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ABSTRACT: The polymorphism and phase transitions of
cocoa butter (CB) have been reexamined separately by differential scanning calorimetry (DSC) and X-ray diffraction as a function of temperature (XRDT) at scanning rates between 0.1 to
5°C/min and 0.1 to 2°C/min, respectively. A new instrument,
which allowed simultaneous DSC and XRDT recordings from
the same sample by taking advantage of the high-energy flux of
a synchrotron, was employed for characterization of the intermediate phase transitions. These techniques allowed us to confirm the existence of the six polymorphic forms of CB (called I
to VI) by in situ characterization of their formation in the DSC +
XRDT sample holder. A detailed study of Form I structure led us
to propose a liquid-crystal organization in which some of the
chains displayed sharp long-spacing lines (d001 = 52.6 ± 0.5 Å)
and a β′ organization (4.19 and 3.77 Å), while the others remained unordered with broad scattering (maxima at about 112
and 36.5 Å). The organization of this liquid crystalline phase is
compared to that of fat and oil liquids. This liquid crystalline
phase progressively transformed on heating into a more stable
phase (Form II, α type, d001 = 48.5 ± 0.5 Å and short-spacing at
4.22 Å). Form III was only observed in a sharp temperature domain through its specific short-spacings. The existence of the
six species has been essentially related to the crystallization of
monounsaturated triacylglycerols (TAG), while trisaturated
species were found partly solid-soluble in these six polymorphic forms. An insoluble fraction crystallized independently of
the polymorphism of the monounsaturated TAG in a separate
phase with long-spacings that were either of the α (49.6 ± 0.5
Å) or β (44.2 ± 0.5 Å) form. In mixture with Form V, this fraction melts and solubilizes in the liquid phase at 37.5°C. Isolation of these high-melting crystals shows a melting point of
about 50°C. High-performance liquid chromatography analysis
of this fraction confirmed an increase from 3.0 to 11.3% of saturated TAG and their association with part of the 1,3-stearoyl2-oleoylglycerol preferentially to 1-palmitoyl-2-oleoyl-3stearoylglycerol and (1,3-palmitoyl-2-oleoylglycerol).
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Natural fats are mainly composed of triacylglycerols (TAG)
in which some minor compounds are solubilized. Their TAG
composition determines their physical, in particular their thermal, properties. While most, but especially animal, fats are
composed of complex mixtures of numerous TAG, some vegetable fats, such as cocoa butter (CB), have a simpler composition. This fat is composed of a mixture of three classes of
TAG (saturated, monounsaturated, and polyunsaturated
TAG), the monounsaturated being by far the major component because they represent more than 80% of the total. Moreover, only three TAG [1,3-palmitoyl-2-oleoylglycerol (POP),
1-palmitoyl-2-oleoyl-3-stearoylglycerol (POSt), and 1,3stearoyl-2-oleoylglycerol (StOSt)] account for more than
95% of this fraction. Polyunsaturated and trisaturated TAG
correspond to about 13 and 3%, respectively, of the TAG content. This specificity gives CB a thermal and structural behavior similar to that of a pure compound. This behavior is nevertheless complex because all major TAG in its composition,
like most lipids, themselves show complex polymorphism
(e.g., six different polymorphic varieties have been observed
for POP) (1).
Fat polymorphism and TAG crystallization have been
studied for more than a century. Polymorphism results from
the different possibilities of lateral packing of the fatty acid
chains and of the longitudinal stacking of molecules in lamellae (1–6). These two levels of organization are easily identifiable from the short- and long-spacings observed by X-ray diffraction (XRD) at wide and small angles, respectively. The
three main organizations frequently observed for the lateral
packing of TAG, called α, β′ and β, in the order of their increasing stability, have been related to different subcells that
have been described in detail (2–6).
The lipid long-spacings correspond to the repeat distance
in the direction perpendicular to the lamellae. For TAG, longspacings are commonly double or triple chainlengths (2L or
3L). A fourth crystalline structure, often called sub-α, although it contains a β′ subcell and would be less stable than
the α form, is also reported in the literature (7). Moreover, the
existence of a liquid state of TAG, which is also organized as
a liquid crystalline phase, is still under debate (3,8,9).
The polymorphism of CB, which is a vegetable fat mainly
used by chocolate manufacturers, has often been discussed in
the literature because it is related to the organoleptic and
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TABLE 1
Long- and Short-Spacings (Å) of the Different Polymorphic Forms of Cocoa Butter (literature values)a
Reference

I (2L)b
β′-sub(α)

II (2L)b
α

III (2L)b
β′2

IV (2L)b
β′1

V (3L)b
β2
63.1 (m)c
32.2 (vs)c
12.8 (s)c
4.58 (vs)
3.98 (vs)
3.67 (w)
66 (s)c
33 (s)c
12.8 (m)c
4.58 (vs)
3.98 (ms)
3.65 (ms)
64c
4.58
3.98

10

4.19 (vs)
3.70 (s)

49 (vs)c
16.3 (s)c
4.24 (vs)

49 (vs)c
4.25 (vs)
3.86 (s)

45 (vs)c
14.87 (s)c
4.35 (vs)
4.15 (vs)

15

54 (s)c
4.17 (s)
3.87 (m)

51 (vs)c
4.20 (vs)

51 (vs)c
4.20 (vs)
3.87 (w)

49 (vs)c
14.8 (w)c
4.32 (s)
4.13 (s)

45c
4.35
4.15

16

VI (3L)b
β1
63.1 (vs)c
32 (?)c
12.76 (s)c
4.59 (vs)
3.70 (s)
63 (s)c
31 (s)c
12.7 (mw)c
4.53 (vs)
3.84 (m)
3.67 (s)
63.8c
4.59
3.7

a

vs = very strong, s = strong, ms = medium strong, mw = medium weak, w = weak.
2L, 3L = number of hydrocarbon chains in the crystalline structure.
c
Long-spacings.
b

physical characteristics of the final products (snap, molding
contraction, gloss and blooming during storage). It often has
been compared to that of POP, POSt and StOSt (about 17, 37,
and 27% of the fat, respectively) and that of their mixtures
(1,6,10–13). CB polymorphism is commonly described in the
literature in terms of six different polymorphic forms, noted
from I to VI in increasing order of melting points, according
to the nomenclature of Wille and Lutton (10,14–20; Tables 1
and 2). Although these six forms have been confirmed by
other authors (15,17–20), the existence of some of them is debated. According to some authors (10,19,21,22), Form III
corresponds to a mixture of Forms II and IV and is not a separate crystalline variety. In the same way, Form I could be a
phase mixture (10), and Form VI may result from phase separation within a solid solution (19,21,23). More recently, van
Malssen (24) criticized the designation of solid states of complex mixtures, crystallized as polycrystalline aggregates, as
different polymorphs when the chemical compositions of the
different crystallites are not identical. According to him, several polymorphs of CB and at least the phases sub-α, α, and
β′ probably correspond to nonhomogeneous crystalline states.
Davis and Dimick (25,26) postulated and verified by the
analysis of seed crystals that some minor components, such
as glycolipids (11.1%), phospholipids (6.6%) and saturated

