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ABSTRACT 

The early stage crystallisation behaviour in a triacylglycerol mixture has been investigated 

on the nanoscale with a novel global small angle X-ray scattering analysis technique. This 

method has been tailored for the determination of the electron density profiles (EDP) replicating 

both, (i) the nanostructural texture of molten TAGs (refer to part I ‘Global Small-Angle X-ray 

Scattering Data Analysis of Triacylglycerols in the Molten State’ of this publication series), and 

(ii) the lamellar structure of the metastable Į-polymorph. In a first stage, the Į-phase scattering 

contribution alone was examined by classical Fourier analysis as well as by globally fitting the 

data, leading to practically identical EDPs. Based on these findings, we extended our analysis 

to the entire X-ray scattering contribution arising from molten TAGs and the solid Į-phase 

fraction. Remarkably, the experimental and theoretical data agree very well, providing for the 

first time a detailed nanostructural understanding about the coexisting molecular assemblies. 

This allowed in turn, also to quantitatively determine the solid fat content (SFC) with X-ray 

scattering data. Our new theoretical approach for measurement of SFC is based on the global 

analysis of small angle scattering/diffraction patterns and the SFC-results are in good agreement 

with values obtained from other techniques such as NMR spectroscopy. 

  



INTRODUCTION 

Triacylglycerols (TAGs) are ubiquitous natural fats and are the primary component of many 

food and cosmetic products. They are known to crystallise monotropically developing at least 

three different polymorphs, namely the Į-, ȕ’-, and ȕ-phase, in order of increasing stability.1, 2 

For food industrial applications, it is important to note, that the quality of the crystallized final 

product depends strongly on the predominance of the different polymorphs. For instance, in the 

manufacturing of dark chocolate, the purity of the ȕ-phase (polymorph V form) dictates the 

preferred textural attributes such as glossy appearance, mould release, cooling in the mouth and 

proper snap.3-5 Another parameter that influences the fat physical properties, and thus its 

functionality, concerns the fatty acid (FA) composition within the TAG molecule, for variations 

on the FA chain length, degree of unsaturation and FA position in the glycerol backbone6-10 

strongly impact the molecular packing. When a fat system contains a mix of saturated and 

unsaturated FAs, the number of polymorphic structures increases as the lamellar packing needs 

to accommodate both, saturated and unsaturated FA chains. Note, due to the number of C=C 

double bonds in unsaturated FAs, one or more kinks are apparent along the hydrocarbon chain. 

Such is the case in cocoa butter (CB), which is composed mainly of three types of TAGs, 

namely POP, POS and SOS (see abbreviation list).11 The presence of the oleoyl chain results in 

the development of four to six polymorphic structures, of which – as mentioned above – only 

the ȕ-V form is desirable in chocolate production.12, 13 This explains the continuing interest of 

the confectionary industry in understanding the crystallisation processes, both in terms of 

thermodynamic-kinetic pathways and fat structure. 

In terms of nanostructure, detailed information has been obtained from X-ray single-crystal 

studies.14-17 Unfortunately, given the monotropic nature of TAGs, i.e., the inherent instability 

of the Į- and ȕ’-forms, such studies were restricted to the most stable polymorph only, i.e., the 

ȕ-phase. Therefore, a different approach is required, when seeking to obtain structural 

information of the metastable polymorphs. Thus, Mykhaylyk and Hamley18, 19 applied classical 

Fourier Transform (FT) analysis, a technique that is widely also applied for liquid crystalline 

model membrane systems,20 for the determination of electron density profiles (EDPs) from 

small angle X-ray diffraction (SAXD) data. This allowed them to obtain information on the 

lamellar thickness and FA tilt angles of the different SOS polymorphs, as well as to propose 

packing motifs for the Ȗ, Į2 and Į1 forms. Nevertheless, concerning the spatial resolution the 

published EDP of the Į1 phase must be taken with some care, since only the first three order 

Bragg peaks were recorded. However, in our study we can show, that contributions of the 4th 

and 5th order Bragg peaks to the EDP play only a very minor role. Importantly though, in our 



study we not only exploit the SAXD data, but also analyse and model the diffuse scattering 

arising from the molten fraction of TAGs. This is of relevance as during the early stages of bulk 

crystallisation when the Į-form develops, only a small proportion of the fat is crystalline, thus 

the majority of the scattering profile comes from the molten TAGs. 

