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Chapter 1

Introduction

1.1 Fats
Fats are important ingredients in a broad range of food products like
chocolate, butter, spreads and shortenings because they determine physical
properties like creaminess, melting behavior, mouth feel and spreadability. For
different types of products fats with different properties are required. These
properties are determined by the main constituents of fats, the triacylglycerols
(TAGs), and in particular by the microstructure that is formed when the majority of
the TAGs are co-crystallized.
TAGs consist of a glycerol moiety that has been esterified with three fatty
acid chains (Fig. 1.1). In Table 1.1 a selection of fatty acid chains is listed with
their identification characters. The names of the TAGs are usually denoted by a
three character acronym that represents the fatty acid chains attached to the sn-1,
sn-2 and sn-3 position of the glycerol moiety, respectively. The long acyl chains of
the TAGs in fats can pack in various ways, depending on the precise temperature,
and this leads to the existence of various polymorphs. The TAG polymorphs can
be grouped into three types with increasing stability: α, β' and β (Malkin & Meara,
1939).
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Fig.1.1: Schematic drawing of a triacylglycerol. Acyl chains with a chain length of p+2,
q+2 and r+2 C atoms attached to the glycerol moiety at the sn-1, sn-2 and sn-3 position.

Table 1.1: Selected fatty acids

Systematic name

Trivial name Identifier

Octanoic
Decanoic
Dodecanoic
Tertadecanoic
Hexadecanoic
Octadecanoic
Octadec-cis-9-enoic
Octadec-trans-9-enoic
Icosanoic

Caprylic
Capric
Lauric
Myristic
Palmitic
Stearic
Oleic
Elaidic
Arachidic

Cy
Ca
La
M
P
S
O
E
A

2

Chain length :
double bonds
8:0
10:0
12:0
14:0
16:0
18:0
18:1
18:1
20:0

The polymorphism of TAGs is monotropic: only one polymorph is stable,
either the β' or the β, and a less stable polymorph always transforms into a more
stable one (Fig.1.2) (Wille & Lutton, 1966). For β-stable TAGs, the β polymorph is
obtained via the β' polymorph and not directly from a seed-free melt. For β'-stable
TAGs it is possible to crystallize from a solvent a β polymorph that is less stable
than the β' polymorph (Lutton & Hugenberg, 1960). Annealing such a metastable β
polymorph close to its melting point will induce a transition to the more stable β'
polymorph (see Chapter 5).

Fig.1.2: Melting and crystallization scheme of TAGs

Natural fats and oils have a high degree of unsaturation. For example, the
fat component in chocolate is cocoa butter, a natural fat that contains mainly cismono-unsaturated TAGs (van Malssen et al., 1996). When these TAGs are cocrystallized in one of the β forms (β-V or β-VI), chocolate gets its appreciated
properties that can be expressed as gloss, snap, melting behavior and mouth feel. If
chocolate with β-V type cocoa butter is stored improperly (too high temperatures
and changes in temperature), the nice gloss of a chocolate bar disappears and is
replaced by an undesired whitish layer called fat bloom (Vaeck, 1960). This fat
bloom formation is commonly attributed to a transition of the β-V form of cocoa
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butter to the β-VI form (Paulicka, 1973). In spite of all efforts, the precise
mechanism behind this fat blooming process has not been unraveled up till now.
On the basis of the structures presented in Chapters 2 and 3 this mechanism is
clarified.
The high degree of unsaturation of natural fats and oils may cause a too
high sensitivity to oxidation or a too low melting point. Hydrogenation is used to
decrease the tendency to be oxidized and to increase the melting point. However,
an undesired side effect of this process is that unsaturated cis bonds in the fatty-aid
acyl chains can change into trans bonds (Grothues, 1985). The resulting so-called
trans fatty-acid chains are marked as health risks (Oomen et al., 2001), partly
because of their assumed similarity in packing compared to fully saturated fattyacid chains of approximately the same length (e.g. E versus S or P, Table 1.1)
(Björkbom et al., 2007). Verification of these assumptions has not been carried out
yet, and little is known about the impact of packing trans fatty-acid chains together
with fully saturated ones. The β and β' structures presented in Chapters 4 and 5
support most suppositions about the packing similarity between saturated and trans
mono-unsaturated acyl chains.
X-ray diffraction applied to crystalline material is one of the most efficient
techniques to get detailed structural information about the solid-state packing of
molecules at the atomic level. Preferably, a single crystal should be grown (1.2)
and in case of fully saturated TAGs the single-crystal diffraction route has
delivered indeed some relevant packing information (1.3). However, for monounsaturated TAGs this route has never been successful.
Therefore, in this work the focus was on polycrystalline (or powder)
material and high-resolution powder diffraction. In particular, new methodology
has been used to obtain crystal-structure models from high-resolution powder
diffraction data (1.4)

