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Abstract

We examined the influence of dynamic thermal treatment (variation of cooling/heating
rates) on the polymorphic crystallization and transformation pathways of 1-palmitoyl-
2,3-dioleoyl glycerol (POO), 1-stearoyl-2,3-dioleoyl glycerol (SOO), and 1-palmitoyl-
2-oleoyl-3-linoleoyl glycerol (POL), which are major saturated-unsaturated-unsaturated
(SUU) triacylglycerols (TAGs) of vegetable oils and animal fats (e.g., palm oil, olive
oil, and Iberian ham fat). Using mainly a combination of differential scanning
calorimetry (DSC) and synchrotron radiation X-ray diffraction (SR-XRD), we analyzed
the polymorphic behavior of TAGs when high (15 °C-min™), intermediate (2 °C-min™),
and low (0.5 °C-min™) cooling and heating rates were applied. Multiple polymorphic
forms were detected in POO, SOO, and POL (sub-a, a, B’2, and B’1). Transient
disordered phases, defined as kinetic liquid crystal (KLC) phases, were determined in
POO and SOO for the first time. The results demonstrated that more stable forms were
directly obtained from the melt by decreasing the cooling rates, whereas less stable
forms predominated at high cooling rates, as confirmed in our previous work.
Regarding heating rate variation, we confirmed that the nature of the polymorphic
transformations observed (solid-state, transformation through KLC phase, or melt-
mediation) depended largely on the heating rate. These results were discussed
considering the activation energies involved in each process and compared with
previous studies on TAGs with different saturated-unsaturated structures (1,3-dioleoyl-
2-palmitoylglycerol, 1,3-dipalmitoyl-2-oleoyl-glycerol, trioleoyl glycerol, and 1,2-

dioleoyl-3-linoleoyl glycerol).

Keywords: polymorphism, triacylglycerol, lipid, thermal treatment, synchrotron

radiation, food product.
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1. Introduction

Lipids are major nutrients and are widely employed as lipophilic materials in
food, pharmaceutical, and cosmetic industries.* Triacylglycerols (TAGs) are the
main components of natural and industrial fats and oils, and their polymorphism
greatly influences the physical properties (e.g., morphology, rheology, texture,
and melting) of lipid-based end products. In addition to the chemical nature of the
fatty acid components (chain length, saturated/unsaturated, and cis or trans
double bonds) and the connection of these fatty acids to the glycerol structure, the
use of specific external factors® strongly influences the polymorphic
crystallization and transformation of TAGs (e.g., the use of additives,* shear,®
sonication®® and emulsification®). In addition, applying dynamic temperature
variations permits the monitoring and controlling of the polymorphic behavior of
TAGs, with the aim of obtaining desired product characteristics. Many studies
have been conducted to characterize the effects of dynamic temperature variation,
since the Kinetic properties of polymorphic crystallization and transformation of

TAGs ¢ and more complex lipid samples®’°

are significantly influenced by
cooling and heating rates. Recently, we reported on the effect of cooling rate on
the polymorphic crystallization of unsaturated-saturated-unsaturated 1,3-dioleoyl-
2-palmitoyl glycerol (OPO)™ and the effects of varying both cooling and heating
rates on the polymorphic crystallization and transformation pathways of
saturated-unsaturated-saturated 1,3-dipalmitoyl-2-oleoyl (POP),™ triunsaturated
trioleoyl glycerol (O00), and 1,2-dioleoyl-3-linoleoyl glycerol (OOL).* For that

study, differential scanning calorimetry (DSC) and synchrotron radiation X-ray

diffraction (SR-XRD) with small-angle (SAXD) and wide-angle (WAXD)
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simultaneous measurements were used. These techniques enabled in situ
monitoring of the occurrence of complex polymorphic transformation even when
high rates (15_°C/min) were applied.

In the present study, we used SR-XRD and DSC to dynamically follow the
polymorphic crystallization and transformation Kinetics of 1-palmitoyl-2,3-
dioleoyl glycerol (POO), 1-stearoyl-2,3-dioleoyl glycerol (SOO), and 1-
palmitoyl-2-oleoyl-3- linoleoyl glycerol (POL), which are major saturated-
unsaturated-unsaturated (SUU) TAGs of lipid products (e.g., palm oil, olive oil,
and Iberian ham fat).

Some previous research focused on the polymorphic characteristics of these
TAGs. Miura et al.?* studied the crystallization of POO and some POO:POP
mixtures, as they play important roles in the formation of granular crystals in

margarine. In addition, Zhang et al.??

determined the eutectic binary phase
behavior of POP:POO in metastable and stable conditions, due to its practical
importance in dry fractionation of palm oil. In these previous studies, only two
polymorphic forms (o and B°) of POO were observed. Later, Zhang et al.?®
reported on the immiscible phase behavior of SOS:SOO binary mixtures,
determining the presence of three SOO polymorphs (o, f’2, and °1). Recently,

Baker et al.'®

examined the effect of cooling rate on the polymorphism, thermal
properties, and microstructure in symmetric and asymmetric TAGs containing
stearic and oleic fatty acids (OSO and SOO). They observed that cooling rates
have more limited effect on the phase behavior of asymmetric TAGs than on that
of symmetric TAGs.

In the present work, we applied different thermal treatments to TAG samples

(changing cooling/heating rates from 0.5 °C-min™ to 15 °C-min™) to characterize
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a higher number of polymorphs (sub-a, a, B2, and °1). To the best of our

knowledge, this is the first time that POL polymorphism has been reported.

Considering the results of the present study as well as those of our previous work,

we can compare the influence of kinetic factors (e.g., cooling/heating rates) on
the polymorphic behavior observed in TAGs with different saturated-unsaturated

structures (OPO, POP, OO0, OOL, POO, SO0, and POL).

2. Experimental

Samples of POO, SOO, and POL were purchased from Tsukishima Foods
Industry (Tokyo, Japan) and used without further purification (purity >99%). It
should be noted that the samples were not enantiopure, as they consisted of the
racemic mixture of corresponding enantiomers (R and S).