In this regard, Loisel et al. attempted to comprehend the molecular arrangement in the 

coexisting phase regime proposing a hypothetical model based on qualitative understanding 

from combined DSC and diffraction data.21 Although they do not provide calculations to 

simulate diffraction patterns, they propose that the saturated fatty acids decorate the crystalline 

hard core in the TAGs molecular assembly, while the mono- and/or poly-unsaturated fatty acids 

adapt a liquid like structure and thus are believed to contribute to the diffuse X-ray scattering. 

Other studies mainly focus on the determination of the polymorphs present at different 

crystallisation stages,22-28 but disregard the role of coexisting molten TAGs. An exception 

concerns the small angle X-ray scattering (SAXS) based work of Dewettinck et al.,25 who fitted 

the diffuse X-ray scattering arising from the liquid state of TAGs with a Lorentzian distribution; 

however, this was only done to roughly estimate the liquid to solid phase ratio in any given 

diffraction pattern. Structural information in previous publications provide a great deal of 

information on the crystalline polymorphs,22-25, 29 but so far, there has not been an integrative 

approach for simulating the X-ray scattering from TAGs in the transition states. 

In our first paper of this series (refer to part I ‘Global Small-Angle X-ray Scattering Data 

Analysis of Triacylglycerols in the Molten State’), we focused on the structural characterisation 

of molten CB applying a global fitting approach of the diffuse SAXS data. This led to a detailed 

description of a molecular assembly model for the liquid state, which satisfactorily simulated 

the experimental data. Briefly, we proposed a ‘back-to-back’ arrangement of TAGs in the core 

of these assemblies with loosely attached TAGs in a second layer. We note, the assemblies in 

the liquid state have been interpreted to be laterally extended, i.e., to have a planar geometry, 

but we cannot exclude the self-assemblies in the liquid state to be wormlike as well (for a 

detailed discussion on the dimensionality of TAG nanoclusters in the molten state refer to Part 

I of this publication series). 

In this work, we go a step further, demonstrating how the SAXS pattern arising from both 

the liquid and coexisting Į-phase can be analysed in great detail. Concerning the Į-phase of 

CB, a few resemblances to smectic phospholipid phases are evident. While the diffuse 

scattering originates from individual membrane layers, contributing to the form factor 

scattering, diffraction peaks arise due to the quasi-long range ordering of the lamella, and thus, 

are contributing to the structure factor scattering.21 Firstly, Pabst et al. provided a global SAXS 



analysis method dealing with phospholipid multilayers in the liquid state30. This approach not 

only provides structural membrane information, but also mechanical membrane properties are 

taken into consideration by modelling the stacking disorder of 2nd type and including membrane 

undulations in the description of the system31-33. Adapting the basic principles of this global 

analysis technique of SAXS data above, we were able to deduce for the first time a global X-

ray scattering description of the meta-stable Į-phase of TAGs. Finally, combining the models 

for the liquid state (part I) with the developed model of the Į-phase, we provide a novel 

nanostructural portrayal of the coexisting molecular assemblies. Note, that as a by-product, we 

are now also able to quantitatively determine the solid fat content (SFC) from the X-ray 

scattering data. 

 

 

 

MATERIALS AND METHODS 

Sample Preparation 

West African cocoa butter (provided by Nestlé, PTC, York, U.K.) was used without 

additional refining. A 1.5 mm disposable quartz capillary was filled with molten CB (at 50 °C) 

and sealed with wax and an outer layer of epoxy glue. Subsequently, the capillary was loaded 

into the temperature-controlled stage of the SAXSpace camera (Anton Paar GmbH, Graz 

Austria). 

