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Abstract
Differential scanning calorimetry and X-ray diffraction were used to examine the mixing phase behavior of LLL (trilaurin 
or 1,2,3-trilauroyl-glycerol) and POP (1,3-dipalmitoyl-2-oleoyl-glycerol), PPO (1,2-dipalmitoyl-3-oleoyl-rac-glycerol), or 
the 50POP/50PPO blend able to form a molecular compound. This research aims to provide an insight into the molecular 
interactions ruling the physical behavior of fat blends of lauric (i.e., coconut oil) and non-lauric lipids (cocoa butter, palm 
oil, etc.). The results showed eutectic behavior and no mutual solubility of triacylglycerols in stable LLL/POP and LLL/
PPO mixtures. Applying high-rate cooling treatments had a positive effect on miscibility, but the high incompatibility of 
the components due to differences in length and degree of unsaturation of fatty acids was still evident in metastable poly-
morphs. In ternary LLL/(50POP/50PPO) mixtures, on the other hand, molecular compound β-2L crystals formed by POP 
and PPO showed to favor the solubility of LLL as compared to the binary systems. Accordingly, promoting the presence of 
triacylglycerols forming molecular compound in specific fat blends may help reducing eutectic or incompatible interactions 
among triacylglycerol molecules in the solid state. These lead to phase separation and are a major cause of the restricted 
applicability of lauric oils in the confectionery and chocolate industries.
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Introduction

The crystalline properties and solid-phase behavior of 
triacylglycerols (TAGs) contained in natural fats and oils 
determine the melting point, texture, and shelf-life of diverse 
pharmaceutical, cosmetic, and food products. According to 
the lateral packing of TAGs during crystallization, α, β′, and 
β polymorphs may be formed, which correspond to the hex-
agonal (H), orthorhombic perpendicular  (O┴), and triclinic 
parallel  (T//) subcells, respectively [1]. In turn, the longitu-
dinal packing of TAGs defines the chain-length structure 
(CLS), which is typically double (2L) or triple (3L). In this 
connection, β′ crystals are preferred in spreadable foods like 
margarine, whereas β-3L crystals confer its unique melt-
ing behavior and texture to chocolate. Three mixing states 
can occur in TAG blends, namely complete solid solution 

(ss), phase separation or eutectic interaction, and molecular 
compound (MC) formation [2]. As an example, the eutectic 
interaction in PPP/POP (with P and O being palmitic and 
oleic acids, respectively), PPP/PPO, and PPP/POO mixtures 
[3–5] or the molecular compound formed by POP and PPO 
at a 1:1 ratio [6] rule the crystallization and melting behavior 
of palm oil and, therefore, play a key role in the industrial 
fractionation of this oil and the formulation of novel palm-
based products.

Lauric oils represent a group of edible lipids mainly 
constituted by trisaturated TAGs rich in lauric (L), myris-
tic (M), and capric acids (C). Thus, LLL, CLL, LLM, or 
CCL account for ~ 90% and ~ 60% of the total mass of 
coconut and palm kernel oils, respectively [1, 7]. These 
oils are fractionated, hydrogenated, interesterified, and/or 
blended to produce margarine, spreads, and pastry [8]. In 
confectionery, compound coatings formulated with lauric-
based cocoa butter substitutes (CBS) are used to enrobe 
snacks, biscuits, or bakery products when chocolate is not 
suitable in terms of economic feasibility, processing con-
ditions, or functionality of the manufactured foods [9]. In 
this sense, lauric-CBS provide good oxidative stability, 
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quick solidification, excellent gloss, and a steep melting 
profile [10, 11].

Due to differences in molecular size and degree of 
unsaturation of the TAG components, mixtures of lau-
ric and non-lauric lipids tend to show eutectic mixing 
behavior. This is the case of blends of palm kernel oil and 
its hard fraction with palm oil or palm stearin [12, 13], 
or blends of coconut oil and palm stearin [14]. Eutectic 
formation results in a depression in melting point and a 
lower hardness, which may be advantageous to provide 
melt-away properties to candy centers or fat fillings [15], 
or a quicker melting to table margarine [16]. However, 
the functionality of end products may be in some cases 
compromised, with chocolate being the most industrially 
relevant example. Cocoa butter (CB), rich in POP, POS, 
and SOS (with S being stearic acid) and lauric-CBS are 
immiscible at almost all ratios in β-3L and β′-2L forms, 
respectively [17]. This limits the incorporation of CB into 
CBS to a maximum of 5%, which results in poor choco-
late-like properties [18], for example, in terms of flavor.

Despite the relevance of the mixing interactions 
between lauric and non-lauric lipids in the functionality 
of foodstuffs, studies on model TAG mixtures addressed 
to unveil the polymorphism and miscibility properties of 
blends with such configuration are scarce in the literature 
[19]. Yoshikawa et al. investigated LLL/SOS mixtures to 
provide a molecular insight into the incompatible proper-
ties of lauric-CBS and CB under metastable conditions 
and in most stable polymorphs [20]. The same authors 
found that the molecular compound of SOS and OSO pro-
moted the direct crystallization of β-2L (LLL) in LLL/
SOS/OSO mixtures [21]. Molecular compounds may help, 
therefore, avoid the characteristic loss of gloss and whit-
ish streaks of fat bloom in compound coatings based on 
lauric-CBS, which is in part due to β′ to β transitions of 
TAGs containing lauric acid during storage.