DSC experiments were conducted at atmospheric pressure using both a Perkin-
Elmer DSC-7 and a Perkin-Elmer DSC Diamond. The DSC thermograms
obtained by the two calorimeters were comparable. Samples (9.0 to 9.4mg) were
weighed into 50ul aluminum pans, and covers were sealed into place. Both
instruments were calibrated with reference to the enthalpy and the melting points

of indium (melting temperature 156.6 °C; AH 28.45J-g™) and decane (melting
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temperature -29.7 °C; AH 202.1J-g%) standards. An empty pan was used as a

reference. Dry nitrogen was used as purge gas in the DSC cell (at 23cm®-min™ in

the Perkin-Elmer DSC-7 and at 20cm*®-min™ in the Perkin-Elmer DSC Diamond).

Thermograms were analyzed using Pyris Software to obtain the enthalpy (J-g™,
integration of the DSC signals) and Tonset and Teng Of the transitions (°C,
intersections of the baseline and the initial and final tangents at the transition).
Before thermal treatments were selected, cooling and heating rate conditions
were screened for POO, which was extrapolated to the SOO and POL. As we
expected, the polymorphic behavior of the three TAGs was similar, due to their
identical SUU structure. Thus, we carried out 16 thermal programs combining
different cooling/heating rates (15 °C-min™, 2.°C-min™, 1 °C-min™, and 0.5
°C-min; data not shown). Some of these experiment conditions were selected
and more deeply characterized using SR-XRD or laboratory-scale XRD. POO,
SO0, and POL samples were cooled from the melt (from 40 °C to -80 °C) and
subsequently heated (from -80_°C to 40 °C) using the following rates: (1) cooling
at 15 °C-min™ and heating at 15 °C-min™ and at 0.5 °C-min™, (2) cooling at 2
°C-min™ and heating at 2 °C-min™, and (3) cooling at 0.5 °C-min™ and heating at
15 °C-min™. These conditions included high, intermediate and low cooling and
heating rates. At least three independent measurements were performed for each
experiment (n = 3). Random uncertainty was estimated with a 95% threshold of
reliability using the Student’s t-distribution, which enables estimating the mean
of a normally distributed population when the population is small.?*** A
correction (described elsewherefég’*) was applied for analyses with cooling or
heating rates other than 2 9C-min’, since both calorimeters were calibrated at this

rate.

[ Formatted: Superscript

[ Formatted: Superscript
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SR-XRD experiments were performed at the beamline BL-9C of the synchrotron
radiation facility Photon Factory (PF) of the High-Energy Accelerator Research
Organization (KEK) in Tsukuba (Japan). A double-focusing camera was operated
at a wavelength of 0.15nm. X-ray scattering data were simultaneously collected
using Position Sensitive Proportional Counters (PSPCs) (Rigaku Co., PSPC-10)
for small (SAXD) and wide (WAXD) angles. The SAXD pattern was used for
determining the chain length structure of the TAG, and the WAXD pattern
permitted us to identify the polymorphic forms. Each temperature program was
controlled using a Linkam stage LK-600. A 2mm-thick sample was placed in an
aluminum sample cell with Kapton film windows. SR-XRD spectra were
acquired at 30 or 60s intervals, depending on the cooling/heating rates used and
the complexity of the thermal profile.

Laboratory-scale powder XRD was used for some experiment conditions using a
PANalytical X’Pert Pro MPD powder diffractometer equipped with a Hybrid
Monochromator and an X’Celerator Detector. The equipment also included an
Oxford Cryostream Plus 220V (temperature 80 to 500K). This diffractometer
operated with Debye-Scherrer transmission. The sample was introduced in a
1mm-diameter Lindemann glass capillary. The latter was rotated about its axis
during the experiment to minimize preferential orientations of the crystallites.
The step size was 0.013° from 1.004° to 28° 26, and the measuring time was

2.5min per pattern.



172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

3. Results

Table 1 summarizes the long and short spacings of the observed POO, POL, and
SOO polymorphs. These values are in good agreement with those of previous

studies.?"®

Table 1. Long and short spacing values of the POO, POL and SOO polymorphs.

POO
Long Spacing/nm Short Spacing/nm
sub-o 58 29 0.42 0.38
o 57 2.8 0.41
KLC 6.0 —
B’ 6.7 3.2 0.43 041
) 6.7 3.2 0.47 0.46 0.45 0.43 041 0.40 0.39
POL
Long Spacing/nm Short Spacing/nm
sub-a 57 2.8 0.42 0.38
o 56 2.7 0.41
B’ 6.3 3.1 0.42 0.38
5 6.4 3.1 8;; 046 045 044 042 041 040
SO0
Long Spacing/nm Short Spacing/nm
sub-a 6.2 3.0 0.42 0.38
o 6.0 2.9 0.41
KLC 6.7 —
B’ 71 34 0.43 041
B’1 6.9 3.3 0.47 0.45 0.43 0.42 041 0.40 0.39

Chain length structures of sub-a and o forms are double, and those for the two ’
forms are triple. Long spacings become much greater than those of POP and
OPO, especially for double chain length structures, as the inclination angles
toward the lamellar interface should be relatively small. KLC forms were formed
in POO and SOO, and they were characterized by a single long spacing (see

below).
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3.1. Polymorphic characteristics of 1-palmitoyl-2,3-dioleoyl glycerol

Table 2 presents DSC data (Tonset and AH) of all the thermal treatments applied to

POO. At high (15 °C-min™) and intermediate (2 °C-min™) cooling rates, the

crystallizing polymorph was o, whereas low rates (0.5 °C-min™) led to more

stable forms (B’2). With heating, the most stable form (3°1) was obtained in all

cases, but through different pathways depending on the rate used.

Table 2. DSC data of crystallization and transformation of POO polymorphs obtained by cooling rates of

(A) 15.°C-min™, (B) 2.°C-min™, and (C) 0.5 °C-min™ and different heating rates. The letters, ¢ and m, in

parentheses noting polymorph forms mean crystallization and melting.