 

X-ray Scattering Measurements 

SAXS (small angle X-ray scattering) measurements were performed with the SAXSpace 

instrument (Anton Paar GmbH, Graz, Austria) equipped with a Cu-anode that operates at 40 

kV and 50 mA (Ȝ = 0.154 nm). The X-ray radiation was collimated using Kratky-type optics, 

which provides a line focused beam with a size of 20 x 0.3 mm (length x height). The instrument 

comprises a temperature stage (TCStage 150, Anton Paar, Graz, Austria) for temperature 

control in a range from -30 to 150 °C (precision 0.1 °C). The scattering vector modulus, q, was 

calibrated with silver-behenate (q = 4ʌ/Ȝ sin(ș) with 2ș being the scattering angle). The sample-

detector distance used for the small angle measurements was 130 mm covering the angular 

scattering range of 0.07 nm-1 ≤ q ≤ 8 nm- 1. The 1D scattering patterns were recorded with a 

Mythen micro-strip X-ray detector (Dectris Ltd, Baden, Switzerland). More details on the set-

up can be found in reference.34 



To obtain the Į-polymorph, the sample was held at 50 °C for 10 minutes and cooled down 

to 20 °C at a rate of 0.5 °C/min. The sample was left to stabilise for 5 minutes prior to taking 

measurements with an exposure time of 20 minutes. The resulting patterns were background 

subtracted by considering the scattering profile of empty capillary. The simulated curves were 

smeared using the length profile of the X-ray beam prior for comparison with experimental 

data. 

 

Electron Density Profile Determination by Classical Fourier Analysis 

As a rule of a thumb, EDPs of lamellar lipid self-assemblies determined by the classical 

Fourier analysis, are of reasonable quality when diffraction orders can be recorded up to 

q = 4.2 nm- 1 (referring to minimum d-spacing, dmin = 1.5 nm)35. However, when it comes to the 

recording of the Į-phase diffraction pattern, commonly no more than 3 diffraction orders are 

recorded, not even at a high-brilliance synchrotron SAXS-beamline.19 Nevertheless, the authors 

were recently capable of recording also a very weak fifth order peak at a 4th generation 

synchrotron source, which to the best of our knowledge has not been reported elsewhere (Figure 

S1, see SI). EDPs of the Į-phase were constructed by standard procedures.36 In brief, the Bragg 

diffraction peaks were fitted by a Lorentzian distribution function, the intensities were Lorentz 

corrected and finally the square root of the corrected intensities resulted in the form factor 

values, Fh. In case of centrosymmetric EDPs, the Fourier transform (FT) is obtained by the 

summation of cosine terms only37: ߩ߂ሺݖሻ ൌ σ േܨ௛ܿݏ݋ ቀଶగ௭௛ௗ ቁ௛೘ೌೣ௛ୀଵ         (1) 

where ǻȡ is the electron density contrast, h the Miller index (diffraction order) and d denotes 

the lattice spacing. 

 

EDP Determination from Global Fitting Analysis 

The scattered intensity from multi-layered structures can be expressed as: ܫሺݍሻ ൌ ௌሺ௤ሻȁிሺ௤ሻȁమ௤మ          (2) 

where F(q) is the bilayer form factor and S(q) is the structure factor,30 and the normalization of 

q2 reflects the Lorentzian correction of the recorded intensity (for details see ref.38). The form 

factor is given by the FT of the electron density profile along the membrane normal (z-axis). In 

this work, we apply a simple 2-Gaussian model to describe the EDP37, where the ‘positive’ 

Gaussian represents the glycerol backbone of TAGs and the ‘negative’ Gaussian the methyl 

trough region (Figure 2). 



 

Figure 1. Applied two-Gaussian EDP model for the Į-polymorph of CB. The ‘positive’ 
Gaussian at position ±zG (width ıG) with an amplitude of ȡG represents the glycerol backbone 

region and the ‘negative’ Gaussian (width ıC) centred at zero models the hydrocarbon chain 

region. 