Improving our knowledge about the mixing interactions 
of LLL and TAGs differing in fatty acid constituents, degree 
of unsaturation, or polymorphism through the construction 
of phase diagrams helps to understand complex fat blends 
including lauric oils and design lipid structuring strategies 
that improve the functionality of related food products or 
industrial processes. This study reports on the polymorphic 
and mixing behavior of mixtures including LLL and the 
monounsaturated POP and PPO, which are found in edible 
lipids like CB, lard, or palm and olive oils [22–24]. The 
phase diagrams of LLL/POP, LLL/PPO, and LLL/POP/
PPO (with POP/PPO at an equimolecular ratio to promote 
molecular compound formation) mixtures after long-time 
stabilization were determined. In addition, their polymor-
phic crystallization, transformation, and phase behavior were 
also investigated during the application of dynamic thermal 
treatments.

Experimental

1,2,3-trilauroyl-glycerol or trilaurin (LLL), 1,3-dipalmi-
toyl-2-oleoyl-glycerol (POP), and 1,2-dipalmitoyl-3-ole-
oyl-rac-glycerol (PPO) of purity ≥ 99% were provided by 
Larodan AB (Solna, Sweeden) and used without further 
treatments.

To prepare the binary mixtures LLL/POP and LLL/
PPO, the components were blended in the molten state at 
5–10% molar mass intervals and homogenized for several 
minutes using a vortex mixer. The samples were sealed in 
amber glass vials with a nitrogen atmosphere and kept at 
− 20 °C until use. In LLL/POP/PPO mixtures, a constant 
1:1 ratio of POP and PPO was maintained at all composi-
tions to promote molecular compound formation. Thus, 
a stock 50POP/50PPO mixture was prepared in the first 
place by blending the molten components and stirring. The 
same was then combined with LLL following the same 
procedure as in binary mixtures.

Thermal analyses were performed by differential scan-
ning calorimetry (DSC) with a PerkinElmer DSC8000 
calorimeter working under a nitrogen flow of 20  cm3  min−1 
at atmospheric pressure. The equipment was calibrated by 
means of the melting temperature (Tm, °C) and enthalpy 
(ΔH, J  g−1) of indium and n-decane standards heated at 
2 °C  min−1. Samples (4–4.4 mg) were placed into 50 μL 
aluminum pans and hermetically sealed. An empty pan 
served as a reference. Pyris software was used to process 
DSC curves and obtain the peak top temperatures (Ttop) 
and ΔH of the thermal events observed. A correction 
described elsewhere [25] was applied to estimate Ttop of 
the events detected during thermal treatments at rates dif-
ferent from 2 °C  min−1 (calibration rate). The samples 
were analyzed in triplicate and the standard error of tem-
perature and energy values was calculated by the Student’s 
method approximation to attain a 95% confidence interval.

To construct the stable phase diagrams of the mixtures, 
samples contained in sealed aluminum pans and Lindeman 
glass capillaries were first subjected to a thermal incuba-
tion process consisting of 5 days at 37 °C, after which 
the temperature was lowered to 27 °C. After 9 months, 
in the case of LLL/POP and LLL/PPO mixtures, and 6 to 
12 months, in the case of LLL/(50POP/50PPO) mixtures, 
the melting behavior of the samples was evaluated by DSC 
during a heating treatment from 10 °C until complete melt-
ing at 2 °C  min−1.

To study the polymorphic and mixing behavior of the 
mixtures under metastable conditions, the thermal protocol 
applied in DSC experiments consisted of fast cooling from 
the melt to − 30 °C at 25 °C  min−1, holding for 1 min at 
this temperature, and reheating at 5 °C  min−1.
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To achieve the polymorphic identification, the same ther-
mal treatments used during DSC studies were applied in 
X-ray diffraction (XRD) experiments.

The XRD study of mixtures subjected to thermodynamic 
stabilization was carried out with a PANalytical X’Pert 
Pro MPD powder diffractometer with the Debye–Scherrer 
Geometry and equipped with a hybrid monochromator and 
a PIXcel detector. The control of temperature during the 
heating treatment was possible through an Oxford Cryos-
tream Plus 220 V. During the experiments, the 1 mm diam-
eter Lindemann glass capillary containing the sample was 
rotated around its axis to prevent interference in the results 
derived from a preferential crystalline orientation. XRD pat-
terns were acquired in the 2θ range from 1° to 28°. A step 
size of 0.013° and a measuring time of 150 s was applied to 
all the samples. Data analysis was possible through X’Pert 
Highscore V2.2e software.

Mixtures subjected to dynamic thermal treatments were 
investigated by synchrotron X-ray diffraction (SR-XRD) 
at beamline BL11-NCD-SWEET of the ALBA Synchro-
tron facility (Cerdanyola del Vallès, Barcelona, Spain) at 
12.4 keV. The small- (SAXD) and wide-angle X-ray diffrac-
tion (WAXD) data were recorded by a Pilatus 1 M detector 
(pixel size of 172 μm X 172 μm) and a LX255-HS Rayo-
nix detector (pixel size of 88 mm X 88 μm), respectively. 

The q-axis of SR-SAXD patterns was calibrated with silver 
behenate and that of SR-WAXD patterns was calibrated 
with  Cr2O3. During the SR-XRD study, a linkam stage was 
used to control the temperature of the sample (2 mm thick) 
contained in an aluminum cell sealed with kaptom film 
windows. SR-SAXD and SR-WAXD patterns were taken 
simultaneously at 12 s intervals during cooling and heating 
treatments. Data analysis was performed through Igor Pro 
V6.3.7.2 software.

Results

Binary mixtures LLL/POP

Mixtures subjected to thermodynamic stabilization

Diffraction data used for the polymorphic identification 
in this study are depicted in Table 1 [6, 26–29]. Figure 1a 
shows the XRD patterns of LLL/POP mixtures taken at 
10 °C after 9 months of thermal incubation. The phase 
diagram constructed from the DSC data (Ttop of melting) 
of mixtures heated from 10  °C to complete melting at 
2 °C  min−1 is shown in Fig. 1b (see detailed DSC data in 
Fig. S1 of Supplementary Information).

XRD patterns confirmed stable β-2L (LLL) (SAXD peak 
at 3.1 nm and WAXD peaks at 0.46, 0.38, and 0.37 nm) 
and β1-3L (POP) (002 reflection at 3.0 nm in SAXD pat-
terns and WAXD reflections at 0.46, 0.40, 0.38, 0.37, and 
0.36 nm) forms in all samples. Their concurrent presence 
at all compositions indicated a solubility of each TAG in 
the solid phase of the other < 5%. As shown by the dia-
gram, in mixtures with LLL content from 95 to 35%, β1-3L 
(POP) melted first at ~ 37 °C and then β-2L (LLL) followed 
(~ 46 °C to ~ 40 °C). In mixtures with LLL content ≤ 30%, 
β-2L (LLL) and β-3L (POP) melting peaks were not distin-
guished by DSC and, thus, no accurate eutectic point was 
identified. However, the trend shown by the liquidus curve in 
the diagram pointed to a composition with ≤ 20% LLL con-
tent. The XRD data taken when heating the 10LLL/90POP 
mixture (data not shown) confirmed the earlier vanishing 
of β-2L (LLL). This suggested a eutectic composition with 
20–10% LLL content.

Mixtures subjected to dynamic thermal treatments 
of cooling and reheating

Figure 2 shows the map of crystalline phases identified in 
LLL/POP mixtures by DSC and SR-XRD when cooled 
from the melt to − 30 °C at 25 °C  min−1 and reheated at 
5  °C   min−1. At the end of cooling, solid solutions (ss) 
(denoted with capital letters) and crystalline phases linked 
to the major TAG present (lower case letters) occurred at 

Table 1  Diffraction data of LLL, PPO, POP, and  MCPOP/PPO poly-
morphs [6, 26–29]

LS long spacing; SS short spacing

CLS LS/nm SS/nm

LLL26

α 2L 3.5 0.42
β′ 2L 3.2 0.42, 0.38
β 2L 3.1 0.46, 0.39, 0.38
PPO27,28

Sub- α 2L 4.1 0.41, 0.37
α2 2L 4.98 → 3.9 0.41
α1 3L 7.8 0.41
β′2 2L 4.2 0.41, 0.38
β′1 3L 6.7 0.41, 0.38
POP29

α 2L 4.7 0.42
γ 3L 6.5 0.47, 0.45, 0.39, 0.36
δ 3L 6.3 0.43, 0.41, 0.38
β′2 2L 4.2 0.44, 0.42, 0.40
β′1 2L 4.2 0.43, 0.41, 0.40
β2 3L 6.1 0.46, 0.41, 0.39, 0.38, 0.37
β1 3L 6.1 0.46, 0.41, 0.39, 0.37, 0.36
MCPOP/PPO

6

α 2L 4.6 0.43, 0.42
Β′ 2L 4.2 0.43, 0.39
β 2L 4.1 0.46, 0.40, 0.38
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almost all compositions. The identification of solid solu-
tions was possible due to the occurrence of SAXD peaks 
with spacing values different from those reported in the 
literature for LLL or POP polymorphs. As depicted in the 
figure, the varying polymorphic crystallization behavior of 
the mixtures as a function of the LLL/POP ratio when cool-
ing, governed the distinct transformation behavior displayed 
when reheating.

Figure 3a shows the DSC and SR-XRD data obtained 
for the 90LLL/10POP mixture. The DSC peak detected 
at ~ 4 °C on cooling involved the crystallization of β′-2L 
(LLL) (SAXD peak at 3.3 nm, and WAXD peaks at 0.44 and 
0.39 nm spotted at ~ − 1 °C), α-2L (LLL) (3.6 and 0.41 nm), 
and one α (ss) (4.1 and 0.41 nm) with a long spacing value 
not ascribed to LLL or POP forms. The formation of α (ss) 

grew toward the equimolecular mixture until being the only 
form detected (see SR-XRD data of the 60LLL/40POP mix-
ture in Fig. 3b). However, in POP-rich mixtures, α-2L (POP) 
(SAXD peak at 4.6 nm and WAXD peak at 0.41 nm detected 
at ~ − 6 °C in SR-XRD data of the 20LLL/80POP mixture in 
Fig. 3c) crystallized before α (ss). The high amount of α-2L 
(POP) formed near the pure POP sample impeded the detec-
tion of other forms present in the mixtures just by SR-XRD 
(see data of the 5LLL/95POP mixture in Fig. 3d).

