

Corresponding patt erns for t he � and � · f orms of SPS and PSP were very 

similar although t he � patt erns di ffered somewhat from those o f  the other 

palmitoyl-st earoyl TGs ( Fig. 3- 1 ) .  The X-ray assignment s were c on firmed 

by IR spe c troscopy . DSC result s ( see below ) showed t hat both SPS and 

PSP are � ' - st able in c ontrast t o  the other TGs in this group , which are 

all � -stab l e . 

( b )  Thermal Analysi s  

All solvent crystallise d f orms showe d a single sharp melt ing 

endotherm typical of c ompounds of high purity ( Appendix , Figs . 1 t o  7 ,  9 ) . 
0 

On c ooling the melt at 4 C/min , the a form was obtained for all TGs 

exc ept PSP, which gave a mixture of a and � � - The pure a form o f  PSP 
. o  

was only obt aine d by c o oling at 1 6  C/rnin or higher .  The a form t rans-
() 

formed on heat ing at 4 C/min t o  the � form in the case o f  sss , SPS , ppp 

and SES ( Fi g .  3-3 ) , t o  t he � · form in t he case of PSP and PSS and 

succ essively to the p I  and � f orms in the case of ESS ( Fig . 3-4 ) .  At a 
0 

heat ing rat e of 4 C/min the � form o f  PPS melted without t ransformat i on 

t o  a higher form , but at 1
°

C/min succ essive t ransformat ion t o � '  and � 

forms o c c urred ( Appendix , Fig . 3 ) .  Transformat ion rat es varied qui t e  

markedly f rom t h e  very unstable a PSP , whi ch t ransformed without melt ing 
() 

at a he�t ing rat e o f  4 C/rnin , t o  the relat ively stable a PPS , which melt ed 

wit hout transformat i on to a higher form at the same scan rat e . 

The � �  f orms o f  all TGs exc ept SPS were readily obtaine d from 

the melt by c rystalli sing at a t emperature j ust above the a melt ing point . 

The unsymmetrical TGs ( PSS , PPS and ESS ) and the � ' -stable PSP also gave 

t he � ' f orm by isothermal transf ormat ion of the a form at or j ust above 

its melt ing point . Under these c ondit ions SSS , PPP ru1d SES transform e d  

t o  the � f orm . 

Fi gs . 3-5 and 3-6 show the melt ing thermograms o f  the � '  forms 

o f  all TGs exc ept SPS and PSP. The t hermograms were recorded at a heat ing 
() 

rate o f  4 C/min and all f orms except � '  PPS were obtaine d by cryst allisa-

t i on of the melt . All the thermograms showed the presence of t wo � ·  

forms , that i s  two forms with melting point s int ermediat e between the a 
and � melt ing point s . In each case , on momentarily t empering at the lower 

peak t emperat ure , the lower melt ing form , � · 2 , t ransforme d i rreversibly 

to the � · 1 form .  The stab i lity of t he � · 1 f orms was dependent on TG 

symmet ry . Thus the p '  form of the symmetrical TGs , SSS , PPP and SES , 

transformed readily t o  the stable p f orm ( Fig . 3-5 ) while the � ·  f orms 

of the unsymmetrical TGs , PSS , PPS and ESS , melt ed without t ransformat i on 
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to  � ( Fig. 3-6 ) .  Comparable behaviour was shown by the a forms , which 

transformed direc t ly to B in the case of symmetrical TGs , other t han PSP , 

but which transformed t o  or via � ·  in t he case of the unsymmetrical TGs . 

The except ional nature of the � ·  forms of SPS and PSP is 

emphasised by Fig. 3-7 which shows the melt ing endotherms of � ·  and � 

forms of the two TGs , all rec orded at Lt
°

C/min . All forms melted  without 

transformation t o  another solid phase and no f3 ' 2 forms were evident . The 

� ·  forms are clearly higher melt ing than the p forms. 

Table 3. 4 give s  the melt ing point s of the polymorphi c  forms of  

t he palmitoyl-st earoyl and elaidoyl-st earoyl TGs , the  heat s o f  fusion of 

the solvent crystallised forms and the heat s of cryst allisat ion o f  the 

a forms.  \Vith the except i on of  � '  SPS and PSP , the heat s of fusion o f  

the p '  forms c ould not be det ermined a s  accurat ely as those o f  the a. and 

� forms because of the rapi d conversion of � ·  t o � �  the overlapping 

melt ing of p • 2 and p • 1 or the wide variat ion in the heat s of t ransit ion 

for replicat e phase preparat ions . The p '  heat s of fusion report e d  in 

Tab le 3 . 4  are est imat es based on the assumpt ion that only a single phase 

Has present prior to rec ording the melt ing thermogram . 

The molar heat s  of fusion of all forms increase in the same order 

as their melt ing point s . Exc ept for SPS and PSP , the values show an 

increase in the order a < 13 1 < � and a general increase Hi th molecular 

we ight . Thermal dat a for the correspondin8 polymorphs of SES and ESS were 

very similar , in cont rast to the differences found between their ci s­

c ount erparts ,  SOS and OSS . From the dat a prese nted in Table 3. 4 ,  SPS is 

obviously � ' -stable as the � form has the lower heat of fusion and melt ing 

point ( p ' :  206 . 6kJ/mol , 68 . 6 °C ; p :  1 92 . 9kJ/mol , 67 . 6
°

C ) . In the case 

of PSP , howeve r , the heats of fusion of  the � ·  and p forms are pract ically 

i dent ical and only the lower p melt in8 point conf irms that � ·  is  t he 

stable form ( � ' :  1 78 . �kJ/mol , 67 . 7
°

C ;  � :  1 79 . 5kJ/mol , 64 . 6
°

C ) . The 

molar heats of fusion of the p forms of these two TGs are c omparable 

with those of their unsymmetrical count erparts (p PSS : 1 90 . 0kJ/mol ; 

p PPS : 1 74 . 4kJ/mol ) but the heats of  fusi on o f  p ' SPS and PSP are very 

m�ch higher than the corresponding values for PSS (p ' :  1 40kJ/mol ) and 

PPS ( p ' :  1 34kJ/mol ) .  

3. 2 . 2  1 -Butyryl-2-0leoyl and 1 ,2-Dioleoyl Triacylglycerols 

The polymorphic behaviour of OOS , OOP , BOS and BOP is sillillnarised 

b elow . Sinc e the stable f orms of these TGs melt at or below room t emper­

ature , no solvent cryst allised forms were examined. 



( a )  Variable Temperature IR Spect roscopy 
These two sets of TGs were grouped t ogether primarily because 

the IR spectra of their stable forms were surprisingly similar ( Fig . 3-8 ) . 
The spect ra were unusual in that they exhibited bands specific for the 
p •  form at 835 , 940 and 980cm- 1 , but rather than the expected  doublet at 
720cm- 1 , they showe d a diffuse singlet , even at -30

°
C . In addit ion t o  

the p •  st able phases , the IR study o f  OOS , BOS and BOP showed the exis­
tenc e of sub-a. and a. forms ( Appendix , Figs . 1 2 ,  1 6  and 1 8 ) . Sub-o:. was 

0 
obtained by cooling the melt t o  -30 C and on heat ing t ransforme d ,  
reversibly , to a. .  However , no a. form of OOP could b e  obtained as the 

0 
stable form crystallised even with the most rapid cooling to -30 C .  This 
reflects the lower stability of the a. form of OOP compared with the a. 
forms of the other TGs . The a. spectra v1ere more diffuse than those of 
higher melt ing TGs , although methylene wagging band progressions contri­
but ed by the palmit oyl or st earoyl diatheses were discernible . Trans­
format ion of a. or cryst allisat ion of the melt at or j ust above the a. 

melt ing point gave the stable P '  form . 

( b )  Thermal Analysis 
Heat ing thermograms of the rapidly crystallised melt showe d that 

the a. forms of OOS and OOP were much less stable (with respect to trans­
format ion to p • )  than those of BOS �1d BOP . For example , at a heat ing 
rat e of 1 6

°
C/min the a. form of BOP melted without transformat ion t o � ·  

while the a. form of OOP transformed readily even at 6i+°C/min ( Fig . 3-9 ) .  
In keeping with the behaviour of other homologues ,  the a. forms of the 
palmitoyl TGs transformed more rapidly than those of the corresponding 
st earoyl TGs . 

Both sets of TGs showed a reversi ble , lmv energy transit ion , 
here called a.2 , involving the main a. form , a. 1 • For OOS and OOP the a.2 
t ransitions , not shown in Fig . 3-9 ,  oc curred at -60°C and -57°C respec­
tively and the heat of t ransit ion was - 1 5% of the heat of fusion of the 
main a. 1 form in both cases. For BOS and BOP , the a.2 transit ions oc curred 

0 0 
at - 1 1 C and -25 C respectively but the heat of transit ion was only - 2% 
of the a.1 heat of fusion . There was evidence in some thermograms for a 
form int ermediat e between a. and P '  in the case of OOS and OOP but not in 
the c ase  of BOS and BOP. 

Table 3 . 5 summarises the thermal propert ies of OOS , OOP , BOS and 
BOP. As expected , the melt ing points and heat s of fusion were the lowest 
of the TG classes studied , r e flect ing the presence of two low-melt ing 
acyl residues per molecule . The molar heat s of fusion of the P '  forms 
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increas e d  with increasing molecular weight , i . e .  in the order : 

BOP < BOS < OOP < OOS . The large differences in the values for corres­

ponding dioleoyl and butyryl-oleoyl TGs ( - 22kJ/mol ) suggest that the 

c ontribut ion to the packing of the stable form made by an oleoyl chain 

in posit i on 1 is great er than that made by a butyryl chain. The molar 

heats of crystallisat i on of the a forms also increased with molecular 

weight , but t he differences between the values for corresponding dioleoyl 

and butyryl-oleoyl TGs were relat ively small ( - 3-4kJ/mol ) .  The melt ing 

points of the P '  forms showed a similar trend to the heats of fusion , 

but the melt ing points of a 1  BOS and BOP were higher than those of a 1 OOS 

and OOP respect ively . 

For a BOP and BOS , the heat of fusion was equal t o  the heat of 

crystallisat ion within experimental error . The heats of fusion of a OOP 

and OOS could not be det ermined accurately because of the very rapid 

transformat ion rat e of t hese forms . 

1 , 2- Dibutyryl-3-palmitoylglycerol 

The only dibutyryl glyceride studied  was BBP , a by-product in the 

synthesis of �- 1 - butyryl-3-palmit oylglyc erol . BBP is a liquid at room 

t emperature and there fore no solvent crystallised form was prepared .  

( a )  Thermal Analysis 
0 

The DSC cooling curve showe d  one main exotherm at - 1  C ,  corres-
ponding to the crystallisat ion of the a 1 form , and two minor t ransit ions 

0 0 . at -1 1  C and -25 C ,  whlch were lab elled a2 and a3 in order of decreasing 

t emperat ure ( Appendix , Fig. 1 9 ) .  The transitions were all reversible and 

the heat ing curve was a mirror image of the cooling curve . In neither 
curve did the heat flow rat e between t he transit ions return to the base­

line level , suggest ing that a cont inuous structural change accompanies  

the discrete trans format ions which occur at the  transit ion temperat ures. 
The molar heat of t ransit ion for t he ent ire t ransformat ion sequenc e 

a3 � melt ( 43kJ/mol ) was approximately equal to the molar heat of 

fusion of the a1 form of BOS ( 42. 7kJ/mol )  and the a1 melt ing points of 

the two 'rGs were also similar ( Table 3. 5 ) . HO\.,.ever , in c ontrast t o  BOS , 

no stable form was obtained for BBP in spi t e  of prolonged t empering of 

the a form . 

( b )  Variable Temperature IR Spectroscopy 
IR spectra obtained during st epwise cooling from the melt are 

shown in the Appendix ( Fig. 20 ) .  The spec trum of liqui d BBP had several 

bands not normally found in the spectra of TG melts ,  for example at 750 , 
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-1 800 and 960cm • The broad band at 960cm-1 also occurred in the spectrum 

of  liquid SBS but was weak or absent in the spectra of the other butyryl 

glyc erides . 

0 
On cooling t o  -2  C ,  a new spectrum appeared which was charact e r-

ist i c  of a loosely packed a form . Compared with the spectrum o f  the 

liqu i d ,  the band at 720cm-1 had int ensified and a weak methylene wagging 

band progression was present . Further cooling over the temperature range 

of the a 1 t o  a3 t ransit i ons resulted in a gradual transformat ion to  sub� . 
, f)  

Thus at -1 b  C ,  intermediat e between the a2 and a3 transitions , the spec-

t rum showed a part ial splitt ing of  the 720cm-1 band, while on subsequent 
0 

cooling t o  -32 C ,  i . e .  b elow the a3 transit ion , the band transformed 

further to a symmetrical doublet and splitt ing of  the 1 470cm-1 band was 

now also apparent . These spectral changes , which were accompanied by a 

general sharpening of the bands as t he temperature was lowere d ,  were 

reversed on heat ing. BBP was the only glyceride to show an obvious 

parallel between spect ral and thermal transitions involving the a phase . 

3 . 2 . 4  2-0leoyl Triacylglycerols 

The polymorphism of SOS , POS and POP was part icularly complex and 

highly indi vidual . In spit e of the large number of � '  and � polymorphs , 

only the stable form v1as common to  all three TGs , although two forms were 

c ommon to  two different pairs of  TGs . 'l'he following sect ions should 

therefore be read with referenc e t o  Fig . 3- 1 5 ,  which provides a schemat ic 

summary of  the polymorph ism . 

( a )  Solvent C ryst allise d Forms 

Fig . 3- 1 0  eives the X-ray di ffract ion patt erns and Table 3 . 6  t he 

c orresponding short spac ing data for t he solvent crystall ised forms o f  

SOS , POS and POP . As expected , the patt erns showed a very strong spac ing 

near 4 . 6A and the forms were therefore classified as � . The IR spect ra , 

shown in Fig. 3-1 1 , confirmed this assi�nment ( strong singlets at 7 1 5  and 

890cm - 1 ) and revealed close parallels beb1een the 13 stable forms of SOS , 

SBS and SES ( or ESS ) . 

( b ) Variable Temperature IR Spectroscopy 

Phase assignments det ermined by IR spectroscopy are summarised in 

Fig. 3- 1 5 .  The symbols in bracket s  refer to forms that were only det e c t e d  

by thermal analysis . 
0 

On cooling the melt to  0 C ,  t ypical a spectra were obtained for 
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all t hree TGs ( Appendix , Figs . 23 , 25 , 27 ) . In contrast t o  the behaviour 

of the 1 -oleoyl TGs , the sub-a form was not obtained even on direct 
0 

cooling t o  -30 C .  The a spectra were similar t o  one another and t o  the 

a. spe ctra o f  SES and OSS ( Appendix ,  Figs . 3 and 42 ) .  In part icular , the 

methylene wagging bond progressions for � POP and SOS showe d clear 

cont ribut ions from the palmitoyl and st earoyl diatheses , although the 

cont ribut ions from the oleoyl diat heses were not well resolve d .  The 

methylene wagging band progression for a. POS was less distinct because 

of t he overlap of the palmitoyl and st earoyl cont ribut ions . 

On heat ing a. POS t o  its melt ing point ( or by cryst alli sat ion o f  

t h e  melt a t  t h e  same t emperature ) ,  a � · form was obtained ( doublet at 

720cm- 1 ) which was analogous to t he � ·  form of SOS ( q. v . ) with c ommon 

spectral bands at 9 1 0 , 950 + 960 , 1 005 , 1 025 and 1 055 + 1 065cm - 1 

( Fi g .  3- 1 2 ) .  The spectra o f  these forms were unusual in showing a marked 

spli t t ing of t he CH2-o stret ching band ( doublet at 1 090 , 1 1 1 0cm- 1 ) .  
0 

After t empering at 30 C for several days , � ·  POS t ransformed t o  the st able 

13 form , which had an ident i c al spectrum to that of the solvent crystall­

ised form . 

On heat ing t o  their mel t ing points , a. SOS and POP t ransformed t o  

analogous � 2 forms ( Fig.  3- 1 2 ) . The same forms were also obt ained by 

crystallisat ion of the melt at the a. melt ing point s .  In cont rast t o  the 

spectrum of the st able �1 form , the 13 2 spectrum showed no band at 690cm- 1 , 

suggest ing that the oleoyl chains are packed differently in the two poly­

morphs ( the band at 690cm- 1  is sensit ive to the geometry of the double 
0 

bond , Bellamy , 1 975 ) . At 37 C ,  � 2  SOS transforme d via the melt to a � · 
form whose spect rum corresponde d with that of 13 '  POS (Fig . 3- 1 2 ) .  On 
c ooling; t o  -26°C ,  the resolut ion o f  the � ·  spect rum was marke dly enhanc ed 

and a band appeared at 690cm- 1 ( Appendix , Fig . 23 ) , indicat ing a change 
() in the oleoyl c hain pctcking . Tempering � '  SOS at 30 C resul t e d  in a 

gradual transformat ion t o  the stable � 1 form . 
0 

At 27 C ,  � 2 POP transformed t o  a � · form with a spectrum ( Fig . 

3-1 2 )  different from that of the � ·  f orms of SOS and POS discussed above . 

A.t room t emperature , the spectrum showed a di ffuse singlet band near 
- 1  0 

720cm , but on cooling t o  -32 C ,  the band \oJas asymmetrically broadened 

on the high fre quency s i de , indicat ing the presence o f  an unresolved 

doublet ( Appendix , Fig. 27 ) .  The � ·  assignment was confirmed by the 

presence o f  four bands specific for the � ·  form at 830 , 920 , 950 and 

980cm- 1 • These bands were espec ially prominent in the sharply resolved 
0 

spectrum rec orded at -32 C .  As Fig. 3- 1 2  shows ; the spe ct rum of (3 '  POP 
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was similar to that of � �  PSP. At its melt ing point � �  POP transformed 
t o  the stable � 1 form . 

( c )  Thermal Analysis 
The thermal behaviour of POP was the most complex of the TGs 

studi ed  and there was evidence for six forms , four of which were charac­
terised by IR spe ct roscopy ( Fig . 3- 1 5 ) .  Ac curat e heats of fusion could 
only be det ermined for the a. and � 1 forms ( Table 3 . 7 ) . 

In contrast t o  the behaviour of  SOS and POS , only a single exo­
therm was observed on c ooling POP from the melt and the area of this 
peak was equivalent to the heat of fusion of the a. form ( 7 2 . 6kJ/mol ) .  