 

The form factor of the simple 2-Gaussian model becomes by FT: ܨሺݍሻ ൌ ሺʹߨሻభమ ቂʹ݌ݔ݁ீߪ ቀെ ఙಸమ௤మଶ ቁ ሻீݖݍሺݏ݋ܿ െ ݌ݔ௥݁ߩ஼ߪ ቀെ ఙ಴మ௤మଶ ቁቃ   (3) 

where zG and ıG represent the position and the width of the ‘glycerol backbone’, ıC the width 

of ‘hydrocarbon chain region’ and ȡr = |ȡC/ȡG| is the ratio of the methyl trough to glycerol 

backbone contrast. Since the Į-polymorph of CB is the least stable phase, we treated this 

polymorph alike to liquid crystalline phases of phospholipids with a the structure factor 

contribution based on the modified Caillé theory (MCT)30, 39: ܵெ஼்ሺݍሻ ൌ ܰ ൅ ʹσ ሺܰ െ ݇ሻܿݏ݋ሺ݇݀ݍሻ௡ିଵ௞ୀଵ ή exp ൜െ ቀ ௗଶగቁଶ ଶݍ ή ߛሾߟ ൅ lnሺ݇ߨሻሿൠ (4) 

where the mean number of scattering bilayers is identified as N, and Ȗ is Euler’s constant. The 

Caillé factor, Ș, describes the strength of disorder of second type in multi-layered structures and 

takes into account the bending rigidity modulus, KC, and the bulk modulus for compression, B: ߟ ൌ గ௞ಳ்ଶௗమඥሺ஻௄೎ሻ          (5) 

Furthermore, from the resulting Caillé factor, the mean square fluctuation of the TAG-layers in 

the Į-polymorph the can be estimated, following the equation proposed by Petrache et al.40: ߪଶ ൌ ఎௗమగమ           (6) 

Finally, the experimental intensity data (Eq. 2) were globally fitted by using a Particle Swarm 

Optimization (PSO) approach32 to avoid local minima fitting solutions. 



Estimation of the Solid Fat Content 

Crystallisation of TAGs is a dynamic process in which the arrangement of the molecules 

alters continuously over the cooling process or as time elapses. In fact, the Į-polymorph of CB 

coexists always with fractions of molten TAGs that decrease over time as crystallisation 

progresses. The scattering pattern from such mixed phases is shown in Figure 2. 

 

Figure 2. Small angle scattering curves of CB in fluid phase (red) obtained at 20 ºC (directly 

after the cooling ramp was completed) and the corresponding mixed fluid and Į-polymorph 

(purple) obtained after 25 min at 20 ºC. The pure Į-polymorph diffraction pattern (green) has 

been obtained in this case by subtraction of the fluid phase contribution from the mixed phase. 

In the following, we shall briefly outline how the SFC can be estimated from the global small 

angle X-ray scattering analysis of the total intensity pattern (Figure 2, purple circles), that arises 

from (i) the molten TAGs (red dots) and (ii) Į-phase contributions (green circles). Adding up 

these two contributions, we can express the total intensity as: ܫሺݍሻ ൌ ଵ௤మ ሾሺ݊ఈܵሺݍሻఈȁܨሺݍሻఈȁଶሻ ൅ ሺͳ െ ݊ఈሻȁܨሺݍሻ௠ȁଶሻሿ    (7) 

where nĮ is a weighing factor for the contribution of the Į-polymorph to the intensity profile, 

and F(q)Į and F(q)m (for F(q)m refer to part I, Eq. 11) are the form factors of the solid- and 

molten-state phases, respectively. We note, that the weighing factor nĮ is not equivalent to the 

SFC, since the first term in equation 7 contains an additional structure factor contribution S(q)Į 

(Eq. 4). However, we can exploit the fact, that generally at q = 0 different form factor 

contributions to I(0) scale with their respective volumes41, i.e., (Mm/ȡm)/(MĮ/ȡĮ) = Fm(0)2/FĮ(0)2, 

where ȡm and ȡĮ are the densities of TAGs in the molten state and in the Į-phase, respectively. 