When reheating LLL-rich mixtures, which showed α (ss), 
α-2L (LLL), and β′-2L (LLL) crystals on cooling, α (ss) and 
α-2L (LLL) melted first, after which β′ (ss) crystallized. This 
led to endothermic and exothermic DSC peaks at ~ 8 and 
~ 9 °C, respectively, in the 90LLL/10POP mixture (Fig. 3a). 
Alongside, reflections at 4.1 and 3.6 nm faded, and that at 
3.3 nm grew in related SAXD patterns at ~ 9 °C. Moreover, 
β′ (ss) reflections at 0.44, 0.42, and 0.39 nm arose in WAXD 
patterns. On further heating, the one at 3.3 nm shifted to 
3.2 nm and WAXD patterns at 22 °C showed changes in 
the β′ subcell: a peak grew at 0.40 nm and that at 0.39 nm 
strengthened and moved to 0.38 nm. This was due to the 
melting of β′ (ss) and the next occurrence of β′-2L (LLL), 
which led to DSC peaks at ~ 20 °C and ~ 24 °C. Later on, 
this form melted and β-2L (LLL) crystallized (SAXD peak 
at 3.1 nm and WAXD peaks at 0.46, 0.39, and 0.37 nm).

The single α (ss) obtained in mixtures near the equi-
molecular composition during cooling, when reheating it 
transited via melt-mediation to β′ (ss). In the 60LLL/40POP 

3.1 (2L)

3.0 (3L) 0.38

0.38
0.40 0.36

2.3 2.7 3.1

Liquid

17 19 21 23 25

LLL

LLL POP

95LLL

85LLL

60LLL

40LLL

25LLL

15LLL

POP
5LLL

0.37

0.37

0.46 (β-2L LLL)

0.46 (β1-3L POP)

β1-3L (POP) + Liquid

β-2L (LLL) + Liquid

β-2L (LLL)

β -2L (LLL) + β1-3L (POP)

β1-3L (POP)

2θ/°

50

40

Te
m

pe
ra

tu
re

/°
C

Tem
perature/K

30

20
100 80 60 40

LLL concentration/% molar
20 0

293

303

313

323

(b)

(a)

Fig. 1  LLL/POP mixtures stabilized at 37 °C for 5 days and at 27 °C 
for 9 months. a XRD patterns obtained at 10 °C. d-spacing values are 
given in nm. b Phase diagram obtained when heating the mixtures at 
2 °C min.−1

LLL

LLL

POP

Solid solution

a: α-2L

A: α (ss)

e: γ -3L
f: δ -3L

d: α-2L

c: β -2L
b: β '-2L

g: β '-2L

B: β ' (ss)

POP
50

40

Te
m

pe
ra

tu
re

/°
C Tem

perature/K

30

20

10

100 80 60 40

LLL concentration/% molar

20 0

293

283

303

313

323

b

a
+
b

f
+
g

e
+
g

B + b

A + a + b

B

c

Liquid

Endothermic

Exothermic

b

d

c

A A + d

B + d

B + e + g

e + g
f + g

f + g

f

b + f

c + f

Fig. 2  Phase behavior observed for LLL/POP mixtures heated at 
5 °C  min−1 after cooling at 25 °C  min−1. Delimited areas correspond 
to polymorphic domains between transitions experimentally deter-
mined



12991Mixing phase behavior of trilaurin and monounsaturated triacylglycerols based on palmitic…

1 3

mixture (see Fig. 3b), β′ (ss) melted at ~ 20 °C and β′-2L 
(LLL) and δ-3L (POP) (002 reflection in SAXD patterns 
at 3.3 nm and WAXD peaks at 0.43, 0.40, and 0.37 nm) 
crystallized. β′-2L (LLL) reflections vanished a few degrees 
above, in line with the DSC melting peak spotted at ~ 25 °C. 
The next formation of β-2L (LLL) was slowed down by the 
presence of POP, and related SR-XRD peaks were only seen 
once δ-3L (POP) vanished (DSC melting peak at ~ 36 °C).

POP-rich blends showed consecutive α (ss) → β′ (ss) and 
α-2L (POP) → γ-3L (POP) transitions when reheating. In 
the 20LLL/80POP mixture (see Fig. 3c), the last one led to 
endothermic and exothermic events at ~ 13 and ~ 15 °C in 
the DSC curve. γ form was identified in SR-XRD patterns 
through WAXD peaks at 0.47, 0.45, and 0.39 nm and SAXD 
peak at 3.5 nm (002 reflection). β′ (ss) melted next and a 
new form with a reflection at 4.2 nm occurred (DSC peaks 
at ~ 19 and ~ 21 °C). The same was attributed to β′-2L (POP) 
through WAXD peaks grown at 0.44, 0.42, and 0.39 nm at a 
close temperature but it was unclear whether this form corre-
sponded to β′2 or β′1 of POP. Thus, as illustrated in Fig. 2, the 
formation of β′-2L (POP) from β′ (ss) was favored over β′-2L 
(LLL) in POP-rich blends and the opposite occurred in LLL-
rich ones. Once β′-2L (POP) crystallized, the DSC curves 
of the POP-rich mixtures showed the γ-3L → melt → δ-3L 
transformation of POP at ~ 26 °C and the next melting of 
β′-2L (POP) and δ-3L (POP) at ~ 31 °C. The detection of 
DSC events involving POP and solid solutions even in the 
5LLL/95POP mixture (see Fig. 3d), evidenced the great ten-
dency to eutectic interaction of metastable LLL and POP.