A Cooling Heating
(15.°C-min™) (15.°C-min™)
a(c) a— sub-a | sub-a— a o (m) B () pLr—pr Bim
Tonset °C) | -20.4+04 -629+05 -65.8+0.5 440£21 -163+£04 -6.6%0.6 125+0.5
AH (Jlg) | 44=1 SE1 9+<] 41 291 17+2 11+3
(0.5.°C-min™)
sub-a=>p’;  B'i(m)
35+£23 124+0.3
Tonset (OC) (Tcnd)
AH (J/g) _ 106 +21
B Cooling Heating
(2.°C-min™) (2.°C-min™)
afc) a—sub-a | sub-a=>p’, PB'1(m)
-11.3+£1.6 -0.8+3.7 13.5+0.9
Tonsel (OC) (Tend)
AH (J/g) -78£2 o 109 +£8
C Cooling Heating
(0.5.°C-min™) (15.°C-min™)
Btpi () B2 (m) Bi(m)
Tonset (°C) | 7.3+1.3 45+4 144+1.5
AH (J/g) -103+4 1+<1 108+5

Figure 1 depicts the polymorphic behavior of POO when cooled at 15 °C-min™

and heated at 15 °C-min™* and 0.5 °C-min™.
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Fig. 1. Polymorphic behavior of POO. (a) Cooling at 15 °C-min™ and heating at 15 °C-min™. A. DSC
thermogram. B. SR-SAXD pattern. C. SR-WAXD pattern. (b) Cooling at 15 °C-min™ and heating at 0.5

°C.min. A. DSC thermogram. B. SR-SAXD patern. C. SR-WAXD patern.

When the molten POO sample was cooled at 15 °C-min™, the crystallizing
polymorph was a, with a long spacing of 5.7nm and a short spacing of 0.41nm.
On further cooling, the SR-XRD peaks shifted from 5.7 to 5.8nm (SAXD pattern)
and from 0.41 to 0.42nm (WAXD pattern), due to a—sub-a transformation. This
sub-o form was characterized by two WAXD peaks (a stronger one at 0.42nm

accompanied by a weaker one at 0.38nm), which was not observed at high

10
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cooling/heating rates but could be determined with other experiment conditions
(see WAXD pattern in Fig. 1b). When POO was subsequently heated at 15
°C.-min™ (Fig. 1a), sub-a—a transformation occurred at -65.8 °C (Table 2A);
according to SR-XRD, the SAXD peak at 5.8nm moved to 5.7nm, and the
WAXD peak at 0.42nm shifted to 0.41nm. Here, o form melted at -44.0°C and
B2 form crystallized at -16.3 °C, detected by the presence of the SAXD peak at
6.7nm and two broad WAXD peaks at 0.43 and 0.41nm. Later, the DSC profile
indicated an exothermic peak at -6.6 °C, corresponding to a 3’,—f’; transition.
Simultaneously, new WAXD peaks appeared at 0.47, 0.45, 0.43, 0.41, and
0.40nm; however, the SAXD peak at 6.7nm did not change. Finally, according to
the DSC data, the most stable form (3°1) melted at 12.5 °C. The considerable
width and the high enthalpy of the °; melting peak (111 J-g™) may be the result
of concurrent melting of both B, and 3, forms that may have occurred due to the
high heating rate used.

In contrast, when the POO sub-o. form was heated at a low rate (0.5 °C-min™)
(Fig. 1b), a series of complex thermal phenomena was observed in the DSC
thermogram at a temperature range of -50 to 3.5 °C (enlarged figure in Fig. 1b).
Because the endothermic/exothermic nature of the DSC peaks could not be
properly identified, only the Ty Of this set of phenomena was determined (Table
2A, in which the process is noted as sub-a=>f"1). Throughout this large
temperature range, the SR-XRD data indicated that the SAXD peak at 5.8nm
shifted to 6.0nm and its corresponding (002) reflection did not appear. Regarding
the WAXD pattern, the typical peak of sub-a form at 0.42nm vanished, and no
diffraction peak was present. This disordered phase, having a single long spacing,
could be interpreted as a KLC phase. This phase is characterized by a structural

11



239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

periodicity of 6.0nm of lamellar distance but with no definite periodicity in lateral

packing. The presence of some ordering in the liquid state of TAGs has been

26-28
d

widely discusse since Larsson first proposed the existence of liquid-crystal-

like lamellae.?’*° Other studies that reported liquid crystal phases in other TAGs

2931

(e.g., 1,3-distearoyl-2-oleoyl glycerol (SOS)~"=) defined them as a smectic LC.
Many transitions were observed in this wide temperature range, and the sequence
probably passed through some o form before the formation of KLC. Furthermore,
the DSC data did not indicate any clear peak corresponding to KLC formation, as
it was somehow overlapped in the complex set of phenomena in the temperature
range corresponding to the sub-a—=f’; transformations. Later, KLC transformed
to B’, form (presence of a SAXD peak at 6.7nm and two WAXD peaks at 0.43
and 0.41nm); then B’,—B’1 transition occurred. Thus, the typical SR-XRD peaks
of B’; forming at 0.47, 0.46, 0.45, 0.43, 0.41, 0.40, and 0.39nm were observed in
the WAXD pattern. Finally, B’ form melted at 12.4 °C.

Intermediate cooling and heating rates were also applied (2 °C-min™). The
polymorphic behavior observed was the same as that obtained by cooling at 15

°C.min™ and heating at 0.5 °C-min™ (Fig. 2 and Table 2B).

12
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Fig. 2. Polymorphic behavior of POO when cooled at 2.°C-min™ (a. crystallization) and heated at 2

°C.min™. a) DSC thermogram. b) SR-SAXD pattern. c) SR-WAXD pattern.

Hence, when cooling at 2 9C-min’, the DSC thermogram indicated an exothermic
peak with a Tonset at -11.3 °C corresponding to the a form crystallization
(identifiable by a SAXD peak at 5.7nm and a WAXD peak at 0.41nm).
Furthermore, the SR-XRD data indicated a shift from 5.7 to 5.8nm in the SAXD
pattern and from 0.41 to 0.42nm in the WAXD pattern, due to the a—sub-a
transformation, although no corresponding DSC thermal peak was observed.
After POO was cooled at 2 °C-min’?, it was heated at the same rate. Again, a
complicated transformation process appeared in the DSC heating curve over a
wide temperature range (-20 to -0.8 °C). The SAXD pattern again indicated a
single peak at 6.0nm and no WAXD peak was detected, corresponding to the

KLC phase described above. Immediately afterwards, the 3’, form could be

13



272

273

274

275

276

277

278

279

280

281

282

283

284

285

identified by the presence of the SAXD peak at 6.7nm and two peaks at 0.43 and

0.41nm in the WAXD pattern. Finally, B’, form transformed to ’; form, and the

WAXD peaks shifted to 0.47, 0.45, 0.43, 0.41, 0.40, and 0.39nm. °; form melted

at 13.5 °C (Table 2B), with the AH value of 109J-g™.