TAG (67.7%), promote the crystallization of CB. Moreover,
it has been found that CB crystallization is related to its composition (27,28). Cebula et al. (29) observed that trisaturated
TAG did not hinder the formation of the appropriate amounts
of symmetrical TAG seeds during chocolate tempering.
Recently, access to high-flux sources (synchrotron) has
permitted study of the thermal behavior of pure TAG by XRD
as a function of temperature (XRDT) (30–33). This technique
allows quantitative monitoring of the evolution of both longand short-spacings as a function of temperature, for instance
during phase transitions that occur on heating of unstable
species of pure compounds. More recently, the polymorphism
and phase transitions displayed by complex TAG mixtures
also have been characterized by XRDT and compared to differential scanning calorimetry (DSC) recordings (34). Lavigne (35) used these techniques to study the thermal behavior
of anhydrous milk fat and its fractions. Chemical TAG analysis of each fraction allowed the complex thermal profiles
recorded by DSC to be decomposed into elementary phase
transitions and to identify the TAG involved in each of them.
A model of the molecular organization of the β′ phase of
complex fat mixtures was proposed (35). This demonstrates
that the combination of these two techniques of thermal
analysis is especially suitable for the characterization of co-

TABLE 2
Melting Point (°C) of the Different Polymorphic Forms of Cocoa Butter (literature values)
References
14
18 (γ)
23.5 (α)
28 (β′′)
33 (β′)
34 (β)
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10
17.3 (I)
23.3 (II)
25.5 (III)
27.5 (IV)
33.87 (V)
36.3 (VI)

15

17

18

19

20

13 (VI)
20 (V)
23 (IV)
25 (III)
30 (II)
33.5 (I)

16–18 (γ)
20.7–24.2 (α)

20.7 (III)
25.6 (IV)
30.8 (V)
32.3 (VI)

14.9–16.1 (I)
17–23.2 (II)
22.8–27.1 (III)
25.1–27.4 (IV)
31.3–33.2 (V)
33.8–36 (VI)

13.1 (I)
17.7 (II)
22.4 (III)
26.4 (IV)
30.7 (V)
33.8 (VI)

26–28 (β′)
33.7–34.9 (β)
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existing organizations that result from the phase separations
frequently occurring in complex fat mixtures.
The aim of this paper is to extend this approach to a fat that
is considered to behave as a pure compound, in studying, by
combined and simultaneous DSC and XRDT, the complex
phase transitions that occur during CB crystallization and
melting. The high energy of the synchrotron source allows
possible phase separations to be detected and the competition
between the different polymorphic species to be followed
quantitatively, even at fast scanning rates, in the short-spacing domain at large angles as well as in the long-spacing domain at very small angles.
MATERIALS AND METHODS
Samples. The CB used was a standard factory product that originated from the Ivory Coast. Its composition, determined by
gas chromatography (norm ISO 5508/5509) and high-performance liquid chromatography (HPLC) (IUPAC 2.324) for
TAG analysis and by atomic absorption (IUPAC 2-423; see
Ref. 6, Chapter 14, for these methods) for phospholipid content, was as follows: TAG 97%; diacylglycerols 1.1%; monoacylglycerols 0.2%; free fatty acids 1.3%; phosphatides 0.15%;
others 0.25%. The TAG composition is reported in Table 3.
Pure palm oil and its fractions (low- and high-melting fractions) were donated by Sanofi-Soprorga (Saint Denis, France).
Tristearin (StStSt) and POP were synthesized in the laboratory
(36), POP was further purified by HPLC (35) (the purity of
both was about 99.9%). Triolein (99%) was from Sigma (l’Isle
d’Abeau, France).
CB fractionation. CB fractions were obtained after 3 wk of
storage at 30.0 ± 0.5°C, in tubes capped under argon gas, after
initial melting at 80°C over about 10 min. At the end of this incubation time, the crystals [high-melting fraction (HMF)] and
the liquid [low-melting fraction (LMF)] were isolated by centrifugation at 30 ± 1°C and 64,000 × g (Sigma; model 3K30) in
a preheated rotor. The separated HMF was isolated by aspirating most of the liquid fraction with a pipette and then eliminating the residual liquid with blotting paper. This separation took
less than 2 min at room temperature (21 ± 1°C). Samples were
stored at 4°C before thermal and XRD analysis. TAG compositions of these fractions were determined as above.
XRD. XRD was performed with either a classical installation
(Enraf-Nonius, Cu, 40 kV, 20 mA; Gagny, France) and a goniometer (Seifert; Alexandre Labo, Toulouse, France) or with
the high-energy synchrotron beam at L.U.R.E. (Laboratoire
pour l’Utilisation du Rayonnement Electromagnétique, Orsay,
France) by using the D24 station (about 5·109 photons/s/mm2)
operated at λ = 1.488 Å. Both installations were equipped with
Peltier temperature-controlled sample holders, which recently
have been described (34).
Briefly, single-stage Peltier modules (Melcor, AMS Electronic, Les Ulis, France) were used to cool these devices
(below −20°C in the absence of heating), while heating was
monitored by a temperature controller (Eurotherm 902P,
Dardilly, France) with a type E thermocouple as sensor. When
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TABLE 3
Concentration of TAG in Initial and Fractionated Cocoa Butter (wt%)a
TAG
OLO
PLO
PLP
OOO
POO
PLSt
StOO
StLSt
POP
POSt
StOSt
StOAr
PPSt
PStSt
StStSt
Saturated TAG
Monounsaturated TAG
Polyunsaturated TAG
Total

Low-melting
fraction

Initial cocoa
butter

0.4
0.4
1.7
0.2
2.8
1.5
3.3
3.2
17.3
37.3
27.3
1.8
1.3
0.6
0.4
2.3
83.7
13.5
99.5

0.4
0.5
1.6
0.4
2.8
1.4
3.4
3.0
17.0
36.6
27.3
1.9
1.4
1.1
0.5
3.0
82.8
13.5
99.3

High-melting
fraction
0.4
0.3
1.1
0.2
2.2
1.1
3.1
2.6
14.8
34.1
27.4
1.4
3.4
4.8
3.1
11.3
77.7
11.0
100.0

a

Abbreviations: Ar: arachidic acid, (C 20:0); L: linoleic acid, (C 18:2); O:
oleic acid, (C 18:1); P: palmitic acid, (C 16:0); St: stearic acid, (C 18:0).
TAG, triacylglycerols.