Binary mixtures LLL/PPO

Mixtures subjected to thermodynamic stabilization

XRD data obtained at 10 °C for LLL/PPO mixtures (Fig. 4a) 
showed stable β-2L (LLL) and β′1-3L (PPO) forms at all 
compositions. In addition, the melting behavior monitored 
when heating the samples at 2 °C  min−1, which is depicted 
in the diagram of Fig. 4b (see detailed data in Fig. S2) con-
firmed similar eutectic behavior to that of LLL/POP mix-
tures. LLL-rich mixtures showed the successive melting 
of β′1-3L (PPO) and β-2L (LLL), and a solubility of PPO 
in LLL < 5%. The decreasing melting temperature of β-2L 
(LLL) toward the pure PPO sample caused the overlap-
ping of the two DSC melting peaks in mixtures with LLL 
content < 25%. Therefore, no eutectic point was exactly 
determined by DSC. The XRD patterns taken when heat-
ing the 10LLL/90PPO mixture showed the only presence 
of β′1-3L (PPO) before the vanishing of all reflections (data 
not shown), which suggested a eutectic composition with 
20–10% LLL content. As in LLL/POP mixtures, LLL did 

not dissolve in the mixed-acid TAG at the lowest concentra-
tion tested.

Mixtures subjected to dynamic thermal treatments 
of cooling and reheating

Figure 5 depicts the map of crystalline phases determined for 
LLL/PPO mixtures during the heating process at 5 °C  min−1 
succeeding the fast-cooling treatment at 25 °C  min−1. No 
complete miscibility was observed at any composition, and 
solid solutions together with phases very rich in either LLL 
or PPO determined the polymorphic behavior when cooling 
and reheating.

The crystallization of β′-2L (LLL), α-2L (LLL), and α 
(ss) in LLL-rich mixtures when cooling led to single broad 
peaks in the DSC curves. In the 90LLL/10PPO mixture (see 
experimental data in Fig. 6a), typical α and β′ WAXD reflec-
tions occurring at ~ − 1 °C were together with two strong 
SAXD reflections at 3.5 and 3.3 nm linked to α-2L (LLL) 
and β′-2L (LLL), respectively. The small signal detected 
at around 3.8 nm and not associated with the pure TAGs 
was probably due to α (ss). Reducing the LLL content hin-
dered the inclusion of PPO in α (ss). Thus, as shown for the 
60LLL/40PPO mixture in Fig. 6b, no LLL forms but α2-
2L (PPO) crystallized before α (ss). This led to a reflection 
at 4.9 nm in SAXD patterns at ~ − 1 °C, which shifted to 
4.2 nm on further cooling. When reaching -21 °C, the new 
WAXD peak at 0.37 nm indicated a α → sub-α transition. 
Given its absence in mixtures with higher LLL content, this 
event probably only involved α2-2L (PPO).

The crystallization of α2-2L (PPO) and α (ss) in PPO-rich 
mixtures, with the amount of α2-2L (PPO) increasing toward 
the pure PPO sample, led to discernible exothermic peaks 
in the DSC curves (see data of mixtures with 40% and 5% 
LLL content in Fig. 6c and d, respectively). In the corre-
sponding SR-XRD patterns, one may notice a visibly wider 
SAXD peak of α (ss) at 3.9 nm. Probably, α1-3L (PPO), with 
a characteristic 002 reflection at 3.9 nm, also crystallized.

During the heating treatment of mixtures very rich in 
LLL (see experimental data of the 90LLL/10PPO mixture 
in Fig. 6a), α (ss) and α-2L (LLL) melted at ~ 9 °C, after 
which β′ (ss) crystallized. In the next exothermic event at 
~ 20 °C, β′ (ss) and β-2L (LLL) vanished, and β-2L (LLL) 
occurred before the final melting. As to mixtures with 
60–20% LLL content, which showed sub-α (PPO) and α (ss) 
at the end of cooling, they behaved similarly when reheat-
ing. According to SR-XRD data at ~ 0 °C (see Fig. 6b and 
c), sub-α (PPO) transited to α1-3L (PPO) in the first place. 
Thus, the sub-α peak at 0.37 nm vanished from WAXD 
patterns, and the SAXD peak at 3.9 nm grew from that at 
4.2 nm. This transition was not detected by DSC but endo-
thermic and exothermic peaks corresponding to the next α 
(ss) → melt → β′ (ss) transformation occurred at ~ 9 °C. The 
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close long spacing value of β′ (ss) and the preceding α (ss) 
(3.8–3.9 nm) hindered its distinction from α1-3L (PPO) in 
SAXD patterns. On further heating, α1-3L (PPO) transited 
to β′2-2L (PPO). DSC endothermic and exothermic events in 
the 40LLL/60PPO mixture between 16 and 19 °C (Fig. 6c) 
showed the melt-mediated nature of this transition. At this 
point, only β′ was detected in WAXD patterns, and a SAXD 
peak at 4.1 nm raised from that at 3.9 nm. Thus, β′ (ss) 
and β′2-2L (PPO) were present until β′ (ss) melted and β-2L 
(LLL) occurred. Then, β′2-2L (PPO) and β-2L (LLL) melted 
sequentially.

Sub-α (PPO) → α (PPO) and α2-2L (PPO) → α1-3L (PPO) 
transitions were first identified in mixtures near the pure 
PPO sample. In the 5LLL/95PPO blend (see experimental 

data in Fig. 6d), the second one led to an endothermic peak 
in the DSC curve at ~ 13 °C. Then, α1-3L (PPO) melted at 
~ 19 °C, and β′2-2L (PPO) and β′1-3L (PPO) crystallized. 
SAXD peaks at 4.2 and 3.4 nm (002 reflection) and typi-
cal β′ WAXD reflections were detected at around this tem-
perature. The melting of α (ss) was not detected by DSC 
but that of β′ (ss) was still visible at ~ 22 °C (denoted by a 
white arrow). The next endothermic events were due to the 
β′2-2L (PPO) → β′1-3L (PPO) transition (strengthening of 
the SAXD peak at 3.4 nm at the expense of that at 4.2 nm) 
and β′1-3L melting. The final melting stage determined by 
β′1-3L (PPO) and β-2L (LLL) in mixtures with LLL content 
< 20% and ≥ 20%, respectively, led to a eutectic minimum 
(see Fig. 5) in line with the eutectic composition at 20–10% 
LLL content shown by stable LLL/PPO mixtures.

Ternary mixtures LLL/(50POP/50PPO)

Mixtures subjected to thermodynamic stabilization

Diffraction data acquired at 10 °C after 12 months of ther-
mal incubation is shown in Fig. 7a. The phase diagram 
constructed from the DSC curves of samples heated at 
2 °C  min−1 is depicted in Fig. 7b (see additional DSC data 
in Fig. S3).

All POP and PPO formed molecular compound in the 
50POP/50PPO mixture (SAXD peak at 4.2 nm and WAXD 

Fig. 3  LLL/POP mixtures. DSC (left) and SR-XRD data (right) 
of a 90LLL/10POP, b 60LLL/40POP, c 20LLL/80POP, and d 
5LLL/95POP mixtures heated at 5  °C   min−1 after cooling at 
25 °C  min−1. (c): crystallization; (m): melting. *Not detected by SR-
XRD. d-spacing values are given in nm
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peaks at 0.46, 0.39, and 0.37 nm). In blends with LLL con-
tent < 15%, single β-2L solid solutions were identified. 
Thus, in comparison with pure POP and PPO, molecular 
compound formation favored the solubility of LLL in the 
mixed-acid TAGs. Blends with 95–60% LLL content showed 
two melting events during heating associated with β-2L 
crystals rich in POP/PPO (in solid solution with LLL) and 
β-2L (LLL). In mixtures with 35% to 15% LLL, no β-2L 
(LLL) was detected by XRD. In turn, the peak at 3.3 nm 
(002 reflection) in SAXD patterns and those at 0.43, 0.40, 

and 0.37 nm in WAXD patterns were assigned to metastable 
δ-3L (POP). As shown by the diagram, the abrupt drop in 
melting temperature caused by the absence of LLL crys-
tals led to the flattening of the liquidus curve toward the 
50POP/50PPO sample. In addition, no distinct β-2L (ss) and 
δ-3L (POP) melting events could be discerned by DSC.

Mixtures subjected to dynamic thermal treatments 
of cooling and reheating

Figure 8 summarizes the polymorphic behavior of LLL/
(50POP/50PPO) mixtures cooled at 25 °C  min−1 to − 30 °C 
and subsequently heated at 5 °C  min−1. In a similar manner 
to LLL/POP and LLL/PPO mixtures, their crystallization 
and transformation varied according to the composition, and 
were governed by diverse metastable phases behaving in a 
eutectic manner at almost the whole range of compositions.

DSC curves obtained when cooling blends with 90 
to 60% LLL content (Fig. 9) showed single exothermic 
peaks at ~ 2 to − 3 °C. According to SR-XRD data of the 
90LLL/5POP/5PPO mixture (Fig. 9a), β′-2L (LLL) (peaks at 
3.3, 0.44, and 0.39 nm), α-2L (LLL) (3.6 and 0.41 nm), and 
α (ss) (4.0 and 0.41 nm) crystallized. A lower LLL content 
promoted the formation of α (ss), which crystallized alone 
in the 60LLL/20POP/20PPO mixture (see Fig. 9c).

Fig. 6  LLL/PPO mixtures. DSC (left) and SR-XRD data (right) 
of a 90LLL/10PPO, b 60LLL/40PPO, c 40LLL/60PPO, and 
d 5LLL/95PPO mixtures heated at 5  °C   min−1 after cooling at 
25  °C   min−1. (c): crystallization; (m): melting. d-spacing values are 
given in nm
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When reheating these blends, α (ss) and α-2L 
(LLL) melted first, and β′ (ss) crystallized. In the 
80LLL/10POP/10PPO mixture, endothermic and exother-
mic events were detected at ~ 7 and ~ 9 °C by DSC (Fig. 9b). 
Near these temperatures, related SAXD patterns revealed the 
vanishing of peaks at 4.0 and 3.6 nm. In parallel, one arose at 
3.4 nm, and β′ WAXD reflections developed (0.44, 0.42, and 
0.39 nm). The next melting of β′ (ss) (and some β′ of LLL) 
was followed by the crystallization of β with SR-XRD peaks 
at 3.1, 0.46, 0.39, and 0.37 nm (endothermic and exothermic 
events at ~ 21 and ~ 22 °C in the DSC curve). The shifting 
of the peak at 3.2–3.1 nm on further heating suggested that 
β′ (ss) transformed first into β (ss), then β (ss) melted (DSC 
peak at ~ 35 °C), and β-2L (LLL) (3.2 → 3.1 nm) occurred. 
In agreement, the 60LLL/20POP/20PPO blend (see Fig. 9c) 
showed the transition of β′ (ss) to a β (ss) form with a less 
sharp SAXD reflection of higher d-spacing value (peak 
at 3.3 nm detected at ~ 24 °C). WAXD peaks at 0.43 and 
0.39 nm accompanying β ones after the transition indicated 
that some δ-3L (POP) (002 reflection at 3.3 nm) was also 
formed. In the DSC curve, the events involving from the 
melting of β (ss) to the final melting of δ-3L (POP) and 
β-2L (LLL) led to the complex thermal phenomena ranging 
from 25 to 45 °C.

