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ABSTRACT: The present study endeavors to understand how small changes in the composition of cocoa butter affect its crystal
habit, crystallization behavior, microstructure, and mechanical properties. Such compositional variations were attained by
blending cocoa butter with 1 and 5% 1,2,3-tristearoyl-glycerol (SSS) or 1,2,3-trilinoleoyl-glycerol (LLL). Structural parameters
such as crystallization kinetics, crystal structure, microstructure, and mechanical strength were obtained via differential
scanning calorimetry (DSC), pulsed nuclear magnetic resonance (pNMR), X-ray diffraction (XRD), polarized light microscopy
(PLM), and texture analysis. Changes in the triacylglycerol (TAG) profile of cocoa butter affected its crystal structure and
therefore its functionality. The high melting saturated SSS becomes rapidly undercooled, reducing cocoa butter’s onset
crystallization times and temperatures. SSS molecules are spatially bigger (i.e., straighter) relative to cocoa butter’s symmetric
monounsaturated TAG (the unsaturated oleic acid in the sn-2 position introduces a kink into the TAG structure), and hence
infringe upon the order of the crystal domain, reducing the crystal—melt interfacial tension, and delaying polymorphic
transformations. On the other hand, the limited molecular compatibility between cocoa butter’s TAGs and the fully unsaturated
low melting LLL prevents it from co-crystallizing with the bulk of cocoa butter’s TAGs, only slightly affecting the crystallization
behavior, increasing the liquid fraction, having no impact on crystal structure yet accelerating polymorphic transformations

into the stable  form.

Introduction

The physical, thermal, and mechanical properties of many
food systems dictate their functional and sensory characteri-
stics, ultimately impacting consumer acceptance. Essential
attributes in fat-based products are determined by the differ-
ent levels of structure within the crystal network, which are
formed by their constituent lipid species.'* For example, the
distinctive texture, snap, gloss, and melting character of
chocolate are dictated by the chemical composition and
crystal habit of cocoa butter. Crystal habit includes the
polymorphism of the solid state, crystallite size and shape,
and spatial distribution of network mass. Furthermore, the
solid fat fraction and crystal habit of cocoa butter are greatly
affected by heat, mass, and momentum transfer conditions
during the tempering process that is used in the manufacture/
crystallization of chocolate.

Cocoa butter has been widely studied in terms of its
composition,>* polymorphism,”~’ microstructure, and
processing.'®™"* A number of authors have undertaken the
challenge of relating cocoa butter’s chemical composition to
its different levels of structure. The polymorphism, molecular
compatibility, and phase behavior of pure triacylglycerols
(TAG) typically found in cocoa butter [i.e., 1,3-dipalmitoyl-
2-oleoyl-glycerol (POP), 1-palmitoyl-2-oleoyl-3-stearoyl-gly-
cerol (POS), and 1,3-stearoyl-2-oleoyl-glycerol (SOS)] have
been reported by Sato and co-workers.'*”!* Additionally,
studies on the crystallization and phase behavior of other
TAGs naturally found in cocoa butter, albeit in minor con-
centrations, include binary mixtures of 1,2,3-trioleoyl-glycerol
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(000) and 1,2,3-tripalmitoyl-glycerol (PPP),'® PPP and
POP,'"'8 ‘and POP and 1-palmitoyl-2,3-dioleoyl-glycerol
(POO)."

Alternative examinations have considered cocoa butter and
other natural edible fats (i.e., milk fat and vegetable oils) as
distinct lipid components rather than complex mixtures of
different TAGs. Crystallization, phase behavior, polymorph-
ism, microstructure, and rheology of different fat blends have
been reported. Examples include blending cocoa butter with
confectionery fats of different symmetrical monounsaturated
TAG’s content,” 2 olive oil,** soybean oil or canola oil,”> >
a high melting fraction of milk fat and sunflower oil,?
hydrogenated canola oil and soy bean oil,”” and PPP mixed
with sesame 0il,>*?° and butter fat.*°

The present study considers pure TAGs blended with a
natural fat, an intermediate approach that has heretofore not
been undertaken. Slight changes in the concentration of
saturated or unsaturated TAGs present in commercially
available cocoa butter have been made via the addition of
either 1,2,3-tristearoyl-glycerol (SSS) or 1,2,3-trilinoleoyl-gly-
cerol (LLL). The objective of this work is to study how small
changes in the composition of cocoa butter affect its different
levels of structure, from crystal habit and crystallization
behavior to microstructure and mechanical properties.
For this, the concentration of saturated/unsaturated fatty
acids in natural cocoa butter was modified through the
addition of up to 5% wt/wt SSS or LLL, and their different
levels of structures were studied.

Materials and Methods

Model System. Blends (w/w) of refined cocoa butter
(Qzina Specialty Foods Inc., Toronto, ON, Canada)
and 1% or 5% either 1,2,3-trilinoleoyl-glycerol (LLL)
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(99% purity, Sigma-Aldrich Canada Ltd., Oakville, ON,
Canada) or 1,2,3-tristearoyl-glycerol (SSS) (91% purity,
Acros Organics, NJ, USA) were made. For all analytical
determinations, the blends were melted at 80 °C for 30 min to
ensure that all crystal memory was erased prior to their static
crystallization at 20 and 24 °C.