1.2 Crystals and diffraction principles
Crystals of organic compounds such as TAGs consist of a threedimensional periodic packing of (symmetry-related) molecules. Each crystal has a
smallest group of atoms from which the crystal can be built by translations only.
When this group is represented by a single so-called lattice point, the translation set
of lattice points form a lattice. This translation lattice can also be regarded as a
stacking of identical unit cells. The unit cell is a parallelepiped that can be
described by three vectors a, b and c or, equivalently, by the unit cell axis lengths
a, b and c and the interaxial angles α, β and γ. Because of limitations imposed by
macroscopic symmetry, each unit cell will belong to one of the seven Bravais
lattices (Table 1.2) and if the symmetry elements at the atomic level, and their
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combinations, are taken into account as well, the unit cell can be shown to
correspond with one of the 230 possible three-dimensional periodic symmetry
arrangements called space groups. As a result of the internal symmetry of the unit
cell, only the contents of an asymmetric unit has to be described, a symmetryindependent part of the unit cell. The remainder of the cell contents can be
generated by applying symmetry operators to this asymmetric unit.
One can envisage a crystal translation lattice being intersected by a family
of lattice planes in many ways. Each family consists of numerous parallel planes
that all run in an identical way through lattice points and have a constant
interplanar spacing, called d spacing.
Table 1.2: The seven Bravais lattices

Crystal system
Triclinic
Monoclinic
Orthorhombic
Rhombohedral
Hexagonal
Tetragonal
Cubic

Axis
a≠b≠c
a≠b≠c
a≠b≠c
a=b=c
a=b≠c
a=b≠c
a=b=c

Interaxial angles
α≠β≠γ
α=γ=90°, β≠90°
α=β=γ=90°
α=β=γ≠90°
α=β=90° γ=120°
α=β=γ=90°
α=β=γ=90°

The orientation of a family of lattice planes is defined by its intercepts with
the unit cell axes, a/h, b/k and c/l, with h, k and l being integers and relative prime
numbers. A family of lattice planes is denoted by the (hkl) values or Miller indices
and the interplanar spacing as dhkl. An alternative way of representing a family of
lattice planes is in the reciprocal space. The reciprocal lattice is described by the
vectors a*, b* and c* that are normal to b and c, a and c, a and b, respectively. In
the reciprocal lattice the (hkl) family of planes is represented by the end point of
the vector H,

H = ha * + kb * +lc *
The interaction of X-rays with a crystal is an interference phenomenon.
When a monochromatic beam of X-rays with wavelength λ has an incident angle θ
with a family of planes (nh nk nl) (n = integer) a positive interference is obtained
only when Bragg’s law is obeyed:

λ = 2d hkl sin θ
5

This family of planes and the corresponding diffracted intensity are commonly
referred to as a reflection with the integer n being the order of the reflection. In
practice, one uses the notation (h k l) for reflections, in which the integer h, k and l
values are composed from the corresponding Miller indices by multiplying them
with the order n of the reflection.
The resultant wave of scattered X-rays, the structure factor, is a function of the
ordering of the atoms in the unit cell and can be expressed as:
N

Fhkl =

∑f

j

exp[2πi (hx j + ky j + hz j )] = FH exp(iϕ H )

j =1

in which N is the number of atoms in the unit cell, fj the atomic scattering factor of
atom j and xj, yj and zj its fractional coordinates. The electron density distribution
ρ(x,y,z,) in the unit cell is via a Fourier transform related to the Fhkl values:

ρ ( x, y , z ) =

1
V

∞

∞

∞

∑ ∑ ∑F

hkl

exp[− 2πi (hx + ky + lz )]

h = −∞ k = −∞ l = −∞

For a given θ and (h k l) (= H) that fulfil Braggs law, the observable in a
diffraction experiment is the intensity IH. This IH is proportional to |FH|2 but the
phase φH cannot be measured, for none of the reflections, and this poses the socalled crystallographic ‘phase problem’. The process of solving this problem is
commonly referred to as crystal-structure determination.
A sufficiently large single crystal (Ø = 0.1 - 0.3 mm) can be mounted on a
diffractometer head and rotation can bring each (hkl) into a position relative to the
incident X-ray beam so that Bragg’s law is fulfilled. The amount of reflection
intensities that can be measured in this way exceeds by far the amount of atomic
positions to be established and crystal-structure determination from such a data set
is usually a routine operation.
When the individual crystals are too small to be mounted, powder
diffraction is an alternative. The ideal powder diffraction sample consists of many
randomly oriented small crystals. Only a fraction of these crystals, those having a
lattice plane in an orientation relative to the incident X-ray beam that fulfils Brags
law, will contribute to the diffraction signal, an intensity cone around the direction
of the incident X-ray beam for each lattice plane (Fig. 1.3). The powder diffraction
pattern is the radial intensity profile through the cones perpendicular to the
direction of the incident beam. Since half the top angle of this cone equals twice
the Bragg angle, this angle (2θ) is taken as the horizontal axis of the powder
diffraction pattern.
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The breadth (β) of the diffracted intensity peak of a reflection as function
of the diffraction angle is inversely related to the size of the crystal (D), as
expressed in the Scherrer formula (Klug & Alexander, 1974).

β = Kλ / D cos θ
K is the Scherrer constant, a shape factor that is near unity (Klug & Alexander,
1974). For crystal-structure determination sharp reflections (crystal sizes > 1000 Å)
are preferred, but crystals of TAGs are usually smaller so the reflections (i.e. the
diffracted intensity maxima) are broadened.
In a powder diffraction pattern, the three-dimensional intensity information
of the single-crystal experiment is compressed into the single 2θ-dimension,
leading to the unavoidable problem of peak overlap.

Fig.1.3: X-ray diffraction cones scattered by a powder sample.
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1.3 X-ray diffraction of TAGs
The transition of unstable polymorphs into more stable ones may influence
the consistency of the fat phase. For a good understanding of the behavior of fats,
knowledge of the packing of TAG molecules in the solid state is an important
source of information.
From infrared data often a limited characterization of the packing of TAGs
can be inferred in terms of the so-called subcell, the smallest repetition unit within
the unit cell of the crystal structure along the chain axes (Fig. 1.4) (Yano et al.,
1997a,b). The subcell describes the orientation of the zigzag acyl chains relative to
each other in the unit cell and contains at least a single ethylene group (de Jong &
van Soest, 1978; de Jong et al., 1991). The orientation of zigzags in the subcells
commonly reported for TAGs (Fig. 1.5) can be either random relative to the length
axes of the chains (α polymorph), alternating parallel and perpendicular (β'
polymorph) or all parallel (β polymorph) (Abrahamsson et al., 1978).

Fig.1.4: View of the triclinic β crystal structure of the TAG CyCyCy (van Mechelen,
2008). The subcell is marked with a dotted line.

From the models available to date, including those discussed in Chapters
2 - 5 of this work, it is clear that TAG molecules tend to pack in a chair-shaped
conformation with either a double or a triple chain length packing (Fig. 1.6)
(Lutton, 1948).
Each polymorph has characteristic d values for long spacings (the low
angle peaks that are related to the chain length) and shorter d spacings, the socalled finger print lines. Cocoa butter is generally accepted to have five
polymorphs (van Malssen et al., 1999). Table 1.2 lists the characteristic d values
for the five polymorphs of a Brasilian cocoa butter ordered top down with
increasing stability.
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Fig.1.5: Commonly reported subcells of TAG polymorphs. a) hexagonal α subcell; b)
orthorhombic β' subcell; c) triclinic β subcell

Fig.1.6: Schematic drawing of double and triple chain length packing of TAGs
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Table 1.2: d values of long spacings and strongest finger print lines of the five polymorphs
of a Brazilian cocoa butter and the data collection temperature Tdata coll. (van Mechelen,
2008).