Three DSC events were detected in mixtures rich in POP/
PPO when cooling (see experimental data in Fig. 10). The 
energy and Ttop of the first and third ones grew toward the 
5LLL/47.5POP/47.5PPO blend, whereas the second one was 
barely detected at the same. Based on SR-XRD data, α-2L 
(POP) crystallized first (SAXD peak at 5.0 nm → 4.6 nm and 
WAXD peak at 0.41 nm). Then, α (ss) occurred (SAXD peak 
at 4.0–4.1 nm) and α1-3L (PPO) formed next (diffuse SAXD 
peak at ~ 3.9 nm). Some α2-2L (PPO), with similar XRD pat-
terns to α-2L (POP), may also have crystallized. The WAXD 
peak at 0.38 nm seen at ~ -20 °C revealed a α → sub-α transi-
tion. Given its absence in LLL-rich blends, this event prob-
ably only involved α crystals of POP and PPO.

When reheating, sub-α → α and α (ss) → melt → β′ (ss) 
transitions were succeeded by the melting of α-2L (POP) and 
α1-3L (PPO) at ~ 13 °C, after which β′-2L  (MCPOP/PPO) crys-
tallized. In accordance, peaks at 4.1, 0.44, 0.43, and 0.39 nm 
grew at a close temperature in SR-XRD patterns (see 
Fig. 10). On further heating, the broad DSC peak at ~ 21 °C 
in the 40LLL/30POP/30PPO blend (Fig. 10a) was due to the 
melting of β′ (ss) and β′-2L  (MCPOP/PPO). Then, δ-3L (POP) 
and β (ss) crystallized at ~ 23 °C. β (ss) reflections (3.8 and 
0.46 nm) vanished earlier from SR-XRD patterns, so this 
form melted before δ-3L (POP) (last DSC event at ~ 25 to 
~ 40 °C). As shown for the 20LLL/40POP/40PPO mixture 
in Fig. 10b, δ-3L (POP) and β (ss) obtained from the β′ (ss) 
melt were barely identified and did not occur at decreasing 
LLL content. Even at a 5% LLL content (Fig. 10c), DSC 
peaks due to α (ss) melting and β′ (ss) crystallization were 

observed. Apart from this, the overall transformation behav-
ior was ruled by POP/PPO. The α crystals of POP and PPO 
formed on cooling, melted at ~ 16 °C when reheating. Then, 
β′-2L  (MCPOP/PPO) crystallized (DSC peak at ~ 17 to ~ 25 °C) 
and melted at ~ 27 °C without transform into stable β-2L 
 (MCPOP/PPO).

Discussion

The polymorphic behavior and solid miscibility of stable and 
metastable LLL/POP and LLL/PPO mixtures were evaluated 
to deepen insight into the eutectic interactions characterizing 
blends of lauric and non-lauric lipids. To assess the effect 
of promoting molecular compound formation in the final 
mixing behavior, LLL/(50POP/50PPO) mixtures were also 
investigated.

LLL/POP and LLL/PPO mixtures subjected to 9 months 
of stabilization at 27 °C displayed identical eutectic behav-
ior. Both systems showed eutectic compositions with around 
20–10% LLL content and no solubility of each TAG in the 
solid phase of the other at the lowest concentrations tested. 
The formation of TAG mixed crystals is affected by the lat-
tice distortion caused by the incorporation of a guest TAG 
molecule into the lattice of chemically different host TAG 
molecules, which greatly depends on the presence of cis-
unsaturated bonds and differences in chain length [30]. Thus, 
the high incompatibility found in LLL/POP and LLL/PPO 
mixtures (mutual solubility < 5%) was related to steric hin-
drance between saturated and unsaturated fatty acid chains 
(see molecular models in Fig. 11 [31]). In addition, the dif-
ferent lengths of lauric and palmitic acid moieties (12 and 16 
carbon atoms, respectively) of TAG components would also 
contribute to phase separation by increasing the instability 
at methyl end regions. In line with the previous results on 
stable PPP/POP and PPP/PPO mixtures [5, 32], the varying 
symmetry and polymorphism of POP and PPO did not sub-
stantially change the final mixing properties.

