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Abstract Based in a previous study involving anisotropy
measurements (7;) and molecular mechanics simulations,
we investigated the molecular interaction occurring among
triacylglycerols (TAGS) before their nucleation, and its
possible involvement in determining the activation free
energy to develop a stable nucleus (AG,). The Fisher-
Turnbull equation was used to calculate the AG.. involved
in the nucleation of tripalmitin (TP) or tristearin (TS)
blended in a 25:75 ratio with triolein (TO), high oleic
safflower oil (HOSfO), and soybean oil (SBO). The
crystallization temperatures used were selected to obtain
similar supercooling conditions in all blends investigated.
As our previous study showed, the anisotropy measure-
ments (r;) showed that TAGS with at least one chain of
palmitic acid (i.e., POO, LLP, PLO) induce TAGS’ pre-
nucleation structuring in both the TP and TS blends.
However, for TS blends, the molecular interaction occurred
well before attaining supercooling conditions required for
crystallization (i.e., during the cooling stage). Once these
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supercooling conditions were achieved, TAGS with pal-
mitic acid acted as template for TS crystallization. As a
result, AG, in TS/HOSfO and TS/SBO blends were lower
than the AG, in the TS/TO blend. In contrast, in the TP
blends TAGS structuring (i.e., an increase in ) occurred as
a function of time under isothermal conditions as a direct
function of the concentration of TAGS containing at least
one chain of palmitic acid. We postulate that the molecular
interactions occurring in the liquid phase between TP and
TAGS with palmitic acid, resulted in the development of a
mixed TAGS lamellar liquid structure. This delayed TP
nucleation until segregation of TP from the mixed TAGS
lamellar liquid structure occurred. This resulted in a higher
AG, for TP nucleation as the concentration of LLP, POO,
PLO, and PLO increased in the blends. The molecular
interactions occurring among TAGS in the liquid phase
under supercooling conditions must be understood, since
they directly relate to the TAGS crystallization process that
in turns determines the macroscopic properties evaluated by
consumer in lipid-based products. The results presented in
this manuscript are in this line of investigation.

Keywords Pre-nucleation structuring - Triacylglycerols
structuring - Fisher-Turnbull - Anisotropy -
Triacylglycerols nucleation

Introduction

Vegetable oils and fats are multicomponent systems con-
taining different families of triacylglycerols (TAGS). In
these systems, the molecular relationships occurring among
TAGS families determine the thermodynamic conditions
(i.e., supercooling and supersaturation) that drive the
formation of a solid from the liquid phase, the organization
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of the solid phase, and its phase behavior. The resulting
three-dimensional TAGS crystal network and the phase
behavior of TAGS are major factors determining the
physical and functional properties (i.e., rheology, liquid
phase entrapment, mouthfeel, appearance, and spread-
ability) in products such as margarine, butter, confec-
tionary coatings, and fillings'. Thus, the complex
molecular interactions occurring among TAGS in the
liquid phase under supercooling conditions must be first
understood, since they directly relate to the TAGS
crystallization process that in turns determines the macro-
scopic properties evaluated by consumer in vegetable oil
and fat-based products.

Nematic”, smectic’, and discotic® phases have been
proposed as the structural molecular arrangement for
TAGS in the liquid phase. Although the actual structural
mesophase organization of TAGS has not been estab-
lished, all the work mentioned above agrees on the fact
that TAGS molecules are somehow structured in a liquid
crystalline-like state. Recently, we reported the pre-
nucleation behavior of tripalmitin (TP) and tristearin
(TS) in blends with triolein (TO), high oleic safflower
oil (HOS{O), and soybean oil (SBO) as evaluated through
anisotropy measurements and molecular mechanics simu-
lations’. The TP/HOSfO and TP/SBO blends showed an
increase in anisotropy, a behavior directly associated to an
increase in the microviscosity of the blend that we
interpreted as a structuring of TAGS before nucleation
and growth of the crystals. A similar but less pronounced
effect was also observed in the TS/SBO blends, but here
the increase in anisotropy occurred after nucleation. This
behavior was not observed in the TP/TO and the TS/TO
blends’. We performed molecular mechanics simulations
in an attempt to understand the molecular interactions
responsible for this behavior. The simulation results
indicated that the presence of TAGS molecules containing
at least one chain of palmitic acid is a requisite to induce a
molecular interaction through van der Waals forces with
TP or TS, and therefore a pre-nucleation structuring of
TAGS with the subsequent increase in the anisotropy, and
therefore, in the microviscosity of the blends.