Polymorph

Tdata coll.
(K)

γ

267
293
295
295
295

α
β'
β-V
β-VI

Strong finger print lines (Å)

Long
spacing
(Å)
52.4
48.4
45.0
64.8
64.4

4.58
4.58

4.14
4.18
4.33
3.99
4.03

3.69
4.14
3.87
3.85

3.76
3.69

3.67

When TAGs have more than one polymorph of a β or a β' type a numerical
subscript is added for a unique identification, the polymorph with the lowest
number has the highest stability (e.g. β'1 is more stable than β'2). A double or triple
chain length packing are indicated by addition of '-2' or '-3', respectively. For
historical reasons the naming conventions for polymorphs of cocoa butter are
different: β-V or form V cocoa butter is equivalent to β2-3 and β-VI or form VI
cocoa butter is equivalent to β1-3 for pure TAGs (Koyano et al., 1990).
The best way to obtain the full packing information is to solve the crystal
structure from single-crystal diffraction data. This technique delivers a high ratio of
observables (independent reflection intensities) over structural model parameters
(atomic coordinates) and results in general fast into an accurate crystal-structure
model.
If no suitable single crystal can be grown, as is the case with monounsaturated TAGs, the use of powder diffraction data is a possible alternative. The
compression of the three-dimensional single-crystal data into the powder
diffraction 2θ-dimension causes a loss of independent intensity data. As a result, to
solve a crystal structure of even a fairly small molecule (~ 10-20 non-hydrogen
atoms) from powder diffraction data was considered quite a challenge.
The structure determination from powder diffraction data was traditionally
done by adaptation of single-crystal based techniques, like Direct Methods and
Patterson analysis. These techniques require that a sufficient amount of individual
reflection intensities can be extracted from the powder pattern in order to be
successful, typically for each atom to be located 10 independent reflections need to
be available. Moreover, in case of Direct Methods, reflection intensities at atomic
resolution (d < 1.6 Å) must be present. In case of mono-unsaturated TAGs both
conditions are clearly not fulfilled: the diffraction maxima that can be observed are
broad and overlap, especially in the fingerprint area (3-6 Å), while the majority of
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TAG polymorphs do not diffract significantly beyond 3 Å so the actual challenge is
to obtain a feasible model in spite of having low-resolution data.
In the last decade, significant progress has been made because of the
introduction of better diffraction equipment, faster computers and, in particular, the
rise of alternative structure determination algorithms, as will be discussed in 1.4.3.

1.4 Structure determination strategy using powder data
In the process of crystal-structure determination of TAGs using powder
data several critical stages can be discerned, (i) Sample preparation and data
collection (1.4.1), (ii) Unit cell determination (indexing) and space group
assignment (1.4.2), (iii) Structure determination i.e. finding the approximate
position and conformation of the molecule(s) in the unit cell (1.4.3) and (iv)
Refinement of the approximate model(s) found in (iii) (1.4.4).

1.4.1 Sample preparation and data collection
Before a sample is prepared it has to be decided what diffraction
instrument and geometry will give the best data set for structure determination
purposes. Although a flat sample specimen is relatively easy to prepare, the
reflection geometry has several serious disadvantages: preferred orientation is
difficult to avoid when preparing a flat sample; sample transparency is high, as
TAG samples contain only light elements, and this will broaden and shift the
diffraction maxima; the correct sample position is critical as the important lowangle reflections that occur in the TAG patterns are very sensitive to sample height
error (displacement error). In this respect the transmission geometry in which a
glass capillary is used as sample holder yields higher-resolution data although to
fill a capillary with sticky TAG powder can be laborious and longer data collection
time is needed.
Preferably, collection of powder data is carried out at a synchrotron source
because of the better resolution and much higher photon flux compared to a
laboratory powder diffractometer. However, the availability of synchrotron beam
time is limited and not available on demand. For the TAG polymorphs we used
several powder diffraction stations at the European Synchrotron Radiation Facility
(ESRF, Grenoble, France). At the bending-magnet stations BM01b and (the
former) BM16 it typically takes 3 to 6 hours to measure a complete high resolution
powder pattern. At the insertion device station ID31 a complete data collection is
possible in 1 - 2 hours because of the much higher photon flux. This high flux also
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allows to crystallize an unstable polymorph "on line" and freezing it when its
formation is completed. