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A B S T R A C T   

Cocoa butter equivalents (CBE) are mixtures of triglycerides from multiple sources (e.g., sunflower oil, mango 
kernel and sal), which resemble cocoa butter (CB) in both physical and chemical properties. Despite being widely 
used to replace CB in chocolate products, the crystallization behavior of many CBEs is still poorly understood. 
The aim of this work was to develop a fundamental understanding, at the molecular level, of the crystallization 
behavior of selected CBEs, and compare it with that of CB. Chromatography was used to determine the 
composition of CBEs, in terms of fatty acids and triacylglycerides (TAGs), while their thermodynamic behavior 
and crystallization kinetics were studied using polarized microscopy, differential calorimetry and three different 
synchrotron X-ray scattering setups. CBEs of different origin and chemical composition (e.g., different ratios of 
the main CB TAGs, namely POP, SOS and POS) crystallized in different polymorphs and with different kinetics of 
nucleation, growth and polymorphic transformation. SOS rich CBEs presented showed more polymorphs than CB 
and POP rich samples; whereas, CBEs with high concentration of POP showed slow kinetic of polymorphic 
transformation towards the stable β(3L) form. 

Additionally, it was observed that the presence of small amounts (<1% w/w) of specific TAGs, such as OOO, 
PPP or SSS, could significantly affect the crystallization behavior of CBEs and CBs in terms of kinetics of poly
morphic transformation and number of phases detected (multiple high melting β(2L) polymorphs were identified 
in all samples studied). Finally, it was found that, regardless of the CBE composition, the presence of shear could 
promote the formation of stable β polymorphs over metastable β’ and γ forms, and reduced the size of the crystal 
agglomerates formed due to increased secondary nucleation.   

1. Introduction 

Chocolate is a popular food product, whose demand has been 
constantly increasing over the past years (Ewens et al., 2021; Metilli 
et al., 2021). However, the current production of cocoa is not able to 
fully meet such demand, causing an increase in the market price of this 
commodity (Norazlina et al., 2021). For this reason, chocolate manu
facturers have started to develop strategies to replace or reduce the 
amount of cocoa used in chocolate (Ewens et al., 2021). One of them is 
the use of cocoa butter equivalents (CBE), which are mixtures of 

triacylglycerols (TAGs) from multiple sources (e.g., sunflower oil, 
mango kernel and sal) that resemble cocoa butter (CB), in both physical 
(e.g., melting range and crystal morphology) and chemical properties (e. 
g., fatty acids and TAGs profiles) (Ghazani & Marangoni, 2019). 

A good CBE should present the same functional properties of CB in 
chocolate products (Bahari & Akoh, 2018; Castro-Alayo et al., 2023; 
Hadri et al., 2022; Lipp et al., 2001); in order to achieve this goal 
different fractions of fats from different sources can be blended to form a 
CBE (Norazlina et al., 2021). As an alternative route chemical modifi
cations, such as enzymatic esterification, can be applied to fats or oils (e. 
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g., sunflower and safflower oils) (Bahari & Akoh, 2018; Ghazani & 
Marangoni, 2019; Sivakanthan & Madhujith, 2020) to obtain the desired 
melting range and TAGs composition. 

Nevertheless, it is not possible to achieve the exact same TAGs 
composition of CB by mixing blends of other fats or via interester
ification. This is an issue, when it comes to precisely controlling choc
olate crystallization. Minimal differences in TAGs composition, even 
those among CBs harvested in different regions, might lead to different 
kinetics of nucleation and growth as well as different structure and 
morphology of fat crystals (Bouzidi & Narine, 2012; Ghazani & Mar
angoni, 2019, 2021; Marty-Terrade & Marangoni, 2012; Sasaki et al., 
2012; Sato & Ueno, 2005). 

CB normally contains in weight about 26 % palmitic acid, 36 % 
stearic acid, 34 % oleic acid, 2.7 % linoleic, and 0.9 % arachidic acid 
(Metilli et al., 2021). These fatty acid mostly form disaturated 1,3-dis
tearoyl-2-oleoyl glycerol (SOS), 1(3)-stearoyl-2-oleoyl-3(1)-palmitoyl 
glycerol (POS) and 1,3-dipalmitoyl-2-oleoyl glycerol (POP) with oleic 
acid in the sn-2 position of glycerol backbone. TAGs crystallize in three 
main crystal structures. In order of thermodynamic stability these are: 
(1) the α polymorph, with a hexagonal 3D-subcell of chain packing, (2) 
the β’ polymorph with an orthorhombic-perpendicular 3D-subcell of 
chain packing and (3) the β polymorph with a 3D-triclinic parallel 
subcell of chain packing (Abrahamsson et al., 1978) (it is worth noting 
that the corresponding 2D-subcells of chain packing are hexagonal, 
rectangular and oblique (Small, 1984)). Furthermore, TAGs polymorphs 
differ in the way their fatty acid chains are stacked. Two very common 
stacking repeats are observed, being two (2L) or three (3L) fatty acid 
chain lengths long (Ladd Parada et al., 2018; Pratama et al., 2022; 
Timms, 1984). Some TAGs or TAGs mixtures can also crystallize in the 
metastable γ polymorph, which has similar structure to the β’(3L) 
polymorph (Lipp et al., 2001; Mykhaylyk & Hamley, 2004). Depending 
on the mixture of TAGs that form a specific fat, different types and 
combinations of stacking and chain packing can exist. CB can crystallize 
in six different structures, with the β polymorph of form V being the 
ideal polymorph to give chocolate a glossy appearance, the correct 
melting point and a good snap. Despite its widespread use, the mecha
nisms of nucleation and polymorphic transformation from one CB 
crystal structure to another are still poorly understood and subject of 
ongoing debate (Bresson et al., 2021; Ghazani & Marangoni, 2023; 
Ladd-Parada et al., 2019; Marty-Terrade & Marangoni, 2012; Pirouzian 
et al., 2020; Toro-Vazquez et al., 2012). Even less is known about the 
crystallization behavior of cocoa butter equivalents (CBEs) and how 
they affect chocolate crystallization when mixed with CB (Bahari & 
Akoh, 2018; Castro-Alayo et al., 2023). 