The shape of the a. melt ing thermogram was particularly dependent 
- 0  

on heating rat e . Thus , at 1 b  C/min the a. form melt ed  with very little 
0 

trans format ion to higher forms , whereas at 4 C/min the a. melt ing process 
was less dominant ru1d a complex transformat ion sequence was displayed with 
endotherms at 1 6 . 0 ,  22. 7 ,  27. 4 ,  31 . 7 and 32 . 7°C ( Fig. 3- 1 3 ) .  The a. 

melt ing thermogram rec orded at 2°C/min showe d similar polymorphi c  t rans-
0 

formations to that of the 4 C/min thermogram , except that the transit ion 
0 near 23 C was absent and the two highest endotherms were more c learly 

resolved (Appendix , Fig . 26 ) . By comparison with the melt ing point s and 
trans format ion relat ionships of the forms characterised by IR spectra-

, 4 0 
scopy , the transit i ons at 1 b . O , 27 . , 31 . 7  and 32 . 7  C were assigned t o  
the melt ing o f  the a. ,  � 2 , � �  and � 1 forms respect ively. The t ransit ion 

0 
at - 23 C was not det e cte d  by IR spect roscopy , possibly because of its 
t ransient nature . 

Fig . 3- 1 4  shows the melt ing thermogram of the soli d  obt ained by 
c rystallisat ion of the POP melt at  .... 1 6°C for 5 min . The thermogram was 
similar to the melt ing thermogram of the a. form ( Fig . 3- 1 3 )  except that 

the a. melt ing endotherm and accompanying exotherm were absent , an 
0 addit ional endotherm was present at about 25 . 1  C and the two highest 

0 endotherms were merge d into a single broad endotherm at 32-33 c .  The 
0 relative int ensity of the t wo endotherms at 25 . 1 and 27 . 1  C was sensit ive 

to variat ion in the t empering condit ions but not to heat ing rat e , 
suggest ing that the preparations init ially cont ained a mixt ure of both 

0 
forms . The major endotherm at 27 . 1  C in Fig . 3- 1 4  corresponds with the 
maj or endotherm at 27 . 4° C in Fig. 3-1 3 ,  both being correlat e d  with the 
melt ing of the �2 form . 0 The additional endotherm at 25 . 1  C in Fig. 3- 1 4  
did not correspond with any form observed in the IR study , but comparison 
with the result s of Lutt on and Jackson ( 1 950 ) suggests a correlat ion with 

their � � 2 ( sub-� 1 -2 ) form (Table 1 . 2 ) .  The heat of fusion det ermined 
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from t hermograms in which the � · 2 and � 2 endotherms were predominant was 

almost independent of the relat ive proport ions of  the t wo phases . It 

was c oncluded that the heats of fusion of � · 2 and � 2 were approximately 

equal (Table 3 . 7 ) .  

The melt ing thermogram of the p • 1 form , prepared by t empering 

the lower forms of POP at 30°C for 1 5 rnin , showed a single broad endo-
0 

therm with a peak t emperat ure of 32 . 2 C . The wi de melting range indi-

cat e d  that the form was incomplet ely stab ilised or that two forms were 

present ( i . e .  � · 1 and � 1 ) ,  so that the value for the heat of fusi on 

( 1 1 2kJ/mol ) must be regarded as t ent at ive . 

The exist ence of the a ,  �2 , � ·  and � 1 forms of  SOS charact erised 

by lit spectroscopy was c onfirmed by thermal analysis . An additional 

transi t i on interme diat e between a and p2 at 28
°

C was also det ected  

(Fig. 3- 1 5 ) .  In c ommon with the solvent crystallised forms of  POS and 

POP , the solvent crystallise d form of SOS exhibited the sharp melt ing 

endotherm typical of a pure phase ( Appendix , Fig . 21 ) .  Howe ver , on 

rapid cooling of the melt ( 1 6
°

C/min ) ,  the TG crystallised in a c omplex 

manner 1 the thermogram sho�o1ing an ext ended transit ion with two dist inct 

exotherms rather than the single sharp exotherm typically obt ained 

( Appendix ,  Fig. 22 ) . The phenomenon was not reversible and on rapid 

heat i ng ( 1 6
°

C/min ) of  the resultant solid a single endotherm was obtaine d ,  

presumably the a melt ing transit ion , with  approximat ely the same t otal 

heat change . 
0 On slow heat ing of t he a form at 4 C/rnin , SOS showed three dis-

t inct endotherms at 24. 4 ,  36 . 0 and 37 . 0
-:>

c , corresponding to the melt ing 

of t he a ,  � 2  and � ·  phases respect ively ( Fig . 3- 1 3 ) . The presence of 

two exotherms at 25 . 2 and 28 . 5
n

c suggest s the possibility of a fourth 
0 

form , melt ing point N 28 C ,  int ermediat e between the a and p 2 forms . The 

a melt ing thermogram of POP displayed a s imilar low-energy t ransition 

occurring between the a and p 2 melt ing t ransit ions . 
0 The phases obtained by crystalli sat ion of the SOS melt at 24 C 

or by t ransformat ion of a at the same t emperature showe d i dent ical thermal 

behavi our . The heat ing thermograms of these preparat ions were essent ially 

e qu ivalent to the a heat ing thermogram from - 30
°

C on , with � 2 and p '  

endotherms at 36 . 5 and 37 . 6
°

C ( compare Fig . 3- 1 4  with Fig. 3- 1 3  or see 

Fig . 21 in the Appendix ) . The overlapping melt ing ranges of  the t wo 

forms precluded accurate det erminat ion of the heat of fusion o f  the � 2 
form because it was impossible to  det ermine the proport ion of  the two 

phases present in the initi al preparat i on . However , the heat o f  fusi on 



7 1  

o f  different preparat ions was surpri singly uni form in spit e  o f  differences 

in the relat ive int ensit ies of the t wo peaks . This suggest s that e ither 
the preparat ions cont ained only 13 2 i nit ially and � ·  was produced by 

transformation concurrent with the melt ing o f  13 2 , or t hat the heat of  
fusion of the two forms is approximately equal . In either case , the 
heat of fusion of � 2 is equal to the total heat of fusion of the double 
endotherm , i . e .  1 1 8kJ/mol . 

The polymorphic  behaviour of SOS i s  summarise d in Fig . 3-1 5 .  
� elt ing points of all forms and the heats o f  fusion o f  a ,  � 2 and t he 
solvent c rystallised � 1 form are given in Table 3 . 7 .  

Thermograms illustrat ing the polymorphic behaviour o f  POS were 
simpler t han those of POP and SOS because there were only three main 
forms , a ,  � · 1 and � and both a and � ·  were relat ively stable t o  trans­
format ion (F'igs . 3- 1 3  and 3- 1 L� ) .  The result s confirmed the transit ion 
temperatures obtained by IR spectroscopy , although t wo addit ional lm•­
energy t ransit ions int ermediat e bet ween a. and � · 1 were also detected  
(Fig . 3- 1 5 ) . 

() 
On cooling the melt of POS at 4 C/rn in a broad exotherm was 

obtained with a poorly de fined end-of-transit ion . The peak area account ed  
for only about 60';6 of the heat of fusion of the a. form whi ch was det er­
mined in  a. subsequent melt ing thermogram ( 78 . 9kJ/mol ) . This anomalous 
behaviour was similar to that occurring in the crystallisation of the 
1 -oleoyl TGs . 

The a. form of POS was more stable t han a POP or SOS and melt ed  
without transforr.mt ion to a higher form at  a heat ing rat e of 4°C/min 
(Fig . 3- 1 3 ) .  However , the form produc ed by shock-cooling at > 32°C/rnin 

0 di ffered from that produced by slow cooling ( 4  C/rnin ) in showing a second 
0 

smaller endotherrn , peak temperat ure 20 . 7 C ,  only part ially resolved from 
the main a; melt ing endotherm , peak t emperature 1 9 . 4°C . There vJas no 
signi f icant di fferenc e in the heats of fusion of the two preparat ions . 
This c ooling rat e dependence is a further example of the unusual crystall­
isat i on behaviour of  POS . 

The � ·  form of POS was prepared by crystallisat ion of the melt 
or transformat ion of  the a form at its melt ing point . In the lat t e r  case , 
part icularly for short t empering periods o f  1 0- 1 5  min , the melt ing 
thermogram recorde d at 4 or 8°C/min showed two small endotherms at 20 . 7°C 

and 22 . 6° C preceding the main {31  endotherm at 31 . 1 ° C ( Fig.  3- 1 4 ) .  
Following the convent ion of Hagemann et al . ( 1 972 ) ,  the three endotherms 
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were designat e d  as � � 3 , � � 2 and � 1 1 in order o f  increasing melt ing point . 
The � � 3 melt ing point was i dent ical with the peak t emperature of the 
transit ion assoc iat e d  with the melt ing of the shock-cooled a f orm , so 

it is possible that these t wo t rru1si t i ons are t he same . In several 
thermograms exotherms were observed between � � 3 , � � 2 and � � 2 , � 1 1 , 
c learly c on f irming that the t ransit ion sequence was monot ropic . 

The polymorphic behaviour o f  POS is summarised in Fi g . 3- 1 5 .  
Helt i ng point s of all forms and heats of fusion of a ,  13 1 1 and the solvent 
crystallised 13 form are given in Table 3 . 7 . 

2-Butyryl- 1 , 3- di st earoylglyc erol 

( a ) Solvent Crystallised Form 

The X-ray short spacings ( Table 3 . 6 , Fig . 3- 1 0 )  and IR spect rum 
( Fig . 3 - 1 1 )  of the stable � form o f  SBS were analogous t o  t he corres-
pending dat a of p SOS , which sugges t s  that the st earoyl chain packings 
in the b1o poly morphs are e quival ent . 

( b )  Thermal Analysi s  
A heat ing t hermogram o f  the phase produced by quickly cooling 

the melt shm-1ed a rapid sequence of t rans format ions 1-1ith endotherrns at 
approximat e ly 29 , 34 , 39 and 53°C ( Appendix , Fig .  28 ) . By c omparison 

0 
with the c rystall i sat i on temperature of the slowly cooled melt , - 31 C ,  and 

() 
the melting point of the solv ent c ry stallised f orm , 54 . 2 C ,  the forms 

() 
melt ing at 34 and 5.5 C were ident i fi e d  as a. 1  and 13 re spe c t i vely .  The 

0 
minor t ransit ion at 29 C ,  which appeared t o  b e  reversibly assoc iat e d  
with a 1 , was labelled a..2 • The a.. 1 and 13 assignment s were c onfirme d  b y  

() 
IR spectrosc opy although the transit ions at 29 and 39 C c oul d not be so 
charact erise d .  

Thermal data f o r  SBS is presented i n  Table 3 . 7 . Because o f  t he 
v ery rap i d  t ransformat i on rat e o f  a.. 1 , the heat s of crystallisat ion and 

fusion for t his form c ould not b e  det ermine d ac curately ( c f . a PSP ) . 

Similarly , only an est imat e could b e  made for t he heat o f  fusion o f  the 
0 

t ransient 39 C form , which was obtained by t ransformat ion o f  a 1 at 
33-34°C f or 1 -3 min . 

( c )  Variable Temperat ure IR Spe c troscopy 

Only ( sub )a and 13 forms were charact erised by IR spectroscopy . 
The a f orm was obtained by rapi d  cooling of the melt t o  .., 0°C and further 

() 
c ooling t o  -30 C result ed in a r e versible t ransformat ion t o  a sub-a.. form 

- 1 
( part ially resolved doublet near 720cm , Appendix , Fig. 29 ) .  As expe c t e d , 
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the ( sub )a spe ctrum showe d  a well- defined methylene wagging band dist ri­

but i on in which the cont ribut ion of the st earoyl diathesis was c learly 

evi dent . The unusual presence of several relat ively int ense bands in 

the 1 050-600cm- 1 region of this spec t rwn would seem t o  indicat e either a 

special structural feature o f  a SBS or a contribut ion from another form . 

The stable � form was obtained by transformat i on o f  a or 

c ryst all isat i on of the melt at the a melt ing point . The spect rum o f  

this phase was i dentical with that o f  t h e  solvent c ryst allised form . No 
0 

spectrum corresponding t o  the 39 C form \vas observed during the variable 

t emperature D< invest igat ion , presumably because transformat ion t o  the 

stable f orm occurred t oo readily . 

3 . 2 . 6 1 -Butyryl Triacylglyc erols 

( a )  Solvent Cryst allised Forms 

IR spectra of the stable � ' forms of BSS , BSP , BPS and BPP dis­

played a striking similarity to the spectra of the stable forms of t he 

c orresponding oleoyl TGs ( Fig . 3- 1 6 ) . The � · spectra o f  BSS , BPS , and 

BPP v1ere closely analogous t o  those of OSS , OPS and OPP respect ively , 
- 1  and all spectra e�1ib i t e d  a symmetri cal doublet at 71 7 ,  727cm and 

8 - 4 - 1  charact erist i c  bands at 60 , 9 0 and 1 030cm • In cont rast , the � ' spec t ra 

o f  BSP and OSP showed a di ffuse singlet at 7 1 9cm- 1 and c ommon bands at 

8 ' - 1  70 , 925 and 900cm • The latter  t wo spe c t ra were also unusual in 

showing an apparent split t ing of the CH,-0 stret ching band ( doublet at 
- 1  L 

1 080 , 1 1 1 0cm ; c f .  � �  POS , SOS ) and a marked t emperature dependenc e . 
0 0 - 1  Thus , on cool inc; from 2 5  C t o  -30 C t he single bands at 1 470 and 720cm 

split int o doublet s ( Appendix , Figs . 34 and 44 ) . This reversible change 

was analogous t o  that acc ompanying the a to sub-a transit ion .  

Although the X-ray short spacing dat a c ould b e  c lass ified o n  the 

same st ruct ural basis as the IR spectra , the differenc es between BSS , 

BPS and BPP on the one hand and BSP on the other were not so pronounc e d  

( Table 3 . 8 and Fig. 3-1 7 ) .  Similarly , while the X-ray diffract ion 

pat t erns o f  analogous 1 -butyryl and 1 -oleoyl TG stable forms were relat e d  

( Fig . 3-1 7 ) , the correspondence was not as c lear-cut a s  t hat o f  t h e  IR 

spectra. As expected , the solvent crystallised forms o f  the homologous 

TGs BSS and BPP showe d very similar diffract ion patt erns with strong 

short spac ings at 3 . 74 , 3 . 81 , 4 . 04 and 4 . 1 7A . The corresponding poly­

morph o f  BPS exhibit ed similar spac ings although the int ensity dist ri ­

but i on was diff erent . The diffract i on pat t ern for the solvent crystall­

ised form o f  BSP was e ven more dist inct ive ; the spacings near 4 . 04 and 
0 

3 . 74A were weak and absent respect ively and a new spac ing was present at 
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4. }�. By Lut t on ' s  criteria , all phases were � ·  ( st rong spac ings near 
0 

3 . 8  and 4 . 2A ) .  

( b )  Variable T emperature IR Spectroscopy 
Spectra of the a forms ( obtained by crystallisat ion of the melt 

at 0°C )  were similar to those of other high-melt ing TGs , displaying more 
and sharper bonds than the a spect ra of low-melt ing TGs such as BOS and 
BOP. Cont ribut ions from the palmit oyl and st earoyl chains t o  the methy­
lene wagging band progressions were part i cularly well re�olved for the 

0 
spec t ra of a BPP and BSS . On cooling to -30 C ,  the a forms of BSS and 
BSP underwent a part ial transformat ion to the sub-a form , both spectra 
showing an unsymrnetrical doublet near 720cm-1 • The transit ion was 

reversibl e .  

The stable � ·  forms were produced by transfo�mat ion of t h e  a form 
or crystallisat ion of the melt at the a melt ing point . The minor spe ctral 

- 1 di fferences , particularly in the shape of the 720cm bands , between the 
different � ·  preparat ions were eliminat ed  by tempering at room t emperature 
for several hours or just below the � ·  melt ing point for a few minutes . 
The spectra of such ' stabilised '  forms were ident ical with  those of the 
solvent crystallised forms . 

( c )  Thermal Analysis 
In addition to the a and � ·  phases charact erised by IR spectro­

sc opy , thermal analysis showed the exist ence of intermediat e melt ing 
forms for all four TGs . 

BPP , BPS and BSP solvent cryst allised forms each displayed a 
single sharp melt ing endotherm typical of a high purity phase . In 
cont rast , the corresponding melt ing thermogram of BSS ( Appen dix , Fig. 31 ) 

0 0 
had two endotherms , one melt ing at 4? . 0 C and the other at 50 . 5 C ,  

although the lov;er melt ing phase contributed  only a few percent of the 
t ot al heat of fusion ( c f .  OPS ) . The lower melt ing phase was readily 

0 
transforme d t o  the stable form by momentarily tempering at 47 . 0  C .  The 
result ant thermogram showed only a single endotherm at 5 1 . 6° C . 

Thermal data for the stable form of BSP were at variance with 
tne c orresponding data for the other TGs . Thus , while both the melt ing 
point and molar heat of fusion of � ·  BPS were approximate ly mi dway 

0 
between those o f  BPP and BSS , the melt ing point of � · BSP (50 . 0 C )  was 

only a little lower than that of BSS (51 . 6°C )  but the molar heat of 
fusion of � ·  BSP ( 1 20kJ/mol ) was only a l ittle higher than that of BPP 

( 1 1 6kJ/mol ) (Table 3. 9 ) . 
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The four TGs showed normal crystallisation behaviour in that the 

transit ion between liquid and � solid was completed wit hin the relat ively 

narrow t emperature range of the exotherm ( contrast SOS ) and the measured 

heat s of crystallisat ion and fusion of  the a form were i dent ical within 

experimental error . l·ielt ing t hermograms of the a forms recorded at a 

heat ing rat e of 4° C/min are shown in Fig. 3-1 8 . The � forms of BPP and 

BSS were relat ively stable and melt e d  without transformat ion t o  a higher 

form. Under the same condit ions , a BPS and BSP transformed readily , 

each thermogram showing two forms int ermediate between the � and � ' 1 
endotherms . The shape of the melt ing thermogram of � BPS was dependent 

on the rat e at whi ch the melt was cooled (Appendix , Fig. 35 ) .  In contrast 

to other butyryl TGs and to the c orresponding 1 -oleoyl TGs , none of these 

TGs showed any evidence of an �2 transit ion , emphasising the regular 

thermal behaviour of their � forms . helt ing point s and molar heats of  

fusion of  the � forms are given in Table 3 . 9 . Both propert ies shovwd 

the same trend , increasing in  t he order : BPP < BPS < BSP < BSS . The 

molar heat s  of fusion showed surprisingly close agreement with those of 

the � forms of the correspondine 1 - oleoyl TGs . However , the � melt ing 

point of the butyryl TGs were 6-7 °C higher than the ir oleoyl count er-

part s ( cf . � SBS , SOS ; BOS , OOS etc . ) 

Int erme diate forms were prepared by t ransformat ion of � , the 

ease of t ransformat ion decreasing in the order : BSP > BPS > BPP > BSS . 