Crystallization Kinetics. The kinetics of crystallization
were monitored by measuring the exothermic heat evolved
upon crystallization by differential scanning calorimetry
(DSC). Onset crystallization temperatures (7se) Were ob-
tained using a DSC 2910 (DuPont Instruments, Willington
DE, USA). Five to ten milligrams of sample were placed in
DSC pans, hermetically sealed, and transferred to the DSC
cell. The sample was first melted at 80 °C for 30 min, after
which it was cooled to 0 °C at a rate of 5 °C/min, and kept at
0 °C for 30 min. The temperature at which the heat flow
deviated from the baseline, which corresponds to the tem-
perature at which the first crystallites are formed (Typeer), Was
obtained from the resulting thermograms using TA Instru-
ments Universal Analysis 2000 V4.2E software (TA Instru-
ments, Mississauga ON, Canada). The crystallization process
as a whole was studied by measuring the heat flow that results
from crystallization events with a Microcalix (DSC coupled
with a X-ray diffraction (XRD)), as described below.

Crystal Structure. X-ray Diffraction. A Microcalix (a high
resolution XRD transmission instrument coupled with a
DSC) was used to study the polymorphism of the sample
blends, while measuring the heat flux that resulted from the
crystallization process. The Microcalix was developed in the
Laboratory for Physical Chemistry of Polyphasic Systems,
at the University of Paris-South in Chatenay — Malabry,
France.’’ The coupled XRD recorded simultaneously
at both small (g = 0—0.45 A~ ") and wide (¢ = 1.1-2.1 A™ ")
angles through two position sensitive gas linear detectors placed
at 177 and 30 cm, respectively, from the sample. The detector
channels were calibrated to express the collected XRD data asa
function of the scattering vector ¢ (A~"), where

_4mwsin®  2m;

7 - (1)

0 (°) is the angle of incidence of X-rays relative to the crystalline
plane, 4 is the X-ray wavelength, and d (A) is the repetition
distance between two planes. The detectors were cali-
brated with high-purity SSS. The DSC was calibrated with
lauric acid.

Glass capillary tubes (1.4 £ 1 mm diameter and 80 mm
long) were filled with the molten fat blends with the aid of a
specially developed syringe in order to fill the lower 15 mm of
the capillary. This level of filling corresponds to an average
sample size of 20 mg. Samples were melted in an oven at
80 °C for 30 min and placed in the sample holder. The sample
holder was preset to 60 °C. Immediately after sample inser-
tion, the sample holder was cooled to either 20 or 24 °C ata
rate of 5 °C/min, and subsequently held at the temperature of
study for isothermal crystallization. An XRD pattern was
obtained after acquiring diffraction data for a period of 200 s
in the case of samples crystallized at 20 °C, and 1200 s for
samples crystallized at 24 °C. A total of 32 consecutive
patterns were obtained during each run. During the duration
of the experiment the DSC acquired data every 3 s. Measure-
ments were also taken after 1, 2, 3, and 7 days of isothermal
storage at each temperature by acquiring XRD data for
1200 s under isothermal conditions.
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Figure 1. Schematic representation of the three point bend deter-
mination (A) where the force (F) necessary to break a disk with
specific diameter (b) and height (/) of crystallized fat and its
resulting deformation to the point of fracture (d) are measured.
With these experimental settings, a plot of force as a function of the
sample displacement is obtained (B) where the yield force (F) and
the deformation upon fracture () were calculated.

Microscopy. The microstructure of the blends was imaged
by polarized light microscopy (PLM). One droplet of molten
sample was placed on a pretempered (at 80 °C) glass slide,
using a pretempered capillary tube. A pretempered glass
coverslip was carefully placed over the sample. The coverslip
was placed parallel to the plane of the microscope slide and
centered on the drop of sample to ensure a uniform thickness
and prevent the formation of air bubbles. The prepared
samples were then transferred to temperature controlled
incubators set at 20 and 24 °C for static crystallization. At
different time points, the prepared samples were placed on a
Linkam LTS 350 temperature-controlled microscope stage
(Linkam Scientific Instruments, Surrey, UK), set at either 20
or 24 °C. The microstructure was viewed using an Olympus
BHA light microscope (Olympus America Ltd., Melville
NY, USA). Images were recorded using a Sony XC-75
CCD video camera (Sony Corporation, Japan) with the gain
switch in auto position. Images were digitized using Scion
Image software (Scion Corporation, Fredrick, MD, USA).
Two slides were prepared for each blend, and at least three
micrographs were obtained from each slide at each time
point. Qualitative observations were made.

Solid Fat Content. Approximately 3 g of each fat blend
were placed in glass pulsed nuclear magnetic resonance
(pPNMR) tubes (10 mm diameter, 1 mm thickness, and
180 mm height), melted at 60 °C for 30 min to ensure all
crystal memory was erased, and transferred to a water bath
set at 20 or 24 °C. Solid fat content (SFC) readings were
obtained after 24 and 48 h of isothermal static crystallization
using a Bruker PC/20 series pNMR analyzer (Bruker,
Milton, ON, Canada). Two sample tubes were measured
for each fat blend.

Mechanical Properties. The mechanical strength of the fat
blends was measured by breaking sample disks and obtain-
ing the force necessary to cause such fracture. Sample disks
(20 mm diameter and 3.2 mm height) were prepared by
pouring the melted blends into pretempered (at 20 and
24 °C) PVC molds and allowing them to crystallize statically
in temperature controlled incubators. A 1122 Instron ma-
chine (Instron Canada, Burlington, ON, Canada) with a
1000 1b load cell and a three point bending geometry was
used to measure the breaking force of the crystallized
samples. With a three point bending geometry, the sample
disk is positioned over two points and a third point impinges
a constant force in the middle of the sample disk to the point
of fracture, as illustrated in Figure 1. The force (F) necessary
to break the sample disks at a speed of 50 mm/min, as well as
the deformation of the disks to the point of fracture (d), was
calculated with the Instron Series IX Automated Materials
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Tester V.9.09.00 software (Instron Canada, Burlington, ON,
Canada). With the obtained experimental data, along with
the height (/) and diameter (b) of the disk, and the separation
between the two supporting points (@), the bending elastic
modulus (Eg) was calculated using eq 2.%?

Fa®
Es = 3 ipin )
Results

Crystallization Kinetics. Cocoa butter is composed pri-
marily of TAGs containing predominantly palmitic (C16:0),
stearic (C18:0), and oleic C18:1 ¢is9) fatty acids. The major-
ity of TAGs in cocoa butter are symmetrical mono-unsatu-
rated, with POP, SOS, and POS being the most
predominant.* Melting points for these glycerides range
between 23.5—43.0 °C for SOS and 15.2—36.7 °C for POP,
depending on the polymorphic form."* In addition, cocoa
butter contains minor quantities of trisaturated as well as di-
and triunsaturated TAGs such as triolein OOO, tripalmitin
PPP, and tristearin SSS. In the a polymorphic form, their
melting points are —31 °C, 44.7 °C, and 54.9 °C, respec-
tively.>* With such chemical makeup, cocoa butter has a
melting range of 29—34 °C when crystallized in the stable
B polymorph.®** Thus, the addition of specific TAGs to
cocoa butter can potentially alter the saturation condi-
tions of the melt and consequently affect its crystallization
behavior. In this study, highly saturated SSS and highly
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Figure 2. Onset crystallization temperature (7,,s() of cocoa butter,
and cocoa butter samples enriched with 1% (w/w) of LLL or SSS
determined by DSC. Samples were melted to 80 °C for 30 min and
subsequently cooled to 0 °C at a rate of 5 °C/min. The temperature
at which the heat flow deviates from baseline corresponds to Tgpnger-
Full symbols correspond to an initial crystallization event; empty
symbols correspond to the crystallization of a second fraction.
Letters indicate significance (P < 0.05).
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unsaturated LLL were added to cocoa butter in order to
affect its crystallization behavior and structure.

The Toneet of cocoa butter and cocoa butter enriched with
1% of LLL or SSS are shown in Figure 2. Cocoa butter has
a Tonser Of 17 °C. The addition of only 1% liquid oil in the
form of low melting LLL did not affect the crystallization
behavior of cocoa butter as reflected by the lack of a
significant change in T, ,. On the other hand, the addition
of only 1% highly saturated SSS had a considerable effect on
cocoa butter’s crystallization behavior. Ty, increased by
~5°C, along with the appearance of a second crystallization
eventat 15.6 °C. Itis possible that the undercooled molecules
of SSS induce fractional crystallization by forming a mixed
crystal with other high melting point molecules naturally
present in cocoa butter, producing a high melting fraction
which crystallizes at 22 °C. With further cooling, a
second lower melting point fraction subsequently crystallizes
at 15.6 °C.

Figure 3 illustrates the changes in isothermal heat flow as a
function of time that result from the crystallization of the
studied cocoa butter blends at 20 °C. From the curves, the
induction time for crystallization () was calculated by
extrapolating the linear increase in voltage to the signal
baseline. Acquired XRD data yields information relevant
to the samples’ polymorphic dynamics. This data will be
discussed in further detail later in this paper; however, for the
interpretation of the data presented in Figure 3, it is im-
portant to briefly describe the polymorphic forms present
during the first hour of crystallization. There is evidence that
upon static crystallization of cocoa butter at 20 °C, the
unstable o polymorph initially forms between 2 and 5 min
after the sample has reached isothermal conditions. After 37
min of isothermal storage, a second crystallization event
takes place, corresponding to the formation of the ' phase
via solid-state transformation of the o phase.” This indicates
that the values of 7 obtained from the thermograms corre-
spond to the crystallization of the ' form, rather than the
initial nucleation events. The crystallization of the o form
could not be observed with calorimetry as it takes place early
on during the crystallization, when — under the conditions
used in this experiment — the DSC cell has just reached
isothermal equilibrium.

Upon analysis of crystallization at 20 °C, all blends had
7in the range of 0.55 and 0.60 h, with the exception of cocoa
butter with added 5% SSS which had a considerably lower
7 of 0.36 h. The addition of 5% SSS accelerates the overall
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Figure 3. Crystallization of cocoa butter blends at 20 °C studied by DSC. The crystallization curves (A) were obtained by melting the samples
at 80 °C for 30 min and subsequently cooling to 20 at 5 °C/min. The crystallization curves were constructed with data collected once the DSC
cell had reached thermal stability at 20 °C. Induction times of crystallization (7) (B) were obtained from the crystallization curves by
extrapolating the linear increase in voltage to the signal baseline (indicated by arrows in the crystallization curves). Letters denote significant

differences (P < 0.05).
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Figure 4. Crystallization of cocoa butter blends at 24 °C studied by DSC. The crystallization curves (A) were obtained by melting the samples
at 80 °C for 30 min and subsequently cooling to 24 at 5 °C/min. The crystallization curves were constructed with data collected once the DSC
cell had reached thermal stability at 24 °C. Each curve was normalized with respect to its total area. Induction times of crystallization (7)
(B) were calculated by extrapolating the linear increase in voltage to the signal baseline.

rate of crystallization, as well as the formation of the 5/
polymorph. One can notice in Figure 3 that there are two
different fractions crystallizing, observed as a change of
slope of the cocoa butter plus 5% SSS peak between 0.35
and 0.4 5 h. It is believed that SSS may co-crystallize with
high melting fractions of cocoa butter at early time points. A
change in slope was also observed for samples containing
LLL, evidenced in Figure 3 as a shoulder to the right side of
the crystallization peak (between 0.90 and 1.20 h of crystal-
lization). Such change in heat flow is thought to be indicative
of either the crystallization of a second — lower melting —
fraction or recrystallization of the existing crystalline phase
in a higher liquid fraction environment.

The isothermal crystallization behavior of the studied
blends at 24 °C is shown in Figure 4. At this temperature,
pure cocoa butter will crystallize fractionally, as evidenced
by the presence of two distinct crystallization peaks. The first
peak, corresponding to a high melting point fraction, had an
onset time of 2.2 h. The second peak, corresponding to a low
melting point fraction, had an onset time of 6 h. Upon
addition of 1% LLL fractional crystallization is evident as
a shoulder to the right of the main crystallization peak forms
after roughly 3.9 h. This shoulder corresponds to the crystal-
lization of a lower melting fraction. Further addition of LLL
prevented fractionation, as only a single peak was observed.
The enrichment of a liquid TAG (i.e., LLL) is believed to
increase molecular mobility in the melt, promoting the
formation of mixed crystals and thus preventing the fractio-
nation.

A single crystallization event was observed in SSS-
enriched cocoa butter crystallized isothermally at 24 °C
(Figure 4). The effect of SSS addition on 7 was found to be
somewhat proportional to the amount of SSS added. As the
concentration of SSS increases, so does the number of high
melting point molecules, which become undercooled (with a
melting point of 54.9 °C, at 24 °C SSS has a AT of roughly 30
°C), thus leading to a larger driving force for nucleation. This
resulted in shorter values of 7, as well as in co-crystallization
of SSS with the bulk of the TAG in cocoa butter, thereby
preventing fractional crystallization.

Crystal Structure. When liquid oil is cooled to a tempera-
ture below its melting point, it will undergo a phase change.
The TAGs, which are in random thermal motion in the liquid
oil, will orient and align with each other in characteristic
lateral packing and longitudinal stacking forming lamellae
upon undercooling. Series of lamellae form domains, which
in turn stack to form single crystallites.’** Crystallites

Lamella

]
ajeshio sibuls

Cluster

Figure 5. Schematic representation of the different levels of struc-
ture in crystallized fats. A single crystallite may have one or more
domains of a thickness &, composed in turn of several lamellae of
thickness d. Each lamella is formed by TAG organized with a
characteristic longitudinal stacking and lateral packing.®

aggregate with each other to form clusters, further interact-
ing with each other to create flocs which ultimately form
three-dimensional networks.*>*® Such a hierarchy of net-
work in a fat crystal network is depicted in Figure 5. In our
study, the crystalline network formed from cooling cocoa
butter blends at 20 and 24 °C was examined by measuring
some of these structural levels using powder X-ray diffrac-
tion. Wide angle reflections were used to determine the
characteristic “short spacings”, which provide information
regarding the lateral packing of fatty acid chains within the
lamella. Similarly, small angle reflections were used to obtain
the long spacings, which correspond to the 001, and
higher order planes of the unit cell, which are a function of
the size and polymorphic form of the TAGs forming
the lamellae. Additionally, the full width half-maximum
(fwhm) was used to determine the size of the domains (&)
(Figure 6). fwhm is the width of the long spacing peak at 50%
of the total peak amplitude. Furthermore, PLM was used to
image the morphology and distribution of the clusters
or flocs.

The development of crystalline structures of cocoa butter
blends at 20 °C is shown in Figure 7. Diffraction patterns
were acquired every 200 s. The first 52 min are illus-
trated. For each blend, an initial peak with a short spacing
of 4.21 A and a long spacing of 49.21 A was observed. This
crystalline form corresponds to the unstable o polymorph
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Figure 6. A short angle X-ray diffraction pattern, illustrating the
parameters obtained which characterize the crystal structure.
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(Form IT)'*!'S which is characterized by a double chain
length structure conformation with no tilt.*> This crystalline
form continues to grow as time progresses. After roughly
30 min a second peak with a short spacing of 4.3 A, and a
long spacing of 45 A is observed (indicated by the arrows in
Figure 7). These spacings point to the crystallization of the
metastable ' phase in an inclined (with respect to the
lamellar interface) double chain length structure. This peak
grows over time, both in the small and the large spacings,
indicating an increase in the amount of the ' polymorph.
The o and the 5 forms coexist as indicated by the presence of
both peaks in the small spacing regions. Conversely, in the
large spacings region, the two peaks can be resolved for quite
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Figure 7. XRD patterns of cocoa butter blends crystallized isothermally at 20 °C. Scans were performed every 200 s during a 52 min period.
Plots on the left column correspond to the long spacings, while plots on the right column correspond to the short spacings.
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Figure 8. Lamellae (d) (A), domain (&) (B) size, and number of
lamellae per domain (C) obtained from long spacing peak para-
meters (peak position and fwhm) of cocoa butter blends crystallized
statically at 20 °C for 36 min.

some time. In some blends (cocoa butter enriched with 5%
LLL, 1 and 5% SSS), however, the o. peak merges with the
p' indicating a possible polymorphic transformation of the
o phase to the A’ form.

As previously discussed, the same polymorphic forms are
observed in all blends; however, differences are observed in
the time of their appearance. In the case of cocoa butter
enriched with SSS, a peak is observed as early as 2 min after
the sample has reached 20 °C, while for the rest of the
samples no evidence of crystallinity was observed until after
5.3 min. Similarly, the second peak with a short spacing of
4.3 A was observed after 28.6 min for cocoa butter + 5%
SSS, while it was not observed until after 35 min for the rest
of the blends. This is consistent with the shorter values of
7 (determined by DSC) previously reported for blends
containing the high melting point SSS.

The small angle reflections were further analyzed to obtain
structural information regarding the crystals formed. Peaks
were fitted to a Lorentzian curve using Prism 4 software
(Graph Pad Software Inc., San Diego CA, USA). The center
of the peak, as well as the fwhm, were obtained and used to
calculate the size of the lamellae () and the domain size (§)
(Figure 6). Additionally, the number of lamellae per domain
were obtained. The results from the diffraction patterns
acquired during the first 35 min, when only the o form is
present, are shown in Figure 8. The crystallization of the
p' polymorph complicated the analysis, due to the difficulty
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in resolving each polymorph’s corresponding peaks. As
shown in Figure 8, the long spacing for cocoa butter crystal-
lized at 20 °C throughout the first 36 min of crystallization is
49.2 A. When cocoa butter is enriched with SSS, the lamellae
are larger as evidenced by larger long spacings. After 2 min,
the initial crystal structure was characterized by long spa-
cings of 50.3 and 51.2 A for blends with 1% and 5% SSS,
respectively. One can visualize the lateral packing of TAG
molecules during crystallization and the impact that the
chain length and conformation of'its constituent lipid species
have on the overall interlamellar distance. TAGs in cocoa
butter are mainly monounsaturated (i.e., POP, POS, SOS).
The double bond of the oleic acid in the sn-2 position of the
glycerol backbone translates to a kink in their structure. On
the other hand, the fully saturated SSS is a spatially longer
molecule (absence of kinks or bends in the stearic acid
moieties). As nuclei form, which are believed to be rich in
high melting point SSS molecules, the size of the lamellae will
be somewhat longer relative to nuclei rich in monounsatu-
rated TAG. In time, the interlamellar distance of SSS con-
taining blends shortens as a result of subsequent inclusion of
monounsaturated (shorter) TAG from the melt, being
comparable to that of cocoa butter’s 49 A after 8 min for
1% SSS and 22 min for 5% SSS. On the other hand, at
these early time points the low melting unsaturated LLL
molecules will most likely exist in the melt, having no impact
on the crystal structure. This is evidenced by the long
spacings of blends with LLL comparable to those of pure
cocoa butter.

SSS also affected the size of the domains as evidenced by a
dramatic decrease in & for blends of cocoa butter + 5% SSS
(Figure 8B). Blends containing 5% SSS have & values almost
200 A smaller than the rest of the samples, which corre-
sponds to a crystalline domain with 10 vs 14 stacked lamellae
(Figure 8C). It appears that the inclusion of SSS in the crystal
structure infringes significantly upon the order of the do-
main. Only small differences were observed among the other
samples, with cocoa butter having the highest & values. For
all three parameters plotted in Figure 8, there is a relatively
constant value from 6 to 20 min, a time period where the
o phase is present. As time reaches the crystallization of the
f' phase, the existing crystal structure changes as a result of
the formation of this new phase from the melt, along with
possible transformation of the a into the ' forms. This is
indicated by dramatic decreases in &, as well as the number of
lamellae per domain.

After initial crystallization studies, samples were stored
isothermally at 20 °C for further analysis. The diffraction
patterns of the studied blends stored for 1, 2, 3, and 7 days are
shown in Figure 9. After 1 day of storage, two short
spacings at 4.36 and 4.18 A, and a long spacing at 43.9 A,
were observed for cocoa butter. This crystalline structure
corresponds to cocoa butter’s 5°(IV) polymorph.'? After
2 days of storage, the same spacings were observed, along
with a small peak at 4.58 A, indicating the presence of the
stable A form.>' In time, this 4.58 A peak grows, while the
peaks at 4.36 and 4.18 A decrease in size. At 20 °C, cocoa
butter reaches an equilibrium SFC after only 120 min;*’ thus
the formation and growth of the newly observed j phase is
thought to be at the expense of the existing ' through solid
state polymorphic transformations.” The transformation of
the /' to the more efficiently packed [ results from a
structural stabilization of the crystal structure in which the
unsaturated fatty acid (oleic) segregates into one chain layer
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Figure 9. XRD patterns of cocoa butter blends crystallized isothermally and stored at 20 °C. Scans were performed after 1, 2, 3, and 7 days of
storage. Plots in the left column correspond to the long spacings, while plots on the right column correspond to the short spacings. Signal

intensities have been reduced and shifted to avoid overlap.

and the remaining two saturated fatty acids (palmitic
and/or stearic) are located in a different layer,**-? creating
a triple chain length structure. This is evidenced in our work
by a change in the long spacing peaks from 43.9 to 63.9 A
after 3 days, corresponding to a 3 L conformation® typical
of the 8 form. After one week, the ' peaks have disappeared,
and a large § peak (with a short spacing at 4.58 A) is
observed.

Addition of the low melting point LLL molecules to cocoa
butter accelerates the formation of the stable 3 form at 20 °C.
The characteristic long spacing of the 3 L conformation at
64.5 A and the short spacing at 4.6 A of the stable  form
became apparent after 1 day of storage, and were very
pronounced after only 2 days of storage for cocoa butter
with 1% LLL. Furthermore, upon addition of 5% LLL, a
long spacing at 64.4 A and a short spacing at 4.58 A were
observed after only 1 day of storage at 20 °C, along with the

reflections associated with the ' form. After only 2 days, a
diffraction pattern typical of the S(V) form was observed in
the short spacings region. It is believed that LLL promotes
the transformation of metastable forms to the stable 5 form.
Our results are consistent with those reported by Smith
et al.,** which reported that addition of only 1% hazelnut
oil to tempered cocoa butter accelerated f — [ transforma-
tion. The presence of liquid oil has also been reported to aid in
the polymorphic transformations of other fat systems such as
lard*' and anhydrous milk fat.** Similarly, the presence
of a low melting fraction in milk fat induced polymorphic
transformations in higher melting point fractions.**** Our
findings confirm that the presence of liquid oil either en-
trapped in the crystalline network or on the crystal surface
accelerate polymorphic transformations, as molecular diffu-
sion is altered, allowing for TAG to adopt higher stability
arrangements. 18.23
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Figure 10. XRD patterns of cocoa butter blends crystallized isothermally at 24 °C. Plots on the left column correspond to the long spacings,

while plots on the right column correspond to the short spacings.

SSS also affected the polymorphic transformation of
the studied blends. Although SSS promoted the early
appearance of the metastable forms o and /3, it decreased
the rate of transformation into the stable  form.
No differences were observed between cocoa butter and
cocoa butter enriched with 1% SSS. Upon addition of
5% SSS, the spacings corresponding to the stable 8 poly-
morph were not observed during the first 3 days of
storage. It was not until 1 week of storage that a diffrac-
tion pattern typical of a  form was observed. As pre-
viously mentioned, it is thought that LLL promotes
polymorphic transformations as it increases the volume
fraction of liquid in the system, thus decreasing viscosity
and enhancing molecular mobility. The opposite occurs
with addition of SSS. Increase in viscosity of model
chocolate melts have been reported in the presence
of trisaturated TAG’s* where high melting molecules,

CB+5%LLL
B+1%LLL

CB
+1%SSS|
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J
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15 20 25 30
Angle (20)

14

Figure 11. XRD short spacing patterns of cocoa butter blends
crystallized isothermally at 24° C for 1 day.

such as SSS, become undercooled and crystallize out. The
proposed effect of SSS on melt viscosity results in hin-
dered molecular mobility and thus delayed polymorphic
transformations.
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Figure 12. Polarized light micrographs of cocoa butter blends crystallized isothermally at 20 °C. Prior to imaging, samples were heated to 80 °C
for 20 min, followed by cooling at a rate of 5 °C/min. The microstructure was imaged at different time points.

The polymorphism of cocoa butter blends at 24 °C during
the first 12 h of crystallization is illustrated in Figure 10. For
all studied blends, the first peak observed in the small angle
region had a long spacing between 47.9 and 50.6 A, corre-
sponding to the metastable o phase.*> Consistent with ob-
servations at 20 °C, blends with SSS had the highest long
spacings for the o form (49.5 and 50.6 A for 1% and 5%
added SSS, respectively) relative to the rest of the sample
blends (between 48.3 A for pure cocoa butter and 47.9 A for
LLL enriched cocoa butter). In time a second peak was
observed with a long spacing between 44 and 45 A, corres-
ponding to the 5 form.*' The times at which the ' form
appeared differed with composition. For blends containing
SSS, the ' form was observed after 80 min, for pure cocoa
butter after 100 min, and for blends containing LLL after

100—120 min of crystallization. As the ' peak grew in time,
the a peak correspondingly disappeared.

In the wide angle region, small spacings were observed at
4.39,4.18, 3.9, and 3.8 A for all samples. On the basis of the
work published by Sato and Koyano,'® the ' (IV) of cocoa
butter displays short spacings at 4.35 and 4.15 A, and a long
spacing at roughly 44 A. Thus, we believe that all samples are
in the B’ form. Differences were once again found between
samples with regard to the times at which the spacings were
observed. Blends containing SSS crystallized more rapidly
and peaks were observed at earlier times relative to blends
with LLL. During the first 12 h of crystallization there was
no evidence of the existence of the stable 5 form.

The polymorphism of blends crystallized at 24 °C was
further studied after 24 h of isothermal storage. The resulting
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Figure 13. Polarized light micrographs of cocoa butter blends crystallized isothermally at 24 °C. Prior to imaging, samples were heated to 80 °C
for 20 min, followed by cooling at a rate of 5 °C/min. The microstructure was imaged at different time points.

XRD scans are shown in Figure 11. For all blends except
cocoa butter + 5% SSS, a very large peak with spacing
at 4.59 A was observed, along with smaller spacings at
3.99, 3.88, 3.77, and 3.67 A. This diffraction pattern corre-
sponds to the stable S(V) form of cocoa butter.'* On the
other hand, cocoa butter + 5% SSS had spacings at4.38 and
4.18 A that correspond to a metastable 5’ form. Consistent
with the results observed at 20 °C, the addition of high
melting SSS was found to delay polymorphic transforma-
tions of the less stable forms to the stable 4 form in spite of it
reducing the induction times of crystallization of the un-
stable forms.