In this work synchrotron X-ray scattering, differential scanning 
calorimetry (DSC), rheological measurements and polarized light mi
croscopy were used, providing a comprehensive overview of the crys
tallization behavior of very different CBEs and CBs, with accurate 
structural information of the possible phases that can form from specific 
TAGs mixtures and considering also the effect of shear (e.g., rheometer 
experiments) on the kinetics of nucleation, growth and polymorphic 
transformation of such phases. The experimental results were inter
preted in light of the TAGs and fatty acids composition of each sample 
analyzed. In this work we did not just focus on the effect of different 
ratios of the three main CB TAGs (SOS, POP, POS), but we investigated 
the effect of TAGs contained in minor amounts (e.g., tri-saturated, di- 
unsaturated and tri-unsaturated) on the polymorphic landscape of CBEs 
and on the kinetics of crystallization. 

Using this approach allowed gaining a molecular-level understand
ing of the crystallization process for the analyzed edible fats, and iden
tifying multiple highly stable phases that has not been observed 
previously in this type of samples. Such fundamental knowledge is 
essential for the rational design of novel chocolate recipes that uses 
CBEs, but also for the understanding of the crystallization behavior of 
other edible mixtures of TAGs that might be used in food, cosmetic or 
pharmaceutical applications (Metilli et al., 2022; Ramos-de-la-Peña 

et al., 2021). 

2. Materials and methods 

2.1. Materials 

Samples of cocoa butter and cocoa butter equivalents were kindly 
provided by the Nestlé Product Technology Centre Confectionery in 
York (UK). The company provided a series of ingredients from several 
manufacturers and geographical origin that were used for different 
purposes in their confectionary formulations. CB and S6 were both cocoa 
butter samples of different origin, Ghanian and Brazilian, respectively. 
Samples S1 to S5 and S7 to S14 were cocoa butter equivalents of 
different origin, including mixtures of palm, shea and sal fats, as well as 
interesterified sunflower and safflower oils. 

2.2. Chemical characterization 

Samples were characterized chemically in terms of fatty acids (FA) 
and triacylglycerides composition by chromatography. An Accela 1250 
liquid chromatograph (Thermo Fisher Scientific, Bremen, Germany) 
equipped with a Agilent Poroshell 120 EC-C18 (2.7 µm particle size, 2.1 
× 250 mm) was used for separation of analytes; while an LTQ-Orbitrap 
XL hybrid mass spectrometer (Thermo Fisher Scientific, Bremen, Ger
many) was used for the identification of the TAGs and FAs that char
acterized each sample. The detailed experimental procedure is described 
elsewhere (Nagy et al., 2013). 

2.3. Differential scanning calorimetry (DSC) 

The DSC curves were obtained using a PerkinElmer calorimeter (DSC 
8000, PerkinElmer Corp., Waltham, USA), combined with a cooling 
system (Intracooler 2, PerkinElmer, USA). The purge gas used was ni
trogen (99.99 % purity) at a flow rate of 20 mL/min. Sample preparation 
consisted of placing 1.35 ± 0.001 mg of molten fat in aluminium pans 
(30 μL - Part No. BO14-3016, PerkinElmer, Germany). The pans were 
then covered with aluminium lids (Part No. BO14-3003, PerkinElmer, 
Germany) and hermetically sealed. As a reference, an empty sealed 
aluminium pan was measured. The results were analyzed using the 
software Pyris DSC 8000. To avoid differences in crystallization 
behavior related to secondary nucleation phenomena or differences in 
the thermal history, all samples were fully molten at 70 ◦C before 
characterization with all techniques presented in this paper. For DSC, 
the thermal protocol applied for each sample was the following: (i) 
Melting and holding for 10 min at 70 ◦C, (ii) cooling to 18 or 20 ◦C at a 
rate of around − 70 ◦C/min and holding for 120 min at this temperature, 
(iii) heating the sample up to 25 ◦C and holding for 15 min, and finally, 
(iv) cooling the sample down to 15 ◦C and holding it for 30 min at this 
temperature. At the end of each thermal protocol, samples were cooled 
to − 30 ◦C at a rate of around − 40 ◦C/min to induce the solidification of 
the lower melting TAGs and then heated up again to 70 ◦C. It is worth 
noting that this final step minimizes the occurrence of polymorphic 
transformations during the heating stage, allowing a more precise 
identification of the solid phases formed during the isothermal hold. 

2.4. Polarized light microscopy (PLM) 

Selected samples (S1, S2, CB, S10 and S13) were analyzed with PLM. 
Samples were heated to 65 ◦C until fully molten. Then 50 μL of sample 
was pipetted onto a Linkam CSS450 hot plate connected to a liquid ni
trogen pump (Linkam Scientific Instruments, UK). The hot plate was 
closed and a gap of 100 μm was set. The hot plate was controlled with 
the Linksys32 control software (Linkam Scientific Instruments, 2003) 
and placed under a Leitz Dialux 22 microscope with a polarized light 
lens (Leica Microsystems, Germany). The sample was heated to 70 ◦C 
and kept there for 10 mins. Then the sample was cooled to 45 ◦C at 
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− 30 ◦C/min and held there for 3 mins. Liquid nitrogen was used to cool 
the sample. The temperature was then decreased to 20 ◦C at a rate of 
− 1◦C/min and held there for 2 h. At the start of this cooling stage, a 
Canon EOS 7D Mark II camera (Canon, Japan) was controlled using the 
software digiCamControl (Istvan, 2020), taking pictures every 1 min 
through a 40x lens (Nikon, Japan). After the 2 h, the sample was heated 
back to 45 ◦C at a rate of 1 ◦C/min. The shearing experiments were 
conducted using the same temperature profile; the experiments were 
stopped, when the sample was fully solid at 20 ◦C. The three shear 
speeds used were 0.25 rad/s, 0.15 rad/s and 0.05 rad/s. 