Fig . 3- 1 9  shows the melt ing thermograms of the forms obtained in this 

way . For BPP , BPS and BSP there were two int ermediate forms , t entatively 

designat e d  � · 3 and � · 2 in order of increasing peru( t emperature , while 

for BSS there was only one such form , � · 2 • The interme diat e forms could 

not be obtained free of the stable � · 1 form and because of this assoc iation 

and the generally inadequate resolut ion between endotherms , it was 

impossible to det ermine their heats of fus ion . 

In contrast t o  the behaviour of saturat ed TGs of high molecular 

weight , it was difficult to obtain pure stable forms by t ransformat ion of 

the int ermediate f orms of the 1 -butyryl TGs .  The phases so produced had 

wide melt ing ranges and lower heats of fusion than the corresponding 

forms obtained by solvent cryst allisat ion . 

3 . 2 . 7  

(a)  

1 -Butyryl-2-elai doyl-3-stearoylglycerol 

Solvent Crystallised Form 

In view of the close similarity between the polymorphism of SES 

and SSS , BES had b een expected to show analogous polymorphic behaviour 

to BSS . In fact t he polymorphi sm of the two TGs was qui t e  different . 
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In part icular , the IR spect rum and X-ray diffraction patt ern of the 

solvent crystallised form of BES were similar to those of BSP ( and OSP ) 

and dist inctly different from those of BSS , BPS and BPP ( Figs . 3-1 6  and 

3- 1 7 ;  Table 3 . 8 ) . 

( b )  Thermal Analysi s  
Thermal data for BES i s  presented in Table 3. 9 . Heats of fusion 

and melt ing point s of the a 1 and stable 13 '  forms were approximat ely mid­

way between the corresponding data for BSS and BOS but in other respe c t s  
BES resembled t h e  lat t er TG more closely . Thus , in common w i t h  BOS and 

BOP , BES showed no forms intermediat e in melt ing between a 1 and � · .  

FtiTthermore , like BOS and in contrast t o  BSS , BES exhibit e d  a reversible 

a2 transit ion occurring i®nediat ely before the main a 1 melt ing transit ion 

( Appendix , Fig . 38 ) . However , the a2 transit ion of BES involved a much 

great er heat change t han a2 BOS , acc ount ing for about 25% o f  the t otal 

heat of fusion of the a forms . 

( c )  Variable Temperature IR Spe c t roscopy 

Only ( sub )a and 13 '  forms were det ected  in the IR spectroscopic 

examinat i on (Appendix , Fig. 39 ) .  The a form was obtained by crystallis­

at ion of the melt at 0°C and further cooling to  -30°C result e d  in a 

part ial transformat i on t o  sub-a . On heat ing , no change other than the 

sub-a to a transit i on oc curred unt il at 1 8-1 9°C the a form melt e d  and the 

melt slowly recrystallised int o a form ident ical with the solvent 

crystallised form. The a2 t ransit ion observed by thermal analysis c ould 

not be resolve d from the main a melt ing transition in the variable 

t emperature IR cell . 

3. 2 . 8 1 -0leoyl Triacylglycerols 

As ment ioned in Sect ion 3 . 2 . 6 ,  the solvent crystallised 

forms of OPP , OPS , OSP and OSS showed a remarkable correspondence with 

the solvent crystallised forms of t he structurally analogous 1 -butyryl 

TGs , BPP , BPS , BSP and BSS. In other respects , however , the polymorphism 

of the 1 -oleoyl TGs was rather more complex t han that of the 1 -butyryl 

TGs , part icularly with regard t o  the thermal behaviour of the a forms 

and the greater indivi duality of the int ermediate forms . A schemat ic  

summary of the - polymorphic behaviour of the  1 -oleoyl TGs is given in 

Fig. 3-24 , reference t o  which provides a guide to the following sec t i ons . 



( a )  Solvent Crystallised Forms 
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Short spacing data  f or the solvent crystallised forms of these 
TGs are presente d  in Table 3 . 10.  As  expec t e d , OSS and OPP had similar 
X-ray diffract ion patt erns ( Fig . 3-1 7 )  with principal spacings at 3 . 76 , 
4 . 04 ,  4. 1 7 ,  4 . 27 and 4. 38� . The solvent crystallised form of  OPS had 
l ines in common with these ( except the 4. 27A spacing which was absent ) 
although the int ensity distr ibution of the patt ern was different and t wo 
addit ional spacings were present at 3 . 70 and 4. 08A. However , in contrast 
t o  t he rather complex diffract ion pat t erns of OPP , OSS and OPS , the 
patt ern for t he solvent crystallised form of OSP was very simple with 
only three main spacings at 3. 78 , 4 . 01 and 4. 21 A (Fig. 3-1 7 ) .  Similar 
structural dichot omy was demonstrat ed  by the stable forms of BPP , BSS , 
BPS and BSP and the two except ional TGs , "  BSP and OSP , showed diffract ion 
pat t erns that were clearly analogous . By comparison , short spacing data 
for the other TG analogues , for example OSS and BSS , shovJe d many differ­
ences  although the stable forms of all eight TGs had strong lines near 
3 . 8 and 4. 2A and the forms were therefore classified as � · .  

The IR spectra of  the solvent crystallised fonns of the 1 -oleoyl 
TGs follO\ved the same st ruct ural classi ficat ion as the short spacing 
data with OSP again the exc eptional TG . Spectral c orrespondence with 
the stable for:.s of the analogous 1 -butyryl TGs \vas more obvious than 
the similarit ies in their di ffract ion patt erns , presumably because the 
c ontribut ions of the oleoyl chains are masked by those of the saturat ed  
chains in  the  IR spectra but not in  the  di ffract ion patterns . Thus , 
i gnoring the obvi ous di f ferenc es in the methyl ene waeging band progress­
i ons , the spe ctr� of � ·  OSS , OPS and OPP were very similar t o  each other 
and to the spectra of � ·  BSS , BPS and BPP ( Fig . 3-1 6 ) . In part icular , a 
s�nmetrical doublet was present at 7 1 7 ,  727cm- 1  in all spectra . 
S imilarly , the except ional spectra of OSP and BSP were closely relat ed , 
part icularly with regard t o  their t emperature dependence . On cooling 

0 0 • . t he stable form of OSP from - 25 C t o  -34 C ,  the dl.ffuse sl.nglet at 
720cm-1  spli t  into a doublet which was just resolved ( 71 7 �  723cm-1 ; 
A 6cm- 1 ) - 1 470cm- 1  � 720 ; and the methylene scissoring band at - was 

asymmetrically broadened on the low frequency side , indicat ing the 
presence of a doubiet not c learly resolved ( Appendix , Fig. 44 ) .  These 
changes , which were reversed on heat ing to room temperature again , were 
analogous t o , but less pronounced  t han , those shown by the stable form 

of BSP ( for which 6. 720 and � 1 470 were 8 and 9cm- 1  respect ively at -33° C ) .  

( b )  Variable Temperature IR Spectroscopy 
On rapid cooling o f  the melt t o  -30°C ( 0°C for OSS ) , all four TGs 



-1 ' crystallised in the  sub-a form ( unsymmet rical doublet near 720cm ) . 

On heat ing , the sub-a form OSS , OPS and OPP showed a gradual ( and 

reversible ) transit ion to the a form ( symmetrical singlet at 720cm-1 ) .  
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For OSP the transformat ion of sub-a to a was accompanie d  by a simultaneous 

transformat ion t o  the 13 '1 form which made it impossible to check the 

reversibility of the transit ion . The spectra were typical of the a forms 

of higher melt ing TGs and sub-a OPP , OSP and OSS exhibited  distinct 

methylene wagging band progressions in Hhi ch the contribut ions of the 

sat urat ed chains were \-Jell resolved. In contrast , t he methylene wagging 

band progression of sub-a OPS was rather diffuse although the band 

positions st ill mat ched the expected values fairly Hell . 

Transformat ion of a or crystallisat ion of the melt near the a 

melt ing point gave a form i dent ical with the solvent crystallised form 

for OSS but result e d  in int erme diat e 13 ' 2 forms for OPP and OPS . In the 

case of OSP , the two tempering procedures gave different forms , the 

stable 13 ' 1 form by transformat ion of a and (3 1 2 by crystallisat ion of the 

melt . 

The spectrum of the int ermediate form of OPP showe d an unresolved 

doublet at 720cm- 1 and bands at ,.. 830 , 920 , 9L1-0 and 970cm -1 which are 

characterist ic o f  the i:3 '  form . In other respect s ,  however , t he 13 • 2 
spectrum was di f f icult t o  classify because of the general di ffuseness 

of the bands and the possible presence of the stable form in some pre-
o 0 

parat ions . On t empering overnight at 20 C or for 30 min at - 30 C ,  f3 ' 2 
transformed to 13 ' 1 , the spectrum of the latt er displaying only minor 

differences from that of the solvent cryst allised form . 

For OPS , the spectrum of the form obtained by transformat ion of  

a or crystallisat ion of the  melt was very similar t o  that of t he solvent 

crystallised form , although the comparison was restricted by the poor 

quality of the lat ter spectrum . However , consi derat ion of the thermal 

analysis results shovted that t he two forms were in fact different . Thus 

the form obtaine d by transformat ion , the lower melt ing of the two , was 

lab elle d  13 ' 2 and the  sol vent crystallise d  form , f3 ' 1 •  

On heat ing , a OSP underwent a ready transformat ion t o  a form 

whose spectrum was essent ially ident ical with that of the solvent 

crystallised form . On t he other hand , crystallisat ion of OSP melt at 

- 28
°

C for - 60 min produced a 13 '  form whose spectrum was quit e  different 

from t hat of the  solvent crystallised form . Init ially , the spec trum 
0 

displayed rather diffuse bands but after t empering overnight at - 30 C ,  

the resolut ion was much improved . The sharpness of the bands was still 
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0 
further improved by cooling t o  -30 C .  The spectrum o f  the t empered form 

- 1 showed an unsymmetrical doublet at 720cm and four bands at 830 , 920 ,  

950 and 980cm- 1 which in the spectra of monoacid TGs are specific  for the 

� �  form . The spect rum of this � 1 2 form bore a close resemblance t o  that 

of � 1 PSP and sho\ved several features in common with the spectrum of � 1 

POP ( Fig. 3- 1 2 ) . 

( c ) Thermal Analysis 
The solvent crystallised forms of OPP , OSP and OSS each shmved a 

sharp melt ing endotherm typical of a pure compound . The corresponding 

thermogram for OPS was unusual in showing two endotherms , alt hough the 

lower melt ing of these , labelled � 1 2 , account ed  for only 2-3% of t he total 

heat o f  fusion (Appendix , Fig. 45 ) .  The higher melt ing form could be  

obtained free of  � · 2 by t empering at the � � 2 peak t emperature ( 37 . 6°C )  

for 2 min . Nelt ing points and molar heats of fusion o f  the solvent 

crystallised forms increased in the order OPP < OPS < OSS , while the 

solvent crystallised form of OSP had a hiGher heat of fusion but lower 

melt ing point than that of OPS (Table 3 . 1 1 ) .  Thermal data  for the 

1 -butyryl TGs showe d a similar trend although the solvent crystallise d 

form o f  BSP had a lower heat o f  fusion and higher melt ing point than 

that of BPS (Table 3 . 9 ) . 

In contrast t o  the a. forms of the 1 -butyryl TGs , the a. forms of  

all four 1 -oleoyl TGs exhibited anomalous crystallisat ion and melt ing 

behaviour . Thus on cooling the melt , a single crystall isation exotherm 

was observed but the end of the transition was often ill-defined and the 

heat of crystallisat ion v1as always much lov1er than the heat of fusion 

obtained from a subsequent heat ing thermogram ( cf .  POS ) . For example , 

the est imat ed heat of crystallisat ion of a. OSS was only 63kJ/mol , while 

the heat of fusion of the resultant solid was 77kJ/mol (Table 3 . 1 1 ) . 

Furthermore , at the appropriat e heat ing rat e , melting thermograms of the 
a. forms showed a low-ener8J endotherm occurring immediat ely be fore the 
main a. melting endotherm ( Fig . 3-20 ) . The main a. transit ion , which was 
identified by co�pa=ison of its melt ing point with the crystallisat ion 
t emperature determined by DSC and the a melt ing point det ermined by IR 
spectroscopy , was labelled a. 1 and the low-energy transit ion associat ed  
with it was labelled a2 • The a2 t ransit ion ( account ing for - 6% of the 
t otal a. heat of fusion for OPP , OSP and OSS ) was irreversible . Thus , if 

the form produced by rapid cooling of the melt was t empered at the a 2 
peru' t emperature for 0-2 min and then coole d , a subsequent heat ing thermo­

gram showed no a2 t ransit ion ( Fig . 3-21 ) . 
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There were no thermal transit ions corresponding to  the reversible 

a t o  sub-a transformat ions characterised by IR spectroscopy , and 

c onversely , there were no spectral changes corresponding to  the irrever­

sible a2 transformations. 

Fig. 3-22 shows a melt ing thermograms recorded at heat ing rates 

of 2°C/min ( OSP and OPP ) and 4°C/min ( OPS and OSS ) . With the except ion 

of OSS , polymorphic transformation accompanied the melt ing of all the 

a
1 forms , in contrast to the behaviour for higher scan rat es ( Fig. 3-20 ) 

at which only a
1 0PS transformed. (The rapid transformation of a OPS 

prevented an accurate det erminat ion of its heat of fusion. ) By 

inspection of Fig. 3-22 , it  can be seen that the transformat ion rates 

of a 1  increased in the order : OSS << OSP � OPP < OPS . By c omparison , the 

a transformation rat es of the correspondinr; butyryl TGs were : 

BSS < BPP << BPS < BSP . Overall , the transformat ion of the butyryl TGs 

was slower than that of the oleoyl series . In contrast to the a 1  form , 

a2 of  OPS was surprisingly stable since it was clearly evident in the 
0 

4 C/min heat ing thermogram ( Fig. 3-22 ) . 

The a melt ing thermograms of OPP , OPS and OSP showed that in 

addition to the a forms , OPP and OPS displayed two forms and OSP three . 

The same forms v1ere also obtained by transformat ion of a at it s melt ing 

point or crystallisat ion of the melt at the same temperature ( Fig. 3-23 ) , 

although di fferent preparat ions gave different proportions of the phases . 

The 28 and 31°C endotherms of OPP obviously corresponded with the 13 ' z 
and p •

1 forms charact erised by :rn spectroscopy (same melting points and 

transformat ion relat ionships ) . Similarly , the spectroscopic examinat ion 

of OPS showed that the phase obtained by trn.nsformat ion of a had a very 

similar spectrum to that of  the solvent crystallised form , sugr;est ing 

that the b10 forms melt ing at 37 . 5 and 38 . 0° C in Fig. 3-23 are closely 

relat ed and may therefore be assigned as p • 2 and p • 1 • 

For OSP , the lov�est melt ing of the three endotherms shown in 

Fie;. 3-23 ( 29 . 8°C ) was denoted by a quest ion mark because it was t oo 

fleeting to  be characterised by IR spectroscopy . The two highest melt ing 

forms of OSP were assie;ned as 13 ' 2 and 13 '
1 by comparison with t he spectro­

scopic results , although the DSC melt ing points were somewhat lower than 
0 

those obtained in the variable t emperature cell ( DSC 33. 7 , 35 . 5  C ;  IR 
c ell 35-38 ,  38-39°C ) . As mentioned earlier , in the spectroscopic examin­

at ion different forms of OSP were obtained by crystallisat ion of the melt 

and by transformat ion of a ,  whereas in the DSC the same thermogram was 

obtained for the two t empering methods .  It is possible t hat this 

difference was due to  the different thermal response of the two 
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inst ruments.  

Because of  the overlapping melting ranges of � · 2 and � · 1 for OPP , 

OPS and OSP (Fig . 3-23 ) , it  was impossible t o  det ermine i f  a single phase 

was present init ially and t rans formed during the course of the the rmogram 

or i f  a mixture o f  phases was produc ed by the t empering procedures . 

Howev er , est imat es of  the heat of fusion of  � · 2 of OPP and OPS were made 

on t he assumpt ion that only the � · 2 phase was present at the st art of the 

thermogram (Table 3 . 1 1 ) .  Since the 29 . 8°C form of OSP was we ll separate d  

from � · 2 and � · 1 , it  c ould b e  examined at high heat ing rat es without the 

complet e loss of resolut ion which occurs for overlapping forms . At a 
0 0 

8 heat ing rate of 1 6  C/min , the 29 . 8 C endot herm account ed for "" 07� o f  the 

t ot al heat of fusion of the phase ( s )  obtained by transformat ion of a 

( 5  min)  or crystallisat ion of  the melt ( 1 5 min ) at the a melt ing point . 

Thus , a reliable est imat e of the heat of fusion of this form could be 
obtained ( Table 3 . 1 1 ) . 

The heat s of fusion and melt inG points of the � · 1 forms obtained 

by t ransformat ion were signi ficant ly lower than those of the solvent 

crystallised forms . The di fferences were typically 5-15% for the heat of 
0 

fusi on and 1 . 5-3 . 5 C for the melt ing point . This disparity and the 

correspondinG spectral variat i ons previously noted v1ere presumably due t o  

lncomplet e equilibrat ion o f  the phases obtained by transformat ion . 

A schemati c  sumr.1ary of the polymorphism of OSS , OSP , OPS and OPP 

is present ed in Fis. 3-24. The figure Gives phase assignment s ,  melt ing 

or t ransition points and transformat ion relat i onships . Correspondence 

with the phases report ed in the literature is  also indicat ed.  

3 - 3 
3. 3 . 1  

Polymorphism of Enant i omeric Triacylglycerols 

Comparison of  the Polymorphism of Corresponding Enant i omeric and 

Rac emic Triacylglycerols 

Three enanti omeric TGs were prepared , �-SSB , SSO and PPO , and 

the polymorphism of these glycerides was invest igat ed in relat i on to 

that of their racemate s . 

(a ) Solvent Crystallised Forms 

The IR spectra of the solvent crystallise d  forms of equivalent 

enant iomeric and racemic TGs were essent ially ident ical ( Fig . 3-25 ) . -1 
All spectra sh01·1e d a symmet ri cal doublet near 720cm and the forms were 

therefore assigne d as � ·  phases . X-ray diffract i on patterns of the 

solvent crystallised forms are sho\vn in Fig . 3-2 6 and the c orresponding 

short spacings are list ed in Table 3 . 1 2 . In contrast to the spectroscopic 



results ,  t here were obvious di fferences between the X-ray pat t erns of 

the racemat es and thei r  antipodes .  \Vhile the short spacings of the 

racemic TGs were dist inct , the short spacing patt erns of the enant i omers 

were diffuse and relat i vely fe\v spac ine;s v1ere resolved. Similar pat t erns 

were obtained for the stable forms prepared by t ransformat ion. Howe v er , 
0 

all patt erns shO\ved st rong spac ings near 3 . 1:! and 4 . 2A , conf irming the 

� · assignments made by IR spec troscopy . 

( b )  Thermal Analysis  

Representat ive t herrnograms for  sn- and �-SSB , SSO and PPO are 

present e d  in the Appendix (?igs . 30 , 31 ; 40 , 41 ; and 47 , L�8 respect ively ) . 

The corresponding melt ing points  und heats of  fusion are summarised in 

Table 3 . 1 3 . In general , equivalent enant iomeric and ro.c emic TGs exhibited  

similar polymorphic b ehaviour except that the  a forms of the  ant ipodes 

transform e d  more rapidly than the a forms of the racemat es . Thus , whi l e  

the a form o f  rac-SSB melted without transformation t o  a higher form a t  a 
0 . heating rat e of 4 C/mln , the a form of �-SSB t ransformed readily t o  � · 2 

and � · 1 under the same c ondit ions ( Fig . 3-27 ) . Similarly , at a heat ing 

rat e of  8
°

C/min the a form of rac-SSO melt e d  without t ransformat ion to a 

higher form , but at the same rat e t he a. form o f  sn-SSO t ransformed without 

melt ing ( Fig. 3-27 ) . Although the correspondinG thermogr��s for PPO are 

not present e d  in Fig . 3-27 , the a f orms of rue- and �-PPO shO\ved anulor;ous 

b ehaviour t o  those of SSO exc ept that the t ransformat ion of a sn-PPO 

was even more ro.pid ( Appendix , Fig . 47 ) . 

\hth the except ion of the f3 • 2 form of  rac-PPO , for every polyr.10rph 

of a rac emic TG there vms an e quivalent polymorph for the c orresponding 

ant ipode . I·;elt ing point s and heut s of fusion of the equivalent poly­

morphs were very similo.r although not ident ical (To.ble 3 . 1 3 ) . For 

exmnple ,  the melt ing point and heat of fusion of the solvent crystallised 
, ()  

form of l:'ac-SSB were 5 1 . b C and 1 31 . 5kJ/mol , while the correspondin� 

values for the solvent crystullise d form o f  sn-SSB were 5 1 . 8
°

C and 

1 29 . 4kJ/mol respect i ve ly . 

Because of  the ro.pid transformat i on o f  the enant i omeric glycerides , 

they \vere  not invest igat ed by vo.riuble t emperature IR spect roscopy . 



Table 3. 1 :  Posit ional Analysis of Synthetic Triacylglycerols 

Fatty Acid Com1osit ion 
(mole % 

TG Com:eosition 2-MG Com:eosit ion a 

TG 4 : 0  1 6 : 0  1 8 : 0 1 8 :  1 4 : 0 1 6 : 0  1 8 : 0  
rac-PPS 67 . 1 32. 9  96 . 8 2 . 1  
roe-POP 66 . 7 tr. c 33- 3  2 . 8  o . 8b 

rac-OPP 66 . 4 33 . 6 96 . 6 1 . 1b 

rac-OOS 33. 4  66. 6 2 .5b 1 . 2 
rac-OSP 34. 0 33. 0  33. 0 1 . 0 99 .0  
'Sri_"": SSB 33-7  66 . 3 t r .  o . 6b 99 .4  
sn - SSO 0. 5 66. 3  33 . 2  2 . 2b 97 . 8  

a posit ion 2 

1 8 : 1  
1 . 1 b 

96 . 4 
2 . 3 

96 . 3 

tr .  
t r .  

b fatty  acids present in the 2-HG but not in the TG were derived from 
the lipid associated  with the crude pancreat ic  lipase . 

c tr.  = t race 

Table 3. 2 : St ereospecific Analysis of sn-SSO and sn-SSB 

Fatty Acid Com)osit ion 
(mole % · 

4 : 0  1 6 : 0  1 8 : 0  
sn-SSO 

TG 0 . 5  66 . 3 
TG (Recalc )g 2 . 3  66 . 9 
posit ion 1 a 2 . 0  96 . 6 

2b 2 . 2  97 . 8  
2C 1 . 9 98 . 1 
3d -2.7  4. 5 
3e 2 . 6 6 . 4  
3f o .o  5 - 5  

sn-SSB 
TG 33 -7 66 . 3 
TG (Recalc ) g 31 .0  1 . 6 66 . 4 
posit ion 1 a 5 - 9 1 .5 92. 5 

2b 0. 6 99 . 4 
3d 95 . 2 -2. 1 7 . 0  
3e 87 .2 2 . 8  7 . 4 
3f 91 .2  0 . 4  7 - 2  

a sn-1 = lysophospholipid ( 1 -PL )  from phospholipase A hydrolysis 

b sn-2 = monoacylglyc erol ( 2-HG ) from pancreat ic lipase hydrolysis 

c fatty acid from phospholipase A hydrolysis sn-2 = 

d 3 ( original TG )- ( 1 -PL )- ( 2-MG )  �-3 = 

e 2 (unhydrolysed phospholipid (2 , 3-PL ) ) - (2-HG ) �-3 = 

f average of two calculations for posit ion 3 

g recalculat ed composit ion = ( 2 ( 2 , 3-PL) + ( 1 -PL ) )/3 

1 8 : 1  

33 . 2 
30 . 8 

1 . 4 
t r .  
t r .  

98 . 2 
91 . 0  
94 . 6  

t r .  
0 . 9 
t r .  
t r .  
t r .  
2 . 6 
1 . 3 



Table 3.3: X-Ray Short Spacings of the Solvent Crystallised Forms of 

Palmitoyl-St earoyl and Elaidoyl-St earoyl Triacylglycerols 

TG Form a Princ ipal Short Spacings/A 

sss I' b 3 . 67s 3 . 83s 4.54vs 
PPP I' 3 . 66s 3. 82s 4. 54s 

1 3 . 68s 3 . 84s 4 . 6 1 vs 

PSS 13 3 . 66s 3 . 8 1 s  4.54vs1 3 . 67s 3. 87s 4 . 6 1 vs 

PPS I' 3 . 67s 3. 82s 4 . 54vs1 3 . 67s 3- 8.2s 4 . 6 1 vs 

SPS I' 3. 70vs 3 - 79s 4 . 54vs ( db )  
3 . 72s �. 8 1 s  4. 57vs1 

PSP 13
c 3 . 71s  3 - 79m 4 .55s ( db )  

3 - 73s 3 . 82w 3 . 96w 4 .59s2 

SES 13 3 . 68s 3. 84s 4 .55s
3 3 - 75s 3. 90s 4 . 6 1 s  

ESS 13 3 . 68s 3 . 85s 4 .55s 

SPS 13 
· , d 

3 . 72s 3 - 94m 4 . 09vs 4. 22s 4 . 41 w  ( stable ) 3- 72s 3 - 95w 4. 1 0vs 4 . 23m 4 . 37vw4 

PSP 13 I 

84 

3 - 75s 3 - 99m 4 . 1 4s 4. 28m ( stable ) 3 .8 1s  4. 07m 4. 23vs 4 .57m1 ' 2 

Not es : 

a 13 ,  strong spac ing near 4 . 6A 
I') 

13 ' ,  strong spacings near 3 . 8  and 4 . 2A 

b vs = very strong int ensity ,  s = strong , m = medium , w = weak , vw very 
weak , db = doublet 

c prepared according to  references 2 or 4 

d prepared according to  reference 4 

References :  

1 Lutton , Jackson and Quimby ( 1 948 ) 

2 Lutt on and Hugenberg ( 1 960) 

3 Minor and Lutton ( 1 953)  

4 Hugenberg and Lutton ( 1 963)  



Table 3 . 4 :  Melting Point s and Heats of Fusion of the Polymorphic Formsa of Palmit oyl-Stearoyl and 
Elai doyl-St earoyl Triacylglycerols 

Previous Reports Present Work 

TG Melt ing Point/cC A Hf/kJ mol - 1  Melting Point/cC Heat of Fusion/kJ mol - 1  

a. 13 I 
2 13 I 1 l3b l3b a. 13 I 

2 13 1 
1 13 b a. 13 I 13 b 

sss 54 . 7  61 2 63 . 2  73- 5 1 1 972 1 938 55 . 6 62 . 5 65 . 4 72 . 8  1 1 3. 6 + 2 . 2 ( 4)c , d 1 44 ( 2 ) e 1 93 - 7 + 1 . 5 ( 4) 
PSS 50. 6  ?4 6o . 84 65 . 23 1 799 5 1 . 1  56 . 8 60 . 5 64. 5  1 09 + 4 ( 9 ) d 1 40 + 5  ( 1 1  ) e 1 90 . 0  + 2 .  6 ( 5 )  
PPS 47 . 4 �4 57 . 1 4 62 . 73 1 689 

1 71 8 47 . 5 53 - 7  56 . 4 62 . 2 1 08 . 4 + 2 . 7 ( 6 ) d 1 34 c 2 re 1 74. 4 + 2 . 6 (5 ) 
ppp 44. 7  532 56 . 6  66 . 41 1 7o2 46 . 4 52 . 8 57 . 1  66 . 2 94 . 5 (2 ) d 1 25 + 6 ( 8 )e 1 71 . 4(2 ) 
SPS 5 1 . 8  _g 69 .� 68 .5� 1 689 50. 6 _g 68 . 6b 67 . 6 1 1 7 . 3  + 1 . 8 ( 7 ) f 206 :b + 1 • 6 ( 5 ) b 1 92 . 9  + 2 . 4( 4 )  
PSP 47 . 0  ?4 68 . 7 65 . 5  1 669 ( 13  I ) 45 . 9 - 67 . 7b 64. 6 ... 1 04( 11 2d ) 1 78 . 8  + 0. 9 ( 4 )b 1 79-5  + 2 . 0 ( 8 )  
SES 42. 9  - 47 . 0  59 - 57 - 42 . 0 46 . 5 50. 0 60. 9  1 03 + 4 ( 4 ) d 1 29 + 5(5 ) e 1 82 . 3  + 3 - 3 ( 6 )  
ESS 41 . 0  48 . 3 51 . 8 59 . 4  1 06 :7  � 1 . 7 ( 9 ) f 1 28 � 8 ( 1 1 ) e 1 84.5 � 3. 6 ( 7 )  

Not es : References : 

a aLl forms were classified according 
to Larsson ' s  nomenclature ( Table 1 . 1 )  

b SQlvent crystallised form 
c mean + standard deviat ion ( number of 

results ) 
d heat of c rystallisat ion 
e t entat ive heat of fusion based on the 

assumpt ion that only one form was 
�resent init ially 

f mean of heat s of  fusion and crystall­
isat ion 

g - ,  not found 

1 Lutton and Fehl ( 1 970 ) 
2 Hagemann , Tallent and Kolb ( 1 972 ) 
3 Lutton , Jackson and Quimby ( 1 948 ) 
L� Perron , Pet it and Mathieu ( 1 969 ) 

( 13 1 2  was reported  for PSS , PPS and 
PSP but no melt ing points were given ) 

5 Hugenberg and Lut ton ( 1 963 ) 

6 Lut t on and Hugenberg ( 1 960 ) 
7 l'hnor and Lutton ( 1 953 ) 
8 Hampson and Rothbart ( 1 969 ) 
9 Knoest er , de Bruijne and van 

den Tempel ( 1 972 ) .  � Hf of 13 SSS 
and PPP was1 report ed as 1 80 and 
1 68 kJ mol- respectively 

0: \J1 



Table 3-.2= Melt ing Points and Heats 
h Forms of OOS2 OOP 2 

Melt ing foint/c 
TG 

� · b a a a. a.2 a. 1 

oos1 c -60 - 1 . 6  25 . 3  
OOP1 -57 - 1 3. 6  1 9 . 7  
BOS - 1 1 . 0 3 - 3  20. 3  
BOP -25 . 3  -9. 7 1 3 . 9  
BBP2 -23 - 1 0  1 

Notes : 

a reversible transit ions 

b stable form by transformation 

c - ,  not found 

BOS1 

86 

of  Fusion of the Polymor,Ehic 

BOP and BBP 

Heat of Fusion/kJ mol -1 

a. � · b 

45 . 9 _:!: 1 • 1 ( 4)  d ' e 1 07 . 4  ,:!: 3- 5 (5 ) 
41 . 7 ( 2 ) e 99 . 4  .:!:_ 2 . 2 ( 4 )  
42 . 7 f 0 . 6 ( 8/ 85 . 2 .:!:_ 2 . 0( 7 )  
37 - 9  i_ 1 . 2 ( 4 ) f 77 - 7 .!_ 1 . 8 ( 3 )  
43. 2 ,:!: 1 . 8 ( 7 )g 

d mean + standard deviat ion ( number of result s )  

e heat of  crystallisat ion ( 6 Hc )  o f  a. 1 form ; heat o f  t ransition of  a.2 
was - 15% of a.1 � He 

f mean of heat of  fusion and heat of crystallisat ion for a. 1 and a.2 together ; a.2 account ed for 2-3% of the total heat of transit ion 

g mean of  heat of fusion and heat of cryst allisat ion for a. 1 , a.2 and a.3 
h all forms were classified according to  Larsson ' s  nomenclature (Table 

1 . 1 ) 

References : 

1 Lutt on ( 1 966 ) 0 
OOS m . p . a. 2 . 5  C � ·  0 
OOP m. p .  a. - 1 3  C � ·  

2 Jackson and Lut ton ( 1 952)  
0 

BBP m. p. a. 2 . 9  C 



Table 3 . 6 :  X-Ray Short Spacings of  the Solvent Crystallised Forms 

of SOS , POS,  POP and SBS 

TG Form a 

SOS [:3 

POS 

POP 

SBS 

Princ ipal Short 

3 . 65mb 3. 74w 3 . 86m 3 - 97m 

,2. 68s .2· 79ms 4. 02ms 

3- ?0m 3 . 82m 3 - 93m 

3.68s _2. 87ms 

3 . 61 w 3. 72m 3 . 80m 3- 93m 

3- 73m 

3. 58m 3.70m 3 . 84m 4.01m  

3 . 54m 3. 69m 3 . 85s 4 . 04s 

Not e s :  

a [:3 ,  strong spacing near 4. 6A 

. 0 
Spacwgs/A 

4.55s 

4. 59s1 

4 . 53s 

4.05ms 4. 59vs 

4. 05m 4. 57vs 

4.02m 4. 56vs 

4. 53vs 

4 . 60vs 

b vs = very strong intensity , s = strong , 
m = medium , w = weak , vw = very weak 

References : 

1 La very ( 1 958 ) 

2 Jackson , Wille and Lutton ( 1 951 ) 

5 - 39m 

5 . 32w 
1 

5 . 43w 

5 . 40w 

2 

1 



Table 3 . 7 : Melt ing Points and Heats of Fusion of the Polymorphic Formsa of SOS , POS , POP and SBS 

Previous Reports Present Work 
TG -1 1'1elting Point/c 0 Melt ing Point/ C Heat of Fusion/kJ mol 

sos1 a. 13 I 13 13 b a. ?c 13 13 '  13 b a. 131
b 

22 . 4  35 36�2 44� 3 24 . 3 - 28 36�5 37 . 4 41 � 9 78 . 5 .::_ 0 . 7 ( 3 ) d , e  13 2 h . 1 1 8 .::_ 2 ( 9 )  , � 1 67 . 5 ( 2 ) 
POS1 , 2 a. 13 ' 2 � ' 1 13 b a. � I C 

1 8 . 2  25 . 5  33 37 - 3  1 9 . 4  20?7 

POP1 , 5 a. 1' ' 2 13 I 13 1
b a. ?c 

1 8 . 1 26 . 5 33.5 38 . 3 1 5 . 8  22 . 6 
3 

i' 2  
26 . 7  

SBS4 a. ' super-a ' 13 b a.2 a. 1 
33. 4  42 . 7 54. 8  -29 33 . 8 

'-

� ,
2

c � ' 1 13
b 

22 . 6 31 . 1  36 . 0  
13 ' 2c 13 2 13 ' 1 13 1

b 
25 . 1  27 . 1  3 1 . 4  36 . 1  

?c 
l' b 

39 . 2  54. 2 

a. 
78 . 9 .::_ 2 . 6 ( 1 0 )e 

a. 
72 . 6  + 1 . 4 ( 1 1  )f 

a. 
76. 1 .::. 1 . 0 ( 3 ) g 

13 I 1 l'
b 

1 1 3 .::_ 2 ( 8 ) h 1 59 . 2 .::_ 1 . 5 ( 7 ) 

13 2 h . 97 .: 1 ( 3 )  , J 
13 ' 1 �' 1 b 

1 1 2 ( 2 )h 1 50 . 7  .::_ 2 . 7 ( 7 )  

?c 13 b 
93 C 2 ) h 1 44 . 4 .::_ 3 . 4 ( 5 ) 

Not es : References : 

a all forms are classified accor­
ding t o  Larsson ' s  nomenclature 
(Table 1 . 1 ) 

b solvent cryst allised form 
c assignment unknown or uncertain 
d mean + standard deviation ( number 

of result s )  
e apparent heat of  crystalli sat ion 

of SOS and PO S was 55 and 49kJ 
mol-1 resge c t i vely at a cooling 
rat e of 4 C/min 

f mean of hea� of fusion and 
crystallisat ion 

g heat of crystallisat ion 
h t entat ive heat of fusion based on 

the assumpt ion that only one form 
was present init ially 

i heat s of fusion of 13 2 and 13 ' SOS 
are probably similar 

j heats of fusion of  13 ' 2 and 13 2POP 
are probably similar 

1 Lut t on ( 1 951 ) 
2 Wille and Lut t on ( 1 966 ) 
3 Lavery ( 1 958 ) 
4 Jackson , Wille and Lutton ( 1 95 1 ) 
5 Lovegren , Gray and Feuge ( 1 97 1 , 1 976 ) 

report ed the following data for POP : -
CI 

m. p . ;  C I -
20. 

� Hf/kJ mol- 1 69 . 5 1 32 . 6  

().) 0., 



Table 3. 8 :  X-Ray Short Spacings of the Solvent Crystallised Forms 
of BSS , BSP, BPS, BPP and BES 

TG Form a 

BSS � I 3. 74s b 

BPS � I 3 . 69m 
BPP � I 3 - 74s 

BSP � I 

Principal Short 

3. 80s 4 . 04s 
3. 81 m 4 . 02m 
3 . 82s 4 . 03s 
3. 80s 4 . 0 1 w  

• 0 SpacJ.ngs/A 

4. 1 6s 
4. 1 5s 
4. 1 7s 
4. 1 3s 4. 33m 

89 

BES � I 3. 86s 4 . 1 6s 4. 32w 5 - 43w 

a � 1 , strong spacings near 3 . 8  and 4. zA 
b s = strong int ensity , m = medium , w = weak 

Table 3. 9 :  tvleltin5 Points and Heats of Fusion of the PolymorEhic 
Forms of BSS 1 BSP1 BPS2  BPP and BES 

() - 1  
TG l1elt ing Point/ C Heat of Fusion/kJ mol 

0:2 0: 1  � · 3 � · 2 

BSS b 37 . 0  45 . 1  

BSP 1 31 - 9 38 . 9  45 . 8  
BPS 1 29 . 5 43 . 4 45 .5 
BPP 24 . 2 33 . 8 37 - 7 

BES 1 5 - 9f 1 7 . 9  

Not e s :  
a solvent crystallised form 
b - ,  not found 

� , a  
1 ex. 

51 . 6 7 7 - 3 ,: o . 8 ( 1 3 ) c , d  

50. 0 75 . 0  _: 2 . 1 (5 ) e 

48 . 3 70. 0 !_ 1 . 6 ( 8 ) e 

43 . 1  64. 1 + 1 . 2 ( 8 ) d 

31 . 4  56 . 0 .:  0 . 7 ( 7 ) g 

c mean + standard deviation ( number of result s )  
d mean of heat o f  fusion and heat of crystallisat ion 
e heat of crystallisat ion 
f reversible transit ion 

� · a 
1 

1 31 - 5 .: 1 . 6 ( 8 )  
1 20 . 4 + 1 • 1 ( 6 )  
1 26 . 8 .: 1 . 8 ( 7 )  
1 1 6 . 3 .: 1 . 6 (  4 )  
1 01 • 7 .: 2 .  0 ( 4 )  

g c ombined heat of fusion of a. 1 and a.2 forms ; a.2 account ed for - 25% 
of  t he total heat of fusion 

Referenc e :  
1 Verkade ( 1 9432 reported stable form melt ing points of 49 . 5 - 50 . 0°C 

and 47 .5 - 48 . 0  C for BSP and BPS respect ively 
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Table 3 . 1 0 : X-Ra� Short SEacin�s of the Solvent Cr�stallised Forms 
of OSS 1 OSP1 OPS and OPP 

TG Form a Principal Short Spacings/A 
b 4.05s 4 . 1 7m 4. 27m 4 . 37m 4. 63w1 oss i3 1  3 . 76s 

3 - 79s 4. 06s 4. 23w 4 . 39w 4. 64m 

OPSc 13 I 3- 70m 3 - 79m 4 . 0 1 w  4. 08m 4 . 1 7s 4 . 42m 4 . 66w1 3 . 66m 3 . 78m 4 . 02w 4 . 1 7vs 4. 23m 4 . 6;zw 

OPP i3 I 3 . 76s 4 .03s 4. 1 6s 4. 26m 4 . 38s 4 . 64m
1 3 - 77s 4. 05s 4 . 20w 4 . 42w 4 . 65m 

OSP � I 3 . 78s 4 . 01m 4 .21vs 1 3. 56w 3 . 82s 4 . 03m 4 . 20vs 4 . 38m 

Notes : 

a � � , strong spacings near 3 . 8 and 4. 2A 
b vs = very strong int ensity , s = strong , m = medium , w = wea� 

c thermal analysis showed that the solvent crystallised form of OPS 
contained a small proportion of � 1 2 , which may account for the spacing 
at 4 . 08A 

Reference :  

1 Lutt on ( 1 951 ) 



Table 3. 1 1 : Melting Points and Heats of Fusion of the Polymorphic Formsk of OSS , OSP, OPS and OPP 

Previous Report s Present Work 
--

TG Melting Point�C 
0 Helting Point/ C 

-1 Heat of Fusion/kJ mol 

a ?a � I  
2 

� I  b 
1 

oss1 30. 4 d 43. 5 - -

a c 
2 a. 1 

23. 0  30. 3  

?a j3 1
2 

� I  b 1 
-

a. - ---------r- � I 
2 -�·1-o 

?9 . 2 .:!:_ 1 . 2 ( 4 ) e , f - - 1 42 . 7 .:!:_ 1 . 1 ( 8 )  

OSP1 26 . 3  - 40. 2i 39 . 8j 1 8 . 1  24.5  29. 3  33- 7  

43 . '7 
3'7 - 9  '7 3 .  9 .:!:. 1 • 2 ( 4 )  g 1 02 .:!:. 1 ( 4 ) 

h - 1 41 • 2 .:. 3.  3 ( 6 ) 
2 25 .5 30. 6  37 . 2 36 . 1  

OPS1 25 - 3  - 37i 40. 2j 

OPP1 1 8 .5 - - 35 . 2  

Not es :  
a ? ,  assignment unknown 

b solvent crystallised form 
c irreversible transit ion 
d - ,  not found 

1 6 . 2  22. 2  

1 4. 0  1 8 . 2  

e mean .:_ standard deviation ( number o f  results )  
f a.1 heat of fusion det ermined after t empering 

at a2 peak t emperature ; combined heat of  
fusion of a

� and a2 = 76 . 6 .:!:_ 2 . 1 ( 7 )  for OSS and 
61 . 8  + 2 . 4 ( 6 ) for OPP ; apparent heat of 
cryst'""al.lisat ion = 63. 4  + 1 .  0( 8 ) for OSS and 
50. 6  + 1 . 4( 4)  for OPP at- a cooling rate of 
4°C/mln 

3? . 6  40.0 63 . 4 .:_ 2. 9 ( 3) g 

f 
28 . 2  35 -5 63. 3 .:!:. 1 . 8 ( 6 )  

1 1 9 .: 1 ( 1 0  )h 1 36 . 7 .:!:. 1 .  9 ( 7 )  

93 .:!:_ 3( 1 3 )h 1 24. 9 .:!:_ 2 . 1 ( 1 0 )  

g combined heat o f  fusion of a 1 and a2 
h tentat ive heat of fusion based on the assum­

pt ion that only one form was present init ially 
i 

j 

k 

apparently stable form obtained by transform­
at ion 
from solvent only 
all forms are classified according to Larsson 1 s  
nomenclature (Table 1 . 1 )  

References : 
1 Lut t on ( 1 951 ) 

2 Lavery ( 1 958 ) 

\.0 � 
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Table 3. 1 2 :  X-Ray Short Spacings o f  the Solvent Crystallised Forms of 
Corresponding Rac emic and Enant iomeric Triacylglycerols 

TG Form a Principal Short Spacings/A 

SSO rac- � I 3 . 76s b 4 . 05s 4 . 1 7m 4 . 27rn 4 . 37m 4. 63w 
sn- � I  3 - 75s 4 . 1 2s ( di f . ) 4. 22w 4. 36w 4. 63w 

PPO rac- � I  3 . 76s 4 . 03s 4. 1 6s 4. 26m 4 . 38s 4 . 64m 
sn- � I  3 - 75m 4 . 1 0s ( di f . ) 4. 24w 4 . 37w 4. 65w 

SSB rac- � I  3 . 74s 3 . 80s 4 . 04s 4. 1 6s 
sn- � I  3 . 74s 4 . 09s ( dif . ) 

a � I ' st rong spacings near 3 . 8 and 4. 2A 
b s = strong int ensity , m = me dium , w = weak , dif.  = dif fuse 

•rable 3. 1 3 :  J·1elt ing Points and Heats of Fusion of the Polymorphic Formsa 
of Corresponding Racemic and Enant iomeric Triacylglycerols 

a - 1  l'lelt ing Point/ C Heat of Fusion/kJ mol 
TG � I  b � I  b 

a.2  a. 1 
� I  a. 1 2 1 1 

sso 23 . 0  30. 3  c 43 . 7  79 . 2 + 1 . 2 ( 4) d 1 42 • 7 + 1 • 1 ( 8 ) rac-
sn- 24 . 5  29 . 2  45 .4  -;e 1 38 . 2 � 1 . 2 ( 6 )  

PP01 rac- 1 4. 0  1 8 . 2 28 . 2  35 -5  63 . 3 .!_ 1 . 8 ( 6 )  1 24. 9 + 2 . 1 ( 1 0 )  
sn- 1 3 . 4  1 5 . 6  36 . 8 • 1 21 . 8 � 2 - 7 ( 7 )  

SSB1 rac- 37 . 0 45 . 1  51 . 6 77 . 3  + o .8 ( 1 3 ) f 1 31 .5  + 1 . 6 ( 8 ) 
sn- 37 - 7  47 . 4  5 1 . 8 77 . 7 I o. 8 c 6 )  f 1 29 . 4 ! 0 . 4 ( 3 )  

Not es : 
a all forms are c lassified acc ording to Larsson 1 s. nomenclature (Table 1 . 1 )  
b solvent crystallised form 
c - ,  form not detect e d  
d mean + standard deviat ion ( numb er o f  result s )  

• e , a. t ransformat i on rate was t oo rapid for the determinat ion of  the 
heat of fusion or crystallisat ion 

f mean of  heats of fusion and crystallisat ion 

Re ferenc e :  
1 Lok , Ward and van Dorp ( 1 976 ) report st able form melt ing points of  37°C 

and 49°C for sn-OPP and sn-SSB respect ively 
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555 PPS 5E5 

ppp 
E55 PSS 

r 

28 24 28 24 200 28 24 

2 8  Angle 
Fig.3·1 X-ray diffraction patterns of /J stable forms of P,S & E,S TGs 

A [Cobalt Ka:1 ]  = 1.79 A 
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Fig.3·2 X- ray diffraction patterns of IJ &IJ Jorms ol PSP & S PS 
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� r � � � rn 

0 
Temperat ure/ C 

Fis. 3- 3 :  t- ,elt int; the rmoc;rwns of a. SSS , .::JPS , PPP and S.Jc:S , heat ing rat e 
46C/m in . 
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Fi[). 3-4 :  i , el t in�;; thermogra.."::s o f  � PSP , PSS , PPS and ESS , heat inc rat e 
L�°C/min . 
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Fi!,). 3-5 : b e lt ing t herrnogrwns o f  � 1 SSS , PPP and SES , prepar e d  by 
cry s t allisat ion o f  t h e  m e l t  near the a. r:te lt inr; point for 1 5 , 7 - 5 and 20 () 
min r e spe c t i vely , hectt ing rat e 4 C/ .in . 
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crystallisat ion o f  the melt near the ex 11 elt ing point for 30 min (PSS and 
ESS ) or transformat ion of ex near it s melt ing point for 30 min ( PPS ) ,  
heat ing rat e 4nC/min . 
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Fig. 3-7 : ,elt ing thermograrns o f  the solvent c rystallised � '  and � forms 
0 

of  SPS and PSP , heat ing rate 4 C/min . 
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Fig.3·10 X-ray diffraction patterns of IJ stable forms of XOY & SBS TGs 
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�ig. 3-1 1 I R  Spectra of fJ stable forms of XOY, SBS, SES and ESS TGs 
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Fig.3·12 IR Spectra of comparative B2 and B polymorphs of SOS , POS , and POP TGs 
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Chapter 4 

DISCUSSION 

4. 1 Polymorphism of Racemic Triacylglycerols 

4. 1 . 1  Palmitoyl-St earoyl and Elaidoyl-Stearoyl Triacylglycerols 

In general , the results obtained for the thermal behaviour of 

these TGs were c onsistent with the published data (Table 3 . 4 ) .  The DSC 

melt ing points showed good agreement with t hose report ed by Lut ton and 

others (Lutton et al . ,  1 948 ;  Minor and Lut ton ,  1 953; Chapman , 1 957 ; 

Lutton and Hugenberg , 1 960 ; Hugenberg and Lutton , 1 963 ; Perron et al . , 

1 969 ) . Similarly , the heats of fusion for � SSS and PPP agreed well with 

the DSC data of Hagemann et al . ( 1 972 ) and Hampson and Rothbart ( 1 969 ) , 

while the heats of  fusion of � PPS and PPP were within 3% of the corres­

ponding values det ermined by Knoester et al . ( 1 972 ) using different ial 

thermal analysis . However , the heats of fusion of the stable forms of 

SSS , PSS , SPS and PSP reported by Knoester et al . were significantly 

lower t han the present values ( by 6 to 1 Y/o) . 

The presence of � · 2 forms was confirmed for SSS and PPP (Hagemann 

et al . , 1 972 ) and for PPS and PSS (Perron et  al . , 1 969 ) , but contrary t o  

the results o f  the latter workers no � · 2 form was det ected for PSP. Both 

the elaidoyl TGs , SES and ESS , showed a � · 2 form (report ed here for the 

first t ime ) , which further demonstrat ed their similarity to the saturat ed 

TGs . 

The unusual stability of the � ·  forms of SPS and PSP is difficult 

to understand in terms of the geomet ric concepts of molecular packing 

outlined in Sect ion 1 . 1 .5 .  According to Larsson ( 1 964b ) , the � ·  forms of  

PSP and simple TGs like PPP or  SSS are essentially isostructural , di ffering 

only in the end group region . But drawings of the end group region of 

� ·  PSP , based on the projection given by Larsson ( 1 966b ) for the � ·  form 

of simple TGs , show no features which can account for the very large 

difference in the heat of fusion of the respect ive forms ( e . g. � Hf of 

� ·  SPS = 207 kJ/mol ; A Hf of � ·  SSS = 1 44 kJ/mol ; see Table 3 . 4 ) . 

Similarly , although Larsson ( 1 972 ) claims t hat the terraces in the end 

group region of t he � forms of PSP and SPS are sufficiently steep to form 

the limits to isomorphism ( Section 1 . 1 . 5 ) ,  these polymorphs have c ompar­

able heats of fusion to  the � forms of SSS , PSS etc . ( e . g . � Hf of 

� SPS = 1 93 kJ/mol ; � Hf of � SSS = 1 94 kJ/mol ; Table 3 . 4 )  which possess 

a flatt er and supposedly more favourable terrace struct ure (Fig. 1 -7 ) .  
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In summary , although the palmitoyl-stearoyl TGs display consid­

erable individuality , there are similarities in their polymorphism which 
parallel the structural classificat ions ( Hugenberg and Lutton , 1 963 ) . 
Three molecular t ypes may be dist inguished ,  each with charact erist ic 
thermal b ehaviour , namely monoac id , unsymmetrical diac i d  and symmetrical 
diacid ( Lut ton , 1 967 ) . For the first group ( SSS , PPP ) , both � and � �  
transform on heat ing to  � ' but for the second group ( PSS , PPS ) � trans­
forms t o  � 1 , which melts without transformat ion to � .  The � forms of the 
symmetrical diaci d  TGs , PSP and SPS , transform to � 1  and � respect ively , 
but both TGs have stable � �  forms ( although � � SPS cannot be obtained 
from the melt ) whe reas all the other TGs are � stable . The two elaidoyl 
TGs , SES and ESS , may be accommodat ed in t his scheme with only a minor 
modificat ion.  Thus , SES behaves as a monoaci d  TG rather than a symmet­
rical diacid TG , while ESS behaves ,  as expe c t e d ,  like an unsymmetrical 
diacid TG . 

4. 1 . 2 1 -Butyryl-2 -0leoyl and 1 72-Dioleoyl Triacylglycerols 

( a )  1 , 2-Dioleoyl Triacylglycerols 
As shown in Table 3. 5 ,  the phase assignments and melt ing points 

for OOS and OOP agreed well with the data of Lut ton ( 1 966 ) who charact er­
ised the polymorphi sm of these TGs by capilliary melting point and X-ray 
diffract i on.  Quinn ( 1 967 ) also report ed melting points for the stable 
forms in close agreement with the present data. 

Both glyc eri des showed reversible �2 . transitions , but in contrast 
to the �2 transit ions of other TGs report e d  here , they occurre d  at much 
lower t emperatures than the main �1 melt ing endotherms . The heat s  of  
transition of �2 OOS and OOP were also somewhat larger than normal ( - 1 5% 
of the heat of crystallisation of the � 1 form ) . Thermal transitions of 
the �2 type , which did not occur for any of  the saturat e d  TGs except BBP 
and SBS , have not previously been reporte d  for unsaturate d  TGs .  However , 
similar transitions have been reported  for long chain est ers ( Lundquist , 
1 970 , 1 971 ) ,  1 -MGs ( Lut ton ,  1 97 1 b ) and TGs c ontaining t wo short and one 
long c hain (Menz , 1 975 ) .  In such cases , the transit ions are thought to  
involve a st epwise change i n  the  hindered rotation of the  chains (Menz , 
1975 ) and presumably the same structural change is responsible for the 
�2 transition of OOS and OOP. Unfortunat ely , this could not b e  checked 
by IR spectroscopy as the transitions occurred below the lower t empera­
ture limit of the variable temperature cell . 

As discussed in Section 1 . 1 . 4 ,  the � 1  stable form of OOS and OOP 

probably has a TCL structure with a middle layer of saturated  chains and 
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t wo outer layers of oleoyl chains . Because the TGs are unsymmetrical , 
chain sort ing can only occur if t he glycerol group has the chair conform­

at ion rather than the more usual tuning-fork arrangement ( Sect ion 1 . 1 . 4 ) .  
OOS and OOP follow what appears t o  b e  the general rule that stable forms 
of TGs for which a TCL chair struc ture would be expected are � ·  while 
stable forms of TGs for which a TCL t uning-fork structure would be 
expected are � .  In other words , for TGs in which one fat ty acid is very 
different from the other two , the posit ion of the unusual ac id det ermines 
the chain packing of the TCL stable form . If  t he ac id is in a primary 
glycerol position , the TG is � ' -stable , while if it is in the secondary 
position the TG is � -stable . 

( b )  1 -Butyryl-2-0leoyl Triacylglycerols 
The thermal behaviour of these glycerides has not been report e d  

previously . 

In common with other TGs c ontaining short chain residues , BOS and 
BOP show relat ively stable a forms which have unusually high melting 
points (Table 3.5 ) .  The glycerides also exhib it a reversible a2 trans­
it ion comparable to that occurring in BBP , BES and SBS , but generalisat ions 
concerning the role of the short chain aci d  are confounde d by the absence 

of such t ransit ions in the TGs BSS , BSP , BPS and BPP. 

From close packing considerat ions , the stable forms of BOS and BOP 
would be expected to have a TCL chair structure in which t he butyryl chains 
form the middle layer and the oleoyl and stearoyl ( or palmit oyl ) chains 
pack t ogether in the two out er layers . This should be a more efficiently 
packed structure than the alt ernat ive TCL tuning-fork arrangement in which 
the oleoyl chains form the middle layer and the long and short saturat ed 
chains pack t ogether in the out er layers , an unfavourable situat ion as 
discussed in Section 1 . 1 . 5 .  If  the proposed structure of � ·  BOS and BOP 
is correct , t hen the spectral similarity between the TCL forms of � ·  BOS 
and � ·  OOS is analogous t o  the spectral similarity between the DCL forms 
of � 1 2 OSP ( q . v . ) and � ·  PSP. Such c orrespondence implies that oleoyl 
and stearoyl chains may pack t ogether in a manner which is analogous t o  
the packing in which either chain i s  present alone . 