Within this framework, we investigated the molecular
interaction occurring among TAGS before their nucleation,
and its possible involvement in determining the activation
free energy to develop a stable nucleus (AG,). As in our
previous study’, the same TP and TS blends with TO,
HOSfO, and SBO were used in the present investigation.
The Fisher-Turnbull equation was utilized to calculate the
AG. using the induction time of crystallization (#;) of the
blends determined by differential scanning calorimetry
(DSC) at different crystallization temperatures. To under-
stand the behavior of AG, in the blends, we performed an
additional analysis of the anisotropy behavior in the blends

to the one already done in our previous study’. The
crystallization temperatures were selected in such a way to
obtain similar supercooling conditions in all the blends
investigated. As previously indicated’, the blends investi-
gated provided different degrees of molecular compatibil-
ity among the saturated TAGS (i.e., TP or TS) and the
TAGS present in TO, HOSfO, and SBO. This since, in TO
the major TAGS present was OOO (>99%), while in
HOSfO were mainly OOO (=66%), OOL (=16%), POO
(=8.7%), and PLO (=1.6%), and in SBO=56% of TAGS
were OO0, OOL, LLL, and LLO and ~27% were POO,
PLO, and LLP (where O=oleic acid, L=linoleic acid, and
P=palmitic acid).

Materials and Methods
Blends Preparation

The TAGS, i.e., TP, TS, and TO, with purity higher than
99% were obtained from Sigma Chemical Co. (St. Louis,
MO, USA). The HOSfO and the SBO were obtained from
local manufacturers, their main TAGS composition has
been reported previously”. Blends of each of the saturated
TAGS (i.e., TP and TS) in TO, HOSfO, and SBO were
prepared in a 25:75 (wt/wt) ratio as previously described”.

Isothermal Crystallization

Based on dynamic thermograms obtained by DSC with a TA
Instruments Model Q2000 (TA Instruments, New Castle,
Delaware, USA) as described previously”, different crystalli-
zation temperatures were established for isothermal crystal-
lization studies. Thus, blend samples (68 mg) sealed in
aluminum pans were heated (80°C/20 min) and then cooled
to the corresponding crystallization temperature at 10°C/min.
For each crystallized blend the melting temperature at the
peak (Ty,') was calculated with the equipment software using
the first derivative of the heat flux®. With the Ty, values, the
equilibrium melting temperature (Ty,°) for TP and TS in the
blends was determined following the procedure of Hoffman
and Weeks’, as described by Perez-Martinez et al.® and Toro-
Vazquez et al.’. Based on the Ty values, crystallization
temperatures (Tc,) were selected in such a way to obtain
similar supercooling conditions for all TP and TS blends
investigated. The supercooling was calculated as Ty°—Tc,
At each T, the induction time of crystallization (¢;) was
determined with the equipment software using the first
derivative of the heat flux. For the TP blends, the ¢ was
measured from 36°C to 41°C every degree, and for the TS
blends from 46°C to 51°C every degree. In all cases, at least
three independent determinations were obtained. The results
were analyzed through ANOVA and contrast among the
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treatment means using STATISTICA (V 9.0; StatSoft Inc.,
Tulsa, OK, USA).

Determination of AG,

The Fisher-Turnbull equation was utilized to determine
the magnitude of AG,. for the TP and the TS blends at
each T¢, investigated. The corresponding AG. was
calculated according to Ng'® and Toro-Vazquez et al.’
from the slope (s) of the linear regression of log[(#;)(Tc,)]
vs. 1/Te(Tp®—Tey)? through the following equation:

AGC = Sk/ (TM0 - Tcr)z

where, k is the Boltzmann constant. The results were
statistically analyzed as in “Isothermal Crystallization”
section.