The polymorphic crystallization of POO was also studied at low cooling rates.

Thus, the melted sample was cooled at 0.5 °C-min* and heated at 15 °C-min™*

(Fig. 3).

Conventional XRD could be carried out under these conditions, due to the

simplicity observed in the DSC thermal profile. ’; and 3’; forms crystalized

concurrently at 7.3 °C (Table 2C).
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Fig. 3. Polymorphic behavior of POO when cooled at 0.5 °C-min™ (', + B'; crystallization) and heated at

15 °C-min. a) DSC thermogram. b) Conventional XRD paterns.
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The XRD pattern exhibited a peak at 6.7nm in the small-angle region and three
peaks in the wide-angle XRD region at 0.45nm (corresponding to ’; form), and
0.43 and 0.41nm (B’, form). On heating, the DSC curve exhibited a weak and
broad melting peak with Tonst at -4.5 °C. In the same temperature range, the XRD
patterns indicated more defined 3°; peaks (0.47, 0.45, 0.43, 0.41, and 0.39nm);
thus, this broad DSC peak was probably due to some B, melting, some °,—f’1
transition, or a combination of the two. Finally, only ’; form was present, and it

melted at 14.4 °C.

3.2. Polymorphic Characteristics of 1-palmitoyl-2-oleoyl-3-linoleoyl glycerol

1-palmitoyl-2-oleoyl-3-linoleoyl glycerol (POL) was subjected to the same

thermal treatments, and the polymorphic behavior was similar to that of POO.

Table 3 presents Tonset and AH values of the phenomena observed in the

corresponding DSC thermograms.

15
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Table 3. DSC data of crystallization and transformation of POL polymorphs obtained by cooling rates of

(A) 15.°C-min, (B) 2.°C-min™, and (C) 0.5.°C-min™ and different heating rates. The letters, c and m, in

parentheses noting polymorph forms mean crystallization_.and melting.

A Cooling Heating
(15.°C-min™) (15.°C-min™)
a(c) o— sub-a | sub-a— a o (m) B (c) p.— B Bi(m)
-20.6£0.3 413 £ 0.6 | -31.8£ 1.6 -16.1+1.7 -12.6+23 -56+2 8.8+22
Tonset (°C) (peak top) (peak top)
AH (Jlg) | 452 11 241 22+4 85+ 18 97+38
(0.5.°C-min™)
sub-a—a  a—p B— B pam) B'i(m)
-352+£25 337+12 -104+13 82+05 9.6£0.3
Tonset (°C) (peak top)
AH (J/g) 12£2 -18+2 -6+2 14+3 93+4
B Cooling Heating
(2.°C-min™) (2.°C-min™)
alc) a— sub-a | a— B B2— B pa(m) B'i(m)
-17.5+£0.6 -36.3£0.6 -23.0+0.7 6.0+ 1.1 7.5+0.8 10.1£0.8
Tonsel (OC) (peak top)
AH (J/g) 45+2 -1+1 24 £2 -12+£9 107+9
C Cooling Heating
(0.5.°C-min™) (15.°C-min™)
B2 (c) B2 (m) B B (m)
Tonset (°C) -12.8+0.9 -1.5+1.2 16+1.6 8.0+1.2
AH (J/g) 79+ 10 3+2 -17+2 99+5

Not surprisingly, o form was crystallized from the melt at high and intermediate

rates (15 and 2 °C-min™), whereas a more stable p’, form was obtained at low

cooling rates (0.5 °C-min™). Heating resulted in a polymorphic sequence of

increasing stability; however, no KLC phase was detected.

Figures 4a and 4b depict the polymorphic behavior of POL observed when the

molten sample was cooled at 15 °C-min! and heated at 15 and 0.5 °C-min™.
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Fig. 4. Polymorphic behavior of POL. (a) Cooling at 15 °C-min™ and heating at 15 °C-min™. A. DSC

thermogram. B. SR-SAXD pattern. C. SR-WAXD pattern. (b) Cooling at 15 °C-min™* and heating at 0.5

°C-min. A. DSC thermogram. B. Conventional XRD patterns.

When the molten POL sample was cooled at 15 °C-min, SR-XRD data indicated

o form crystallization, which occurred at -20.6 °C, through a SAXD peak at

5.6nm and a WAXD peak at 0.41nm. As depicted in Fig. 4a, shifting to 5.7nm

and 0.42nm resulted in a—sub-a transformation, corresponding to a DSC peak

top at -41.3 °C. However, Tonset could not be determined, due to the flatness of the

DSC peak. The opposite polymorphic transformation (sub-a—a) occurred at -

31.8.°C (peak top) when heating; simultaneously, the SAXD peak at 5.7nm

moved to 5.6nm again, and the WAXD peak moved from 0.42 to 0.41nm. A
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sharp endothermic DSC signal appeared at -16.1 °C, corresponding to the o
melting, and further on, crystallization occurred. Two exothermic peaks (with
Tonset at -12.6 °C and at -5.6 °C) appeared; however, only the latest could be
identified. SR-XRD indicated 3’; form through the peaks at 6.4nm (SAXD) and
at 0.47, 0.46, 0.42, 0.41, and 0.40nm (WAXD). Similar to POO, the exothermic
DSC peak with Tonset at -12.6 °C was probably due to the B’, crystallization,
which transformed to ’; form at -5.6 °C. However, the two processes could not
be distinguished using SR-XRD, as they were so close to each other and the
heating rate used was so high. Finally, p’; form melted at 8.8 °C.