associated with a cryostat (Lauda, RCS6; Königshofen, Germany), these sample holders allow heating or cooling of the
sample at rates ranging from 0.1 to 10°C/min. Gas-filled linear detectors (1024 channels, either filled with Ar or a
Xe–CO2 mixture) were used for data collection. Standardization was carried out with the form β of pure StStSt, which is
characterized by a long-spacing of 44.98 Å at room temperature (6).
All XRD patterns were recorded by transmission through
glass capillaries (GLAS, Berlin, Germany). Samples were
prepared by filling these glass capillaries with about 20–30
µL of melted fats at temperatures about 20°C above their final
melting points and centrifuging them immediately before fat
solidification could take place. Quenching of these capillaries
with the melted samples was first accomplished either by
placing them rapidly in contact with a metal block cooled to
−30°C and then transferring them to the precooled sample
holder (−10°C), or by directly introducing them into the latter. A more convenient technique was developed to prevent
breakage of the capillary and uncontrolled solid–solid heat
transfer. Very fast quenching was attained by plunging capillaries into a vessel with ethanol maintained at −30 or −70°C.
Form V of CB was prepared by rapid crystallization at 21
± 1°C in a glass capillary and storage for 1 wk at this temperature. Depending on heating or cooling rates, the time of exposure corresponding to one recording of a diffraction pattern
was between 60 s (2°C/min) and 300 s (0.1°C/min). Two experimental setups were employed, and most of the XRDT experiments were recorded twice, the first at short sample-detector distance (d = 290 mm) to determine events at both
short- and long-spacings simultaneously, and then at long disJAOCS, Vol. 75, no. 4 (1998)
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tance (d = 1450 mm) to obtain a better resolution of longspacing lines at small angles (0–2°).
Because the intensities of the diffraction peaks varied as a
function of temperature during XRDT recordings, they were
normalized as follows. At temperature T, the intensity of a line
IT was determined either by an X-ray analysis computer program (37) or by quadratic regression analysis of the data that
corresponded to the peak maximum and its surroundings. The
normalized intensities were calculated from that of maximum
Imax and minimum Imin : IT% = 100 · (IT − Imin)/ (Imax − Imin).
DSC. Thermal analyses were conducted on a Perkin-Elmer
(St. Quentin en Yvelines, France) differential scanning
calorimeter (DSC-7) in aluminum pans of 40 µL (pan, part
#B014-3024 and cover, part #B014-3004). Calibration was
made with lauric acid (purity >99.9%), so that temperature and
enthalpies could be corrected for each heating rate, as previously described (38). Unstable species were studied by quenching melted CB (80°C) at −40°C (in less than 1 s) and subsequent heating at 0.1, 1, and 2°C/min. Intermediate species of
fractionated and pure CB were studied by cooling the melted
CB at −2°C/min and heating it at 5°C/min. The peak temperatures were taken at the maxima of the endotherms instead of
the onsets because of peak overlapping. Therefore, the melting
points observed for the different polymorphic varieties at these
peak maxima were systematically higher than the values reported in the literature or measured at onset (39).
RESULTS
More stable forms. XRD. XRDT of CB (Form V) was
recorded every minute during heating at 1°C/min from 25 to

FIG. 1. Small-angle X-ray diffraction (XRD) recordings of Form V of
cocoa butter (CB) (solid line) and of its high-(HMF) and low-melting
(LMF) fractions. Insert shows Form V of CB on an enlarged y scale.

34°C and at 0.3°C/min from 34 to 41°C. The long- and shortspacings observed at 25°C with the short sample-detector distance (LS = 66 and 33 Å; SS = 4.58, 3.98, 3.89, 3.77, and 3.67
Å) confirmed, as expected, the crystallization of CB into a
β-3L structure (Form V, Table 1). A weak line at about q = 0.14
Å−1, corresponding to a long-spacing of 44.4 Å, was also observed at 25°C and was confirmed on recordings obtained at
long sample-detector distance (Fig. 1). The evolution of the
intensity of this line as a function of temperature (between 25

FIG. 2. Evolution of the intensities of the small-angle XRD spacings of Form V of CB between 25 and 40°C. For
each spacing, a series of lines is observed, the intensities of which have been expressed as a percentage of the peak
maximum. Absolute intensities observed for Form V of CB are shown in Figure 1. Relative intensities of the peaks
are given on the graph within parentheses: 100% corresponds to the strongest peak. Insert: enlarged scale. See Figure 1 for abbreviations.
JAOCS, Vol. 75, no. 4 (1998)
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and 41°C) was compared to that of the β-3L (V) structure (Fig.
2) by using data recorded with the short sample-detector distance. Above 34.5°C, all lines (long- and short-spacings) that
characterize Form V disappeared (they were progressively replaced by the bumps that correspond to scattering from the liquid organization), except the line at 44.4 Å, which finally vanished at 37.5°C. The observation at 25°C of a line at 44.4 Å
was first interpreted as the presence, in β-3L (Form V), of a
trace amount of the β′ form (Form IV) because the latter is
characterized by a similar long-spacing at about 45 Å (Table
1). However, the melting point of this form, within the temperature interval 25–28°C (Table 2), is clearly incompatible with
the persistence of the line observed by XRDT above 37°C and
rules out this hypothesis, even taking into account the heating
rate of 1°C/min, because melting of Form V ends at 34.5°C.
These results show that a lipid segregation occurs in CB
on cooling and/or during storage. If the segregation occurs
during cooling, it would be a rapid process because sample
crystallization was observed in the capillary after a few seconds (see the Materials and Methods section). The fraction
that crystallizes in addition to the usual β-3L form (V) exhibits a higher melting point than Form V and a long-spacing
(44.4 Å) that corresponds to a 2L packing close to that of the
β form of StStSt (about 45 Å, see above).
This behavior may be considered in the light of recent
DSC observations made by Davis and Dimick (25,26) on CB
crystallization. They found that crystallization at 26.5°C
starts by the formation of seed crystals that are characterized
by a high melting point (up to 72.4°C). Compared to the original CB, these crystals are enriched in glycolipids, phospholipids, and the saturated TAG [1,2-palmitoyl-3-stearoyl glycerol (PPSt), 1-palmitoyl-2,3-stearoyl glycerol (PStSt), and
tristearoylglycerol (StStSt)]. We also observed the formation
of a cloudy fraction in the liquid CB, initially isotropic, after
a few hours’ storage at 26.5°C. At the same time, it was necessary to increase the sample temperature to above 45°C to
melt this fraction. Taking into account the similar conditions
of crystal formation in all samples, we decided to further
characterize this fraction by XRD, DSC, and chemical analysis.
Chemical and XRD analysis of the fractions. Partial crystallization of a CB sample was carried out by conditioning its
melt at 30.0 ± 0.5°C for 3 wk. As above, a cloudy and dense
fraction was separated from the liquid. Two fractions, HMF
and LMF, were isolated at 30.0 ± 1.0°C and analyzed as described in the Materials and Methods section. Small-angle
XRD analysis of these two fractions, reported in Figure 1,
showed that the HMF long-spacings were characterized by a
stronger intensity of the line at 44.4 Å than that of the initial
CB. This diffraction line was not detected in the LMF. No significant difference was observed in the short-spacings between HMF, LMF, and initial CB.
The TAG compositions of these two fractions are reported
in Table 3. The HMF showed a higher concentration of trisaturated TAG (11.3%) and a lower content in polyunsaturated
TAG (11%) compared with the initial CB (3.0 and 13.5%, re-
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spectively) and its LMF (2.3 and 13.5%, respectively). TAG
analysis shows that StStSt, PStSt, and PPSt concentrations
were increased about 8, 7, and 2.5 times, respectively, in the
HMF compared with LMF. On the other hand, a decrease of
monounsaturated TAG was observed in HMF (77.7%) compared with LMF (83.7%), which was specific for POP
(14.8/17.3) and for POSt (34.1/37.3), while StOSt was found
to be constant in the two fractions (27.4/27.3). Fatty acid
analysis confirmed these results and showed an increase of
stearic acid from 36.4 to 41.6%, from LMF to HMF, while
palmitic, oleic, and linoleic acids decreased from 25.5 to
24.6%, 33.1 to 29.3%, and 2.6 to 2.1%, respectively. So, XRD
lines at 66 and 33 Å, observed in the HMF (Fig. 1), can be attributed to the crystallization of a β-3L form of monounsaturated TAG, while the line at 44.4 Å is related to that of the
StStSt.
Thermal analysis. Thermal analysis was successively conducted at −2°C/min on cooling between 60 and −40°C and at
+5°C/min in the same temperature range, with pure CB,
HMF, and LMF samples. In the DSC recordings reported in
Figure 3A, three peaks appeared during pure CB crystallization, at 19.2, 14.2, and 1.7°C. During the crystallization of

FIG. 3. Differential scanning calorimetry (DSC) recordings of crystallization (A, cooling rate = 2°C/min) and melting (B, heating rate =
5°C/min) of CB. See Figure 1 for other abbreviations.
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HMF (Fig. 3A), the first peak at 19.2°C increased to 34.7°C,
while it was absent from LMF (Fig. 3A). Furthermore, the
peak at 1.7°C increased to 4°C for LMF and was absent from
HMF. The single peak at 14.2°C for the pure CB gave a double peak at 15 and 17°C for HMF and at 15.2 and 16.3°C for
LMF. Indeed, the large increase of the initial crystallization
temperature on DSC recordings confirmed that phase separation occurred between a minor fraction with a high melting
point and a major fraction composed of the other TAG. Similarly, the weak exothermic events observed at about 4°C, the
enthalpy of which increased for LMF, are probably related to
another phase separation that occurs between polyunsaturated
and monounsaturated TAG.
The corresponding melting recordings (Fig. 3B) show that
the increase of trisaturated TAG content in HMF led to the
formation of an endotherm at about 50°C (Fig. 3B), while its
decrease in LMF (Fig. 3B) led to the disappearance of the
peak observed with pure CB at 24.9°C (Fig. 3B). The origin
of this endotherm will be discussed below (see the Intermediate forms section). The exotherm at 37°C for HMF (Fig. 3B)
shows that recrystallization occurred at this temperature, and
melting of the species formed at this point spread up to about
50°C. The incorporation of 2% StStSt in pure CB confirmed
that this polymorphic transition was related to trisaturated
TAG crystallization (see below). On this occasion, a different
analysis carried out with CB enriched with StStSt (data not
presented here) showed that a decrease of the cooling rate
from 5 to 0.5°C/min induced increases of the peak temperatures shown in Figure 3A (HMF curve ) from 24.0 to 28.9°C
for the first exotherm and from 13 to 15.4°C for the second.
These temperature shifts were comparable to those observed
between HMF and CB curves (Fig. 3A). Whatever the cooling rate, the last endotherm observed on heating at 5°C/min
(Fig. 3B, HMF curve for comparison) was found at a constant
temperature (49.8 ± 0.1°C). However, a decrease of the cooling rate induced an increase of the exotherm temperature (observed on Fig. 3B, HMF) from 35.8 to 38.2°C. This indicates
that trisaturated TAG probably crystallize into an unstable
form (likely to be α) before transformation to their more stable form (β).
The formation of Form VI of CB, its thermal and structural
properties, and its coexistence with variety V already have
been addressed previously and therefore will not be reexamined in this study (16,34,40).
Unstable forms. XRD. Metastable forms were studied by
quenching melted CB from 80 to −10°C at about 100°C/s.
Small-angle XRD, recorded at −10°C, shows that the longspacings of CB decomposed into two sharp lines that correspond to spacings of about 52.6 Å (q = 0.12 Å−1) and 26.3 Å
(q = 0.24 Å−1) and two broad scattering peaks that are centered, respectively, at about q = 0.17 Å−1 (intense, 36.4 Å) and
q = 0.06 Å−1 (weak, 112 Å) (Fig. 4A). Short-spacings observed together with long-spacings during a second experiment, performed at a shorter sample-detector distance but
under the same conditions, are given in Figure 4B and show
the existence of two spacings at 4.19 and 3.77 Å above a broad
JAOCS, Vol. 75, no. 4 (1998)

FIG. 4. Three-dimensional plot for the evolution of the long-spacings of
CB as determined by small-angle XRD during heating of a sample that
was obtained by liquid quenching at 100°C/s from −10 to 40°C at
1°C/min. Part A shows the long-spacings observed at −10°C, before, and
at 20°C, after transition to the α form. Part B shows the corresponding
short-spacings. ——, −10°C; ------, 20°C. See Figure 1 for abbreviations.
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scattering peak at about q = 1.4–1.5 Å−1. Figure 4 also shows
the evolution of the long-spacings recorded at 1°C/min between −10 and 40°C. We see that the sharp and broad peaks,
the initial repeat distances of which are 52.6 and 36.4 Å, tend
progressively to merge into a single large peak at 48.5 Å (the
third order of which was also observed at 16.1 Å during the
second experiment).
To determine the correspondence of the different lines,
variations of their intensities between −10 and 40°C were
plotted on the same graph (Fig. 5A and 5B). It appears that
the line at 52.6 Å may be related to the line at 3.77 Å because
they decrease simultaneously. The broad peak at 36.4 Å does
not seem to correspond to the same polymorphic form, because its evolution is different from the evolution of the former lines, but this evolution is probably related to the increase
of the line at 48.5 Å. The lower intensity of the line at 112 Å
prevents precisely plotting its evolution, which apparently
follows that of the three other lines. The disappearance of the
long-spacings at 52.6 Å was accompanied by the appearance
of a new line at 48.5 Å and by the evolution of the short-spacings at 4.19 and 3.77 Å toward a single line at 4.22 Å. However, this evolution was preceded by a shift of the 3.77 Å
spacing toward about 3.85 Å. This observation may explain
the 3.87 Å value reported by Chapman et al. (15) for Form I
of CB (Table 1). Further heating above 20°C slowly shifts the
spacing at 48.5 Å to give a weak line at 44.9 Å, which in turn
completely disappears below 30°C (arrow in Fig. 5A).
Thermal analysis, recorded simultaneously with XRD
from the same sample during heating, achieved through
XRDT–DSC coupling, is reported in Figure 5C. The two
recordings presented correspond to the two different sampledetector distances. Exotherms at 0°C result from melting of
some ice crystals formed on the capillary tube during quenching of CB. Figures 5A and 5B show that the decreases of the
lines corresponding to spacings at 52.6 and 3.77 Å are correlated with the increase of the line at 48.5 Å (also seen for third
order, data not shown). However, no clear endotherm is associated with this transition, in contrast to what was observed
beyond 15°C for further transitions. This would mean that
this polymorphic transition is energetically low and/or extends over a large domain of temperature. Its irreversible
character can be deduced from the fact that cooling of the α
form, directly obtained by the transformation of this phase on
heating, did not restore it, even after 1 d at low temperature
(data not shown). Identification of the transitions that correspond to each endotherm is reported in Figure 5C. The endotherm between 16 and 19°C was related to the melting of α
(form II, according to Tables 1 and 2) and thus associated
with the decrease of the lines at 48.5 and 4.22 Å. The last endotherm, recorded above 25°C, corresponds to melting of the
variety that exhibits a spacing at 44.9 Å, presumably some
form IV (according to Tables 1 and 2). In between, overlapping of the exotherm that corresponds to the formation of this
last form (also indicated by α → β′) and of the endotherm
maximum of α melting results in this complex recording in
which the peaks are not separated. The dashed line indicates
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FIG. 5. Simultaneous XRD as a function of temperature (XRDT) and DSC
recordings. Evolution of the main (A) long- and (B) short-spacings,
recorded in Figure 4 during heating at 1°C/min of two samples
quenched at −10°C; the corresponding DSC recordings (C) were obtained from the two different samples used for A and B recordings but
with a different sensitivity of the recorder; for explanation of dotted line
see text. See Figure 3 for other abbreviation.

the peak that might have been recorded in absence of the
exotherm (41). The respective enthalpies of the peaks and
their XRDT intensities indicate that the monotropic α(II)
→β′(IV) transition was not complete, so that only part of the
more stable form (β′) was formed under the experimental
conditions.
Intermediate forms. Low heating rate (0.1°C/min). A similar experiment was carried out by quenching the CB at
−30°C but heating it at 0.1°C/min between −10 and 38°C, instead of 1°C/min as above. Contrary to the previous experiments and because of the duration of the run at 0.1°C/min
(about 8 h), only one XRDT recording was performed with
the synchrotron beam at short sample-detector distance. The
initial XRD pattern shows the same intense sharp lines at
52.4, 26.2, 4.19, and 3.74 Å and two broad peaks at 111.2 and
36.5 Å. Figures 6A and 6B report intensity variations of the
main spacings as a function of temperature. At 0.1°C/min, the
lines that corresponded to the spacing at 52.4 Å completely
vanished in the range of 0–15°C, while the line at 48 Å
reached its maximal intensity at 15°C. The broad peak, the
JAOCS, Vol. 75, no. 4 (1998)
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FIG. 6. Simultaneous XRDT and DSC recordings. Evolution of the longand short-spacings of CB as determined by (A) small- and (B) wideangle XRD during heating at 0.1°C/min of two samples quenched from
80 to −10°C. The arrow indicates the inflection point in the intensity increase of the line at 44.8 Å. Relative intensities of the peaks are given
on the graph within parentheses (100% corresponds to the strongest
peak) or noted as vs (very strong), s (strong), m (medium), w (weak), and
vw (very weak). (C) Corresponding DSC recordings (upper curve, simultaneous XRDT and DSC recordings; lower curve recorded 1 d later with
a Perkin-Elmer (DSC-7; St. Quentin en Yvelines, France). See Figures 3
and 5 for other abbreviations.

maximum of which was observed at 36.5 Å, seemed to decrease later than the lines at 52.4 Å and 3.74 Å (the temperature-dependent evolutions of which are again associated),
while the intensity of the line at 4.19 Å stayed constant with a
small shift to 4.20 Å (not shown). Starting from 18°C, the
spacing at 48 Å was progressively transformed to yield that
at 44.8 Å, which reached its maximum at 25°C. During this
phase transition, a small line at 4.33 Å appeared between 18
and 28°C with an evolution similar to that of the spacing at
44.8 Å. At 23°C, a spacing at 64.8 Å began to increase to
reach its maximum between 27 and 29°C, just after the spacing at 44.8 Å vanished, and it disappeared at 33–34°C. This
spacing can be correlated to the line at 4.58 Å, which was observed between 26 and 33.5°C. The increase of the line at
43.8 Å above 28°C corresponds to crystallization of trisaturated TAG discussed above. The persistence of this line beJAOCS, Vol. 75, no. 4 (1998)

yond 38°C at low heating rates confirms that high-melting
crystals may coexist within the liquid and be in equilibrium
with the latter.
According to Tables 1 and 2, the lines at 48 and 4.22 Å, 45
and 4.33 Å, 64.8 and 4.58 Å can be identified as the Forms II,
IV, and V of CB, respectively. Attribution of the other lines is
more difficult and will be discussed later.
The corresponding thermal analysis, either recorded simultaneously with XRDT as above or later with the DSC-7
are reported in Figure 6C. The two recordings were identical
and can be interpreted with the help of the XRDT recordings
as above. The large endotherm observed between 27 and
34.5°C corresponds to melting of Form V. The complex
exotherm preceding this peak is mainly attributable to crystallization of this Form V starting at about 25°C. The expected enthalpy of this exotherm should have been, more or
less, the same as that of the melting endotherm. This indicates
that melting of Form IV and crystallization of Form V overlap, which is also indicated by XRDT (Figs. 6A and 6B). As
above, only the resulting thermal event is recorded (41). The
beginning and the end of these Z-shaped curves correspond
to melting of the less-stable species (endothermic) and to
crystallization of the more-stable one (exothermic). The intermediate part of the curve results from the sum of the two
thermal events. The same analysis can be tentatively applied
to the two preceding Z-shaped resulting curves. The first observable transition (between 15 and 18°C) is an endotherm
that corresponds to the melting of Form II (α), which precedes an exotherm (seen as a first decrease of the α endotherm around 16–18°C) and presumably corresponds to
partial recrystallization of the liquid into Form III. Crystallization of Form IV starts at 18°C before the completion of
crystallization of Form III at 19°C, as shown by both Figures
6B and 6C. The two exotherm transitions, corresponding to
the formation of Forms III and IV, are close and overlap with
melting of II and III, respectively. Some of the variations of
intensity reported in Figures 6A and 6B cannot be used reliably for quantitative evaluation of the existing varieties because there is also overlapping of peaks in XRDT (for instance, decreases of the lines characterizing the α form, at
both 4.19 and 48 Å, observed above 15°C cannot be used to
follow its melting because of their closeness to other lines).
Nevertheless, the inflection point, observed in the increase of
the intensity peak recorded at 44.8 Å (Fig. 6A), delimits two
domains of crystal growth. The first one can be associated
with either the presence of a line at 3.86 Å, and thus connected to the formation of Form III, or to the formation of
Form IV from the liquid phase. The domain of temperature in
which the spacing at 3.86 Å was recorded corresponds exactly
to the first intensity jump (the amplitude of which is less than
that of the second and explains the respective enthalpies/peak
surfaces observed in Fig. 6C); it vanishes at exactly the inflection point of the spacing at 44.8 Å (Figs. 6A and 6B, respectively). The absence of an inflection point during the decrease of the line at 48 Å indicates that Form III develops at
the expense of Form II but with the same long-spacing. The
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second part of the curve is associated with the presence of the
line at 4.33 Å and corresponds to variety IV of CB (Tables 1
and 2).
Also, a small endotherm, observed between 42.5 and 47°C
on the DSC-7 recordings, might be related to melting of the
trisaturated TAG (43.8 ± 1 Å). At higher heating rates, such
as 0.5 or 1°C/min, a broad peak, centered at about −3°C, was
clearly recorded between −10 and 5°C (not shown). This
hump, which was also observed around −10°C at 0.1°C/min
in the DSC-7, may be interpreted as an endotherm associated
with the decrease of lines at 52.4, 3.74, and 36.5 Å and their
evolution to give the line at 48 Å.
Intermediate cooling and heating rates (2°C/min). The
formation of intermediate forms also has been studied at intermediate cooling rates, close to those used in chocolate
manufacturing, to get a better understanding of industrial
crystallization processes. A liquid CB sample was first cooled
from 40 to 0°C at 2°C/min and reheated to 40°C at the same
rate. Figures 7A and 7B show the three-dimensional plots obtained by XRDT for crystallization and fusion, respectively.
As previously, the intensity of each short- and long-spacing
was plotted as a function of temperature (Figs. 7C and 8).
Crystallization begins by the appearance of a small line at
49.6 Å, observed from about 20–22°C, which shifts slowly to
about 48.5 Å as it develops. This line can be related to the
exotherm that appears at about 19°C in the DSC recording
(Fig. 3A), which was interpreted as the crystallization of
trisaturated TAG. The spacing of 49.6–48.5 Å is close to the
value given by Lavigne et al. (31) for the α form of StStSt
(50.6 Å) and confirms that trisaturated TAG first crystallize
in their α form before transforming into the β form.
Figures 7A and 7C also show that the major part of CB
crystallizes at about 15°C into a highly unstable form that is
characterized by the lines at 52.9 and 52.9/2 Å after partial
crystallization in the α form (48.5 Å). The growth of the lines
at 52.9 and 52.9/2 Å was accompanied by formation of a
bump between the two sharp lines. This unstable form corresponds to the liquid-crystalline organization of the TAG discussed above (Fig. 4A). During cooling (Figs. 7A and 7C),
the unstable form progressively transformed into α (49.5 Å)
between 10 and 0°C. Evolution of the short-spacings recorded
as a function of temperature shows that the lines at about 53
and 48.5 Å were related to those at 3.84 and 4.18 Å, respectively. During heating (Figs. 7B and 7C), these unstable forms
successively vanished at about 9 and 20°C, while a spacing at
45 Å, which corresponds to the β′ form (IV) of CB or to the β
form of trisaturated TAG, persisted until about 28°C. The
constant value observed for the line at 3.84 Å between 10 and
22°C is due to closeness of the neighboring peak at 4.18 Å.
Another experiment was carried out under the same conditions with a CB sample that contained 2% of StStSt to observe the influence of trisaturated TAG on its crystallization
(Fig. 8). The trisaturated TAG started to crystallize in their α
form at a higher temperature than in the absence of StStSt between 30 and 25°C, but crystallization of monounsaturated
TAG of CB in Forms I (sub-α, 53 Å) and II (α, 48.5 Å) was
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FIG. 7. Wide-angle XRD as a function of temperature. The three-dimensional plots were obtained from the XRD patterns recorded during crystallization and subsequent fusion of CB at cooling (A) and heating (B)
rates of 2.0°C/min. (C) Evolution of the long- and short-spacings during
crystallization (left) and subsequent fusion (right) of CB during experiments (A) and (B). (Intensities of the lines at 49.6 and 48.5 Å are plotted
together). See Figure 1 for abbreviations.
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FIG. 8. Evolution of the long- and short-spacings during crystallization
(left) and subsequent fusion (right) of CB with 2% tristearin (StStSt) as
determined by wide-angle XRD as a function of temperature during
cooling and heating at 2.0°C/min. (Intensities of the lines at 49.6 and
48.5 Å are plotted together.) See Figure 1 for abbreviations.

FIG. 9. DSC recordings on cooling and heating at 2°C/min to show different crystallization and fusion observed with a CB sample that contained 2% StStSt. See Figures 1, 3, and 8 for abbreviations.

not accelerated. Furthermore, during heating at 2°C/min, the
melting temperatures of these unstable forms were not shifted
by more than 1°C. The main consequence of StStSt addition
was evolution of the line at 44 Å, which increased above
30°C, with a maximum at 33°C, and only vanished at 48°C.
This intensity increase results from the polymorphic transition of the trisaturated TAG from α to β form as observed previously (Fig. 3B, HMF). The slow kinetics of the transition,
as well as the temperature at which it was observed, suggests
that it is favored when the monounsaturated TAG are completely melted, or in others words, when the liquid content is
high enough to partly solubilize the trisaturated TAG. Figure
9 shows the DSC curves of a CB that was enriched with 2%
of StStSt as recorded during cooling followed by heating at
the same rates as above (2°C/min) (Fig. 8). With the help of
XRDT recordings, all thermal phenomena were identified (as
reported in Fig. 9), although two of them are still tentative.
The endotherm between 28.5 and 30°C was related to melting of the β′1 variety of CB (Form IV, Table 1), although the
line at about q = 0.14 Å−1 (45 Å) was not clearly observed (it
was probably hidden by the large peak at 48.5 Å and/or fused
with the line at 44.2 Å). The small endotherm, observed between 21 and 22°C on heating, probably results from the
overlapping of two thermal events, corresponding to melting
of the α form (48.5 Å) and recrystallization of liquid into the
β′1 form (about 45 Å, form IV, Table 1).

TAG, which remain liquid at low temperature and only crystallize at about 4°C on cooling, should also be considered because it might play an important role in the evolution of unstable CB polymorphs, as well as in chocolate blooming (40).
Although the main TAG segregation in the solid state has only
been observed when CB crystallizes into the Forms II and V
(the form in which chocolate is usually commercialized), it
probably also occurs with some other forms, such as VI
(19,21,22). This behavior may be explained by the low solubility of the trisaturated TAG within the monounsaturated
TAG, which represent more than 80% of CB (42). These results agree with the “memory effect” of CB as reported by van
Malssen (24). This author observed that, depending on its origin, CB needed to be heated beyond a minimal temperature
between 34 and 38°C to restore its original properties. Below
this temperature, high-melting crystals may persist in liquid
CB and modify its crystallization behavior during storage at
25°C. However, the above observations show that these highmelting crystals are mainly composed of trisaturated TAG
and not StOSt (24). Thus, the lower and higher memory melting points reported by this author correspond to trisaturated
TAG contents of 1.0 and 2.8%, respectively, which correlates
perfectly with our results.
The separate crystallization of trisaturated TAG also
agrees with observations of Dimick and Manning (43) and
later of Davis and Dimick (25,26) who reported that CB crystallization starts from that of HMF which are composed
mainly of complex lipids and these TAG. However, the phase
separations that they observed were obtained during a static
crystallization at 26.5°C of several hours. Under these conditions, the high-melting crystals, observed at 72.4°C, apparently correspond to the crystallization of the β form of trisaturated TAG. Our results show that, during the tempering
process of chocolate when CB crystallizes within a few minutes, the crystallization of the trisaturated TAG probably oc-