Anisotropy Measurements

The anisotropy (r,) of the blends was determined under the
cooling and isothermal stages of the blends crystallization
with a polarizer spectrophotometer (MD-5020 of Photon
Technology International, London, ON, Canada) using the
same time-temperature conditions as for #; measurements (see
“Isothermal Crystallization” section). We have described
the details of the determination previously”. The r, for the

different TP and TS blends were plotted as a function of
TMO_TCr.

Results and Discussion
t; and AG. Analysis

The Ty® for TP and TS in the three blends was 59.7°C
(£0.83°C) and 70.2°C (£0.27°C), respectively (i.e., T for
TP and TS was independent of the type of blend). As stated
in the “Material and Methods” section, the T¢,s selected for
the isothermal crystallization studies provided similar super-
cooling (i.e., Tp°—T¢,) conditions for TP and TS blends.
Supercooling as calculated in the present manuscript, and
supersaturation [Ln (f)] calculated as in our previous paper’
(i.e., from the equality between the chemical potential
equation and the Hildebrand equation), provided values of
different magnitude but both measurements were highly
correlated (Tables 1 and 2; R*>0.9830, P<0.001).

The corresponding ¢; and AG.. for the TP and TS blends
as a function of supercooling are shown in Tables 1 and 2,
respectively. At any given T¢, a single crystallization
exotherm was always obtained that corresponded to the f3
polymorph for TP or TS crystallized in the blends (data not
shown). X-ray analysis done to the blends” showed that at
all T¢s investigated TP and TS crystallized in the f3

Table 1 Induction time by DSC (#;, min) at different supercooling (Ty°—T¢,) used in the 25:75 (wt/wt) blends of tripalmitin (TP) or tristearin
(TS) with triolein (TO), safflower oil high in triolein (HOSfO), or soybean oil (SBO). The Ln ({3) is the prevailing supersaturation as calculated by

Dibildox et al.’

(Tm°—Tey) TP

(=T TS¢

Ln (B) Ln (B) ‘
TO HOSfO SBO TO HOSfO SBO
23.7 2.04° 2.26° 2.08° 242 3.56° 4.76° 3.80°
0.26 (0.04) (0.09) (0.05) 0.24 0.47) (0.25) (0.72)
22.7 2.50° 2.04° 2.85° 232 4.97° 5.08% 5.42°
0.24 (0.08) (0.14) 0.47) 0.22 (0.45) (0.20) (0.13)
21.7 2.66% 2,522 3.30° 22.2 4.88° 5.73% 6.06°
0.22 (0.10) 0.31) (0.05) 0.21 0.27) (0.35) (0.28)
20.7 2.61° 2.90° 3.70° 21.2 5.56% 5.42° 5.86%
0.21 (0.20) (0.00) (0.25) 0.19 (0.06) (1.33) (0.48)
19.7 2.98° 4.01° 4.48° 20.2 8.47° 6.64° 6.34°
0.19 (0.15) (0.19) (0.63) 0.17 (0.34) (0.34) (0.06)
18.7 4.79° 4.24° 5.09° 19.2 7.84° 8.14° 9.19°
0.18 (0.62) (0.18) (0.61) 0.17 (1.24) (0.82) (0.21)

a b °For the systems with TP or TS at the same Ty°— T, values with a different letter are statistically different (P<0.10). Values with the same

letter are statistically the same

%Values are shown as the mean and standard deviation of at least two independent measurements
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Table 2 Free energy for nucleation (AG,) at different supercooling (Ty°—Tc;) used in the 25:75 (wt/wt) blends of tripalmitin (TP) or tristearin
(TS) with triolein (TO), safflower oil high in triolein (HOSfO), or soybean oil (SBO). The Ln ({3) is the prevailing supersaturation as calculated by

Dibildox et al.’