Figure 4b depicts the DSC and laboratory-scale XRD results obtained when POL
was cooled at 15 °C-mint and heated at 0.5 °C-min™. Heating at such a low rate
transformed the sub-o form obtained during cooling to o form at -35.2 °C (peak
top temperature, see Table 3A), which soon changed to ’, form through
exothermic solid-state transformation at -33.7 °C. 3’, form was identified by its
wide-angle region peaks at 0.42 and 0.38nm, as the laboratory-scale XRD data
indicated. Again, the most stable polymorph of POL (B’1) was reached on further
heating, when an exothermic peak, corresponding to the p’,—f’; transition,
appeared at -10.4 °C in the DSC profile. The XRD peaks at 6.4nm (small-angle)
and 0.47, 0.46, 0.44, 0.42, 0.41, 0.40, and 0.39nm (wide-angle region) indicated
the presence of 3’; form. Finally, two consecutive melting peaks were observed
in the DSC heating curve, corresponding to both melting processes of remaining
B2 (Tonset = 8.2°C) and B’1 (Tonset = 9.6°C) forms. Hence, not all the existing B’

form was transformed to 3°; at -10.4 °C.

18



358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

With intermediate cooling/heating rates (2 °C-min™), the polymorphic behavior
of POL did not exhibit significant variation. As depicted in Fig. 5, a crystals were
also obtained by cooling the melted sample at 2 °C-min™, which, according to the
DSC data, transformed to sub-a form at -36.3 °C (Table 3B). This transition was
identified in the SR-XRD pattern by the shift from 5.6 to 5.7nm (SAXD) and

from 0.41 to 0.42 and 0.38nm.
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Fig. 5. Polymorphic behavior of POL when cooled at 2.°C-min™ (a. crystallization) and heated at 2

°C.min™. a) DSC thermogram. b) SR-SAXD pattern. c) SR-WAXD patern.

During heating, although no corresponding DSC peak was observed, sub-a
transformed to a form (the SAXD peak at 5.6nm and the WAXD peak at 0.41
appeared again at the expense of o peaks). Soon afterward, a SAXD peak at
6.3nm and two WAXD peaks at 0.42 and 0.38nm appeared at -23.0 °C, indicating

solid-state transformation from o to 3’, form. Part of this B’, transformed to ’;
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form at -6.0 °C, indicated by the SAXD peak at 6.4nm and typical WAXD peaks
at 0.47, 0.46, 0.45, 0.44, 0.42, 0.41, and 0.40nm. Finally, B’, form melted at 7.5
°C, and B’ form melted at 10.1 °C. Unlike the results obtained with low heating
rates (0.5 °C-min™) for POL, the two endothermic melting peaks were not
completely separated at 2 °C-min™*, and the melting enthalpy (107 J-g™) had to be
determined as a whole (the sum of the two melting processes).

More stable B’, crystallization occurred when melted POL was cooled at 0.5
°C-min™. Figure 6 presents the DSC and SR-XRD data for cooling at 0.5 °C-min™

and heating at 15 °C-min™.
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Fig. 6. Polymorphic behavior of POL when cooled at 0.5 °C-min™ (B, crystallization) and heated at 15

°C.min™. a) DSC thermogram. b) SR-SAXD pattern. c) SR-WAXD pattern.

B’ form was identified by a triple chain length SAXD peak at 6.4 and two broad

WAXD peaks at 0.42 and 0.38nm. When the sample was quickly heated at 15
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°C-min™, melt-mediated transformation from B’, to p’; form occurred, consisting
of B’2 melting (Tonset at -1.5°C) and B’; crystallization at 1.6°C (Table 3C). During
this transformation, the SAXD peak did not change, whereas WAXD peaks
appeared at 0.47, 0.46, 0.44, 0.42, 0.41, 0.40, and 0.39nm, at the expense of B’
peaks. The most stable 3’; form melted at 8 °C. The considerable width of the

endothermic peak may be due to some concurrent 3°, and 3’1 melting.

3.3. Polymorphic Characteristics of 1-stearoyl-2,3-dioleoyl glycerol

The influence of varying the cooling and heating rates was also analyzed for 1-
stearoyl-2,3-dioleoyl glycerol (SOO). Table 4 presents the DSC data of all the

thermal peaks observed.

Table 4. DSC data of crystallization and transformation of SOO polymorphs obtained by cooling rates of
(A) 15.°C-min™, (B) 2.°C-min™, and (C) 0.5.°C-min™ and different heating rates. The letters, c and m, in

parentheses noting polymorphic forms mean crystallization and melting.

A Cooling Heating

(15.°C-min™) (15.°C-min™)

a(c) a— sub-a | sub-a— a o (m) B () pLr—-pr  Bi(m)
Tonset (°C) | 9.0+ 0.4 250403 |-224+08  -62+09 33+£06 27+08  198+05
AH (Ulg) | 48%1 A+<1 1+1 742 74+ 16 109+9

(0.5°C-min™)

sub-a—a a—p, pL—-p1 Bim
622+ 1.4 26.6+0.7 -45+0.6 22.0+0.6

9+8 -18+4 3+1 136 £ 18

B Cooling Heating

(2.°C-min™) (2.°C'min™)

at fafc) a—sub-a | KLC— > fo—- 7 fim)
Tonset (°C) -54+03 -21.8+0.6 -18.9+£0.9 24+04 209+0.4
AH () | 49+3 S 211 152 12244
C Cooling Heating

(0.5.°C-min™) (15.°C-min™)

B2 () B2— B B'r(m)
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55+1.8
96 +4

65+1.6 21.1+1.0
-15+6 111+10

Tonset (°C)
AH (J/g)

Following the same tendency as POO and POL, metastable o form crystallized at
high cooling rates, while o and 3°, forms crystallized concurrently at intermediate
rates, and 3’, crystals were obtained at low rates. Forms of increasing stability
were reached while heating similar to POO, and a KLC phase was identified in
some experiment conditions.