DISCUSSION
Thermal XRD and DSC analysis indicated that phase separations systematically occur during CB crystallization. The
main TAG segregation involves a trisaturated fraction, which
partially phase-separates from the mono- and polyunsaturated
species by crystallizing, as shown by chemical analysis of the
fractions. However, the phase separation of polyunsaturated
JAOCS, Vol. 75, no. 4 (1998)
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curs via the α form. This crystallization was only revealed at
the long-spacing level; no short-spacing (expected at about
4.20 Å) was observed. This was also true above 35°C for
melting of the β form of trisaturated TAG, for which a strong
short-spacing was expected at 4.58 Å. This might be due to a
lack of sensitivity at wide angles, while the concentration of
crystals to detect is very small despite the high flux of the Xray source, rather than to the fact that long-spacings are organized first during crystallization (K. Sato, personal communication).
The observation by XRDT, and also by DSC, of the formation of the different forms during heating, as previously
reported by Wille and Lutton (10), including Form III, the existence of which has been discussed several times
(7,10,19,21,22), unambiguously confirms the pertinence of
their description of CB polymorphism.
Fast cooling (about 100°C/s) of melted CB results in the
formation of a phase that is less organized than the α form,
but it transforms irreversibly into the latter on heating. At
−10°C, its diffraction/scattering pattern (Fig. 4) decomposes
into a set of two strong and sharp diffraction lines (∆1/2 =
half-height widths of lines, expressed in Å−1) at q = 0.12
Å−1 (52.6 Å, ∆1/2 = 0.004 Å−1) and 0.24 Å−1 (26.3 Å, ∆1/2 =
0.006 Å−1), and a series of broad peaks at q = 0.06 Å−1 (112
Å, ∆1/2 = 0.040 Å−1) and 0.17 Å−1 (36.4 Å, ∆1/2 = 0.057 Å−1).
The short-spacings, which indicate a packing more compact
than the hexagonal arrangement of the α form, correspond to
a β′ type (4.19 Å, q = 1.5 Å−1 and 3.77 Å, q = 1.67 Å−1, ∆1/2 =
0.05 Å−1). Such a pattern, showing the coexistence of sharp
and broad lines, cannot be explained by a single organization
of the chains. Therefore, assuming that the two sharp peaks
correspond to the d001 and d002 diffraction lines of a lamellar
structure (with a 52.6 Å spacing), the values of half-height
widths found for these peaks, both for long- and short-spacings (∆1/2 = 0.005 ± 0.001 and 0.05 Å−1, respectively), are
less than that found for α (48.5 Å, ∆1/2 = 0.016 Å−1 and 4.22
Å, ∆1/2 = 0.06 Å−1). This indicates that the packing of this
moiety of the sub-α organization is more compact than that
of α. The broad peaks, the main one of which is centered at
about 36.5 Å, probably result from scattering by poorly oriented chains. This organization, which displays maxima at q
= 0.06 Å−1 (112 Å) and q = 0.17 Å−1 (36.4 Å), is less organized than the α form but more than the liquid, as shown by
both lines’ positions, for instance at smaller angles than the
hexagonal short-spacing of α, and larger half-height widths
(∆1/2 = 0.09 for the broad peaks of the liquid phase of CB and
∆1/2 = 0.057 Å−1 for the less-organized moiety of the liquid
crystalline phase).
Some of the lines of this pattern have been observed previously. They were assigned to the sub-α (Table 1) and/or β′
(sub-α) (7) form of CB by these investigators, to focus either
on the relative metastability of this form compared to α
and/or on its typical short-spacing pattern. In fact, such a
complex pattern may be attributed either to the coexistence
of two different structures, each of them displaying part of the
scattering/diffraction peaks discussed above, or to a single
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liquid crystalline organization that combines both types of
characteristics.
The coexistence of two distinct structures would have
shown two different patterns of thermal behavior, which were
not observed. Moreover, no sharp transition was observed
when this variety transformed into α. On the contrary, according to XRDT and DSC recordings (Figs. 4 and 5), the transition was gradual and, whatever the heating or cooling rate
used, it always occurred between −10 and 15°C. Although the
sample-detector distance used (almost 1.5 m) allowed excellent line separation, it was not enough to achieve full separation of the 48.5 and 52.5 Å lines and to determine the transition temperature more precisely by XRDT. In fact, in contrast
to the usual solid-liquid-solid transition, which is observed
for monotropic substances at the melting point of an unstable
form (31), the metastable form is here progressively replaced
by α. Moreover, some intermediate recordings show the two
X-ray patterns superimposed (in the range of 5–10°C, Fig. 4),
making line separation difficult without a specific mathematical model. This gradual transition agrees with the observations made by Riiner (7) that it is time- and temperature-dependent.
This thermal behavior favors the hypothesis of the existence of a single form rather than that of a mixture of two.
However, how can the coexistence of the two organizations
discussed above in the same phase be explained? The fact that
the whole organization is less stable than α and nevertheless
that part of it corresponds to a phase much more ordered than
α indicates, as a counterpart, that only a part of the structure
is ordered, while the rest is not. This is coherent with the existence in the X-ray pattern of several broad lines that correspond to scattering from the unorganized component of the
structure. The disordered moiety exhibits broad peaks that resemble those scattered by micellar structures with aliphatic
chains in the liquid state (44). The observation of a broad
bump at the bottom of the short-spacing lines, probably due
to some smectic liquid-crystalline organization of part of the
chains, confirmed this interpretation (Fig. 4A). The organization of the ordered moiety is probably lamellar, as indicated
by the presence of sharp first- and second-orders for the longspacings, with an O⊥ subcell. Thus, this coorganization might
correspond to a partly crystallized, partly liquid crystalline
structure, the chains in the latter being organized by their covalent links with the crystalline lattice (as in a brush). In such
an organization, the mobility of the liquid chains is only allowed at methyl-end group extremity.
These peaks also can be compared to those found for the
TAG in the liquid state, which are located at mean q = 0.27
Å−1 (23.75 ± 0.10 Å) ∆1/2 = 0.09 Å−1 and q = 1.36 Å−1
(4.57 ± 0.01 Å−1) ∆1/2 = 0.31 Å−1 at 30°C for CB. These last
peaks are broader and weaker in intensity than those found
for the less-ordered part of this phase, as expected according
to the above hypothesis, for liquid chains that are connected
to a strongly organized (crystalline in this case) lattice. The
main difference between the two liquids originates in the planar nature of the lattice limit compared to the probably flucJAOCS, Vol. 75, no. 4 (1998)
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tuating surface made by the glycerol groups of the TAG in the
liquid state (3,8). Such an organization also can be compared
to that shown by phospholipids, such as phosphatidylcholine,
in the liquid crystalline state (Lα). Above the temperature of
their main transition, the phospholipid chains are liquid and
maintained partly organized by the electrostatic links of the
polar head groups (45). However, the X-ray pattern shown by
egg phosphatidylcholine in Lα in excess water, although similar at the short-spacing level, is much more ordered in the
chain direction, as shown by its peak width.
Although calculation made from model organization is
needed to solve the structure of this phase, a scheme of a hypothetical arrangement of the TAG molecules is given in Figure
10. The possibility of an arrangement of the TAG within aggregates has not been addressed because the sharp decrease of
the intensity observed at low q (Fig. 4A) indicates that they are
rather large, if they exist. Also, this scheme does not explain
the exact origin of the sharp lines observed at a spacing of
about 52.6 Å, which are incompatible with the usual model of
TAG crystallization, this period being too long for a 2L organization and too short for 3L. It associates two levels of organization, a crystalline and a liquid-like moiety. Such a structure
may explain why, on rapid cooling starting from the liquid fat,
only part of the chains has time to crystallize while the other
part does not. Moreover, the degree of freedom in the molecular mobilities left by the liquid part of the organization allows
the other moiety to crystallize rapidly into a compact subcell.
For comparison, formation of the β′ form of StStSt takes a minimum of about 10 min and has complex time–temperature conditioning requirements; the situation is similar for the TAG-like
1,3-palmitoyl-2-stearoylglycerol (PStP), which displays only
the β′ form (and α). Moreover, the behavior of this last TAG,