Although glycerides of the struct ural t ype BSO and BOO are ma j or 
component s of milkfat , t hey were not studied in the present work because 
of the dif ficulty of synthesis ( Se c t i on 1 . 4. 1 ) .  From considerat ions of  
close packing , however , both glyc eri des should show a stable � ' -3 form 
analogous t o  the struct ure propose d  for � ·  BOS . An invest igation of the 
polymorphi sm of these TGs would therefore provi de an indirect check on 
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the suggest e d  structure for � ·  BOS. 

4 . 1 . 3 1 ,2-Dibutyryl-3-palmit oylglycerol 

In general , the thermal behaviour of BBP was similar to that of 
BOS and BOP except that BBP showed t hree transitions associat e d  with the 
� phase rather than two , and that the stable form of BBP was not readily 
accessibl e .  

The obvious parallel between the spect ral and t hermal transit ions 
of the � phase of BBP suggests that the transit ion between � and sub-a 
was not st rictly se�ond order but involved a signi ficant heat of trans­
i t i on and occurred ,  at l east in part , in a st epwise manner ( i . e .  via �2 
and �3 ) . A similar two st age limi t at i on of chain rotat ion occurs on 
c ooling the � phase of 1 , 3- and 1 , 2-diacylglycerols which contain ace t i c  
aci d  and a long chain fatty  ac id (hart in and Lut t on ,  1 972 ) .  The behaviour 
of BBP was in contrast t o  that of most other TGs , for which no reversible 
thermal transit ions were observed in t he temperature int erval of the � 
t o  sub-a t ransformat ion s .  The lat ter are there fore properly regarded as 
second order t ransformat ions . 

The polymorphism of BBP has been studied by Jackson and Lutt on 
( 1 952 ) and Feuge and Lovegren ( 1 956 ) .  The former workers rec orded only 

0 
t wo polymorphs , sub-a and �, with transit ion t emperatures of -5 and 2 . 9 C 

respect ively . Feuge and Lovegren reported three forms , an � form melt ing 
at 2 . 8°C ,  a st able form melting at 1 0 . 5°C and an unident ified polymorph 

0 associat ed with a transit ion at -34 .5 C .  The stable form , which was not 
classified acc ording to subcell type , was only obtained with difficulty.  
Of the present data , only the melt ing point of the  �1 form ( 1 °C )  shows 
reasonable agreement with these earlier report s . 

However , more recently , Menz ( 1 975 ) st udied a series of short t o  
medium chain saturat ed diacyl derivat ives of 1 -stearoyl- and 1 -behenylgly­
c erol and reported polymorphic behaviour which is very similar t o  that 
found in the present study of BBP. Thus in general , the most stable 
modificat ion (� ) of these glycerides was only obtained with difficulty 
and there were two minor and reversible phase t ransit ions , which Menz 
called sub-a1 and sub-a2 , adj acent t o  the � form . The sub-a transit ions 
were foun d  to be part i cularly sensit ive to the presence of impurities and 
the discrepancies between the transi t ion t emperatures earlier reporte d  by 
Jackson and Lutton and t hose reporte d  by Menz were attribute d  to the lower 
purity of the glyceri de preparat ions of the former workers . Presumably 
the same factor is also responsible for the lack of agreement between 
earlier results for BBP and those reported here . 
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4 . 1 . 4 2-0leoyl Triacylglycerols 

( a )  Polymorphism of the Individual Triacylglycerols 
The polymorphic behaviour of SOS , POS and POP is shown schemat ic­

ally in Fig. 3- 1 5  together with a table indicat ing the equivalence bet ween 
the polymorphic forms found in the present st udy and those reported by 
Lut t on (Lut t on , 1 946 , 1 95 1 ; Lut ton and Jackson , 1 950 ; Wille and Lut t on , 
1 966 ) and Lavery ( 1 958 ) . 

( i )  SOS 
Melt ing points (Table 3 . 7 ) ,  IR spectra ( Appendix , Fig . 23 ) , phase 

assignments and transformat ion relationships (Fig.  3- 1 5 ) for the polymor­
phi c  forms of SOS generally agreed well with the literat ure ( Lut ton , 1 946 ; 
Chapman , 1 956 ; Lavery , 1 958 ; Wille and Lutt on , 1 966 ) . As expect e d ,  the 
� 1 , � ' and � 2 forms of SOS were spectrally equivalent t o  � 1 of POS and 
POP , � · 1 of POS and �2 of POP respec t ively . The heat of fusion of the 
solvent crystallised form , 1 68 kJ/mol , was in fair agreement with the 
figure of 1 75 kJ/mol det ermine d by Hannewi jk et al . ( 1 964 ) from solubility 
data .  

The � '  form o f  SOS was obtained by transformat ion of � 2 • However , 
Lut t on ( Lut t on and Jackson , 1 950 ; Wille and Lutt on ,  1 966 ) prepared this 
form by rapi d crystallisat ion from solvent and c lassified it as int er­
mediate between a and � 2 ( sub-� -3 ) ,  rather than intermediat e bet ween � 2 
and � 1 as found here ( Fig . 3-1 5 ) .  Although the unstable sub-a form 
report ed by Wille and Lut ton was not detected by IR spectrosc opy , the 
exist ence of such a form may explain the unusual crystallisat ion behavi our 
observed in the DSC . In addit ion t o  the a ,  � 2 , � '  and � 1 forms of SOS , 

0 a previously unreport ed t ransition was observed at - 28 C ,  int ermediate 
between a and �2 , although no assignment could be made . 

( ii ) POS 
The melt ing point s (Table 3 . 7 ) ,  assignment s and transformat ion 

relat ionships (Fig. 3-1 5 )  of the three main forms of POS , a ,  � · 1 and � .  
were in good agreement with the literature ( Lut t on , 1 951 ; Lavery , 1 958 ; 
Wille and Lutt on , 1 966 ) . The � · 1 form ( m . p .  31 . 1 ° C )  clearly corresponded 
w�th the � ' -3 form reported by Lutton ( 1 951 ; m . p .  33°C )  and Lavery 
( 1 958 ; m . p .  30. 8°C )  rather than the additional � ·  form , � 1 -2 , report ed  

0 
by Wille and Lut ton ( 1 966 ; m . p .  25 . 5 C ) .  The spectrum of � · 1 POS showed 
the expected correspondence with that of � ·  SOS . In support of the 

findings of Lavery , no form corresponding to � ' -2 was det ect ed in the IR 
study .  
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Two minor transit ions intermediate between a and � · 1 were observed 

at 20. 7°C ( � • 3 ) and 22 . 6°C (� • 2 ) ,  but could not be detected by IR spectro­

scopy . The transitions appeared analogous to the � · 3 and � · 2 forms 

observed by Hagemann et al. ( 1 975 ) for monoacid TGs of cis-octadecenoic 

acids , although the � · 2 form had a similar melt ing point to Wille and 

Lut t on ' s  � · -2 form (m .p .  25 .5°C )  and t o  the 24.5°C transit ion reported 

by Landmann , Feuge and Lovegren ( 1 960 ) . The format ion of an unstable 

sub-a. form from the rapidly crystallised POS melt ( \Ville and Lutton , 1 966 ) 

may explain the discrepancy observed between the heats of crystallisat ion 

and fusion of the a form . 

( iii ) POP 

Polymorphic assignments , melt ing points and transformat ion relat­

ionships reported here (Table 3 . 7  and Fig . 3-15 ) showed general agreement 

with the literature (Lut ton and Jackson , 1 950 ; Lavery , 1 958 ; Lovegren , 

Gray and Feuge , 1 971 , 1 976 ) . The different assignments previously 

reported for the form melt ing near 27
°

C ,  i . e .  sub-� ' -2 ( m . p . 26 . 5°C ; 

Lutt on and Jackson ) and sub-� -3 ( = �M m . p .  26 . 7°C ;  Lavery ; Lovegren 

et al . ) ,  were here reconciled by the observat ion of two forms melting 
0 0 

near 27 C ,  one of which was � 2 ( sub-� -3 ) , m . p . 27 . 1  C ,  and the other 
() 

presumably � · 2 (sub-� ' -2 ) ,  m . p . 25 . 1 C .  In addition to  the main forms 
r O  a ,  � · 2 , �2 , � � 1 and � 1 , a minor transit ion was det ected at  22 . b  C .  This 

possibly corresponds with the 20. 8
°

C polymorph , � K or �L'' reported by 

Lovegren et al . ( 1 971 ) .  In contrast to POS and SOS , POP showed normal 

cryst allisat ion behaviour , no evidence be ing found for the unstable 

sub-a. form report ed by Wille and Lut t on ( 1 966 ) . 

Of the three TGs only POP has been investigat ed previously by 

dif ferent ial scanning calorimetry . Lovegren � al . ( 1 97 1 , 1 976 ) deter­

mined thermal data for a , �L ' ��1' ( = � 2 ) ,  � · -2 (= � · 1 ) and 13 ( = � 1 ) forms 

by capillary melt ing point , dilatometry and calorimetry . The melt ing 

points of all forms and the heat s of fusion of the a ,  � 2 and � · 1 forms 

showed fair agreement with the present data (Table 3 . 7 ) ,  but the heat of 

fusion reported by Lovegren for the solvent crystallised � 1 form was 

significant ly lower ( 1 33 kJ/mol versus 151  kJ/mol ) . However , the present 

value was c omparable with that det ermined by Hannewi jk et al . ( 1 964) from 

solubility data ( 157 kJ/mol ) and by Moran ( 1 963)  from differential thermal 

analysis ( 1 48  kJ/mol ) ,  although neither of the methods could be regarded 

as reliable as different ial scanning calorimetry . 

The thermograms obtained for POP by Lovegren et al . ( 1 976 ) 

differed in several respects from those shown in Figs. 3- 1 3 ,  3- 1 4  and 
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Fig.  26 in the Appendix . For example , Lovegren ' s melt ing thermograms for 
the ' quickly chilled '  melt showe d no a endotherm at heat ing rat es of 2.5  

0 0 and 5 C/m�n , but the a endotherm was readily apparent in the present 
0 study , even at 2 C/min ( Fig. 26 ) . Such di fferences are probably due t o  

the fact that Lovegren used dry i c e  as coolant for the DSC , necess itat ing 
a very low gas flow rat e t o  maintain adequate heat trans fer . In this 
work , liquid nit rogen was use d  as c oolant following the recommendat ion of 
Ladbrooke and Chapman ( 1 969) , who found liquid nitrogen necessary to  main­
tain adequat e t emperature control between ambient and 1 00° C . 

( b )  Crystallisation Behaviour 
SOS and POS showed anomalous cryst allisation behaviour which is 

possibly relat e d  to the exist ence of the unstable sub-a forms reported for 
these TGs by Wille and Lut ton ( 1 966 ) .  On cooling the melt o f  SOS at 

0 0 0 
1 6  C/min , t\.10 exotherms were observed at 1 7 . 1  C and -2 . 6  C ( Fig . 22 in 
the Appendix ) .  A possible explanat ion of this behaviour is that the 

0 
init ial , main exotherm at 1 7 . 1  C corresponded to the crystallisat ion of 
the fleet ingly stable sub-a form but on further cooling this phase trans­
form e d  irreversibly to the normal a form resulting in the second smaller 
exotherm at -2 . 6°

C . 
0 In the case of POS ( and SOS ) c ooled at 4 C/min , the second exot herm 

was absent but the main exotherm was t oo small to account for the total 
crystallisat ion o f  the a form . It therefore seems likely that this exo­
therm again represents the crystallisat ion of the unstable sub-a form , 
qut that the t ransit ion t o  the a form occurs as a long • tail ' on the exo­
therm , which accounts for the poorly defined post-peak baseline . This 
contribut ion t o  the heat change is easily overlooked so t hat the heat of 
crystallisat ion measured is not that of the a-form . No sub-a form for 
SOS , POS or POP was det ected  during the variable temperature IR study .  
However , this result would b e  expected  even i f  such forms d o  exi st because 
of the slow t hermal response of the IR c ell and the relat ively short li fe­
t ime of these forms near their crystallisat ion t emperature . 

POP di d not show anomalous crystallisation b ehaviour although 
Wille and Lut t on report e d  a sub-a form f or this TG also . Possibly the 
transformat ion of this form is so rapid that it occurs simultaneously 
with its crystallisat ion at the relat ively slow cooling rat es of the DSC 
( Wi lle and Lut t on used very rapid c ooling rat es obtained by quenching 
liquid contained in thin-wall capilliary tubes ) . 

The only other TGs t o  show similar crystallisation b ehaviour t o  
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SOS and POS were the 1 -oleoyl TGs OSS , OSP , OPS and OPP. By implicat ion , 
therefore , the ' sub-a � a '  transformat ion probably involves an 
irreversible reorientation of the oleoyl chain. 

( c )  Structural Basis for the Differences in the Polymorphism of 
2-0leoyl Triacylglycerols 
The complex polymorphism of SOS , POS and POP is a consequenc e of 

two fact ors , i . e .  the presence of both saturated and unsaturat ed chains 
and t he symmetrical posit ion of the unsaturat ed chains . The first allows 
both TCL and DCL forms to exist , while the second det ermines the tuning­
fork glycerol structure of the TCL forms . Such a st ructure permits both 
� ·  and � TCL forms in contrast to  the chair glycerol st ructure of the 
TCL forms of unsymmetrical TGs , which do not generally show � forms . 

Differenc es between the polymorphism of SOS , POS and POP may be 
partly ascribed to  the different end group structures of e quivalent 
forms . For isostruc tural TCL forms in which chain sort ing occurs , the 
homologous TGs SOS and POP should have an identical end group arrange­
ment , whereas POS , with two di fferent chains in the saturated chain 
layers , will have a different appearance in the end group region . The 
absence of a � 2-3 form for POS may therefore be the result of an unfav­
ourable end group struct ure ( SOS and POP both show a � 2-3 form ) . 

For DCL st ructures , in which the oleoyl and saturat ed chains must 
pack alongside each other , the homologous TGs SOS and POP no longer have 
an i dent ical appearance in the end group region because the chain length 
di fference between oleoyl and st earoyl is not the same as the chain length 
di fference between oleoyl and palmit oyl . Only POP shows � ·  .DCL forms , 
presumably because the end group st ruc tures of e quivalent � ·  DCL forms 
for SOS and POS are unfavourable . 

4. 1 . 5 2-Butyryl-1 ,3-distearoylglycerol 

The polymorphism of SBS was first invest igat e d  by Jackson et al . 
( 1 95 1 ) who report ed a ,  super-a and stable �-3 forms melt ing at 33 . 4 ,  
42 . 7  and 54.8

°
C respect ively . The unusual ' super-a ' form was so called 

because it showed the single spacing at 4. 1 4A characteristic  of the a 
form although its melting point was much higher than that of the normal 
a form obtained by rapid cry st allisat ion o f  the melt . The results of the 
present study are in general agreement with the data of Jackson et  al . 
(Table 3 . 7 ) ,  although unfortunat ely no IR assignment could be made for the 
phase melt ing near 40°C because of its rapid conversion to the stable 
form . In addition to the three main forms , sub-a and a2 forms were also 
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found in t he present stu dy.  Jackson et al . obt ained the sub-a form but 
0 

did not report the a.2 t ransit i on at - 29 c .  

Although SBS i s  not representat ive o f  any maj or TG t ype occurring 
in milkfat , it was selected for st udy in order to det ermine the effect 
of isomerism on the polymorphic b ehaviour of butyryl TGs .  This effect 
is most marked with respect to  t he stable forms of SBS and BSS which 
show a surprising analogy to the stable forms of the corresponding oleoyl 
TGs , SOS and OSS . The symmetrical isomers , SBS and SOS , are � -stable 
while the unsymmet rical isomers , BSS and OSS , are � ' -stable . X-ray 
short spacings and IR spectra show that the � and � ·  st earoyl chain packings 
in the stable forms of the butyryl TGs are equivalent t o  those of their 
oleoyl c ount erpart s .  The correspondenc e betwe en these stable forms is 
consist ent with the structures expect ed  from c lose packing considerat ions , 
that i s  TCL struct ures in which the butyryl or oleoyl chains are sand­
wiched b e t ween t\-10 ident ical st earoyl chain layers . Comparison of the 
four polymorphs suggests that the st earoyl chain packing is independent 
of the nat ure of the intermediat e chain layer and is primarily det ermined 
by the symmetry of  the molecule which , in turn , determines the conforma­
tion that the glyc erol group must adopt to allow chain sort ing . 

Although t he melt ing point of � SBS (54.2°C )  was higher than that 
0 

of � SOS ( 41 . 9  C ) , the molar heat of fusion was lower ( 1 44 kJ/mol for 
SBS versus 1 68 kJ/mol for SOS ) , indicat ing that the cont ribut ion t o  the 
packing made by t he oleoyl chain is great er t han that made by the but yryl 
chain. The thermal properties of � ·  BSS and OSS followe d the same 
patt ern . 

4. 1 . 6 1 -Butyryl Triacylglycerols 

Although t he triacid members of the series BSS , BSP , BPS and BPP 
were synthesised by Verkade ( 1 943 ) , only t he melt ing points of the solvent 
crystallised forms were report e d . These values showe d  good agreement 
with data for the present TGs (Table 3 . 9 ) .  No other thermal data has 
been reported for any of the four glycerides . 

As discussed in the previous sect ion on SBS , the correspondence 
between t he stable forms of analogous butyryl and oleoyl TGs is probably 
the result of common TCL struct ures in which the packing of the outer 
chain layers is i dent ical . The unsymmetrical 1 -butyryl and 1 -oleoyl TGs 
can only form a TCL structure in which chain sorting occurs if  the 
glycerol group has t he chair conformat ion . It appears t o  be a general 
rule t hat such structures have � ·  packing for the out er chain layers . 
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( Sect ion 4 . 1 . 2 ) .  In contrast , for the TCL forms of the symmet rical 2-
butyryl and 2-oleoyl TGs, chain sort ing can occur with the glyc erol group 
in the c onvent ional t uning-fork c onformat ion .  This arrangement permits 
both � '  and � chain packings , as in SOS and POS , although stable forms 
invariably show the � packing. The TCL stable forms of symmetrical TGs 
have a higher heat of fusion than the stable forms of their unsymmetrical 
counterparts ( e . g . � Hf for � SBS i s  1 44 kJ/mol versus 1 32 kJ/mol for � '  
BSS ) ,  suggesting that the overall packing of the former struct ures is 
more effic ient . 

Only one structure det erminat ion has been published of a lipid 
in which the glycerol group adopt s a chair c onformat ion , i . e .  the solvent 
crystallised form of �-glycerol 1 ,2- ( di- 1 1 -bromoundecanoat e ) -3- (£­
toluenesulphonate )  ( Wat t s ,  Pangborn and Hybl , 1 972 ) .  Thi s  unsymmetrical 
compound i s  structurally related  t o  TGs like BSS in that one of the groups 
in the primary posit ion ( i . e .  the t oluenesulphonat e or t osyl group ) has 
different spatial requirements from the remaining two acyl groups . 
Furthermore ,  if  we regard the t osyl moiety as a type of chain , then the 
crystal structure of this compound shows a chain sort ing arrangement in 

which the t osyl ' chains ' are sandwiched between two equivalent chain 
layers . The acyl chain packing is � '  ( 0� ) ,  support ing both the analogy 
with � '  BSS ( and OSS ) and the cont ent ion that the stable forms of chair 
structures are generally � ' ·  In Fig. 4-1 the chair structure of the 
model c ompound is compared with the convent ional tuning- fork arrangement 
found in the � st able form of tricaprin ( Jensen and Mabis , 1 966 ) .  

The stable forms of BSP and its oleoyl count erpart , OSP , showed 
anomalous spectroscopic , diffract ion and t hermal data compared with the 
other 1 -butyryl and 1 -oleoyl TGs . For example , both the heat s of fusion 
and melt ing point s of  the two sets of normal stable forms , BSS , BPS , BPP 
and OSS , OPS , OPP , showed a regular increase with increasing molecular 
weight , yet the stable form of BSP had a higher melt ing point but lower 
heat of fusion than that of BPS (Table 3 . 9 ) . The reverse was true for 
OSP and OPS (Table 3 . 1 1 ) . Furthermore , the differences  in heat s of fusion 
between the stable forms of corresponding 1 -oleoyl and 1 -butyryl glycerides 
were fairly uniform for XSS , XPS and XPP ( X = 0 or B ) , i . e .  1 1 , 10 and 9 
kJ/mol , but the difference for XSP ( 2 1  kJ/mol ) was approximat ely t wice 
these values.  Melting point di fferenc es followed a similar pat t ern ( i . e .  
A T  for XSS , XPS , XPP and XSP = 7 . 9 ,  8 , 3 ,  ? . 6 and 1 2 . 1 °C respect ively ) .  

IR spectra of the stable forms of BSP and OSP showed an analogous 
temperature dependence to spectra of ( sub )a forms . As t he t emperature was 
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" Chair" glyc(Zrol structur(Z 
/ f3 form of glyc(ZrOI 1 , 2 - (di -1 1 - bromo -

undecanoate) - 3 - ( Q - toluenesulphonate) 
[G D U T S] ( Watts � ,  1 972 ) 

" Tuning fork" glyc(Zrol structur(Z 
f3 form of tricaprin 

( J(Zns(Zn and Mabis , 1966) 

Fig. 4 - 1  Comparison of glycerol conformations in 
"tuning fork" ( trica prin ) and "chair" ( GDUTS ) structures . 

. / 
G DUTS is a possible model for the f3 - 3 form of 
the tr iacylglycerols OXY and BXY ( X ,Y = P or S ) 

K<Zy : 0 carbon C) oxyg<Zn � bromin<Z e sulphur 

glyc<Zrol ca rbon atoms ar<Z number<Zd 1 .  3 ( primary) and 
2 ( secondary ) hydr og<Z n atoms ar<Z not shown 
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0 - 1  lowered from 2 0  t o  -30 C ,  the 720cm band gradually change d from a 
diffuse singlet t o  a symmetrical doublet . Since the change from doublet 

t o  singlet is correlat ed with an increase in chain mot ion for ( sub )a 
( Chapman , 1 962 ) ,  it seems probable that the out er chain layers of � � 1 BSP 
and OSP have greater mot ional free dom ( e . g .  libration) than the corres­
ponding chains of � � 1 BSS et c . , for which the 720cm-1  band is a well 
resolved doublet even at room temperat ures . However other differences 
between the spectra of � � 1 BSP , OSP and � � 1 BSS , OSS et c .  would seem to 
indicate that there are further st ructural dist inct ions between the forms . 

If in fact the stable forms of  BSS ( BPP ) , BPS and BSP ( or their 
oleoyl counterparts ) were isostructural , the only difference between the 
forms would be in the methyl end group contact s . However � '  BSP is not 
isostructural with the other forms and presumably this can be related  
directly or  indirectly to  the different end group contacts in the two 
sets of TGs .  Thus , either the end group contact for a BSP form isostruc­
tural with � � 1 BSS etc . i s  unfavourable , leading to a change in the 
structure and greater freedom of the chain packing , or BSP is the only TG 
in the group which can adopt a part icularly favourable end group structure , 
albeit at the expense of a distort ion in the chain packing. In either 
case , the increase in chain mot ion of � '  BSP indicat ed by IR spectroscopy 
is t he result of some pertubat ion of the OJL subcell ( causing it to  
approach the  hexagonal form )  introduced by its  peculiar end group contac t s .  

In spite  o f  the correspondenc e between their stable forms , 
1 -but yryl and 1 -oleoyl TGs showed different polymorphic behaviour . For 
exrunple , the latter glyc erides displayed irreversible a2 transit ions , 
seemingly relat ed to  their unusual crystallisat i on. In cont rast , the 
1 -butyryl TGs , like the saturat ed glycerides of high molecular weight , 
crystallised normally ( i . e . the a freezing transition was completed  
within the relat ively narrow temperature range of the exotherm ) and showed 
no a2 transit ions on melting . Furthermore , BSS , BPS and BPP all have one 
more intermediat e form than the equivalent oleoyl TGs , although BSP and 
OSP each have two such forms . Unfortunately , the intermediat e forms of  
BSS , BSP , BPS and BPP could not be charact erised adequat ely and , there fore , 
further c omparison with their 1 - oleoyl count erparts was not possible . 

Molar heat s of fusion of the stable forms were somewhat higher 
for the 1 -oleoyl TGs than for the 1 -butyryl TGs but the reverse was true 
for the a forms ( with the except ion of  a BSS which had a lower molar heat 

of fusion than a OSS ) . Melt ing point data did not follow the same trend 
as the molar heat s of fusion and in spite of the much lower molecular 



weight of the butyryl glycerides , their a and � ·  melting points were 

uniformly higher than those of their unsaturate d  counterparts (Tables 

3 . 9  and 3 . 1 1 ) . Similar relat ionships were observed for the thermal data 

of SBS and SOS . Thus in general , for corresponding stable forms , the 

packing contribut ion made by the butyryl chain is less than t hat made 
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by the oleoyl group , i . e .  the van der \t/aals int eraction between adjacent 

butyryl chains is less than that between adjacent oleoyl chains . However , 

in the case of the a forms , the butyryl glycerides generally show slightly 

more efficient packing than the equivalent oleoyl glycerides . This may 

reflect additional strain imposed by torsional oscillation o f  chains 

containing t he bent cis-double bond compared with torsional oscillat ion 

of straight chains. 

1 -Butyryl and 1 -oleoyl TGs of  the type BXX and OXX , where 

X =  L ,  P or S const itute most of the large fract ion of milkfat whi ch 
0 

melts between 0 and 20 C (Taylor , 1 973 ; Sect ion 1 . 3 . 4 ) .  It i s  possible 

that the structural similarity between the stable forms of the two TG 

classes could allow some degree of solid misc ibility , and that this is 

responsible for the relat ively narrow melt ing range of this fract ion , a 

charact erist ic which has important implicat ions for the physical proper­

ties of milkfat (Taylor and Norris , 1 977 ) .  

4. 1 .  7 1 -Butyryl-2-elaidoyl-3-stearoylglyc erol 

In view of the close structure similarity between trans-acids and 

their saturated count erparts , it was ant icipat ed that BES and BSS would 

show similar polymorphism ( cf .  SES and SSS ) . However , the behaviour of 

BES had surprisingly few features in common with that of BSS . Thus , 

the � ·  stable form of BES was spectrally similar to the unusual � ·  form 

of BSP rather than to � ·  BSS. Furthermore , like BOS , BES had no int er­

mediate forms and showed a reversible a2 transit ion , while BSS had one 

intermediat e form and showed no a2 transit ion. The polymorphism of  BES 

has not previously been report ed. 

From close packing considerat ions , the stable form of BES should 

be a TCL structure with the elaidoyl and stearoyl chains packed together 

in the two outer layers ( cf .  BSS ) .  The rat io of elaidoyl t o  stearoyl 

chains in such layers ( 1 : 1 )  is higher than that in the layers of the DCL 

stable forms of SES and ESS ( 1  : 2 ) .  It is possible that the relat ively 

high proportion of trans-double bonds in the outer layers of  the TCL 

� ·  form of BES can only be accommodat ed in the 0� subcell if the packing 

is distort ed.  Such distortion could account for the appearance of t he 
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diffuse band at 720cm-1  in the spectrum of � '  BES (Fig. 3-1 6 ) .  The 

possibility of a perturbat ion of the � '  packing by trans-double bonds is 

given support by the observation t hat TGs containing two or t hree trans­

acids generally show no � '  forms (Minor and Lutton ,  1 953 ; Hagemann � al. �  

1 972 , 1 975 ) .  

4 . 1 . 8 1 -0leoyl Triacylglycerols 

The polymorphic behaviour of OSS , OSP , OPS and OPP is shown 

schemat ically in Fig. 3-24 together with a table indicating the equivalence 

between the polymorphic forms found in this study and those reporte d  by 

Lutt on ( 1 951 ) and Lavery ( 1 958 ) .  In general , the present phase assign­

ments and melt ing points showed good agreement with the earlier work 

although there were some differences in the respect ive transformat ion 

relat ionships . 

( a )  Solvent Crystallised Forms 

X-Ray short spac ing and melt ing point data for the stable � ·  forms 

of OSS , OSP , OPS and OPP (Tables 3 . 1 0  and 3 . 1 1 )  were in excellent agree­

ment with the corresponding data of Lutton ( 1 951 ) and Lavery ( 1 958 ) . 

Surprisingly , neither of these workers remarked on the clearly irregular 

diffract ion pattern of � · OSP (Fig. 3-1 7 ) .  The IR spectra o f � '  OSS , OPS 

and OPP (Fig. 3- 1 6 )  were essent ially ident ical to  those recorded by 

Chapman ( Chapman , 1 956 , 1 960;  Chapman , Crossley and Davies , 1 957 ) , but 

unfortunately Chaprnan did not report the spectrum of � '  OSP . 

The heat s of fusion of the solvent crystallised forms of OSS and 

OPP are about 25kJ/mol lower than the c orresponding data for SOS and POP , 

c ompared with only a 1 3  kJ/mol difference between the heats of  fusion of  

the stable forms of SBS and BSS (Tables 3. 7 , 3 . 9 and 3 . 1 1 ) . The disparity 

between the f igures for unsaturated and saturat ed TGs is at first 

surprising since corresponding oleoyl and butyryl TGs have stable forms 

of equivalent structure . One possibility is that the relat ively large 

difference in latt ice energy between the stable forms of 1 - and 2-oleoyl 

TGs is related to the known difference in the packing of the oleoyl chains 

in t he two forms (Sect ion 1 . 1 . 4) • 

. 

( b )  Int ermediat e Forms 

Previous workers reported only ( sub )a and � ' forms for the TGs OSS 

and OPP , no int ermediat e forms being observed .  In the present work , 

however , clear thermal and spectroscopic evidence was obt ained for the 

exist ence of an int ermediat e form for OPP ( � 1 2 m . p. 28. 2°C ) ,  although no 

such form was det ected for OSS . The existence of the form for only the 
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lower of  the two homologues is seemingly analogous to the occurrence of  

a � · 1 -2 form for POP but not for SOS (Section 4. 1 . 4 ) .  I f  in fact � · 2 OPP 

also has a DCL structure , then the absence of such a form for OSS may be  

the  result of  an unfavourable end group structure . 

Like OPP , OPS showed only one int ermediate form (� • 2 , m . p. 37 . 6°C ) , 

which was obtained by transformation of a or crystallisation of  the melt , 

and which transformed to  � · 1 on heat ing.  Lutton and Lavery obtained an 

equivalent form ( sub-� ' -3 ;  m . p .  37
°

C (Lut ton) , 39 .8°C ( Lavery ) ) ,  but 

this was considered to be the stable form from the melt . The discrepancy 

between the transformat ion status of � · 2 and sub-� ' -3 is probably accounte d  

for by the difficulty i n  resolving the melt ing of the � · 2 and � · 1 forms 

(Fig. 3-23 ) .  It is unlikely that the thermal methods of the earlier 

workers would have been capable of resolving the two melt ing transitions . 

The close spectral similarity of � · 2 OPS t o  � · 1 OSS , OPS and OPP suggests 

t hat the chain packing of these forms is  essent ially ident ical , at least 

with respect to the saturated chain layers . 

Two forms int ermediate in melt ing between the main a form and the 
0 solvent crystallised form were found for OSP , one melt ing at 29 . 3 C ,  

the other (� z ) at 33- 7°C .  As the quest ion mark in Table 3 . 1 1  and Figs . 

3-22 , 3-23 and 3-24 implies , the lower melt ing form c ould not be charac­

t erised by IR spectroscopy , presumably because of its transient nature . 

(Attempts to  prepare this form in the IR cell always resulted  in the 

formation of the polymorph melting at 34°C ) . Lavery ( 1 958 ) was also unable 

to assign this form although its exist enc e was clearly shown by different ial 

thermal analysis ( m . p .  30. 6°C' ) . In contrast , Lutton ( 1 951 ) did not 
0 

report any form melting near 30 C ,  which is probably a further reflect ion 

of  the form ' s  instability. 

0 
The 29 . 3 C form of OSP was obtained during thermal analysis e ither 

by transformat ion of a or by crystallisat ion of the melt at the a melt ing 

point . On subsequent heat ing , the polymorph transformed to t wo further 
0 0 

forms , one melting at 33 . 7 C and one at 35 .5 C .  Comparison with the 

results obtained by IR spectroscopy suggest ed  that these two forms were 

� t 2 and � · 1 respectively . But in the IR cell � · 2 could only be prepared 
by crystallisation of the melt at 28°C ,  while transformation of  a appar­

ently gave � · 1 directly (Fig . 3-24) . By Occam • s  razor , the � · 2 form is 

e quivalent to  the � · -2 form reported  by Lut ton · (m.p.  40. 2°
C )  and Lavery 

0 
( m . p .  37 . 2  C )  despit e  the considerable variation in melting point data 

( DSC m.p.  33. 7°
C 1  IR m . p .  35-38°C ) .  Support for the correlat ion between 
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� ·  and � · -2 forms is provide d  by the close spectral similarity between 2 
� · 2 OSP and � 1 -2 PSP (Fig. 3- 1 2 ) . However , both Lutton and Lavery 

regarded � · -2 as t he stable form from the melt in contrast t o  the present 

thermal analysis of � · 2 , which indicated t hat the form t ransformed t o  � · 1 
at its melt ing point . Perhaps , as in the case of OPS , this transformat ion 

could not be det ected by the earlier workers because of the inferior 

temperature resolution of their methods . 

( c )  Alpha Forms 

The four 1 -oleoyl glycerides displayed unusual behaviour assoc­

iated  with the crystallisation and melt ing of the a form. Thus , t he area 

of the crystallisat ion exotherm was significantly lower than the area of  

the fusion endotherms of the a forms so  produced. Of the other TGs 

studied here , only SOS and POS showed similar behaviour . Furthermore , a2 
transit ions were evident in the melt ing thermograms of a forms of 1 -oleoyl 

TGs , but unlike t he a2 transitions of other TGs ( i . e .  BOS , BOP , BBP , SBS 

and BES ) they were irreversible . 

The anomalous nature of the crystallisat ion and melt ing processes 

suggests that they are related to each other and to the structural 

features of this TG class . Both phenomena may be account ed for by 

assuming that when the 1 - oleoyl TGs crystallise they do so in the unstable 

a2 form which subsequent ly t ransforms slowly t o  a 1 .  If the transforma-

t ion of a2 to a 1 is sufficiently slow , then it will not be completed 

within the temperat ure interval of the crystallisat ion exotherm , nor will 

it be det ected as a second exothermic peak outside this int erval . 

Provided that the a2 form has not ent irely transformed to a 1 prior to  

recording the melt ing thermogram , then the thermogram will show two a 
endotherms , the lower one corresponding t o  the melt ing of the remaining 

a2 form and the upper one t o  the melt ing of the normal a1 form . Further­

more , t he area of the crystallisation exotherm ( represent ing the transi­

t ion from the melt to a2 ) will be smaller than the area of the a endo­

therms (represent ing mainly the transition from a1 to the melt ) by an 

amount which accounts for the a2 to a1 transit ion energy ( approximat ely 

1 6kJ/mol for OSS and 1 3kJ/mol for OPP ) . A similar explanation accounts 

for the crystallisation behaviour of SOS and POS but here the transform­

ation t o  the • stable ' a1 form is presumably more rapid and no a2 
transit ion is evident in the melt ing thermogram . 



4. 2 

4. 2 . 1  

Polymorphism o f  Enant iomeric Triacylglycerols 

Comparison of the Polymorphism of Corresponding Enant iomeric and 

Racemic Triacylglycerols 

( a )  Solvent Crystallised Forms 

The IR spect ra of the solvent crystallised forms of �-SSO , -PPO 

and -SSB were essent i ally ident ical with those of their racemat es 

(Fig . 3-25 ) , which suggests that the chain packings in the antipode and 

racemate are equivalent . The melting point s and heats of fusion of  the 

solvent crystallised forms of t he c orresponding enant iomeric and racemic 

TGs were also in close agreement (Table 3 . 1 3 ) , showing litt le more 

variati on than would be expected between two preparations o f  the same 

racemic TG. The present correlat ion of melt ing dat a is clearly in accord 

with results obtaine d for other enant iomeric  and racemic TGs ( e . g. Schlenk , 

1 965 ; Sect ion 1 . 1 . 6 ) .  Furthermore , the melt ing points of �-SSB and 

sn-PPO show good agreement with those report ed by Lok et al . ( 1 976 ) for 

sn-SSB and �-OPP respect ively (Table 3. 1 3 ) .  Taken together , the spectral 

and thermal data support the conclusion that the stable forms of ant ipode 

and racemate are structurally analogous . 

In contrast to  the above results ,  signi ficant differences were 

found in the corresponding X-ray diffraction pat terns of the stable forms 

of �- and �-SSO , -PPO and -SSB . However , although the individual short 

spacings of the enantiomers were much broader than those o f  the racemates 

(Fig. 3-26 ) , there appeared to  be little change in their respective 

posit ions (Table 3 . 1 2 ) .  Such variation is probably relat e d  to differences 

in crystal morphology ( e . g. differences in crystallite size , habit or 

perfection ;  Klug and Alexander , 1 954 ) , rather than to differences in 

subcell packing , because the latter would have resulted in a shift in the 

posit ions of the spacings . Consequently , both the X-ray short spacings 

and the IR spectra suggest that the chain packings of equivalent enantio­

meric and racemic stable forms are the same . These findings contrast with 

those reported by Schlenk ( 1 965 ) for rac- and �-LPP , -PPS and -POS . 

Although Schlenk made no attempt to  interpret his diffract ion data accor­

di�g t o  Lutton ' s  c lassificat ion (Table 1 . 1 ) ,  his results clearly imply 

that t he racemic TGs are �-stable while the enant iomers are � ' -stable . 

Obviously , independent confirmat ion of these results would be desirable 

and further work is required on chiral TGs belonging t o  other structural 

classes . 

The correspondence between the solvent crystalli sed forms of rac­
and sn-SSO , -PPO and -SSB .is consistent with a structure in which glyceride 
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pairs of either opposite  chirality ( racemat e )  or t he same chirality 

( ant ipode ) can be equally well accommodat ed. As discussed earlier , t he 

racemic 1 -oleoyl and 1 -butyryl TGs have a stable � · form with a TCL 

struct ure in which the oleoyl or butyryl chain layer is sandwiched between 

two i dent ical layers of palmit oyl or st earoyl chain layers ( c f .  Fig. 1 -6 ) . 

From symmet ry considerat ions and by analogy with t he molecular packing of  

�-glycerol 1 , 2- ( di-1 1 -bromoundecanoate ) -3- (£-t oluenesulphonate )  

(Pangborn , 1 973) , each half o f  the triple chain structure o f  t he � ·  form 

of the racemic TG contains glycerol groups of t he same chirality , but t he 

chirality of  t he two ' halves ' is opposit e .  Enantiomeric TGs should f i t  

rather easily int o this type o f  struct ure because the two ' halves ' are 

relat ively independent with respect t o  the glycerol groups . Thus , no 

major structural modificat ion is necessary to  accommodate ant ipodes in t he 

same packing arrangement as the racemic TGs and it would therefore be 

expected that the two t ypes of crystal would have similar physical 

propert ies.  

( b )  Unstable Forms 

Thermal data for the other polymorphs showed the same equivalence 

between racemate and ant ipode as the data for the solvent crystallised 

forms (Table 3 . 1 3 ) .  Thus , with the possible except ion of the � · 2 form 

of �-PPO , every polymorph of the racemic TGs had a corresponding ant i­

pode form of approximat ely the same melt ing point . Furthermore , although 

the a forms of  sn-SSO and -PPO transf ormed t oo rapidly for an accurate 

determinat ion of their heat of fusion to  be made , the heats of  fusion of  

the a forms of rac- and sn-SSB were in close agreement ( 77 . 3  and 77 . 7 
kJ/mol respect ively ; Table 3. 1 3 ) .  Since all t he a forms presumably have 

TCL structures , the correlat ion of melt ing dat a  for the a forms of racemat e 

and ant ipode v1ould be expect ed on the same basis as that of t he solvent 

crystallised forms . 

The one major differenc e between the polymorphic behaviour of 

racemic  and enant iomeric TGs was t hat the a forms of the enant iomers 

t ransformed more rapidly than the a forms of t heir racemic c ount erparts . 

( A? a consequence of t he high scan rate required to  follow the transform­

at ion of t he a form of sn-PPO ( 32
°

C/min ) ,  the 13 ' 2 and � · 1 melting 

transit ions that occur in rac-PPO would not be resolved for sn-PPO even 

if the 13 ' 2 form does exist . )  In view of the sim ilarity in thermal 

properties of  the a and � · forms of rac- and �-SSO , -PPO and -SSB , the 

difference in the stab ility of the a forms of racemat e and ant ipode is 

part icularly surprisin�. There seems no reasonable hope of account ing for 



this unusual variat ion without a detailed knowledge of the crystal 
structures of the a. and 13 '  forms and t he c onformat ional changes involved 

in the transit ion between these two forms. 

( c )  Summary 
On the basis of the present work , there is little difference 

betv1een the physical propert ies of rac emic and enant iomeric TGs although 
it i s  not known how widely this generalisat ion holds . The di fferences 
observed in the relat ive stability of  the � forms are probably not 
relevant t o  the melting and solidification of fat s , because disorder in 
the end group region appears to be t he dominant factor c ontrolling their 
polymorphic transformation ( Sect ion 1 . 3 . 2 ) .  In view of the probable 
structural similarity between the c orresponding polymorphic forms of 
enant iomeric and racemic TGs , the phase behaviour of a racemic TG mixture 
should be lit t le altered by substi tut ion with one or more enant iomeric 
TGs . In other words , the results suggest that the optical isomerism 
of fats such as milkfat has only a small influence on their t hermal 
b ehaviour. 

4. 3  Conclusion 

The present study involved the synthesis of a nwnber of TGs 
representat ive of the structural classes of milkfat and the charact erisa­

t i on of their phase behaviour . Principal among the TGs were the 1 -butyryl 
and 1 -butyryl-2-oleoyl glycerides , whose polymorphism had not been studied 
prev iously . In addition several TGs containing oleic , palmit ic and 
stearic aci ds , \vhich had been examined eu.rlier , were reinvest igated. 
Finally , the polymorphic behuviour o f  t v10 classes of enant iomeric TGs 
was det ermined here for the first t ime and compared with the behaviour 
of their racemat es . 

This work provides a useful c ompilat ion of spectral and thermal 
data for the polymorphic forms of TGs prepared from butyric , oleic , 
palmitic and stearic aci ds . Hithert o , reliable heats of fusion have only 
been det ermined for the stable forms of monoacid TGs , so t he present data 
fill a considerable gap in our knowle dge of these important c ompounds . 
Such data is  essent ial for the thermochemical calculations of  solubility 
and the phase boundaries of multicomponent systems. 

Because of the wide variety of TGs examined , the investigat ion 
provided an opportunity for the study of phase behaviour in relat ion t o  

molecular c onst itut ion and structure . Thus , on the basis of similarit ies 
between the polymorphic forms of structurally related TGs , it  was found 



that : -

1 )  corresponding butyryl and oleoyl TGs have analogous stable forms 

( e . g . BSP , OPS ) 
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2 )  for TGs in which one fatty acid was very different from the other two 

( e . g. BSS , SBS , OOS ) , the posit ion of the unusual acid determined the 

chair packing of the stable form ; if the acid was in a primary 

posit ion , t he TG was (3 ' -stable (BSS , OSS , OOS ) while i f  it was in the 

secondary position , the TG was (3 -stable ( S OS , SBS ) . 

However , in terms of our understanding of TG polymorphism , the present 

survey represents a consoli dat ion of experimental data rather than an 

explanation of the underlying structural principles . Further crystal 

structure determinat ions , part icularly of TCL forms , are required to bring 

our knowledge of  t he polymorphic behaviour of mixed TGs to  the level of 

understanding which exist s for monoacid  TGs . 

Studies on the polymorphism of individual TGs are prerequisites 

for an explanat ion of the melt ing and solidificat ion of fats .  However , 

although the polymorphism of  the major TG classes in milkfat has now been 

characterised , ext ensive invest igat ions will be required before the 

propert ies of t he components can be convincingly related to those of their 

composite . 



APPENDIX 

Representat ive spectral and thermal data for the polymorphic 
forms of the individual TGs are presented on t he following pages.  
Unfortunat ely , the  IR spectra for BPS were unsuitable for reproduct ion 
and are not therefore included in this compilation. 

1 � 



Table 1 :  Meltin5 Points of the Stable Forms of  Triacll�llcerols 

Helting Point/cb 0 

a 
Melt ing Point/ C 

TG Form TG Form 
HSl'\ DSC Lit . HSM DSC Lit .  

sss 13 7 1 -5-72 . 5  72 . 8  73- 51 SOS 13 41 . 0-42 . 0  41 . 9  44. 3
8 

PSS 13 64. 0-64.5 64.5 65 . 2 2 POS 13 36 . 0-36 .5 36 . 0  37 - 38 

PPS 13 62 . 0-63. 0 62 . 2  62 . 7  2 POP � 35 . 0-36 .5 36 . 1  38 . 38 

PPP � 66.0-66 . 4  66 .2 66 . 4 1 

SBS � 54. 0-54.5 54. 2 54. 89 

SPS 13 I d 68 . 6 69 . o3 

13 68. 0-68 . 4  67 . 6  68 .53 BSS 13 I 49. 5-5 1 . 0  51 . 6  

PSP f3 I 68 . 0-69 . 0  67 . 7  68 .7  4 BSP f3 I 49 . 0-49 .5 50. 0  49.5-50. 0  

f3 . 64. 6 65 . 5  4 BPS f3 1 47 . 0-48 . 0  48 . 3  47. 5-48 . 0  

SES 13 59 .5-60.5 60. 9 59.55 BPP 13 1 42 .5-43 . 5  43. 1  

ESS � 59. 0-60. 0 59. 4 BES f3 1  31 . 4  

oos � � c 25 - 3  24.5  6 oss f3 '  41 . 0-43. 0 43- 7  43 . 5
8 

OOP f3 1 c 1 9 . 7  1 9 -5 6 OSP f3 I 37 . 0-39 . 0  37 - 9  39. 8
8 

OPS 13 '  40. 0-41 .0  40. 0  40. 28 

BOS f3 1 c 20. 3 OPP f3 ' 32 .0-35 .0 35 -5  35 . 28 

BOP 13 1 c 1 3 . 9  

sn-SSB (3 1 50. 0-5 1 . 0 51 . 8  491 1  

BBP c 1 2 . 97 sn-SSO (3 '  45 . 5-46 . 0  45 . 4  a 

sn-PPO 13 I 36 .5-37 . 0 36 . 8 371 1  

Not es : 

a solvent crystallised form , assignment by X-ray diffract ion or IR 
spectroscopy 

1 0  

1 0  

b HSM , hot stage microscope ; DSC , different ial scanning calorimeter ; 
Lit . , literature melt ing points 

c stable form by transformat ion 

d - ,  not det ermined 

References : 

1 Lut t on and Fehl ( 1 970 ) 7 Jackson and Lut ton ( 1 952 ) 

2 Lut t on ,  Jackson and Quimby ( 1 948 ) 8 Lutton ( 1 951 ) 
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3 Hugenberg and Lutton ( 1 963 ) 9 Jackson , Wille and Lutton ( 1 95 1 ) 

4 Lutt on. and Hugenberg ( 1 960) 1 0  Verkade ( 1 943 ) 

5 Minor and Lutton ( 1 953 ) ll Lok , Ward and van Dorp ( 1 976 ) 

6 Lutt on ( 1 966 ) 



Table 2 :  Some Common Bands in the Infrared Spectra of Related Stable Forms 

TG Form C .M .
a 

SES} � ESS 

SOS} 
POS � 
POP 

SBS � 

2 

3 

3 

� spec ific bandb 

BOP} � I 
BOS 

OOP} � I 
oos 
BSS} 
BPS � I 
BPP 

oss1 
OPSc 13 '  
OPP 

BSP} 
BES !3 1 d 

OSP 
� '  spec ific 

3 

3 

3 

3 

3 

bandsb 

Characteristic Band Posit ions/cm-1 

688 (cis ) 

890 

890 

800 875 890 905 

- 890 

835 880 

820 835 880 900 920 

860 880 890 

860 

870 925 

- 835 - 925 

960 ( � )  990 1 015  1 035 

955 985 1 01 5  1 035 

960 990 1 01 5  1 040 

940 980 1 01 5  

940 960 980 

940 965 

940 

980 

- 950 - 975 

1 035 

1 030 

1 030 

1 080 

1 045 

1 060 

1 055 

1 o65 

1 060 

1 055 

1 060 

1 060 

1 1 1 0 

a C .M . ,  chain mult iplicit y :  2 for a double chain length structure and 3 for a triple chain 
length structure 

b bands specific for the � and 13 '  forms of monoacid saturat ed triacylglycerols ( de Ruig , 1 971 ; 
Table 1 .5 )  

c � 1 2 form o f  OPS , � · 1 form o f  OSS and OPP 
d any two spe ctra showed closer agreemen� than the t hree spectra t ogether 

-' 
+ f\) 



TG Form 

SOS} 
POP 13 2 

SOS} 
POS 13 I 

PSP 
POP 13 J 2 
OPS 13 1 2 

Table 3: Some Common Bands in the Infrared Spectra 
of Relat ed 13 and @ 1 Forms 

C .H .a Charact erist ic Band Positions/cm - 1  

3 845 920 960 980 1 020 1 040 

3 91 0 950 960 1 005 1 025 1 055 
1 090 

2 780 830 840 870 880 920 930 950 980 1 01 0  1 035 

� · } 
13 '  specific bandsb - 835 -925 -950 -975 

a C .M . ,  chain multiplicity 

1 43 

1 060 

1 065 
1 1 1 0  

1 055 

b bands specific for the l3 1  form of monoacid saturat ed triacylglycerols 
( de Rui g ,  1 971 ; Tabl e 1 .5 )  
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transformat ion0of a ;  transformat ion of � · pregared  by crystallisat ion o f  
the melt a t  51 C for 30 min (all  recorded at 4 C/min ) . 

lSJ 
m 



I I I ' I 

PPS 

3 0 0  
0: 

ex 
.. 2 S: 0  

I Q() 
' 

I ::<:: 

�t  2 0 0  
·>-> ·rl o E CiJ $..; P-. a.>  ex m .s:: I S: 0 0 +'  0 
+> ""d  d ,� a.> r'=5  ::r: 
+' 1 0 0 s:: Q) $..; cU P.. P.. S: 0  �. 

I ' I ' I I I I I 
ISJ ISJ ISJ ISJ 
:r lt1 lD t-

0 
T e r.tpero.t ure/ C 

Fig. 3 :  Thermal b ehaviour of PPS . 
0 

(From t op to bot t om )  melt ing o f � from solvent ( 4  C/m in ) ; c ry s t allisat i on n n o 
of a: ( 4  C/min ) ;  melt ing of a: at 4 C/min ;  t rans f ormat i on o f  a: at 1 C/min ; 
t rans f ormat i on o f  � '  prepare d  by cryst al li sat i on of t h e  melt at 48 ° C  for n 
30 min (2  C/r.tin ) . 

I 
ISI 
m 



ppp 

2SB . H  

""" 
I 21:"'1B . H LJ 

� 
I � 

�i +-> I �B . B  · rl  u E m r-. P-. <1>  oj ..C: 0 +' 
ex: 

0 +> "Cl r0 S <1> - 1 1:"'10 . 3 
::G 
+-> � Q) f-. ex: 
� �� . H  p.. p_, -� 

B . 3 

I 

{3 2  

I I I I I rsJ rsJ !SJ !SJ !SJ 
fTl :T l/1 lD r-

() 
Temperat ure/ C 

Fig. 4 :  Thermal behavi our o f  PPP . 
(From t op t o  bot tom ) melt ing of � from solvent ; crystallisat ion of a ;  
t ransformat i on o f  a ;  t rans format ion of � ·  prepared by crystallisat i on o f  
t h e  melt a t  47°C for 7 - 5 m i n  ( re c orded a t  4 ,  L1- , 4 and 8°C/min respect ively ) . 



.,-
I lD 

.,-I� 

� i ·.-i 0 E :1.1 f.< p.. ClJ r:l ..C:  0 +'  0 
4J '0 

� 8  ::::: 
+' � ClJ f.< ci p, p, < 

2�H . H  

2H� . H  

I �H . H  

l im . H  

�H . H  

H . H  

tsJ :r 

SPS 

0: 

0: 

lSl L1 

Fig. 5 :  Thermal behavi our of SPS . 

lSl LD 
0 Temperature/ C 

13 

ISJ 
r-

(From t op to bottom ) melt ing of  � from solvent ; cryst allisat ion o f  a ;  
transformat ion of  a ;  r�elt ing of  p ' f rom solvent ( all rec orde d at 4° C/min ) . 

lSl rn 



� 
I !::>0 

� 
I :.::: 

�t  
· rl  
u £: m s.. P. <ll cd ..G  

0 �  
0 � '"d  m � <IJ � ::r:l 

� ,::::: 
(!) 1-< t;l P. P. � 

I V!iii . B  

B� . B  

6B . H  

LfE . � 
2kJ . �  

B . la  

I I 

PSP 

ex 

0: 

I I 
I 

f3 

1 49 
I I 

�1 4-�-+����4-�l-:��� 4-�l �+-�-+1 �+-�� 
� � � � � � 
� T � � � m 

n Temperat ure/ C 

Fig. 6 :  'rhermal behaviour of PSP . (From t op t o  bot t om )  melt ing of P '  from solve nt ; melt ing of p from 
solvent ; crystallisat ion of a and 13 1 ;  tro.nsformat ion of a. from the shock­
c ooled melt ( recorded at 4 ,  4 ,  4 and 1 6

°
C�nin respect ively ) . 



...-
I o:J 

...-

' ::G  

� i  +> ·rl u E 
res H 
P.. O.J 
res .>:: 

0 +'  
0 +> 'd  res r.:: O.J r.Ll ::r:: 

+' r.:: O.J H res p.. Pi ·::: 

1 �12 . B  

8� . �  

6H . H  

'1B . H  

20 . t'!  

B . H  

S E S  

ex 

lSl 
:r 

Fig. 7 :  Thermal behavi our of SES . 

ISJ 
Ll1 

() Temperat ure/ C 

ISJ 
Lrl 

• 

(From t op t o  bot t om )  melt ing of (:3 from solvent , crystallisat ion of a. ,  
trans format ion of()a. ;  t ransforma t i on of � ·  prepared by c rxstallisat ion 
of the melt at 42 C for 20 min ( recorded at 4 ,  4 ,  4 and 8 C/min respe c­
t ively ) . 

1 50 
I I 



melt 

oc 
27"C 

• 
44"( 

1500 
I I 

1000 

Fig. 8 I R Spectra of SES 

151 

600cm-1 



�+2 i 
"'-.. QJ E 
-1-' H 
ro QJ P::: .£: 

+' :..-; 0 0 "0 
rl s::: �� f T� 
-P 
C"ii .s 

I H . H  

B . fl  

E . kl  

4 .  H j 
2 . fl  

H . H  

ES S 

ex � 

[SJ 
:r 

Fig. 9 :  Thertnal behav iour of ESS . 

lSl 
Lf1 

Cl Temperat ure/ C 

tSl 
LD 

1 52 

(From t op to bot t om )  melt ing o f  � from solvent ; crystallisat ion of a. ;  
t ransformat ion0o f  a. ;  t ransformation of � ·  pregared by c rystallisat ion o f  
the melt at 4 1  C f o r  1 5  min ( al l  recorded a t  L1- C/min ) . 
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