Further, considering the experimentally determined weighing factors of each F(0)2, we obtain 

for the solid fat content: 

ܥܨܵ ൌ ௡ഀிሺ଴ሻమഀ௡ഀிሺ଴ሻమഀାሺଵି௡ഀሻிሺ଴ሻ೘మ ሺఘ೘Ȁఘഀሻ       (8) 



RESULTS AND DISCUSSIONS 

Classical Electron Density Profile Determination of the Į-Phase 

In a first approach, we determined the electron density profiles (EDP) of the Į-phase of CB 

at 20 °C from two different data sets, applying the classical FT approach (Eq. 2). Concerning 

the bench-top X-ray data, the highest recorded non-zero intensity concerned the 3rd order 

diffraction peak (see Figure 2 and 3), while with a fourth-generation synchrotron source, we 

were able to additionally to record a very weak 5th order diffraction peak (see SI, Figure S1). In 

Table 1, the diffraction data of the Į-phase on CB (this work) and from Mykhaylyk and 

Hamley19 on SOS are compared. Note, the best phase combinations for the given set form 

factors has been deduced from the continuous FT of our EDP model simulations (see subsequent 

section for further details). In agreement with Mykhaylyk and Hamley19, we obtained -1,+1,-1 

for the first three orders and -1 for the 5th order (note, the modelled 4th order amplitude is too 

low to allow a prediction of its phase value). 

 

Table 1. Form factors, Fh, of CB in the Į-phase at β0 °C (column β and γ) compared with the 
form factor values published for pure SOS at β0 °C. 
 

h Fh/F1 

(3-orders) 

Fh/F1 

(5-orders) 

Fh/F1 

(SOS19) 
1 -1.00 -1.00 -1.00 

2 +0.00 +0.17 +0.15 

3 -0.50 -0.63 -0.76 

4 --- ±0.00 --- 

5 --- -0.24 --- 

 

The resulting EDPs from the bench-top X-ray and synchrotron data were almost identical 

(Figure 4A and 4B). As listed in Table 2, both d-spacings are practically the same (4.93-4.94 

nm) resulting in monolayer thickness of 2.47 nm, while the methyl trough and glycerol 

backbone thicknesses (ıC and ıG) are significantly larger for the SAXS bench-top data (0.08-

0.12 nm difference; Table 2). However, the differences are very small, since the dominating 

electron density contrasts stem from the 1st and 3rd order peaks, while the 2nd order and 5th order 

electron density contrasts have only a minor impact on the final EDP (note, the 4th order electron 

density contrast has no influence on the final EDP). 

  



Modelling of the Electron Density Profile of the Į-Phase 

By applying the global fitting method described in Eq. 2-4 to the scattering curve from the 

‘pure’ Į-phase contribution (Figure 3A; cp. also Figure 2), not only the EDP can be refined, but 

also the Caillé parameter is determined, indicating the inter-lamellar fluctuations. 

Figure 3. Global analysis of the SAXS data of the Į-phase of CB at 20 °C. (A) Global fitting 
of the ‘pure’ Į-phase contribution (cp. Figure 2), where the purple empty circles represent 
experimental data, and the red continuous line the best fit. (B) The corresponding continuous 
form factor plot is presented together with predicted phases. (C) The refined structure factor 
contribution determination based on the modified Caillé theory.39 

Our analysis reveals that the d-spacing converges within experimental error to the same 

value (4.92 nm) as the ones obtained from FT analysis, consequently, the monolayer thickness 



was found to be 2.46 nm. Moreover, the global SAXS analysis provides also similar ıG and ıC 

values (see Table 2). Plugging the obtained structural parameter values (Table 2) into Eq. 3 and 

plotting the continuous Fourier transform allows the prediction of expected phases (Figure 3B). 

As mentioned previously concerning the first five orders the expected best phase combination 

is -1, +1, -1, ±1 and -1. 