(Tm®—Tey) TP

(Tv°—Te) TS

Ln (B) Ln (B)
TO HOSfO SBO TO HOSfO SBO

23.7 1.07% 1.48° 1.64° 24.2 2.012 1.19° 1.67°
0.26 (0.29) (0.09) (0.20) 0.24 0.27) 0.17) (0.34)
22.7 1.16 1.61° 1.79° 23.2 2.19% 1.30° 1.82°
0.24 (0.32) (0.10) 0.22) 0.22 (0.30) (0.19) (0.37)
21.7 1.27% 1.76° 1.96° 222 2.392 1.42° 1.98°
0.22 (0.35) (0.11) (0.24) 0.21 (0.33) (0.20) (0.40)
20.7 1.40% 1.94° 2.15° 21.2 2.62% 1.55° 2.17°
0.21 (0.38) (0.12) 0.27) 0.19 (0.36) 0.22) (0.44)
19.7 1.54° 2.14° 2.38° 20.2 2.88° 1.71° 2.40°
0.19 (0.42) (0.13) (0.29) 0.17 (0.39) (0.25) (0.49)
18.7 1.71% 237° 2.64° 19.2 3.19% 1.89° 2.65°
0.18 0.47) (0.14) (0.33) 0.17 (0.44) 0.27) (0.54)

a b °For the systems with TP or TS at the same Ty°— T, values with a different letter are statistically different (P<0.10). Values with the same

letter are statistically the same

9Values are shown as the mean and standard deviation of at least two independent measurements

polymorph (i.e., all diffractograms showed the characteris-
tic peaks at ~20, =23, and =24 20 corresponding to the 4.6,
3.85, and 3.70 A short spacings of the B polymorph). The
linear regression of log[(#;)(Tcy)] vs. VTl Tap®—Ter)?
provided in all cases determination coefficients (R*) greater
than 0.86 (i.e., R>0.927). As an example, Figure | includes
Fisher-Turnbull plots for TP (Figure 1a) and TS (Figure 1b)
blends, showing the corresponding R® and statistical
significance of the regression equation. Thus, as has been
shown by other authors *'*, the Fisher—Turnbull equation,
although originally developed for a single-component
system, is applicable to complex TAGS systems as the TP
and TS blends investigated.

Overall, for all blends investigated, ¢; and AG., increased
as supercooling decreased (i.e., Tc, increased). In general,
for similar supercooling (and saturation), ¢; was longer for
TS blends than for TP blends. Thus, other factors besides
supercooling must be considered to explain differences in
the crystallization kinetics between homogenous saturated
TAGS (i.e., TP vs. TS). For the TP blends and at all levels
of supercooling investigated, #; in the TP/SBO blend was
the longest (Table 1) and AG.. increased following the order
SBO>HOSfO>TO (Table 2). However, the AG. for
TP/SBO and TP/HOSfO blends were not statistically
different at any of the T, investigated (P=0.25; Table 2).
In contrast, #; in the TS blends did not show a particular
trend and AG, increased following the order TO>SBO>

HOSfO. However, as observed in the TP blends, AG, for
TS/SBO and TS/HOSfO blends were not statistically
different (P=0.12; Table 2). This indicated that under similar
supercooling conditions, TP required more energy to nucleate
in SBO and HOS{O than in TO, while TS nucleation required
more activation energy in TO than in SBO and HOSfO.
Within this framework, it is important to point out that in TO,
the TS nucleation required approximately twice the activation
energy than TP, while when blended with SBO and HOSfO,
both TP and TS showed similar AG, values.

Our previous study involving anisotropy and molecular
mechanics simulations using the same blends® showed that the
presence of TAGS molecules containing at least one chain of
palmitic acid (i.e., POO) is a requisite to induce a molecular
interaction through van der Waals forces with TP or TS, and
therefore a pre-nucleation structuring of TAGS. According to
the TAGS composition previously reported’, no palmitic acid
was present in TO, while palmitic acid was present in HOSfO
and in SBO as LLP, PLO/POL, and POO. Then, the presence
of TAGS containing palmitic acid in the blends made with
HOS{O and SBO ought to induce a pre-nucleation structuring
of TAGS. Comparing the AG.. for the blends made with TO,
the TAGS structuring occurring before nucleation (i.e., in the
liquid state) resulted in a higher energy requirement for TP
nucleation in the blends made with HOSfO and SBO
(Table 2). In contrast, TS nucleation in HOSfO and SBO
required a lower AG., than in the TS/TO blend.
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Fig. 1 Fisher-Turnbull plots for
TP (a) and TS (b) blends with
TO, HOSfO, and SBO. The
legend shows the corresponding
determination coefficient (R?)
and statistical significance (P) of
the linear regression equation
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Anisotropy Behavior under Cooling and Isothermal
Conditions

The organization of TAGS in the blends might be evaluated
by the evolution of r, as the system is cooled to achieve
isothermal conditions. The development and attainment of
critical number of TAGS molecules structured in a liquid
state or mesophase is a requirement to achieve TAGS
nucleation. All the works associated with proposing molecular
arrangements for TAGS melts agrees on this>™* '*!'7. In fact,
the change in TAGS viscosity with temperature is
determined by the shape and size of the TAGS liquid
structures'® that is indirectly measured by r,. Within this
framework, in an attempt to understand the behavior of AG..
in the blends, Figure 2 shows the behavior of 7, in the blends
as a function of supercooling during the cooling and
isothermal stages. The 7, value for the isothermal stage

@ Springer
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plotted in Figure 3 was obtained once T, was attained and
corresponds to the average of r, values obtained during the
first 60 s under isothermal conditions (i.e., before f; was
achieved in the blend).

During the cooling stage, all blends investigated showed
an exponential increase of r, (i.e., TAGS achieved a higher
level of liquid structure) as supercooling increased
(R*>0.95; Figure 2). Nevertheless, TP and TS blends
showed some distinctive features of how r; changed as a
function of supercooling. Thus, all TP blends observed
similar 7 values and its change as a function of super-
cooling was independent of the type of blend [i.e., the same
equation fitted the r; vs. (T°—Tc¢,) data for the three TP
blends; r,=0.0236xexp[0.0331 % (T,—Tn®)], RZ=0.9914].
In the same way, TAGS in the liquid state were more
structured in the TP blends than in the TS blends (i.e.,
overall TS blends showed lower 7, values than the TP
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blends). Additionally, in the TS blends the r, values showed
the following order TO>HOSfO>SBO. However, as
observed for AG,., the r; values for TS/SBO and
TS/HOS{O blends were not statistically different.

From the above, we conclude that during the cooling
stage, the addition of TP to TO, HOS{O, and SBO did not
modify the original TAGS liquid structure. Such behavior
was followed for all TP blends at the different T¢.s used
for isothermal crystallization (Figure 2). In contrast, the
addition of TS resulted in decreasing the TAGS liquid
structure particularly in the TS/HOSfO and TS/SBO
blends. Additionally, except for the TS/TO blend, 7, in

the TS/HOSfO and TS/SBO blends showed a significant
change in the slope once isothermal conditions were
achieved (Figure 2). This change in the behavior of r, at
such supercooling conditions (i.e., Tcis <51°C), was
associated with the developing of a higher TAGS structural
organization than the one anticipated by the exponential
fitting of »; during the cooling stage (Figure 2). Thus, before
t; was achieved TAGS in the TS/HOSfO and TS/SBO blends
accomplished a particular structural organization. Since the
TS/TO blend did not show this change in the slope
(Figure 2), TAGS structuring in the liquid state was not
associated to triolein.
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Fig. 3 Evolution of 7, under
isothermal conditions for
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According to the TAGS analysis previously reported”,
HOSfO had about 10% of TAGS containing palmitic acid
in their composition whereas SBO had approximately 30%
of these TAGS. Thus, the lower r, values observed in the
TS/HOSfO and TS/SBO blends in comparison with the
ones observed in the TS/TO blend and the extent of change
in the slope observed in the TS blends (Figure 2), might be
associated with the concentration of TAGS containing
palmitic acid present in the blend. Thus, a more pronounced
slope change was observed in the TS/SBO blend than in the
TS/HOSfO, and no change was observed in the TS/TO
blend. The molecular interaction of TS with POO, LLP, and
PLO/POL seems to occur well before achieving super-
cooling conditions that resulted in TAGS crystallization
(i.e., during the cooling stage). TO, HOSfO, and SBO do
not contain TAGS with stearic acid, and since stearic acid
has a longer hydrocarbon chain length than palmitic acid,
structural compatibility between TAGS containing palmitic