2.5. Synchrotron small angle X-ray scattering – Multi-capillary holder 

The polymorphs arising from crystallization of each sample were 
determined using synchrotron radiation X-ray diffraction (SR-XRD, λ =
0.69 Å) at the beamline I22 at the Diamond Light Source (DLS, Didcot, 
U.K.). The sample-to-detector distance (SDD) was set to 4.716 m for the 
SAXS, and the 2D diffraction patterns were recorded on a Pilatus 2 M 
detector (Dectris Ltd., Switzerland). For WAXS a Pilatus P3-2 M− DLS− L 
(silicon hybrid pixel detector, Dectris Ltd., Switzerland) was used, 
positioned at 163.5 mm from the sample. Disposable polycarbonate 
capillaries (diameter 2 mm) were filled with mixtures of melted samples 
and loaded into a temperature-controlled multi-capillary rack, con
nected to an external water bath (Lauda, Germany). The temperature 
was initially set to 70 ◦C for 10 min, and then cooled down to 20 ◦C at a 
rate of − 1 ◦C/min. The temperature was then kept constant for 2 h and 
then raised to 25 ◦C for 15 min to remove the more metastable phases. 
After this step, each sample was cooled down to 20 ◦C and kept at this 
temperature for up to 4–5 h. The exposure time was set to 1.0 s. An 
empty polycarbonate capillary was used for background scattering 
subtraction. Diffraction images were processed using the software 
DAWN (Filik et al., 2017). The resulting 1D data were extracted, sorted 
and analyzed using MATLAB 2021a, Excel 2020 and Origin Pro 2020 
(peak fitting function). Both SAXS and WAXS plots were used to identify 
the number and type of phases present in the samples. Hereby, WAXS 
data are more informative at higher values of solid fat content (e.g., after 
long term storage at ambient temperature); whereas, in the early stages 
of crystallization, due to the strong scattering contribution of the liquid 
phase, it is more challenging to identity the different polymorphs from 
this q region. 

First, to obtain the trends for the peak intensities over time, the 
second derivative of SAXS curves were calculated, in order to separate 
overlapping peaks. These second derivative curves were then multiplied 
by − 1, obtaining positive second derivative peaks at the same position 
as that of the corresponding Bragg peaks. The height of such peak was 
then plotted to monitor the evolution of the crystallization of the given 
polymorph (Ollivon et al., 2006). Second, the second derivative trends 
were normalized to the actual intensity of the corresponding Bragg peak 
(Gaussian and Voigt distributions applied). Note, Gaussian-shaped peaks 
are appropriate for fitting the β-phases, which display thermal disorder, 
while all other phases are displaying only quasi-long range order and are 
most appropriately fitted with Voigt distributions (Rappolt, M.; Laggner, 
P.; Pabst, 2004). 

2.6. Benchtop small angle X-ray scattering 

This technique was used to analyze the kinetics of polymorphic 
transformations over a long period of time (up to six months). Mea
surements were carried out with a SAXSpace instrument (Anton Paar 
GmbH, Graz, Austria) equipped with a Cu anode (λ = 1.54 Å) and 
operating at 40 kV and 50 mA. The sample holder is equipped with a 
Peltier element (TCstage 150, Anton Paar GmbH, Graz, Austria), which 
provides temperature control in a range of − 30 to +150 ◦C (±0.1 ◦C). 
Simultaneous SAXS/WAXS measurements were performed at a sam
ple–detector distance of 130 mm, which covers a q range from 0.01 to 
1.76 Å‑1 (q = 4π(sin θ)/λ, with 2θ being the scattering angle). The 1D 

scattering patterns were recorded with a Mythen microstrip X-ray de
tector (Dectris Ltd., Baden, Switzerland). The position of the primary 
beam of all diffraction patterns was set to zero, using the SAXSTreat 
software (Anton Paar GmbH, Graz, Austria). The SAXSQuant software 
(Anton Paar GmbH, Graz, Austria), was used to normalize all recorded 
scattering patterns for their sample transmission, i.e., divided by their 
measured transmitted direct beam intensity. From each normalized 
sample pattern the normalized empty capillary scattering was then 
subtracted. Samples were subjected to the same temperature profile 
described in the previous section. 

2.7. Synchrotron small angle X-ray scattering – Simultaneous DSC and 
SAXS 

The in-line DSC (Ollivon et al., 2006) available at the Austrian SAXS 
beamline at the Elettra Sincrotrone Trieste (Italy) was used for simul
taneous DSC and SAXS/WAXS measurements. A Pilatus3 1 M detector 
(Dectris, DH) at a SDD of 1.3 m was used for the SAXS signal (range =
0.76 < q < 57.5 Å− 1), while a Pilatus 100 k detector was used for the 
WAXS region (range = 63 < q < 163 Å -1). The energy of the beam was 8 
keV (1.54 Å wavelength) and the calibration was performed with silver 
behenate (d-spacing 58.38 Å) for the SAXS and p-bromobenzoic acid for 
the WAXS region. The sample holder was a quartz capillary of 1.4 ± 0.1 
mm of diameter and about 80 mm length, which was inserted into the in- 
line DSC; an empty capillary of the same size was used as reference to 
estimate the thermal signal. Capillaries were filled with molten samples 
at 50 ◦C. After positioning the samples in the DSC setup, the temperature 
was raised to 70 ◦C and then samples were cooled down to 20 ◦C at 
− 1◦C/min and kept at this temperature for 2 h. Then the temperature 
was raised to 25 ◦C at a rate of 1 ◦C/min, kept for 15 min and then 
brought back to 20 ◦C for at least another hour. The same capillaries 
used for DSC-SAXS experiments were stored at ambient conditions for 6 
months and then measured at the same beamline to check the effect of 
long term storage. 

The 2D images were processed using the SAXSDOG software (Burian 
et al., 2022). Processed data were further analyzed using MATLAB 
2021a, Excel 2020 and Origin Pro 2020. 

2.8. Synchrotron small angle X-ray scattering – Rheometer 

The final set of SAXS experiments was performed on the beamline 
ID02 at the European Synchrotron (ESRF) located in Grenoble (France), 
using the stress controlled rheometer setup (a commercial Thermo- 
Haake RS6000) equipped with an X-ray transparent Couette cell. The 
concentric cylinders of the cell used (inner diameter 20 mm, outer 
diameter 22 mm, and height 40 mm) were machined out of Vespel 
polymer. An Eiger2 4 M detector (Dectris, DH) was used for the SAXS 
signal (range = 0.45 < q < 58.4 Å‑1), while a Rayonix LX 170HS 
(Rayonix, US) detector was used for the WAXS (range = 56.8 < q <
351.7 Å‑1). The energy of the beam was 12.5 keV (1 Å wavelength). The 
CBE and CB samples were molten at 50 ◦C in an oven and then around 2 
mL of sample was transferred into the Couette cell using a plastic 
pipette. The temperature was raised to 70 ◦C and then cooled down to 
23 ◦C at a cooling rate of − 2 ◦C/min. Since the available temperature 
controller was not very effective in maintaining a temperature below 
26 ◦C compressed air was flown towards the Couette cell after being 
cooled in a coaxial heat exchanger, using cold water as refrigerant (a 
photo of the modified setup is shown in Supporting Information, 
Fig. S1). The temperature profile was applied in the absence of shear and 
applying a shear of 1000 s− 1. Raw X-ray data were processed using the 
custom written software PyFAI, following a procedure described in 
detail elsewhere (Narayanan et al., 2018). Processed X-ray and viscosity 
data (collected by the equipment software) were further extracted and 
analyzed using MATLAB 2021a, Excel 2020 and Origin Pro 2020. 
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2.9. Electron density profiles (EDPs) 

EDPs were calculated using a standard Fourier transform procedure 
(Pratama et al., 2022). The Braggs peak intensity were obtained from the 
fitted area and were Lorentz corrected, meaning that the intensity I(h)
was multiplied by h2, where h is the Miller index (diffraction order). 
Then, the amplitude values Fh were obtained from the square root of the 
corrected intensity. For centrosymmetric EDPs, the Fourier transform is 
obtained by Eq. (1): 

Δρ(z) =
∑hmax

h=1
αhFhcos

(
2πzh

d

)

(1)  

where Δρ(z) is the electron density contrast, αh denotes the phases (for h 
= 1, αh was set to − 1, which places the bilayer core at x  = 0 nm) and d 
denotes the lattice spacing. The phases αh for values of h from 2 to 6 were 
taken from the literature (Mykhaylyk & Hamley, 2004). 

3. Results and discussion 

3.1. Chemical composition of CB and CBEs 

Table 1 shows the FA composition for each sample. Despite similar 
origin the composition of the different samples present many differ
ences, particularly in the concentration of minor TAGs, such as tri- 
saturated or di-unsaturated ones. For all samples the main FAs are the 
ones typical of cocoa butter: stearic, palmitic and oleic. CB and S6 
present similar content of these three FAs, with slightly higher content of 
stearic and oleic rather than palmitic. Sample S10 presents the highest 
content of palmitic acid (47.4 %) and lowest of stearic (10.9 %) among 
all samples; whereas S1 and S5 are very similar and have the highest 

content of stearic acid (43.8 and 44.5 %) and lowest of palmitic (<7%) 
of all samples. The high amounts of palmitic acid in S10 and of stearic 
acid in S1 and S5 explains why they have respectively the lowest and 
highest average chain length (17.0 versus 17.9 C atoms). 

Samples S1 and S5 are characterized by a higher amount of unsat
urated fatty acids compared to the rest of the samples: over 43.9 % 
compared to 34–36 % of the other samples. The percentages of saturated 
and unsaturated fatty acid, as well as the average FA chain length, are 
very similar to that of cocoa butter (CB and S6) for samples S2 to S4 and 
S7 to S14, despite their different origin. Finally, the two cocoa butter 
samples are characterized by a lower amount of palmitic acid compared 
to the aforementioned CBEs. 

Table 2 shows the TAGs composition of each sample analyzed. It is 
evident that the highest content of POS is given in the two cocoa butter 
samples CB and S6 when compared to the CBEs. Sample S10 has the 
highest content of POP compared to the other samples, while S1 and S5 
have the highest concentration of SOS. Furthermore, these two samples 
have the highest content of di- and tri-unsaturated TAGs. It is worth also 
noticing the high amount of tri-saturated TAGs in S10 (almost two-fold), 
when compared to all the other samples. In the following sections the 
effect of the different chemical composition of each sample is examined. 

3.2. Polymorphism of CB and CBEs during cooling crystallization 

Despite small differences in the chemical composition, synchrotron 
X-ray experiments in capillaries (stagnant conditions) showed very 
different crystallization behavior for the analyzed samples. All phases 
detected for each sample and their corresponding d-spacings are sum
marized in Table 3. The two cocoa butter samples CB and S6 showed 
similar behavior, with the α polymorph (2L stacking) nucleating first 
and then transforming into the β’(2L) and finally the β(V) polymorph. 

Table 1 
Fatty acid composition for all the analyzed samples.  

Fatty acid S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12 S13 S14 CB 

Palmitic  6.5  25.6  31.7 28.6  5.7 26.1  33.9 37  30.1  47.4 34  35.3  31.8 36 25.2 
Oleic  40.6  32.9  31.7 33  41.1 32  32.4 31.8  32.6  31.6 30.9  30.6  32.1 30.9 31.4 
Stearic  43.8  29.9  27.8 30.1  44.5 33.5  25.3 21.9  26.1  10.9 25.9  25.3  27.4 24.2 34.9 
Other  4.7  6.9  4.2 3.7  4.3 3.8  3.7 4.6  6.4  5.4 4.7  4.4  3.7 4.3 3.6 
Saturated (%)  51.7  60.4  60.8 59.7  51.7 60.6  60.2 60.1  60.5  59.6 61.4  62.1  60.3 61.5 61 
Unsaturated (%)  43.9  34.9  34.6 35.7  43.9 34.8  35.1 35.2  34.7  35.7 34.1  33.5  34.7 33.9 34.1 
Average FA chain length (number of C)  17.9  17.6  17.4 17.4  17.9 17.5  17.3 17.2  17.5  17.0 17.3  17.3  17.3 17.3 17.5  

Table 2 
Triacylglyceride (TAG) composition of each sample.  

TAG type S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12 S13 S14 CB 

POP  2.4 28.2  35.3 31.3  1.8 18.2 41.3  40.3 34.5 49.4  37.3  40.2 35.2 39 16.9 
SOS  41.2 31.3  29.9 34.1  42.9 25 28.5  23.8 26.6 7.8  27.3  28.6 29.6 23.8 27 
POS  10.5 12.3  11.4 11  9.3 37 10  10.4 12.1 11.1  11.1  10.6 14.6 13.8 37.3 
Tri-saturated  1.5 <1  1.4 <1  1.6 <1 1  1.5 <1 3  1.6  1.6 <1 1.5 <1 
Tri- and di-unsaturated  36.1 8.2  11.1 12.1  35.6 12.7 9.8  11.6 8.5 14.7  12.5  9.7 10.1 11.2 11.8 
Other monosaturated  1.3 9.7  3.4 1.5  1.1 1.4 2.5  4.3 8 3.7  3.5  2.7 1.6 3.9 1.3 

P stands for palmitic, O for oleic and S for stearic acid. Tri-saturated TAGs include SSS and PPP. Tri and di-unsaturated TAGs include OOS, OOP, OOO together with 
TAGs containing linoleic acid (18:2). Other mono-saturated TAGs include ones containing oleic acid and other saturated FAs with chain length ranging from 14 to 22C 
atoms. 

Table 3 
D-spacings in å for all polymorphs detected in each sample. N.d. = not detected. *=sample after long storage was not measured at synchrotron.  

Polymorph S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12 S13 S14 CB 

α(2L) 51 50 49 50 51 49  49 50 48 49 49 50 49 49 
β’(2L) 45 45 44 44 45 44 44 44 45 42 45 45 45 44 44 
β’(3L) 80 n.d. n.d. n.d. 78 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
γ(3L) 71 n.d. n.d. n.d. 70 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
β(3L) 65 66 63 64 65 64 64 65 66 65 64 64 65 65 64 
β(2L) 45, 50 43, 48 43, * 43, * * 43, 44, 50 43, 48 43, * 43, * n.d. 43, * 43, * 43, 49 43, * 43, 44, 50  
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The d-spacings of all polymorphs of CB and S6 were identical: 49 Å for 
the α, 44 Å for the β’(2L) and 64 Å for the β(V) structure. It is worth 
noticing, that the transformation from the β’(2L) to the β(V) polymorph 
was faster for CB than for S6 (Fig. 1a and b); in fact, only traces of the 
most stable form are visible in sample S6 at 500 min from the start of the 
cooling profile. This difference in the kinetics of polymorphic 

transformation might be due to the presence of a higher amount of tri- 
unsaturated OOO in the CB sample compared to S6 (1.8 % and <1 %). 
The effect of tri-unsaturated TAGs on the kinetics of polymorphic 
transformation was observed previously in the literature (Campos et al., 
2010). In both samples the α-forms rapidly disappear before the heating 
to 25 ◦C. 

Fig. 1. SAXS pattern the CB and handpicked CBE samples. The SAXS pattern of CB (a), S6 (b), S1 (c) and S5 (d) during isothermal crystallization experiments in the 
multi-capillary holder are presented. The indexing of sample S1 and S5 are shown in panel (d) and (e), respectively. The time = 0 is set at the start of the cool
ing profile. 
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The melting of α crystals and the recrystallization of the β’(2L) 
polymorphs are shown in the PLM measurement of Supplementary 
Material, Fig. S2 (no shear). The images show that the more metastable α 
form is detected 1 min after reaching 20 ◦C and keeps growing for the 
following 30 min; after 45 min at 20 ◦C these crystals start to melt at the 
expenses of smaller crystal agglomerates forming, the β’(2L) form. 

The two SOS-rich samples (S1 and S5) showed a very different 
behavior compared to CB and S6. PLM experiments in the absence of 
shear (Supporting Information, Figs. S2 and S3) showed that S1 nucle
ated at higher temperature (27 ◦C) compared to CB (20 ◦C). Addition
ally, five different solid phases were identified during the isothermal 
crystallization experiments, as shown in Fig. 1c and d. The first poly
morph to appear was the hexagonal α-form, with a d-spacing of 51 Å. 
Thereafter, still during the 120 min hold period at 20 ◦C, three new 
phases nucleated: a β’(2L) with a d-spacing of 45 Å and two 3L-struc
tures with bigger d-spacings of 71 and around 80 Å, respectively. Most 
likely, these are a β’(3L) and a γ-polymorph f (Arishima et al., 1995; 
Mykhaylyk & Hamley, 2004). The presence of multiple distinct phases 
was verified by plotting the SAXS peak maximum positions (q values) as 
a function of their diffraction order (Miller index h; Fig. 1e and f). For 
lamellar phases, the peak positions fall on a straight line with slope equal 

to the inverse value of the d-spacing (slope = 2π/d). It is worth noting 
that the first order peaks for the β’(3L) and the γ-polymorph are very 
weak and partly obscured by the presence of the first order peak of the 
β-polymorph; hence, their d-spacings are mainly determined by the 
higher order diffraction peaks (h = 2 to 5). 

Additionally, it is evident that these two 3L structures are very 
similar, the polymorph with larger d-spacing was labelled as the γ form 
based on literature data on SOS, which shows higher d-spacing for this 
polymorph compared to the β’(3L) (Mykhaylyk & Hamley, 2004). 
During the experiments, eventually, the more stable β(3L) form 
appeared, with a d-spacing of 65 Å. The higher d-spacings of all poly
morphs of S1 and S5 compared to CB and S6 can be explained by the 
longer average fatty acid chain length of the first two samples compared 
to the latter. 

After the cooling profile sample S1 was heated up to determine the 
melting points of the different solid phases; the results of this DSC/SAXS 
experiment are shown in Fig. 2. 

The DSC signal from the Elettra setup is not as accurate as a con
ventional benchtop DSC instrument; however, it guarantees that events 
in DSC and SAXS perfectly line up. As shown in Supporting Information 
Fig. S4, the trend and onset/endpoint temperatures are consistent with 

Fig. 2. DSC/SAXS data for the melting of different solid phases nucleated in samples S1. On the left the SAXS patterns at different temperatures, on the right the 
corresponding calorimetric signal. 

Fig. 3. Sample S1 after 6 months storage in a capillary. SAXS (left) and WAXS (right) data. The sample temperature (reported in the legend) is higher than the actual 
melting temperature (e.g., from DSC) as the heating rate was faster than the melting one, especially for the high melting β(2L) structures. 
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the measurement carried out with a standard DSC equipment. Sample S1 
is fully molten at 47.6 ◦C. Two different 2L polymorphs (two first order 
peaks still visible at 41.3 ◦C) persist up to around 40 ◦C. The more 
metastable β’(3L) and γ presented a melting point between 29 and 34 ◦C, 
with the β’(3L) melting slightly earlier than the γ form. The DSC trend 
shows a high endothermic peak between 20 and 40 ◦C, associated with 
the melting of these two metastable polymorphs as well as with the 
melting of the β(3L) and β’(2L) structures. Instead, a lower endothermic 
peak at higher temperatures is linked to the melting of the two 2L 
structures observed in the SAXS; these polymorphs melt later than the 
stable β(3L). Hence, neither of them are likely to be a β’(2L) polymorph 
observed nucleating after the α form. 

It is worth noticing that β(2L) polymorphs do not usually appear for 
monosaturated TAGs such as POP, SOS and POS or their mixtures. 
Hence, these two polymorphs comprise of TAGs such as tri-saturated 
ones (SSS and PPP) or specific molecular compounds (such as stochio
metric mixtures of PPO and POP or SSO and SOS), which were previ
ously reported to form β(2L) phases (Sato & Ueno, 2005; Taguchi et al., 
2021; Yao et al., 2020). 

Due to the high intensity of the β’(2L) first order peak in the SAXS, it 

was not possible to detect the early nucleation of β(2L) phases, which are 
also not easily detectable in the WAXS due to their low concentration. 
This interpretation would explain the high melting point of these poly
morphs and why they present a 2L stacking that is not commonly 
observed in monosaturated TAGs. A stronger proof of this hypothesis is 
given by the analysis of a 6 months old sample S1, shown in Fig. 3. In the 
SAXS region three different solid phases (one 3L and two 2L ones at q 
values of around 0.125 and 0.141 Å− 1) are clearly visible, with the 3L 
corresponding to the β(3L) polymorph observed in the cooling experi
ment (both SAXS and WAXS pattern are matching). Upon heating, the 
β(3L) polymorph melts earlier than the 2L forms, confirming that those 
are two different β(2L) structures originating from either tri-saturated 
TAGs or molecular compounds with the characteristic 2L stacking type. 

Moving onto the other samples, another one that presented a very 
different behavior compared to CB and S6 was the POP-rich sample S10. 
As shown in Fig. 4 only two polymorphs nucleated during the cooling 
experiments, a metastable α(2L) and a β’(2L) polymorph. The 
morphology of the crystalline aggregate formed in this sample is shown 
in Supporting Information Fig. S5. 

The d-spacings for both these polymorphs are smaller than the 

Fig. 4. sample S10 during the isothermal crystallization (left, collected at Diamond Light Source) and after several days and months after crystallization (right, 
collected with benchtop SAXS). Black arrows are pointing at the characteristic peaks of the β(3L) form. After six months of storage sample S10 is still a mixture of 
β(2L) and β’(2L) polymorphs. 

Fig. 5. DSC/SAXS data of the melting of sample S10 after the crystallization thermal profile. SAXS pattern on the left and calorimetric signal on the right.  
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respective ones of CB and S6 (47 and 42 Å for the α and the β’ phase, 
respectively), due to the shorter average FA chain length of this sample. 
A more stable β(3L) form, with d-spacing of about 65 Å, appears after 
several months from the nucleation of the β’(2L); hence, the kinetics of 
polymorphic transformation towards this stable structure is very slow, 
as shown in Fig. 4b, where it is shown that after 6 months the β’(2L) 
polymorph still persists together with the more stable 3L structure. 
Despite the high amount of the relatively low melting POP (melting 
point of the most stable polymorph is 38 ◦C) and the persistence for a 
long time of the metastable form, sample S10 fully melts at around 40, as 
shown in the DSC/SAXS data of Fig. 5. 

This is probably due to the high percentage of tri-saturated TAGs 
present in the sample. The incorporation of these molecules in the β’(2L) 
phase of S10 might increase the melting point for this polymorph. The 
high percentage (>14 %) of di- and tri-unsaturated TAGs might also 
explain the presence of a shoulder in the main endothermic peak during 
heating (which appears as two separated peaks in the standard DSC 

measurements, as shown in Supporting Information S6). 
Fig. 6 shows the electron density profiles (EDPs) of the different 

polymorphs detected for CB, S1 and S10. The CB displays the well- 
known α(2L), β’(2L) and β(3L) stacking. Clearly, the phases condense 
as observed in the decaying thickness of the bilayer thickness from 49 
over 44 to 42 Å. Note, for the β(3L) stacking, additionally to the bilayer 
thickness, dB, the oleic-rich region, dM is defined as dM = d – dB = 22 Å. 
The thinning of dB is reflected by a zero chain-tilt in the hexagonal chain 
packing of the α(2L) phase, an about 28◦ chain tilt in the rectangular 
packing of the β’(2L) phase and an about 32◦ chain tilt in the oblique 
chain packing of the β’(2L) phase. Note, in our chain tilt estimations, we 
are assuming the glycerol backbone extension to occupy about 4 Å (Ladd 
Parada et al., 2018) and secondly, that the chain composition in bilayer 
region is practically the same for all three phases. The given 2L-phases 
for S10 and S1 display the same structural behavior as CB: due to the 
chain tilt given in the β’(2L) phase, the bilayer thickness is smaller as 
compared to the α(2L) phase. Interestingly, the S1 sample is the only one 

Fig. 6. Electron density profiles for the main polymorphs detected for CB, S10 and S1. The bilayer thickness, dB, and the monolayer thickness, dM, are defined for the 
3L stacking forms. 
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displaying three different 3L-phases, namely, γ(3L), the β’(3L) and the 
β(3L). Again, in order of stability the bilayer thicknesses, dB, are 45, 41 
and 40 Å, respectively. While in the bilayer region mostly saturated fatty 
acid are apparent, the monolayer region hosts mainly the mono
unsaturated oleic acid chains. In the β(3L) the fatty acid perfectly 
interdigitate and display the same electron density as the CH2 regions in 
the bilayer. Notably, the perfect interdigitation of chains is not realized 
in the monolayer regions of the β’(3L) and the γ(3L) phase. Clearly, the 
monounsaturated oleic acid chains are more loosely packed, since the 
monolayer thickness, dM, increases from ideally 25 Å to 30 Å for the 
β’(3L) phase to 35 Å for the γ(3L) phase, and the electron density in the 
monolayer region is clearly below the CH2 density. While this electron 
density increases in monolayer region from the γ(3L) to the β’(3L) and 
the β(3L) phase, as also observed for pure SOS (Mykhaylyk et al., 2004), 
the underlying molecular conformation and structures are not fully 
understood yet. Partially fluid oleic chains and/or traces of saturated 
chains in the monolayer region could both explain a relative lower chain 
packing density for the γ(3L) and β’(3L) phase. 

Samples S2 to S4, S7 to S9 and S11 to S14 have similar amounts of 
SOS, POP and POS with some differences in the percentage of tri- 
saturated TAGs, as well as di- and tri-unsaturated TAGs. Despite the 
differences in chemical composition, all these samples presented a 
similar polymorphic behavior, as shown in Fig. 7 and Supporting In
formation Fig. S7. The α polymorph appeared first, followed by a β’(2L) 

phase with d-spacing similar to those of the SOS rich samples (S1, S5) 
and the two CB samples (around 44–45 Å). A β(3L) is observed within 
the first 500 min of experiment in all experiments apart from S8 and S14. 
This might be due to the lower ratio of SOS to POP contents of these two 
latter samples, when compared to the others. In fact, as shown earlier in 
samples rich in SOS (such as S1 and S5) the stable β(3L) appears within 
the first 250 min of the experiments; whereas for the POP-rich sample 
S10, this stable polymorph is not observed for several months. 

For all the samples shown in Fig. 7 and Supporting Information 
Fig. S7, apart from S2, after about 300 min from the start of the cooling 
profile another solid phase with 2L stacking type appears, which is only 
detectable in the SAXS region and that has a d-spacing of around 43 Å. 
The presence of two distinct 2L phases is evident, especially when 
looking at their second order Bragg peaks in the region of q between 
0.35 and 0.5 Å− 1, where they do not overlap as opposed to the first order 
ones. 

The d-spacing of this latter polymorph is consistent with a 2L 
structure. This structure has a high melting point, above 30 ◦C, detected 
for all the samples and always melted after the stable β(3L). This 
behavior is consistent with the samples, where multiple β(2L) poly
morphs where observed (Sato & Ueno, 2005; Taguchi et al., 2021; Yao 
et al., 2020). Samples S3, S7, S8, S11, S12 and S14 all contain over 1 % 
of tri-saturated TAGs and over 1 % of PPO, which might both form a 
β(2L) phase being immiscible with the more abundant β(3L). The β(2L) 

Fig. 7. SAXS pattern recorded during the crystallization experiments for samples S4, S7, S11 and S13.  
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phase is also visible for samples containing less than 1 % of tri-saturated 
TAGs, particularly S4, S9 and S13. It is worth noticing, that S9 has also a 
low content of PPO (<1%), indicating that such a small amount of TAGs 
is enough to generate a visible trace of the β(2L) phase. Fig. 8 shows the 
intensity of the first order Bragg peak of the main phases observed in 
samples S4, S7, S11 and S13. It appears that the β(3L) and the β(2L) 
forms grow at the expense of the β’(2L), whose peaks’ intensity 
decreases. 

It is clear that a phase separation between TAGs happens as the tri- 
saturated β(2L) phase and the aforementioned molecular compounds 
of a 2L stacked phase are not miscible with β(3L) structures. A β(2L) 
form was not observed in 500 min long experiments for S1, S2, S5, S6 
and CB. However, as previously shown even these samples displayed 
high melting 2L solid phases (with melting point higher than the β(3L) 
polymorph), when stored for over 6 months in capillaries, as shown in 
Fig. 9 and Supporting Information Fig. S8. The aged sample S2 presented 
two high melting peaks at 48 and 43 Å, similarly to S7 (47 and 43 Å), S1 
(50 and 44.5 Å) and S13 (49 and 43 Å). These values are different from 
the d-spacings reported in literature for the β polymorphs of SSS and PPP 
(45 and around 41 Å, respectively; both with a melting point above 
65 ◦C). The PPO/POP stoichiometric mixture (long spacing of 41 Å with 
a melting point of 31 ◦C), is the only molecular compound that can form 
considering the TAGs composition of all the CBE samples (Ghazani & 
Marangoni, 2023; Mishra et al., 2023). The differences in long spacing 
among samples might be due to the fact, that these solid phase are not 

pure SSS, PPP and PPO/POP but they certainly have incorporated traces 
of other TAGs, containing them up to their miscibility limits with these 
2L structures. 

For the two aged cocoa butter samples (CB and S6) three different 
peaks were identified in the long spacing region between 50 and 40 Å 
(Fig. 9), which correspond to the position of first Bragg peaks of 2L 
stacking type of structures (considering the average length of the FAs 
contained in these samples). The positions of the peaks are almost 
identical for CB and S6 and correspond to long spacing values of 49, 44 
and 43 Å. Upon heating the last one to melt (highest melting point) was 
the structure with d = 44 Å. The d = 43 Å phase melted just before the 
β(3L), followed by the d = 49 Å crystals. While it makes great sense to 
identify the highest melting phase to be SSS-rich, considering its d- 
spacing and the high melting point (Ghazani & Marangoni, 2023), it is 
unclear what the other two phases correspond to. In fact, CB and S6 do 
not contain detectable levels of TAGs that can form molecular com
pounds and the melting point of PPP should be actually higher than that 
of the β(3L) form. Even for these two crystal types it is likely that the 
β(2L) polymorphs observed are TAGs mixtures including high melting 
SSS and PPP as well as traces over other miscible TAGs that would 
explain deviating melting points, when compared to pure SSS, PPP or 
SSS/PPP crystals. 

Fig. 8. Intensity of second derivative (multiplied by − 1) of the pattern in correspondence with the values of the first order Bragg peak over time for samples S4, S7, 
S11 and S13. Evolution of the crystallization of the different polymorphs. 
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3.3. Effect of shear on CBE crystallization 

the effect of shear on the crystallization behavior of the CBE and CB 
samples was investigated with the SAXS/rheometer setup at the ESRF 
SAXS beamline and with PLM. It is worth noticing that, for sheared 
experiments, the shear was applied during the whole cooling profile. 
Fig. 10 and Fig. 11 show the effect of shear on sample CB. As expected 
based on previous literature data (MacMillan et al., 2002; Sonwai & 
Mackley, 2006), the presence of shear induced nucleation of cocoa 
butter at lower undercooling compared to the unstirred conditions 
(Fig. 11). Additionally, the formation of the β(3L) polymorph was 
observed much earlier than in the case of no shear, and this structure 
nucleated and grew at the expenses of the α form, without the formation 
of the β’(2L). This behavior is in agreement with previous literature 
(MacMillan et al., 2002), where shear was found to promote the for
mation of 3L packing structures and where a correlation between the 

level of shear and the rate of polymorphic transformation towards the 
β(3L) was observed. There are two possible reasons for this behavior; 
firstly, the directionality of the flow imposed by shear may force the 
rearrangement of TAG molecules into 3L packing types, starting from 
the liquid crystalline α(2L). Secondly, the shear enhanced mass transfer 
phenomena (convection, diffusion) might speed up polymorphic trans
formation into the more stable forms. 