FIG. 10. Scheme of a possible arrangement of the triacylglycerol (TAG)
molecules in the sub-α form. A crystalline moiety with a planar organization involves the glycerol backbone and saturated fatty acid chains,
while the remaining acyl groups (mono- and polyunsaturated) adopt a
liquid-like structure.
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compared with, for instance, its homolog 1-stearoyl-2,3-palmitoylglycerol (StPP), which preferentially exhibits the β form, is
a good illustration of the close relationship between the positioning on the glycerol of fatty acids of different chainlengths
and the orientation of their crystallization toward a particular
subcell (4,46). Indeed, the fast formation of the β′ organization
is in favor of some liquid surrounding the molecule extremities.
On the other hand, the presence of a liquid crystalline moiety in the structure also would explain its progressive transition into the α form because it is well known that the presence of a liquid favors the evolution of unstable species toward more stable forms (47). On cooling at 2°C/min, the α
form starts to crystallize before the liquid-crystalline phase
(Figs. 7A, 7C, 9). Therefore, the latter probably corresponds
to aggregation of the molecules not frozen in α form. The
sub-α → α transition, which is favored at slow cooling rates
by the presence of some α in mixture with sub-α, occurs more
or less rapidly in the range of −10 to 15°C and thus raises the
question of chain mobility and organization at lower temperatures in relation with the stability of this phase.
The second consequence of the existence of such a compact
and well-structured (sharp long-spacings) organization is that
presumably the liquid from which it forms could be already
preorganized. So, taking into account the respective temperatures of crystallization of chains, the saturated ones would crystallize first, leaving the unsaturated chains in the liquid state.
This preorganization assumes that: (i) the liquid state of CB, as
other liquid fats, is liquid crystalline and rather of the smectic
type (3,48) than nematic (9), (ii) its organization corresponds
to layers (or flat aggregates) made from saturated chains, while
other parts contain the unsaturated chains. The liquidus shapes
observed in some binary phase diagrams of TAG, almost horizontal on the side of the thermally more stable component with
a marked change of slope when approaching the concentrations
rich in the second component, already have been proposed as
reflecting some kind of phase separation in the liquid medium
(36). Such a liquidus shape is frequently observed for saturated-unsaturated TAG (or saturated-partly unsaturated) binary
phase diagrams on the saturated side (for instance with StStSttriolein or StStSt-StOSt) (42).
Comparison with palm oil. The existence of a liquid crystalline phase, obtained by very fast cooling, was not found in
pure TAG, such as triolein, StStSt and even POP, which is nevertheless one of the major constituent of CB, because they all
readily crystallize in the α phase (1,13). However, we found
that palm oil and lard, which are, like CB, mainly composed of
a mixture of monounsaturated and saturated TAG, also show
partial crystallization. The propensity of fats to crystallize in
sub-α(β′) carefully has been investigated by Riiner (7) by
means of temperature-programmed XRD camera recordings.
Among 30 oils and fats of food technological interest, he found
that five display this property, namely, beef tallow, CB, lard,
palm oil, and sheanut butter. Except this last, all these fats have
intermediate iodine values; fats and oils with lower and higher
iodine values do not display such behavior.
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FIG. 11. Small-angle X-ray patterns obtained for pure fats and their olein
and stearin fractions, CB (A) and palm oil (B). See Figure 1 for abbreviations.

The small-angle XRD patterns of palm oil and its fractions
(olein and stearin) were recorded, at −30°C after quenching as
above, for comparison with that of CB obtained by fractionation (see above) (Fig. 11A,B). Weak differences were observed
between HMF, LMF, and CB itself. HMF showed a broad peak
at about 36 Å (q = 0.18 Å−1), reduced in intensity, but an increase of the spacings at 52.1 Å (q = 0.12 Å−1), associated with
important broadening compared to the other fats. Palm oil and
its fractions exhibited similar behavior, except that, for the
stearin fraction, the liquid-crystalline phase (55, 55/2 Å, and
broad peak at 36 Å) was mixed with the α form (48.5 Å). This
pattern also revealed a weak but sharp peak at 111 Å (Fig. 11B),
which seems to be related to the sharp peaks at spacing 55 Å
rather than to the α form. For all samples, whatever the fat and
the fractions considered, the intensities of the sharp and scattering peaks are approximately in the same proportions. However, pure CB exhibits the highest intensity for the scattering
peak, even compared to its fractions.
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The relationship between the formation of this liquid crystalline phase and the fat composition is still unclear. Obtaining
this phase seems related to: (i) the presence of a mixture of
TAG and (ii) a specific unsaturated/saturated fatty acid ratio.
Thermodynamic considerations. Further evidence for an organization of the liquid that was not mentioned before is provided by calculations from thermodynamic data. First, the plot
of melting enthalpies of TAG of the same family, such as trisaturateds with a single fatty acid (trilaurin to tribehenin), as a
function of carbon number revealed that a constant number of
methylene groups (about two per aliphatic chain) and the glyceryl carbons do not participate in the melting enthalpy. (The
negative term found in the linear relationship between melting
enthalpy of the β form of trisaturated TAG cannot be attributed
to some disorganization of this solid phase because it has been
shown by XRD that all these TAG display the same basic structure, derived from that of LLL.) Then, taking into account the
importance of this nonmelting fraction, it must be related to
some liquid organization (41,49).
Second, evidence arises from the plots of the molar volume of the trisaturated TAG in the solid (β form) and liquid
states (at 80°C) as a function of their molecular weights.
These molar volumes were deduced from their liquid and
solid densities taken from the literature (45, from Table 103). Both series of molar volumes vary linearly with the molecular weights of the corresponding TAG.
The two equations deduced from the linear regression are
shown with their corresponding plots in Figure 12. The negative value (−53.4 cm3) observed for the plot of the liquid state
already shows that a rather high density is expected for the
polar headgroup packing, while the positive value found for
the β form tends to indicate the reverse for this solid phase
(neglecting, for this comparison, the dilation of β solid phase
between the temperatures at which molar volumes were measured and 80°C). Taking into account the fact that, except for

FIG. 12. Plots of the molar volumes of TAG in the liquid (solid line) and
solid (dashed line) states deduced from literature data. See Figure 10 for
abbreviations.
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the liquid phase, the data are not taken at the same temperature (but thermal expansion is rather low in the solid phase),
the intercept of the two straight lines is found at a high molecular weight (about 400). That the volumes below this intercept are occupied by polar groups in both states and are
equivalent (about 400 cm3/mole) indicates that the first carbons of the chains are not disorganized by chain melting.
This confirms that the polar groups and parts of the chains of
trisaturated TAG in the liquid state are as dense as the equivalent moiety of the crystalline form in its most compact packing. These two independent lines of evidence for liquid organization favor the hypothesis of a smectic organization of the
liquid, as reported by Larsson (8), in particular because the
high density found for the polar head- groups is unlikely to
correspond to their dilution in a paraffinic environment.
In conclusion, fast cooling of fats, mainly composed of
monounsaturated TAG, such as CB and palm oil, leads first
to the formation of a liquid crystalline phase, which is probably partly organized as a crystal with a compact subcell of β′
type and partly as a liquid. This organization, which likely
also forms from other monounsaturated-rich TAG fats, is also
obtained for CB at moderate cooling rates below 15°C. In
spite of the presence of a more organized moiety, the existence of a liquid-crystalline part in the structure makes it on
the whole less stable than α, into which it progressively transforms when maintained in the range of 0–15°C.
The partial fractionation of the StStSt TAG of CB observed
in this study develops independent of the presence of this phase
and others. The persistence of crystals, mainly composed of
trisaturated TAG when the other moiety of CB is liquid, explains the specific thermal behavior previously observed
(25,26). This phase separation in the solid state does not affect
the validity of the nomenclature proposed by Wille and Lutton
(10), especially because the six forms that they described have
been reidentified. However, it should serve as a reminder that
even for CB, which is a specific fat mainly composed of three
similar monounsaturated TAG, it only describes the behavior of
its main fraction and not the whole fat. Therefore, for natural
fats of generally more complex composition and polymorphism
that display simultaneous complex arrangements made from
different classes of TAG in addition to a liquid fraction, as recently shown for anhydrous milk fat and its fractions (35), a single denomination should be avoided.
On the other hand, these results show that, even for fats
that display a simple composition, the interpretation of thermal analysis is difficult, especially when numerous polymorphic transitions occur successively. In this respect, the use of
X-ray (or neutron) diffraction/scattering techniques, preferably recorded as a function of temperature, by allowing continuous identification of the crystal structures formed, is absolutely necessary for understanding these phenomena.
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