@ Springer

Time (min)

acid and TS was not effective. The result was a decrease in
TAGS liquid structure and therefore, lowers r, values in the
TS/HOSfO and TS/SBO blends. Once supercooling con-
ditions required for TAGS crystallization were prevalent (i.e.,
T s<51°C), palmitic acid present in the TAGS facilitated
TS nucleation. As a result, AG, was lower in the TS/HOSfO
and TS/SBO blends compared with the activation energy
required by TS in the TS/TO blend (Table 2). Probably,
under such supercooling conditions, TAGS with palmitic
acid acted as template for TS structuring in the liquid state
and from here the change in the slope of the r; vs. (Ty°—
Tc,) relationship in the TS/SBO and TS/HOSfO blends
(Figure 2). The result was a lower AG. for TS crystallization
in SBO and HOSfO, in comparison with the AG.. observed
in the TS/TO blend (Table 2).

Once under isothermal conditions, the r, values in all
TS blends remained constant as a function of time until ¢
was achieved (i.e., no solid phase was present). This
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behavior was observed at all T¢,s investigated. Examples
of such behavior are presented for the TS/SBO blend at
the T, of 48°C and 50°C in Figure 3c. The decrease in
r, observed after nucleation (i.e., after ¢; Figure 3) was
associated to light scattering from the nuclei developed.
In some cases (i.e., TS/TO at 49°C and 50°C and TP/TO
at 39°C and 40°C; results not shown), after ¢, we
observed an increase in r; before decreasing. In our
previous paper °, we associate this behavior as a
structuring of TAGS due to molecular interaction be-
tween TS and TAGS containing palmitic acid. However,
since this ry peak occurred right after nucleation, the
behavior might be associated to remelting of the solid
phase due to the heat generated during TAGS crystalli-
zation with the subsequent increase in r,. As crystalliza-
tion continued and more solid phase was present, light
scattering produced a decrease in r;.

In contrast to the TS blends, the TP/SBO and TP/HOSfO
blends showed an increase in 7, as a function of time under
isothermal conditions. The increase in r, (i.e., TAGS
structuring) was a direct function of the concentration of
TAGS containing at least one chain of palmitic acid, i.e.,
the increase in 7, followed the order TP/SBO>TP/HOSfO
and no increase in the TP/TO blend (Figure 3a). For the
TP/HOSfO (data not shown) and the TP/SBO (Figure 3b)
blends, the 7, onset was an inverse function of super-
cooling, and the extent of its increment was a direct
function of supercooling. Thus, the molecular interaction of
TP with POO, LLP, and PLO/POL were time and
temperature dependent. Such molecular interactions seem
to make TP nucleation more difficult in the TP/SBO and
TP/HOSfO blends than in the TP/TO blend. As a result
AG, was higher in TP/SBO and TP/HOSfO blends when
compared with the AG. in the TP/TO blend (Table 2).
Mihara et al.'® showed that mixtures of TP and POO
crystallize more slowly that the pure TAGS. This regardless
an independent crystallization of TP and POO was
observed in the mixture (i.e., no mixed crystal formation
occurred)'”. Probably, the molecular interactions occurring
in the liquid phase between TP and TAGS with palmitic
acid resulted in the development of a mixed TAGS lamellar
liquid structure. This would delay the nucleation of TP,
until segregation of TP from the mixed TAGS lamellar
liquid structure occurred. The result was a higher AG, for
TP nucleation as the concentration of TAGS with palmitic
acid (i.e., LLP, POO, PLO, and PLO) increased in the
blends (Table 2).
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