Microstructure. The microstructure of the fat crystal
networks that formed at 20 and 24 °C was imaged using

PLM. This allows for the study of the crystalline micro-
structure, yet at a much larger length-scale relative to XRD,
enabling the visualization of the aggregation of domains
into single crystallites and their further aggregation into
clusters.

When crystallized at 20 °C, a large number of crystallites
were formed after only 2 min in all blends, as shown
in Figure 12. The observed crystal morphology can be
described as a high number of very small needle-like crystal-
lites. At this time—temperature condition, cocoa butter
crystallized in the a polymorph has been reported to yield
needle-like features.” No differences were observed in the
first hour of crystallization between the studied blends. After
24 h of storage at 20 °C, differences in the microstructure
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Figure 14. Elastic bending modulus (Eg) of cocoa butter blends crystallized at 20 °C for 24 h (A) and 24 °C for 48 h (B). Bars represent an
average of four replicates. Letters denote significance between samples at each crystallization temperature (P < 0.05).

Table 1. Structural Parameters Obtained Experimentally or Theoretically from Cocoa Butter Blends at 24° C

blend o (J/m?) 7 (h) AG, (kJ) SFCax (%) Dy, eq diam (um) displacement (mm) Frracture (N) Eg (N/mm?)
CB+5%LLL 0.0017 2.50 4.14 49.08 1.79 2.33 0.25 8.58 22.62
CB+1%LLL 0.0019 2.49 3.88 52.14 1.76 2.33 0.26 9.17 24.29
CB 0.0017 2.20 3.54 52.75 1.86 2.16 0.47 10.27 15.09
CB+1%SSS 0.0014 1.64 2.94 50.74 1.90 1.82 0.42 3.80 597
CB+5%SSS 0.0013 0.74 2.26 56.18 1.88 1.82 0.42 3.69 5.84

were observed. The presence of relatively big crystal clusters,
which are 100—200 um in size, was evident for all sample
blends except for cocoa butter + 5% SSS. Aggregation of
crystallites into clusters has been observed for cocoa butter in
the ' polymorph, which has been formed via the o phase
between 15 to 22 °C.° The presence of clusters is evidence of a
polymorphic transformation and we have shown that SSS
delays polymorphic transformation; therefore, cocoa butter
+ 5% SSS is expected to be the last blend to display such
changes in crystal morphology.

The imaged microstructures of samples crystallized at
24 °C are shown in Figure 13. After 3 h of crystallization,
the morphology of cocoa butter crystals consisted of very
small, needle-like crystalline structures. In time, the crystal-
line mass increased; however, no changes in crystal morpho-
logy were observed during the initial 24 h. Addition of LLL
considerably impacted the microstructure of cocoa butter, as
evidenced by larger features surrounded by substantial
amounts of liquid oil. A concentration effect was observed,
as the number of features decreased in blends with higher
amounts of LLL. In time, the solid fraction increased;
yet after 24 h of storage considerable areas void of solid
mass were still present. In some cases this “empty space” was
filled by liquid oil. However, segregation within the micro-
scope slide was observed with the naked eye at 5% LLL.
Contrary to the effect of LLL, the addition of SSS to
cocoa butter increases the crystallization rate, resulting in a
higher number of small crystallites observed throughout
the entire field of view. No significant changes in the
microstructure were observed in the time frame of this study
(i.e., 3—24 h).

Mechanical Properties. The effects of SSS and LLL addi-
tion to cocoa butter’s mechanical strength was determined
by quantifying the elastic bending modullae (Eg) for samples
crystallized at 20 and 24 °C (Figure 14). The addition of SSS
increased the solid fraction of cocoa butter, yet resulted in a
softening effect, while LLL increased its mechanical
strength. The observed outcome on Eg can be explained in
terms of the effect that the addition of different molecules has
on the crystal—melt interfacial tension (8). A theoretical
estimation of ¢ was obtained from a derivation of the

Fisher—Turnbull equation,*® in its following form:

1/3
3}’}’11(]3A]‘If2
5 - <7 ) o)
167(V3,) T?
where m (K?) is the slope of a In(zT) vs 1/[T(AT)?] plot
constructed with 7 values obtained from experimental calori-
metric data (Figures 3 and 4); kg is the Boltzmann constant
(1.38 x 1072 J/K); AH; (J/mol) is the enthalpy of fusion
obtained from experimental calorimetric data; V,,,* (m*/mol)
is the molar volume of solid fat calculated as the ratio of cocoa
butter’s average molecular weight divided by its density; and
T (K)is the melting temperature also obtained experimentally
from calorimetric data. The molecular weight of POS (861.4 g/
mol) was considered the average molecular weight of cocoa
butter. Table 1 shows the calculated 6 as well as free energies
of nucleation (AG,) at 24 °C for all studied blends. AG,, values
were calculated using the following:*’
WlkB
AGn = ﬁ (4)
The relationship between ¢ and the mechanical strength of
fat crystal networks is expressed in the model proposed by
Marangoni*** and Marangoni and Rogers,* which de-
scribes the estimation of the modulus of elasticity (E) with
the following equation:

E :O‘_*Nﬁq)l/d—D (5)
&*  aeg*

where 0* and &* are the critical stress and strain, respectively;
ais the size of the particles that form the network; & is the solid
fraction; and d and D are the Euclidean dimension of the
embedding space(d =3), and the fractal dimensions, respec-
tively. The above expression illustrates that the elastic proper-
ties of a fat crystal network will depend on the amount of mass
present (indicated by ®), the particle properties (a), and the
interaction between these particles (associated with o).
Throughout this work, a series of structural indicators have
been experimentally obtained, such as the SFC (%); para-
meters that describe the microstructure (i.e., number of fea-
tures (a) and fractal dimension (Dy)); and the large
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deformation properties of the studied blends (displacement to
point of fracture and Ep). These are also shown in Table 1.
The addition of high melting point SSS to cocoa butter
changes the saturation conditions in the melt, which result
in lower AG,, translating into lower inductions times
(Figures 2—4). Slight increases (up to 7% at 24 °C) were
observed in the SFC, alongside decreased particle size
(roughly 16%) with small changes in Dy,. This would point
toward an expected increase in the elasticity of the network.
However, a reduction of approximately 20% in the 6 was
observed at higher SSS contents. The effect of 6 on 6* of cocoa
butter over a range of solids’ fractions was simulated accord-
ing to eq 5, using the structural parameters obtained experi-
mentally throughout this work. Averages of the equivalent
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Figure 15. Simulation of the effect of surface free energy on the
critical stress (0*) of a plastic disperse system over a range of solids’
volume fraction, which is based on the model proposed by
Marangoni and Rogers (2003).*> The primary particle diameter
(a) and fractal dimension (D) used for this simulation were the
average of the equivalent particle diameter and Dy, (obtained from
the analysis of polarized light micrographs acquired at 24 °C) of the
five studied cocoa butter sample blends. The SFC(%) of pure cocoa
butter crystallized isothermally at 24 °C is indicated. The chosen
surface free energy values for this simulation correspond to that of
pure cocoa butter (0.0017 J/m?), as well as cocoa butter enriched
with LLL (0.0019 J/m?) and SSS (0.0013 J/m?).
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particle diameter (2.09 um) and Dy, (1.89) for all studied blends
were used as set parameters. Plots for o™ as a function of ¢ at
the highest (1% LLL), intermediate (pure cocoa butter), and
lowest (5% SSS) values for d were calculated. Itisillustrated in
Figure 15 that at a particular solid fraction (i.e., 52.7% SFC
for cocoa butter) the o* decreases proportionally (from 2645
Pa to 2084 Pa) when 6 decreases roughly 20% upon addition
of SSS. Such a decline in o* will result, according to eq 4, in a
decrease in the elasticity of the system, as observed in experi-
mental values of F. Likewise, the calculated increases in 6 for
blends containing LLL will result in higher o%*, yielding a
crystal network with higher Eg.

In addition to the structural parameters previously dis-
cussed, polymorphism also affects the mechanical properties
of the studied blends. The addition of LLL accelerated the
p' — [ transformation, while SSS slowed down such trans-
formations. It has been demonstrated by Brunello et al.,*
that polymorphism strongly influences the mechanical prop-
erties of cocoa butter. The 8 polymorph is not only the most
stable but also the most efficiently packed and most dense
crystal form. As SSS delays the 8’ — § transformation, it is
then expected that samples which contain SSS will be softer
relative to those in which the transformation into the 5 form
has been completed.

Conclusions

This work has proven that significant alteration to the
crystal structure and ergo the functionality of cocoa butter
can be achieved through minor changes in its TAG composi-
tion, as depicted in Figure 16. Addition of SSS changed the
saturation conditions of the melt, consequently affecting
crystallization and the resulting crystal network. The high
melting point saturated TAGs become rapidly undercooled as
the temperature of cocoa butter decreases, providing the
energy required for nucleation and crystal growth (observed
as lower onset crystallization temperatures and onset times for
crystallization). Fully saturated SSS molecules are spatially
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Figure 16. Schematic representation of cocoa butter’s crystallization, in its native state and upon addition of either saturated tristearin (SSS) or
unsaturated trilinoleate (LLL) at 20 °C. Indicated are times (7) in which each polymorphic form was observed with X-ray diffraction, as well as

their short and long spacings.
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bigger (i.e., straight) relative to monounsaturated TAGs which
have bends in the unsaturated oleic acid moieties. Their inclusion
into the crystal lattice of nuclei introduces a certain degree of
disorganization during the stacking of lamella in the very early
stages of crystallization, thus resulting in differences in crystal
lamella and domain size. Subsequently, different levels of struc-
ture are affected. Despite the lower induction times for crystal-
lization observed, SSS delayed polymorphic transformation
from metastable forms into the stable S form. Lastly, cocoa
butter with added SSS was found to be less elastic, as a result of
the effect that SSS had on the crystal—melt interfacial tension.

Changes in the TAG profile of cocoa butter in the opposite
direction (i.e., addition of fully unsaturated LLL) likewise
resulted in structural differences. With a very low melting
point, LLL will not be undercooled at the studied tempera-
tures, and will only slightly affect induction times and tem-
peratures of crystallization. No significant changes in the size
of the lamellae were observed. This, along with LLL’s struc-
tural incompatibility with the crystal surface suggests that LLL
does not co-crystallize with the bulk of cocoa butter’s TAGs,
but rather surrounds crystal domains, increasing the crystal
network’s liquid fraction. Consequently, LLL enhances mole-
cular mobility and the rearrangement of TAG molecules into
highly dense, efficiently packed, stable crystalline structures (in
other works, accelerates f/ — f3 transformation).
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