The refined structure factor (Eq. 4) is displayed in Figure 3C. The Caillé fluctuation 

parameter was determined to be 0.01, which is about an order of magnitude smaller than values 

found in literature for multilamellar phospholipid bilayer systems in the liquid state.31, 32 This 

is understandable for two reasons: (i) phospholipid bilayers are separated by water layers of the 

order of 2 nm, and hence bilayer undulations are less damped as compared to the TAG-layers 

in the Į-phase, and (ii) the phospholipid bilayers in the liquid state are expected to display lower 

membrane bending rigidities as compared to the 2L-layers of the Į-phase. The latter argument 

is supported by the fact the gauche to trans conformation ratio of the FA chains within Į-

polymorphs is significantly smaller as compared to phospholipid membranes in the liquid 

state.42 We note, that for this reason, we also fitted the data with an alternative structure factor 

model, namely applying the paracrystalline theory of Hosemann,43 originally developed to 

account for distortions in crystals. However, we could neither improve the goodness of our 

fittings nor was the outcome for the fluctuation parameter any different. In both cases, the 

derived mean fluctuations, ı, of the 2L-layers is about 0.15 nm (cp. Eq. 6; Table 2), thus 

representing layer undulations of about 3% of the d-spacing. 

 

Table 2. Deduced structural parameters of CB in the Į-phase at 20 °C. Results from classical 
Fourier Transform (FT) analysis are compared to results from the global fitting of the SAXS 
data. 

Parameter Classical FT 

(3 orders) 

Classical FT 

(5 orders) 

Global fitting 

d-spacing (nm) 4.94±0.02 4.93±0.01 4.92±0.03 

zG (nm) 2.47±0.01 2.47±0.005 2.46±0.015 

ıG (nm) 0.36±0.14 0.28±0.11 0.22±0.13 

ıC (nm) 0.36±0.15 0.24±0.10 0.40±0.14 

ȡR
a 1.00±0.12 0.82±010 1.00a±0.11 

Ș - - 0.01±0.003 

ı (nm) - - 0.15±0.05 

aIt is important to note, that the ȡR values refer in this table to the final EDP of the stacked 

layers of TAGs; the TAG motif of a single layer displays a ȡR value of 2.00 instead. 



 

Figure 4. The electron density profiles calculated with (A) FT analysis from bench-top X-ray 

data (cp. Figure 3A), with (B) FT analysis from synchrotron-data (cp. Figure S1), and from C) 

the global fitting approach. The dashed lines in (C) represent the EDP motif obtained from the 

refinement of the EDP model of the Į-phase and the solid grey line represents the resulting EDP 

of the stacking of TAG layers. Note, each single TAG layer practically fully overlaps at the 

position of the glycerol backbone with its nearest neighbour layer, i.e., the EDP of a single layer 

(motif) displays only half the electron density contrast at this position, when compared to the 

final EDP (total). In other words, the EDP motif (blue and red in panel C) includes only one-

glycerol backbone on either side of the 2L layer, while the resulting EDP (grey) includes both 

glycerol backbones at this position reflecting correctly the back-to-back arrangement of the 

TAGs. 

  



Global Fitting of Coexisting Liquid and Į-Phases 

In order to achieve a complete picture about the molecular arrangements at the early stages 

of crystallisation of CB, we can finally combine the two developed global fitting models for the 

liquid (part I) and solid state (this work). Applying Eq. 7 to our background-subtracted data of 

the Į-phase scattering together with diffuse scattering arising from the molten TAGs, we obtain 

a perfect fit of the entire SAXS curve (Figure 5). 

 

Figure 5. The SAXS data from cocoa butter at 20 ºC and the corresponding global analysis 
with an obtained SFC of about 5%. 
 

The main structural parameters of the Į-phase result in a repeat distance of 4.92±0.03 nm, a 

glycerol backbone width of 0.22±0.13 nm and a methyl trough width of 0.40±0.14 (Table 2). 

We note, the overall d-spacing in the Į-phase can be further decomposed into glycerol backbone 

and hydrocarbon core extensions. Since CB consists mainly of three different types of FAs 

(stearic: C18:0, palmitic: C16:0 and oleic: C18:1 acid) with oleic FAs having the shortest 

effective length and the stearic the longest, the average hydrocarbon extension compares well 

with the palmitic FA length. Assuming all trans-conformations in the FAs, leads to a thickness 

of the hydrocarbon core, dC, of about 16 x 0.127 x 2 = 4.1 nm (note, a C-C bond length accounts 

for 0.127 nm44), that is, the glycerol backbone thickness is about 0.8 nm, which compares well 

to the fitted FWHM of the glycerol backbone thickness of 0.52±0.31 nm (Table 2). 

