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Abstract 1,3-Dipalmitoyl-2-oleoyl-sn-glycerol (POP)

and 1,2-dioleoyl-3-palmitoyl-rac-glycerol (OOP) are

two major molecular species that account for roughly

half of the total triacylglycerols in palm oil. The

binary phase behavior of a POP/OOP mixture plays

an important role in the crystallization of palm oil.

We conducted thermodynamic and kinetic studies of

OOP and its mixtures with POP using differential

scanning calorimetry and X-ray diffraction with a

conventional generator and synchrotron radiation. We

found that OOP has two polymorphs, a as a meta-

stable form and b¢ as the most stable form, and that

the two forms are stacked in a triple-chain-length

structure. The POP/OOP mixtures exhibited immis-

cible eutectic natures in both their metastable and

their most stable states, in contrast to POP/1,2-di-

palmitoyl-3-oleoyl-rac-glycerol and POP/1,3-dioleoyl-

2-palmitoyl-sn-glycerol mixtures, in which molecular

compounds of a double-chain-length structure were

formed. A time-resolved synchrotron radiation X-ray

diffraction study undertaken during the cooling and

heating processes indicated that the a and b¢ forms of

the POP and OOP fractions crystallized and melted in

separate manners, and that crystallization of the b¢
form and the polymorphic transformation from a to b¢
of POP and OOP are promoted in the presence of

another component. The absence of molecular com-

pound crystals in the binary mixtures of POP/OOP is

explained by taking into account the molecular

interactions of acyl chain packing, glycerol confor-

mation, and methyl end stacking, among which glyc-

erol conformation appeared to be most influential.
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Introduction

The natural fats present in biotissues and food mate-

rials are mixtures of different types of triacylglycerols

(TAGs) [1]. The physical properties of fats are

strongly determined by the polymorphic behavior and

intersolubility of the major component TAGs, as evi-

denced in milk fats [2]. A physical analysis of real fat

systems usually starts with understanding the proper-

ties of the individual component TAG molecules and

subsequently progresses to their mixture systems; the

latter of which typically begins with studying the bin-

ary systems of the major component TAGs. Various

phase diagrams of binary mixtures of TAGs have been
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reviewed [3–5], but much still remains to be clarified.

Few studies have been done on binary mixtures of

symmetric and asymmetric mixed-acid TAGs in

particular, which are abundantly present in natural

fats and oils.

Three typical phases can occur in the phase

behavior of binary mixtures: the solid solution phase,

the eutectic phase, and molecular compound forma-

tion. The formation of a molecular compound has

been observed in some binary systems of symmetric

saturated–unsaturated mixed-acid TAGs, such as 1,

3-distearoyl-2-oleoyl-sn-glycerol (SOS)/1,3-dioleoyl-2-

stearoyl-sn-glycerol (OSO) [6] and 1,3-dipalmitoyl-3

-oleoyl-sn-glycerol (POP)/1,3-dioleoyl-2-palmitoyl-sn-

glycerol (OPO) [3, 7]. Molecular compound forma-

tions have also been observed in some binary

mixtures between symmetric and asymmetric satu-

rated–unsaturated mixed-acid TAGs, such as SOS/1,2-

distearoyl-3-oleoyl-rac-glycerol (SSO) [8, 9] and POP/

1,2-dipalmitoyl-3-oleoyl-rac-glycerol (PPO) [10]. The

molecular compound in each mixture was formed at a

1:1 concentration ratio, indicating specific molecular

interactions through the acyl chain moieties. Inter-

estingly, the chain-length structure converted from

triple (for the component TAGs of POP, OPO, PPO,

SOS, OSO, and SSO) to double (a molecular com-

pound). It is understood that specific interactions may

differ between oleoyl chains and saturated acid chains,

causing formation of a molecular compound with a

double-chain-length structure. It would be interesting

to examine a mixture of POP and 1,2-dioleoyl-3-

palmitoyl-rac-glycerol (OOP), which together account

for roughly half of the total TAGs in palm oil to

confirm this.

Moran [3] described the formation of a molecular

compound in a POP/OOP mixture, but the details were

unclear. We examined the phase behavior of binary

mixtures of POP and OOP in metastable and stable

conditions in the present study using differential

scanning calorimetry (DSC) and synchrotron radiation

X-ray diffraction (XRD) methods. In contrast to the

POP/OPO and POP/PPO mixtures, no molecular

compound was revealed under any conditions. This

indicates that formation of a molecular compound may

occur not only through molecular interactions between

the fatty acid chains but also through interactions of

the glycerol groups.

Clarifying the phase behavior of mixtures of POP

and OOP has practical importance for dry fraction-

ation of palm oil [11]. Furthermore, a POP/OOP bin-

ary mixture may play an important role in the

formation of granular crystals in margarine that con-

tains palm oil based solid fats [12, 13].

Experimental Procedures

POP and OOP were purchased from Sigma Chemical

Co. (St. Louis, MO, USA) at 99% purity and were used

without further purification. Binary mixtures of POP

and OOP were prepared by mixing the weighed sam-

ples at room temperature, melting them above 50 �C,

mixing using a vortex mixer, rapidly cooling to 0 �C,

and then tempering at different temperatures. Ther-

modynamic equilibration to obtain the most stable

forms was performed by incubating the crystallized

mixture samples at 12 �C for 3 months.

The transformation and melting behavior of the

mixtures were measured by DSC (DSC-8240 and DSC-

8230, Rigaku Co., Tokyo, Japan) at a rate of 2 and

5 �C/min. The crystal forms in the most stable states

were measured by powder XRD (RINT-TTR, Rigaku

Co., Tokyo, Japan, k = 0.154 nm) using a rotator-an-

ode X-ray beam generator. Synchrotron radiation

XRD (SR-XRD, k = 0.150 nm) was used to observe

the kinetic processes of crystallization and melting in

the metastable states using two beam lines, BL-9C and

BL-15A, at the synchrotron radiation facility (Photon

Factory, PF) at the National Laboratory for High-En-

ergy Physics in Tsukuba, Japan. The PF operates at

2.5 GeV. The XRD spectra were recorded every 10

and 30 s with two gas-filled one-dimensional position-

sensitive proportional counters Rigaku Co., Tokyo,

Japan) that were placed for the small-angle region (512

channels over a total length of 200 mm) and for the

wide-angle region (512 channels over a total length of

100 mm). The camera lengths, the distance between

the samples and the detectors, were 1,100 mm (small

angle) and 280 mm (wide angle). The temperatures of

the samples were changed with a Mettler DSC-FP84

(Columbus, USA) for the slow cooling rate (5 �C/min)

and with a Linkam LK-600PM (Cambridge, UK) for

the rapid cooling rate (100 �C/min).

Results and Discussion

Phase Behavior in the Most Stable States

Figure 1a depicts DSC heating thermograms obtained

at a rate of 2 �C/min for the most stable forms of the

POP/OOP mixtures at various concentration ratios.

The onset, offset, and peak top temperatures, which

were used to construct the phase diagram shown in

Fig. 1b, were defined as indicated in the inset in Fig. 1a.

Single endothermic peaks were observed for pure OOP

and POP, corresponding to melting of the b¢ form of

OOP and the b form of POP. A single endothermic
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peak of OOP appeared in the mixtures of POP/OOP at

10:90 and 20:80 concentration ratios. The small, new

endothermic peak indicated by an arrow was detectable

in the mixture of POP/OOP at 30:70 concentration ra-

tio, and increased in temperature with increasing con-

centration of POP. Therefore, this peak was due to the

melting of the b form of POP. The melting peaks of the

OOP fractions were not detectable in the mixtures

containing OOP concentrations of 20 and 10%. We

used the melting points in Fig. 1a to construct the phase

diagram of the POP and OOP binary mixture in Fig. 1b,

which reveals the eutectic nature. The minor compo-

nents were solubilized into the major components at

concentrations of POP and OOP lower than 20%.

Figure 2 presents XRD patterns of the most stable

forms of POP/OOP binary mixtures obtained using

the rotator-anode X-ray beam generator. The small-

angle diffraction patterns of 3.04 nm (POP) and

3.27 nm (OOP) correspond to the (002) reflection of

the long-spacing values of 6.08 and 6.54 nm of a triple-

chain-length structure. Pure OOP exhibited distinct

diffraction peaks in wide-angle X-ray scattering

(WAXS) patterns of 2h = 22.5� and 20.5�, revealing

the presence of lattice spacing of 0.40 and 0.43 nm.

These patterns are characteristic of an orthorhombic

perpendicular (O^) subcell structure, and thus the

most stable polymorphic form of OOP was the b¢
form. This result is consistent with that of the previous

study [13]. Pure POP exhibited WAXS patterns of the

b form, as reported in a previous study [14].

Mixing the two samples produced no new long-

spacing peak in any of the ratios of POP/OOP exam-

ined. This contrasts with the XRD patterns obtained for

mixtures of POP/OPO [7] and POP/PPO [10], in both of

which new long-spacing patterns corresponding to the

formation of the molecular compounds appeared and

increased in intensity compared with those of the com-

ponent TAGs when the concentration ratios of POP/

OPO or POP/PPO approached 1:1. The short-spacing

pattern exhibited a strong peak of 0.46 nm in the mix-

tures with POP concentrations over 50%, including

100% POP, which corresponds to a triclinic parallel (Ti)

subcell, indicating the occurrence of the b form of POP.

The XRD patterns of the mixtures with POP concen-

trations of 80 and 90% were very similar to those of pure

POP. The XRD patterns below a 50% POP concen-

tration were very similar to those of the b¢ polymorph of

OOP. The corresponding XRD patterns of POP are not

detectable in Fig. 2, despite the presence of the DSC

melting peaks of POP in the mixtures of POP/OO-

P at 30:70 and 40:60 concentration ratios. One reason

for the difference is that DSC is a dynamic technique, so

the b form of POP observed could have been formed

during the DSC experiment. In contrast, the XRD pat-

tern shown in Fig. 2 was taken at equilibrium.

We constructed the phase diagram in Fig. 1b to

illustrate the coexistence of the b¢ form of OOP and

the b form of POP, based on the DSC and XRD

experiments.

Phase Behavior in Metastable States

Figure 3a illustrates the occurrence of metastable forms

in the POP/OOP mixtures and presents DSC heating

thermograms obtained at a heating rate of 5 �C/min

soon after cooling the mixture samples from 40 to

–30 �C at a rate of 5 �C/min. Figure 3b summarizes the

kinetic phase behavior of the metastable forms using

Fig. 1 a Differential scanning
calorimetry (DSC) heating
thermograms of 1,3-
dipalmitoyl-3-oleoyl-sn-
glycerol (POP)/1,2-dioleoyl-
3-palmitoyl-rac-glycerol
(OOP) mixtures in the most
stable states. b Phase
diagrams based on melting
profiles with onset
(diamonds), peak top
(squares), and offset
(triangles) temperatures
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the DSC results provided in Fig. 3a and data from time-

resolved SR-XRD experiments. Figure 4 presents the

SR-XRD patterns of pure OOP and POP. The SR-

XRD patterns of typical POP/OOP mixtures are de-

picted in Figs. 5, 6, and 7.

As indicated in Fig. 3a, the DSC heating thermo-

gram of pure OOP exhibited a broad exothermic peak

around –15 �C (indicated by arrow 1) and a sharp

endothermic peak at 20 �C. Similar DSC patterns were

observed in mixtures with OOP concentrations up to

20%. Figure 4a presents the SR-XRD patterns of OOP

obtained during cooling and heating processes between

30 and –30 �C at a rate of 5 �C/min. Isothermal treat-

ment was performed at –30 �C for 5 min before heat-

ing. An a form with a long-spacing value of 5.7 nm and

a short-spacing value of 0.42 nm appeared during the

cooling process. The a form then transformed to a b¢
form with a long-spacing value of 6.4 nm and short-

spacing values of 0.45, 0.43, and 0.40 nm upon heating;

further heating caused melting of the b¢ form around

22 �C. These results are basically consistent with those

of the previous study [13]. The transformation from a
to b¢ occurred over a wide range of temperatures be-

tween –15 and 10 �C, as revealed in the variation of the

long- and short-spacing patterns in Fig. 4a. This result

corresponded well with the broad exothermic peak of

DSC indicated by arrow 1 in Fig. 3a.

As shown in Fig. 3a, the DSC heating thermogram

of pure POP exhibited a sharp endothermic peak

followed by a sharp exothermic peak around 14–

16 �C, a large endothermic peak at 25 �C, and a small

endothermic peak at 32 �C. The SR-XRD patterns

(Fig. 4b) obtained during the cooling and heating

processes between 40 and –30 �C at a rate of 5 �C/min

revealed that an a form with long- and short-spacing

values of 4.7 and 0.42 nm was produced by cooling

and that melt-mediated a fi c transformation oc-

curred around 14 �C. This transformation was re-

vealed in the SR-XRD patterns as the disappearance

Fig. 2 X-ray diffraction (XRD) patterns of the most stable states
of the POP/OOP mixtures crystallized at 12 �C for 3 months.
The long-spacing and the short-spacing values are in nanometers

Fig. 3 a DSC heating
thermograms (5 �C/min) and
b kinetic phase behavior of
POP/OOP mixtures. Melting
points of aOOP (filled circles),
b¢OOP (filled diamonds), aPOP

(open diamonds), b¢POP

(triangles), and cPOP (open
circles)
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of the long- and short-spacing patterns of the a form

at 14 �C, which was soon followed by a long-spacing

pattern of 3.4 nm (002 reflection) and short-spacing

values of 0.48 and 0.39 nm. These XRD patterns are

characteristic of the c form of POP in a triple-chain-

length structure [14]. Further heating caused the

XRD patterns of the c form to disappear around

27 �C and the gradual appearance of the b¢ form with

a short-spacing pattern of 0.43 nm in the double-

chain-length structure [14], which then disappeared at

around 30 �C owing to melting. Although there were

subtle discrepancies in the melting temperatures,

there was good agreement between the results ob-

tained by DSC and SR-XRD for the basic features of

crystallization and transformation of POP.

We confirmed that the SR-XRD patterns of the

mixtures of POP/OOP at 10:90 and 20:80 concentration

ratios and those of mixtures of POP/OOP at 80:20 and

90:10 concentration ratios were basically the same as

those of pure OOP and POP (result not shown). This

indicates that the fractions of POP and OOP in the

former and latter mixtures are solubilized in the crys-

tals of OOP and POP.

Concurrent crystallization of the OOP and POP

fractions was clearly observed in the mixtures of POP/

OOP at 30:70, 40:60, 50:50, and 60:40 concentration

ratios. Peculiar properties commonly observed in the

DSC results of the four mixtures included exothermic

peaks around 10–13 �C and broad endothermic peaks

around 15–28 �C. For example, the heating thermo-

Fig. 4 Synchrotron radiation
XRD patterns of
crystallization,
transformation, and melting
of metastable forms of a OOP
and b POP, obtained during
cooling and heating processes
at a rate of 5 �C/min

Fig. 5 Synchrotron radiation
XRD patterns of
crystallization,
transformation, and melting
of metastable forms of the
mixtures of a POP/OOP at
30:70 concentration ratio and
b POP/1,3-dioleoyl-2-
palmitoyl-sn-glycerol (OPO)
at 60:40 concentration ratio,
obtained during cooling and
heating processes at a rate of
5 �C/min
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grams for the mixture of POP/OOP at 30:70 concen-

tration ratio revealed a small exothermic peak at

10 �C, as indicated by arrow 2 in Fig. 3a. The same

peaks were observed in the mixtures of POP/OOP at

40:60, 50:50, and 60:40 concentration ratios. The SR-

XRD experiments proved that these peaks correspond

to the solid-state transformation from a to b¢ of the

POP fraction that was crystallized separately from the

OOP fractions, and that the broad endothermic peaks

around 15–28 �C were due to superposition of the

melting of the b¢ form of the POP and OOP fractions.

Furthermore, the SR-XRD experiments clarified that

the crystallization and polymorphic transformation of

the OOP fractions differed significantly from those

observed in pure OOP and the mixtures with POP

concentrations of 10 and 20%.

Figure 5a presents the SR-XRD patterns of the

mixture of POP/OOP at 30:70 concentration ratio

obtained by cooling and heating between 30 and –

30 �C when isothermal treatment was performed for

Fig. 6 Synchrotron radiation
XRD patterns of a POP/OOP
mixture at 60:40
concentration ratio obtained
during heating at a rate of
5 �C/min after quenching
from 40 to –30 �C at a rate of
100 �C/min

Fig. 7 Structure models close
to the glycerol groups of
a principal triacylglycerols
whose atomic-level crystal
structures were analyzed and
b possible structures of
molecular compound crystals.
CCC tricaproylglycerol, PPM
1,2-dipalmitoyl-3-myristoyl-
sn-glycerol, CLC 1,3-
dicaproyl-sn-2-
lauroylglycerol, PP2 1,2-
dipalmitoyl-3-acetyl-sn-
glycerol
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5 min before heating. The small-angle X-ray scat-

tering (SAXS) patterns clearly indicated separate

crystallization and transformation of the POP and

OOP fractions, whereas the WAXS patterns repre-

senting the subcell structures of the a and b¢ forms

did not differ between POP and OOP. The a form of

POP with a long spacing of 4.7 nm and a short

spacing of 0.42 nm crystallized first, around 5 �C

during the cooling process. Subsequently, the a form

of OOP with long spacings of 5.7 nm (001 reflection)

and 2.85 nm (002 reflection) crystallized at –10 �C.

Further cooling caused crystallization of the b¢ form

of OOP with long spacings of 6.4 nm (001 reflection)

and 3.2 nm (002 reflection) at –14 �C. This pattern

continued to occur throughout the cooling and

heating processes. The a form of OOP transformed

to the b¢ form at –10 �C during the heating process,

as revealed by the disappearance of the XRD pat-

terns of 5.7 and 2.85 nm (see arrow 1 in Fig. 5a). The

a form of the POP fraction transformed to the b¢
form around 8 �C, as indicated by arrow 2. The

SAXS peak of 4.7 nm and the WAXS peak of

0.42 nm disappeared at this temperature and the

SAXS peaks of 6.4 and 3.2 nm increased in intensity,

indicating that the b¢ form of POP thus transformed

from the a form was a triple-chain-length structure.

At the same time, the WAXS patterns of 0.45, 0.43,

and 0.40 nm appeared at the expense of the peak of

0.42 nm. Therefore, the b¢ forms of the OOP and

POP fractions were present above 8 �C, with both

melting around 24–27 �C.

Figure 5b presents SR-XRD patterns of the mix-

ture of POP/OOP at 60:40 concentration ratio ob-

tained by cooling and heating between 35 and –30 �C

when isothermal treatment was performed for 5 min

before heating. The a form of POP and the a and b¢
forms of OOP appeared during the cooling process.

The a form of OOP transformed to the b¢ form during

the heating process at around 0 �C, and melt-medi-

ated a fi b¢ transformation of POP occurred around

14 �C. The b¢ forms of OOP and POP melted around

20–27 �C. These features are very similar to those of

the POP/OOP mixture at 30:70 concentration ratio in

Fig. 5a. However, the long spacing of 4.2 nm of the

POP fraction appeared around 30 �C and this form

was a double-chain-length structure. The same result

(not shown here) was observed for the POP fractions

in mixtures containing 10–30% POP.

The following properties were notable in a com-

parison of the transformation properties of OOP and

POP fractions in mixtures of POP/OOP at 30:70 and

60:40 concentration ratio with those in the pure

materials.

1. OOP crystallized in the a form in the pure state

without occurrence of the b¢ form; it then trans-

formed to the b¢ form during the heating process.

However, concurrent occurrence of a and b¢ forms

of OOP was observed in the mixture states, not

only in the mixtures of POP/OOP at 30:70 and

60:40 concentration ratio, shown in Fig. 5, but also

in the mixtures of POP/OOP at 40:60, 50:50, and

70:30 concentration ratios (not shown).

2. POP revealed a transformation from a to c in the

pure state through melt mediation, and the c form

transformed to the b¢ form during further heating.

However, the c form did not occur in the mixture

states.

3. The b¢ form of POP in the mixture was a triple-

chain-length structure when the concentration of

POP was low, whereas a b¢ form with a double-

chain-length structure was formed with increasing

concentration of POP in the mixture. This result

indicates the influence of POP on the stabilization

of the b¢ form with the double-chain-length struc-

ture of the palm oil midfraction that contains about

70–80% of POP.

The second and third properties may be due to

molecular interactions between POP and OOP, since

OOP does not have a c form and its b¢ form is a triple-

chain-length structure. The first property may be due to

the kinetic effect of the crystallization rate. An SR-XRD

experiment was carried out to confirm this by rapidly

cooling the mixture sample before heating.

Figure 6 presents SR-XRD patterns of the POP/OOP

mixture at 60:40 concentration ratio obtained during

heating after quenching the mixture sample from 40 to –

30 �C at a rate of 100 �C/min using the Linkam LK–

600PM. Only the a form was produced in both OOP and

POP at –30 �C, and it transformed to the b¢ form at –4 �C

in OOP and at 20 �C in POP. The occurrence of a short

spacing of 0.37 nm may have been due to the occurrence

of a sub-a form during the very high rate of cooling. This

result indicates that the occurrence and transformation

of metastable forms are sensitive to the rate of cooling

owing to kinetic effects.

The kinetic phase behavior is summarized in Fig. 3b

based on the DSC thermograms in Fig. 3a and the SR-

XRD experiments performed at a cooling and heating

rate of 5 �C/min. Eutectic phase behavior was observed

in both the a form and the b¢ form and was similar to

that of the most stable polymorph.

To summarize, the polymorphic behavior of POP/

OOP mixtures resulted in the following:

1. Two polymorphs, a and b¢, were observed in pure

OOP, and the long spacings were 5.7 and 6.4 nm.
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The most stable form of OOP was the b¢ form in a

triple-chain-length structure.

2. A time-resolved SR-XRD study revealed poly-

morphic occurrence of the binary mixture in the

metastable states. The POP fraction transformed

from a to b¢ with no passage through c in the

presence of OOP.

3. In contrast to the POP/PPO and POP/OPO mix-

tures in which molecular compounds were formed

[7, 10], the POP/OOP mixtures were immiscible in

both the metastable and the most stable polymor-

phic systems, as indicated in Figs. 1 and 3.

The fact that the POP/OOP mixture was immiscible,

not forming a molecular compound like the POP/OPO

and POP/PPO mixtures, can be explained by taking

into account the molecular interactions between POP

and OOP in the mixture phases.

In general, the molecular interactions that most

influence stabilization of the crystal structures of TAGs

containing saturated and unsaturated fatty acid chains

are aliphatic chain packing, glycerol conformation, and

methyl end stacking [1]. The aliphatic chain packing is

formed by the molecular interactions between satu-

rated and unsaturated fatty acid chains, determining

the subcell structures, olefinic conformations, and

chain-length structures. The glycerol conformation

among the glycerol groups determines the overall

configuration of the TAG molecules; methyl end

stacking may play an important role in organizing the

chain inclination and chain-length structure. The for-

mation of a double-chain-length structure in the

molecular compounds of POP/OPO and POP/PPO

may be due to combined effects of the aforementioned

interactions, and the inability to form a molecular

compound in the POP/OOP mixture can be explained

by the same consideration. Therefore, we started from

the glycerol conformations observed in the stable

polymorphs of representative TAG crystals.

Figure 7a illustrates the different types of glycerol

conformations of two asymmetric units of TAG mol-

ecules present in a unit cell of the most stable forms of

the TAGs, whose atomic-level crystal structures were

determined by X-ray methods. We symbolized the

glycerol conformation using the direction of the glyc-

erol group indicated by an arrow, which is defined as

the direction between the middle point of two glycerol

carbons at the first and third positions and a glycerol

carbon at the second position. The directions of the

glycerol groups of neighboring molecules in the b form

of tricaproylglycerol lie parallel to the chain axis with

the opposite turn [15, 16]. The same arrangements

were observed in the asymmetric units of the b¢2 form

of 1,2-dipalmitoyl-3-myristoyl-sn-glycerol, although

there were two combinations in the directions of the

glycerol groups with an opposite turn and a parallel

turn [17]. The directions of the glycerol groups of two

TAGs in the b¢ form of 1,3-dicaproyl-sn-2-lauroyl-

glycerol are parallel with an opposite turn, both mak-

ing a right angle with respect to the chain axis [18]. The

same arrangements were observed in the b form of 1,2-

dipalmitoyl-3-acetyl-sn-glycerol [19]. The most impor-

tant property that was commonly observed in the four

TAG crystals was the lack of arrangement of unpar-

allel directions of adjacent glycerol groups at right

angles to each other. This indicates that such an

arrangement must cause instability of glycerol confor-

mations.

Figure 7b illustrates possible glycerol conformations

in the molecular compound crystals of mixtures of

POP/OPO, POP/PPO, and POP/OOP with double-

chain-length structures. The neighboring glycerol

groups in a parallel arrangement are directed along the

chain axis with an opposite turn in the POP/OPO

mixture. This glycerol conformation enables the oleoyl

and palmitoyl chains to make separate leaflets with

stabilized aliphatic interactions, which may be desta-

bilized when the oleoyl and palmitoyl chains are placed

in the same leaflet owing to steric hindrance. The

structure may be revealed in molecular compound

crystals in the metastable and stable states of POP/

OPO [7]. It is inevitable in POP/PPO mixtures that the

palmitoyl and oleoyl chains will be located in one

leaflet in addition to being present in another leaflet

composed of all the palmitoyl chains in the double-

chain-length structure. Two situations may occur. In

case 1, the adjacent glycerol groups would be directed

along the chain axis with an opposite turn, similar to

those in the POP/OPO mixture. In case 2, the direc-

tions of adjacent glycerol groups would be at right

angles to each other. Destabilization in the aliphatic

chain packing may be caused in both cases by coexis-

tence of the oleoyl and palmitoyl chains in the two

leaflets. However, destabilization may be more en-

hanced in the structures in case 2, in which the glycerol

conformation may be destabilized owing to the

unparallel directions of the glycerol groups. Further-

more, the methyl end stacking may also be destabilized

owing to unequal chain lengths of the neighboring

molecules of POP and PPO, which would again be

caused by the unparallel directions of the glycerol

groups. Therefore, the molecular compound structure

of the POP/PPO mixture observed in the metastable

and most stable states [10] may be that of the structural

model described in case 1.
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We have considered two examples of POP and OOP

mixtures. The model of case 1 assumes a parallel

direction for the glycerol groups, which may be more

stabilized than the unparallel direction in case 2.

However, the structural model of case 1 causes desta-

bilization of the acyl chain packing because of the

coexistence of oleoyl and palmitoyl chains in the two

leaflets. This situation differs significantly from the

structural model of case 1 of the POP/PPO mixture, in

which the coexistence of oleoyl and palmitoyl chains is

limited in either leaflet. An alternative model for POP/

OOP is described for case 2, in which the oeloyl and

palmitoyl chains are separately placed in their own

leaflets. This structure was postulated by Moran [3].

However, this model must cause additional destabili-

zation of the glycerol conformation and unequal chain

lengths of the neighboring molecules of POP and

OOP, as discussed for case 2 of the POP/PPO mixture.

Consequently, neither of the two possible models of

the molecular compound structure for a POP/OOP

mixture may alleviate destabilization of the acyl chain

packing, glycerol conformation, and methyl end

stacking. Therefore, no molecular compound has been

observed in either the metastable or the stable states in

the POP/OOP mixture, as concluded in the present

study.

It would be very interesting to examine the effect of

the racemicity of OOP, sn-1,2-dioleoyl-3-palimitoyl-

glycerol, or sn-1-palmitoyl-2,3-dioleoylglycerol on the

phase behavior of POP and OOP mixtures. When the

mixing behavior differs between two stereoisomers of

OOP, further consideration, taking into account the

stereospecificity, must be given based on the structural

information presented in this paper.
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