As reflected in the crystalline maps constructed for LLL/
POP and LLL/PPO mixtures (Fig. 2 and 5), during dynamic 
thermal treatments, α (ss) always crystallized on cooling. 
However, α phases very rich in one of the TAGs were also 
formed at all or almost all ratios, even at the lowest con-
centrations tested. There is experimental evidence that solid 
solution formation is kinetically favored at high supercooling 
conditions. This was observed in PPP/SSS, PPP/POP, PPP/
PPO, or PPP/POO mixtures cooled at rates ≥ 25 °C  min−1 [4, 
26, 33], which tend to phase separation at decreasing speed 
of cooling [3, 5, 34–36]. In LLL/POP and LLL/PPO mix-
tures, the positive excess free energy of mixing that would 
prevent miscibility was partially overcome due to the fast-
cooling conditions. Furthermore, the single α (ss) phases 
obtained in LLL/POP mixtures near the equimolecular 
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composition (see Fig. 2) could be due to a growing steric 
hindrance at an equal ratio of TAGs in the samples. This 
would hinder the molecular packing, cause a decrease in 
the crystallization temperature and, thus, ease the forma-
tion of low-order solid solutions in the α form. Despite this, 
melt-mediated α (ss) → β′ (ss) transitions and β′ (ss) melting 
when reheating were always followed by phase separation. 
The next polymorphic crystallization and transformation 
behavior varied as a function of the major TAG present in 
the blends.

The results on LLL/POP and LLL/PPO mixtures relate 
directly to the functionality of products like margarine based 
on palm (rich in POP) and palm kernel (rich in LLL) oils. 
Their blends tend to immiscibility, with eutectic formation 
at ~ 40% palm kernel oil content [12, 37]. This behavior is 
valuable to obtain products with butter-like properties like 
plasticity and a soft mouthfeel [13, 38]. The high immisci-
bility of LLL and POP also links to the low compatibility 
of CB (rich in POS, SOS, and POP) and lauric-CBS. In this 
connection, LLL/SOS mixtures aged for two weeks at 25 °C 
showed a solubility of LLL in SOS < 10%, and of SOS in 
LLL < 3% [20].

In contrast to the binary systems, no polymorphic stabil-
ity was achieved at all ratios in LLL/(50POP/50PPO) mix-
tures incubated for one year. β-2L solid solutions occurred 
at LLL content < 15%. The higher solubility of LLL in the 
mixed-acid TAGs compared with the binary systems could 
be due to the double chain-length structure promoted in 
POP/PPO mixtures when forming  MCPOP/PPO (Fig. 11). 
Since the oleic acid content in the system did not vary from 
binary to ternary mixtures, one may consider that in tri-
ple structures of stable POP and PPO, larger voids in the 
crystalline structure when including shorter LLL molecules 
could lead to greater instability at methyl end regions. The 
polymorphism observed in mixtures at 35–15% LLL con-
tent indicated that increasing the amount of LLL altered 
the typical 1:1 interaction of POP and PPO in  MCPOP/PPO. 
Thus, β-2L (ss) was concurrently present with δ-3L (POP) 
at these compositions. During experiments under varying 

cooling/heating rates, mixtures with 60 to 20% LLL content 
also showed the occurrence of these forms after the melting 
of β′ (ss). Specifically, in the 40LLL/30POP/30PPO mix-
ture (see Fig. 10), β (ss) and δ-3L (POP) melted directly 
without further crystallization events. By contrast, the same 
sample subjected to thermodynamic stabilization showed 
separate LLL in the β-2L form. This means that, despite the 
low molecular diffusivity in the solid state presumed for the 
incubated mixtures, an eventual separation of LLL may be 
also expected in mixtures with LLL content ≤ 35%. The long 
lifespan of β (ss) and δ-3L (POP) could relate to a narrow 
difference in the free energy of the system in such state and 
in most stable forms. This would reduce the driving force 
for the polymorphic transformation and, therefore, slow the 
stabilization. Despite the expected separation of LLL from 
POP and PPO, the possibility of obtaining highly-stable 
solid solutions of these three components shows triacylglyc-
erols forming molecular compound as a promising strategy 
to increase the current applications of lauric oils and their 
fractions. Concretely, promoting this kind of ternary inter-
action could be useful to avoid unwanted properties in food 
products caused by eutectic formation, such as softening 
effects or fat bloom development in chocolate-type products.

Conclusions

LLL/POP and LLL/PPO mixtures showed full immiscibility 
in the stable state and a clear tendency to eutectic interac-
tion also in the metastable state. Likewise, phase separa-
tion prevailed in LLL/(50POP/50PPO) mixtures but it was 
confirmed that: (i) the solubility of LLL in POP and PPO 
improved when both TAGs were forming a β-2L structure 
of MC crystals of POP/PPO and (ii) the formation of long-
life solid solutions including more than 10% LLL content 
entailed the separation of some POP. However, to what 
extent the 1:1 ratio of POP and PPO in  MCPOP/PPO was 
altered in three-component solid solutions and the specific 
interactions triggering this behavior remain unclear. These 
issues could be further clarified by evaluating the crystalline 
behavior of LLL/POP/PPO mixtures at varying the POP/
PPO ratio. The engineering of solid solutions of lauric-based 
TAGs and unsaturated TAGs with longer saturated fatty 
acids, such as palmitic or stearic, could be of practical value 
in lipid structuring applications. i.e., for the development of 
β-stable lauric-rich CB alternatives displaying higher com-
patibility with CB than the currently available lauric-CBS.
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