These structural findings can now be compared with the refined structural parameters of the 

coexisting the molten TAG assemblies. Since the core TAGs and second layer TAGs do 

interdigitate according to our interpretation of the X-ray data fittings (see part I and the model 

scheme in Table 3), the overall extension of the fluid 2L layer core of the assemblies can only 

be estimated. Using the core and cluster size values, the 2L extension in the liquid state 

assembly is about (4.75-1.25) = 3.5 nm, which compares to 4.9 nm in the solid state of the Į-



phase, i.e. 2Lfluid being about 1.3 nm thinner than 2Lsolid. This difference can be readily 

explained by the presence of gauche conformers in the FAs in the liquid state. We note, that 

precise measurements published on dipalmitoylphosphatidylcholine (DPPC) bilayers, display 

a similar overall hydrocarbon chain shortening of 2 x 0.6 = 1.2 nm, when comparing the solid 

lamellar phase at 20 °C with the fluid lamellar phase at 50 °C.44 

 
Table 3. Deduced structural parameters of CB of molten TAG assemblies at 20 °C. 

Parameter Global fitting of assemblies 

in the liquid state 

 

Custer size 

(nm) 

4.75±0.06 

 

Core size 

(nm) 

 

1.25±0.03 

 

Second layer 

occupancy 

(%) 

 

16±1 

 

Finally, we are for the first time able to deduce directly the solid fat content (SFC) from the 

globally fitted X-ray data (cp. Eq. 8). After 5 minutes equilibration of the CB sample at 20°C, 

we obtained a SFC of about 5 %. For this we used the F(0)-values obtained from the global 

fitting analysis and literature values for the density of molten cocoa butter (904 kg/m3 taken 

from the thesis of Ladd-Parada45) and the density Į-polymorph (978 kg/m3 taken from Lencki 

and Craven46). Our SFC value compare well with literature values obtained previously: 

Marrangoni et al.47 (direct quenching), Dewettinck et al.25 (direct quenching) and own pulsed-

NMR45 (step-wise cooling) led to values for the SFC from 9 to 11%, while Rigolle et al.24 

estimated the SFC = 5% from WAXS-data. The lower values from X-ray scattering when 

compared to the NMR data remain speculative, but it might be explained by the fact, that X-ray 

data are typically recorded faster than NMR data and hence might reflect earlier stages of 

formation of the Į-polymorph. 

  



CONCLUSIONS 

Two novel EDP models have been developed to explain the scattering data of partially 

structured TAGs in the liquid state (part I) as well as to simulate the stacking of TAGs in Į-

polymorphs (this work). This allowed us for the first time, to obtain a complete structural 

picture of the cocoa butter in the early stages of crystallisation. The latter simulated findings 

are not only in excellent agreement with FT-analysis results, but allowed, moreover, the 

prediction of the correct phases of the experimental amplitudes as well as provided a first insight 

into the flexibility of the 2L-layers in the Į-phase, i.e., small layer fluctuations of about 0.15 nm 

were determined. 

Combining our two models, we further estimated for the first time the SFC directly from the 

SAXS data, which in our case accounted for 5% after 25 minutes of isothermal equilibration at 

20 °C. Importantly, we can directly compare structural elements of molten TAG assemblies 

with the solid 2L-layered stacking of TAGs in the Į-phase. The 2L back-to-back extension of 

TAGs in the liquid state has been estimated here to be 3.5 nm, which compares to a repeat 

distance of 4.9 nm in the Į-phase. This difference is fully explained through all-trans 

conformations of the FAs within the Į-phase, while trans-gauche conformations are dominant 

in the molten TAG assemblies. It is tempting to believe that the solidification of the proposed 

4L-TAG-assemblies serve as first nucleation sites of the Į-phase. 
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