The nucleation of the two CB polymorphs is also detected in the 
rheometer signal (Supporting Information Fig. S9); in fact, a small in
crease in the viscosity value (from around 0.027 to 0.04 Pa⋅s) can be 
observed during nucleation of the α polymorph, while a larger increase 
(from around 0.047 to 0.2 Pa⋅s) was detected, when the β(3L) form 
appeared. Such difference might be related either to the liquid crystal
line nature of the α polymorph, which might have a less significant effect 
on viscosity compared to the solid β(3L) polymorph, and/or to the 
different amount of crystals nucleated in the two events (more crystals of 

Fig. 9. Cocoa butter and CBE samples aged in capillaries after the thermal profile for over 6 months.  

Fig. 10. (a) SAXS pattern of CB crystallized in the absence of shear at − 2 ◦C/min from 65 ◦C. (b) SAXS patterns of the same samples subjected to the same tem
perature profile in the presence of shear (1000 s− 1). 
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β(3L) type as compared to the α phase). 
Fig. 12 and Fig. 13 show the effect of shear on sample S1, studied 

with SAXS and PLM. For this sample the β’(2L) polymorph was observed 
at around 40 min from the start of the cooling profile and the β(3L) 
polymorph was detected immediately after (41 min), and much earlier 
compared to the experiments without shearing, where this stable 
structure is detectable after over two hours. Remarkably, in the presence 
of shear the metastable β’(3L) and γ(3L) forms, which are visible after 
40–42 min from the start of the cooling profile in the experiment 
without shearing, did not nucleate at all. Hence, even for this sample the 
shear promoted the formation of the β(3L) polymorph over the other 
more metastable structures. 

Similarly to what was observed for CB, the PLM images showed an 
earlier nucleation point and smaller crystal agglomerates in the presence 
of shear (for comparison Supporting Information Fig. S3 shows the PLM 
images in the absence of shear for sample S1). 

Crystallization experiments with shear were carried out also for 
samples S9 and S13 (Fig. 14), and samples S2, S7, S8 and S10 (Sup
porting Information Figs S10 and S11). 

Samples S2 and S9 showed a behavior similar to CB, with the for
mation of the α polymorph and then its transformation into the β(3L), 
without detection of the metastable β’(2L). In sample S13, at around 50 
min from the start of the cooling profile, the β’(2L) starts nucleating. The 
more stable β(3L) is instead detected at 65 min, and grew during the 

experiment at expenses of both the β’(2L) and the α polymorph. It is 
worth noticing a shift in the peak position of the β’(2L) polymorph from 
q = 0.140 Å− 1 to around 0.142 Å− 1, which might be related to the 
formation of the β(2L) polymorph observed in the experiments without 
shearing. A similar behavior to S13 was observed in samples S7 and S8 
(Supporting Information Fig. S10), with the β’(2L) appearing before the 
β polymorph. The additional presence of a β(2L) polymorph for sample 
S7 was also observed and confirmed by heating up the sample after the 
cooling profile. In fact, the peak at q = 0.142 Å− 1 disappeared at higher 
temperature than the β(3L) peaks, similarly to the behavior observed in 
the absence of shear (shown in Supporting Information Fig. S11). 

Finally, as shown in Supporting Information Fig. S10, sample S10 
was the only one not showing a β(3L) polymorph during the shearing 
experiment. Considering the very slow kinetics of polymorphic trans
formation from β’(2L) to β(3L) shown in the previous sections, it is likely 
that the experiment was not carried out for long enough to promote the 
formation of the β(3L) for this CBE. Supporting Information Fig. S12 
shows the PLM experiments carried out on sample 10 at different shear 
levels; in this case, no significant differences are observed in the 
morphology or amount of the crystals, when increasing the shear. 

4. Conclusions 

This work investigated the crystallization behavior of cocoa butter 

Fig. 11. CB crystallized with three levels of shear. 0.05, 0.15 and 0.25 rad/s. Images in the first row were collected at 21 ◦C during cooling, while those on the second 
row show the samples 6 min after reaching the final cooling temperature of 20 ◦C. 

Fig. 12. (a) SAXS pattern of S1 crystallized in the absence of shear at − 2◦C/min from 65 ◦C. (b) SAXS patterns of the same samples subjected to the same temperature 
profile in the presence of shear (1000 s-1). 
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and 13 cocoa butter equivalents of different origin. Despite some simi
larities in composition between CB and CBEs, these samples presented 
distinct crystallization behaviors. High concentration of SOS were found 
to form more metastable crystal structures than cocoa butter: β’(3L) and 
γ(3L) polymorphs were identified in the first stages of crystallization for 
CBEs with SOS concentration above 40 %. Whereas, the samples rich in 
POP presented a very slow kinetics of polymorphic transition from 
β’(2L) to β polymorphs (either 2 or 3L). 

Tri-saturated (SSS, PPP) and pairs of TAGs forming molecular com
pounds (e.g., SOS/SSO, POP/PPO) were found to induce the formation 
of multiple stable β(2L) structures with high melting point (about 40 ◦C), 
easily detectable with SAXS even at concentrations below 1 %. The d- 
spacing of these polymorphs, 45 to 50 Å, is typical of a 2L type of 
stacking of C chains with the length of the TAGs present in CBEs. Finally, 
the effect of shear was investigated; shearing during cooling induced 
nucleation at lower level of undercooling and shear-induced secondary 
nucleation led to smaller crystalline aggregates at the end of the cooling 
profile. Shearing also had a significant effect on the polymorphs nucle
ated, with a significantly earlier formation of β polymorphs (both 2L and 
3L) compared to the experiments without shearing and, in some cases 
leading to the absence of β’(2L) phase. 

This work highlights the strong relationship between TAGs 

composition and crystallization behavior in terms of both solid form 
landscape and kinetics. This information is of key importance for 
chocolate manufacturers, who are aiming at partly replacing cocoa 
butter with CBEs in their formulations. 
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Fig. 13. S1 crystallized with three levels of shear: 0.05, 0.15 and 0.25 rad/s. Images in the first row were collected at 26 ◦C during cooling, while those on the second 
row show the samples 4 min after reaching the final cooling temperature of 20 ◦C. 

Fig. 14. Crystallization experiments with 1000 s-1 shear applied samples S9 and S13 with the SAXS/rheometer setup of beamline ID02 at ESRF.  
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