When cooling SOO at 15 °C-min™, exothermic crystallization of o. form occurred
at -9.0 °C, and transformation to sub-a form occurred at -25.0 °C. Thus, the
SAXD peak moved from 6.0nm (a) to 6.2nm (sub-a), and the o WAXD peak at
0.41nm changed to the two sub-a peaks at 0.42 and 0.38nm. An exothermic peak
was observed at -70 °C, and an endothermic peak was observed at the beginning
of the heating step at 15 °C-min™ (at -60 °C) (Fig. 7a) in the DSC profile.
However, they could not be identified using the SR-XRD patterns, as no changes
were detected in these temperature ranges. On further heating, sub-a form
transformed to o form at -22.4 °C. Immediately afterward, melt-mediated
transformation occurred from a to §’, form, which consisted of o form melting
(at -6.2.°C) and subsequent B, crystallization (at -3.3 °C). Simultaneously, SR-
XRD peaks became very flat, almost nonexistent, due to the a melting; a triple
chain length SAXD peak at 7.1nm and two broad ’, WAXD peaks progressively
appeared at 0.43 and 0.40nm, as a result of the B’ crystallization. Furthermore,

the peak at 7.1nm, observable in the SAXD pattern, moved to 6.9nm; new
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WAXD peaks at 0.45, 0.43, and 0.40nm identified p’,—p’; solid-state

transformation, which occurred at 2.7 °C. 3°; form melted at a Tonser OF 19.8 °C.
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Fig. 7. Polymorphic behavior of SOO. (a) Cooling at 15 °C-min™ and heating at 15 °C-min™. A. DSC
thermogram. B. SR-SAXD pattern. C. SR-WAXD pattern. (b) Cooling at 15 °C-min™ and heating at 0.5

°C.min. A. DSC thermogram. B. Conventional XRD patterns.

Figure 7b depicts the DSC and laboratory-scale XRD data obtained by cooling
SOO at 15 °C-min™* and heating at 0.5 °C-min™. Heating the sub-o form at such a

low rate resulted in transformation to o form at -62.2 °C (Table 4A and enlarged
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figure in Fig. 7(b) A). At -26.6 °C, a a—f’; transition was identified by the two
typical broad XRD peaks at 0.43 and 0.40nm in the wide-angle region. Later,
another transformation (from B, to °; form) occurred at -4.5 °C. At this point,
B’1 XRD peaks appeared at 0.47, 0.45, 0.43, 0.42, 0.41, 0.40, and 0.39nm. This
most stable form finally melted at 22.0 °C, with a melting enthalpy of 136J-g™".
This high value suggests that, as expected, low heating rates produce higher
amounts of the most stable forms. However, taking into account the low enthalpy
associated with the B’,—’; transformation (-3 J-g™), one may reasonably assume
that some 3’; form was formed in another step, such as in the a—f’, transition.
Therefore, some B’; form may have formed concurrently with 3°, Analysis of the
XRD patterns indicated that the ’, diffraction peaks became so broad that they
were probably overlapping some 3’1 peaks, which became more defined on
further heating when all SOO was converted into 3’1 form.

Intermediate cooling and heating rates (2 °C-min™) were also applied to SOO

(Fig. 8).
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456
457 ‘ Fig. 8. Polymorphic behavior of SOO when cooled at 2.°C-min™ (o + B’, crystallization) and heated at 2
458  °C-min™. (a) DSC thermogram. (b) SR-SAXD pattern. (c) SR-WAXD pattern.

459
460 | Concurrently, o and B’, forms crystallized from the melt at -5.4 °C when the

461 | sample was cooled at 2 °C-min™’. Thus, the SR-SAXD pattern indicated the

462  presence of a weak peak at 7.1nm (corresponding to ’, form) and another one at
463  6.0nm (corresponding to o form). However, the SR-WAXD pattern exhibited the
464 | o peak only at 0.41nm. At -21.8 °C, the SAXD peak moved to 6.2nm, and the
465  WAXD peak at 0.41nm split into two peaks at 0.42nm and 0.38nm, due to the

466 | a—sub-o transformation. Later, when the sub-o form was heated at 2 °C-min™,

467  diffraction peaks disappeared in the WAXD pattern and a single SAXD peak was
468  detected at 6.1nm, indicating the KLC phase, similar to POO. Nevertheless, this
469  phenomenon could not be attributed to any thermal peak of the DSC curve.

470  Judging from the long spacings, some o form probably formed before the KLC
471 phase, because a weak SAXD peak at 2.9nm, corresponding to the 002 reflection
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of the o peak at 6.0nm, could be observed. On further heating, the SAXD peak

B’ form appeared at 7.0nm, and WAXD peaks appeared at 0.43 and 0.41nm. The

exothermic DSC peak at -18.9 °C could be attributed to this KLC—’, transition.

However, because of the complexity and lack of clarity in the DSC data,

interpretation of these phenomena was based mainly on the SR-XRD results.

According to the DSC data, B’, form transformed to ’; form at -2.4 °C. The SR-

XRD then indicated a shift from 7.0nm to 6.9nm; and new WAXD peaks

appeared at 0.47, 0.45, 0.43, 0.41, 0.40, and 0.39nm. Soon after ’; formed, it

melted at 20.9 °C.

Simpler polymorphic behavior was verified by cooling molten SOO at 0.5

°C.min™ and heating it at 15 °C-min™ (Fig. 9).
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Fig. 9. Polymorphic behavior of SOO when cooled at 0.5 °C-min™ (B'; crystallization) and heated at 15

°C-min. a) DSC thermogram. b) SR-SAXD pattern. ¢) SR-WAXD pattern.
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At this low cooling rate, 3’, crystals were obtained from the melt at 5.5 °C (Table
4C), as confirmed by the SR-XRD data, with a SAXD peak at 7.1nm, and two
WAXD peaks at 0.43 and 0.41nm. When heating, the DSC curve exhibited an
exothermic phenomenon at 6.5 °C, corresponding to the f’,—f’; transformation.
SR-XRD data enabled us to identify the 8, form through the diffraction peaks at
6.9nm (SAXD pattern), and at 0.45, 0.43, 0.41, 0.40, and 0.39nm. According to

the DSC results, B’; form melted at 21.1 °C.

4. Discussion

4.1. Polymorphic behavior of POO, POL, and SOO

The three SUU TAGs described in this work exhibited very similar polymorphic
crystallization and transformation pathways when different cooling and heating
rates were applied.

Figure 10 depicts some schematic diagrams of the polymorphic pathways

followed by the mentioned compounds as a summary.
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Fig. 10. Diagrams of polymorphic pathways of POO, POL and SOO under different cooling and heating

conditions.

28



519

520

521

522

523

524

525

526

527 Wﬁw%mmmﬁmmww
528
529
530
531
532
533
534

535

536 | phase-whenPOO wascooled-at 15°C-min *-and-heated-at-0.5°C-min*-and-cooled
537 | and-heated-at 2°C-min*—ForSOO-the KLC phase-was-observed-only-when-itwas
538
539
540

541

542

543




544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

4.2. Comparison of POO, POL, SOO, OPO, POP, OOO, and OOL

polymorphisms

Following the same tendencies as those observed in OPO,* POP,"® 00O, and
OOL," the present study demonstrated the following crystallization and
transformation properties, which are strongly related to the thermal treatments
applied:
(1) Four polymorphic forms (sub-a, a, B’2, and °1) were isolated in POO,
POL, and SOO. Furthermore, KLC phases were observed in POO and
SOO0.
(2) More stable polymorphs were directly obtained from the melt, not

following the Ostwald step rule of stages®, by decreasing the cooling

rates, whereas less stable forms predominated at high cooling rates.

(3) Higher amounts of the most stable form (B’;) were obtained by decreasing
the heating rate. Also, with low heating rates, solid-state transformations
occurred more easily at the expense of melt-mediated transformations.

These properties were also observed for OPO, POP, OO0, and OOL using DSC
and SR-XRD when different thermal treatments were applied. Table 5
summarizes the crystallization and transformation pathways of POP, OPO, POO,

POL, SO0, 00O, and OOL at different cooling and heating rates.
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Table 5. Crystallization and transformation pathways of POP, OPO, POO, POL, SOO, OO0 and OOL at different cooling and heating rates, in which mm and ss mean melt-

mediated and solid-state transformations.

POP OPO POO POL SO0 000 ooL
sub-a-2, a-2, KLC, sub-a-2, a-2, KLC,
Polymorphs a-2,7-3, B2, 8-3, B-3 02,72, B-3 5 sub-0-2, 02, B-3 . 02, B2, B-2 -2, B2
Crystallization fapid o ¢ « o ¢ o o
on cooling slow ¢ B +pB B’ B B’ B p’
a—(mm)B’—L a—(mm) p’—»p—L a—(mm)p’—L a—(mm)p’—L a—(mm)B’—L oa—(mm) B’—(mm) pB—»L a—(mm) p’—L
rapid
Transformation L p=p-L p—L p—L p—L Br—(mm) p—L poL
on heating a—y—(ss)d—(mm) B—L  n.a a—KLC—B —L a—(ss)p’—L a—KLC—f’—L na’ a—(ss) B’—L
slow
y—(mm) p>+5—(mm) p—L n.a° n.a° n.a° n.a° B’ —(ss) p—L B—L

® For simplicity, B,” and B,” or B, and P, are summarized into B’ or B, respectively.

® Not available.
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Regarding polymorphic crystallization by changing the cooling rates, multiple
polymorphic forms involving the most stable § form were obtained with the
unsaturated-saturated-unsaturated OPO, demonstrating complex concurrent
crystallization in most cases. For triunsaturated OOO and OOL, and saturated-
unsaturated-unsaturated POO, POL, and SOO (present work), o was crystallized
with rapid cooling, whereas ” was obtained with slow cooling. However, for the
saturated-unsaturated-saturated POP, it was difficult to obtain stable forms such
as B> and B even when the cooling rate was lowered to 0.5 °C-min™.

When the heating rate was-varied changed, more stable polymorphic forms (e.g.,
B’ and B) were obtained either through solid-state or melt-mediation for OPO,
000, O0L, POO, POL, and SOO even at a high rate (15_°C-min'1). However, it
was necessary to decrease the heating rates to 2 to 0.1 °C-min™ to obtain the most
stable B form for POP. Thus, we may conclude that similar polymorphic
crystallization and transformation characteristics were obtained in OPO, OO0,
OOL, POO, POL, and SOO; however, POP differed in the difficulty of obtaining
the most stable § form.

The present study has also proposed a new transformation pathway through the
occurrence of KLC phases in POO and SOO (both SUU TAGS) when
intermediate (2.°C-min™) and/or low (0.5 °C-min™) heating rates were used.
Thus, lamellar structures having lamellar distances of 6.0nm were identified in
POO and those having that of 6.7nm were identified in SOO, with no definite
periodicity in lateral packing. This result indicates that, according to Ueno et
al.,*** both KLC phases may correspond to smectic liquid crystals. This is the
first work reporting KLC phases for POO and SOO. However, no KLC phases

were detected for the other TAGs examined under any cooling/heating
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conditions. The two KLC phases occurred in the sequence o-2—KLC—f’-3.
Ueno et al.>** determined two different LC phases (LC1 and LC2) for SOS using
SR-XRD. However, they did not monitor the cooling and heating rates, as the
thermal treatments used consisted of controlled temperature jumps and annealing
steps. Similar to the results obtained in our work, Ueno et al. confirmed LC1
formation for SOS during the melt-mediation of o to obtain 3” crystals. However,
with a jump to a higher temperature, they observed a new type of liquid crystal
(LC2) during the intermediate period after the a. melting and before the
occurrence of y and B’. For SOS and our case study (POO and SOO), LC phases
became transitory states between a double-chain-length structure (o form) and a
triple-chain-length structure (B’ form), which could be monitored using SR-XRD.
In other words, KLC phases may be needed for the mentioned TAGs to transform
from a 2L (a) to a 3L (B’) structure with the experiment conditions used.
However, this transitory KLC phase was not necessary for other 2L—3L
transformations, as confirmed in previous work on POP and OPO.

Our experiment results indicated that quick heating (15 °C-min™) of o crystals
results in melt-mediated transformation of SOO to obtain °, form
(a—liquid—p’2) (Fig. 10). As expected, with a low heating rate (0.5 °C-min™),
this transformation occurred in the solid state (ao—f’2). However, with an
intermediate heating rate (2 °C-min™), and similar to the work described by Ueno
et al.>** a KLC phase occurred between o and B’,. Melt-mediated transformation
from o to B’ was also detected when o. POO crystals were heated at 15 °C-min™,
and an intermediate KLC phase occurred between these two polymorphic forms

when heating at 2 °C-mint and 0.5 °C-min*. Thus, we conclude that we may use
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a lower heating rate (less than 0.5 °C-min™) for POO to observe a—’; solid-state
transformation. No KLC phase appeared for POL in any of the experiment
conditions. With heating at 15 °C-min™*, melt-mediation occurred from o to p’,,
whereas this transformation took place in the solid state when heated at 2 and 0.5
°C-min™. Thus, the transient KLC phase may be observed using an intermediate
heating rate (15 to 2 °C-min™). In all cases, KLC phases were detected only when
using SR-XRD, not laboratory-scale XRD. However, KLC phases were
observable within wide temperature ranges during heating; thus, we assume that

laboratory-scale XRD may also be capable of detecting them.

4.3. Thermodynamic properties of polymorphic transformations of POO,

POL, and SOO compared to OPO, POP, OO0, and OOL
As discussed in our previous work,™ these results may be interpreted considering

the activation energies of solid-state and melt-mediated transformations from a

less stable polymorphic form to a more stable form (Fig. 11).
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Fig. 11. Activation free energy (AG") for solid-state transformation, transformation through KLC phase,

and melt-mediated transformation from metastable A to more stable B forms.

Transformation rates are determined by the magnitude of the activation free
energies (AG") involved in each process. In solid-state transformation from form
A to form B, AGss” may include excess energy to enable structural changes, such
as changes in the subcell structure and chain length structure. However, in melt-
mediated transformation, the rate may be determined by the magnitude of AG,,"
(melting of form A) and the subsequent crystallization (AG¢") of form B.
However, the actual rate may be determined by AG.” due to the ease of melting
and the low values of AG,".

One may simply assume that the AGs" values for transformation involving
change from loosely packed subcell structures (e.g., hexagonal subcell of o form)
to more closely packed subcell structures of O () and T, (B) are larger than

those involving change from OL (B°) to T (B). Also, AGs" values may be lower
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659  for transformation between polymorphs having the same double-chain-length
660  structures (e.g., a—p’ in OPO and a—f’ in OO0 and OOL) than for changes
661  from double- to triple-chain-length structures (e.g., a— B’ in POO, SOO, and
662 POL; a—vy and f’—f in POP) (Fig. 12). The same assumption may apply to
663  crystallization, in that the AG." values of polymorphs having tightly packed
664  subcell and triple-chain-length structures (e.g., p form of OPO or POP) may

665 exceed those of others.

666
POP OPO
o-2, f'-2 v-3, 8-3, B-3 o-2, p'-2 pB-3
POO, SO0 POL
-2 p-3 a-2 p-3
000 ooL
> I >>S> I >l /] “ I
a-2, p-2, p-2 a-2, p-2
667

668 Fig. 12. Structure models of POP, OPO, POO, SO0, POL, OO0 and OOL. For simplicity, multiple
669  and B forms are represented by 8’ and f3.
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As depicted in Fig. 11, KLC formation was observed at intermediate heating rates
between solid-state and melt-mediated transformation, so that the AG* value
involved in transformation through the KLC phase may be lower than that of
solid-state transformation but higher than that of melt-mediation. KLC phase was
kinetically detected as a transient state between less stable form A and more
stable form B, so that, as illustrated in Figure 11, its melting temperature may be
higher than that of A but lower than that of B. According to Figure 11, we
considered that the transformation from A to KLC phase occurred at a
temperature below T,(A), as no clear subsequent crystallization phenomena was
determined from SR-XRD data. However, one may consider that KLC phase was
observed within wide temperature range in all cases.

POP exhibited a peculiar polymorphic behavior compared to that of the other
TAGs examined: even during slow heating, solid-state transformation occurred
with more difficulty. This difference may be due to the fact that POP contains
more saturated fatty acid moieties (palmitic acid) whose transformation from less
stable to more stable forms may need larger activation energy (AGss') than TAGs
containing more unsaturated fatty acid moieties. The flexibility of the chain
packing of unsaturated acids is more enhanced than that of saturated fatty acids,*
which may decrease the value of AGs" for transformation into more stable forms
in more unsaturated TAGs. This may also apply to the difficulty for POP to
obtain stable polymorphic forms from the melt, even with low cooling rates.

The SUU TAGs analyzed in this study also exhibited a particular behavior due to
intermediate KLC phases, which were not detected in POP, OPO, OOO, or OOL
using the same experiment conditions. These KLC phases occurred within a—f’;

transformation, which involves rearrangement from a double-chain-length
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structure (o) to a triple-chain-length structure (°2). The KLC phases in these
SUU TAGs may be due to some lateral disorder caused by a mismatch in
molecule packing, which may be more important in asymmetric TAGs than in
symmetric TAGs.™ Baker et al. found that, when comparing the polymorphic
behavior of symmetric OSO and asymmetric SOO, the lateral disorder, probably
generated by local defects in the packing of the molecules, may be amplified by

the asymmetrical position of the two flexible non-oriented unsaturated chains.

5. Conclusions

The application of dynamic thermal treatments is closely related to actual
crystallization processes of edible fats. This study examined the occurrence and
transformation pathways of polymorphic forms of POO, POL, and SOO as a
function of cooling and heating rate variations. The results obtained were
compared to those of previous studies on other TAGs (OPO, POP, OO0, and
OOL) and were discussed in terms of activation free energy and molecular
structure. A peculiar polymorphic behavior was observed in POO, POL, and
SO0, which exhibited KLC phase formation as a transient state in transformation
from polymorphic forms having a double-chain-length structure to polymorphs

with a triple-chain-length structure.
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*Graphical Abstract

In Situ Crystallization and Transformation Kinetics of
Polymorphic Forms of Saturated-Unsaturated-Unsaturated
Triacylglycerols: 1-palmitoyl-2,3-dioleoyl glycerol, 1-stearoyl-
2,3-dioleoyl glycerol, and 1-palmitoyl-2-oleoyl-3-linoleoyl

glycerol
Laura Bayés-Garcia, Teresa Calvet, Miquel Angel Cuevas-Diarte and Satoru Ueno
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The use of dynamic thermal treatments on the polymorphic crystallization and transformation of POO, POL and SOO
is closely related to actual crystallization processes of edible fats, as the occurrence of designed polymorphic forms
may be controlled by tailoring the most efficient temperature programs.



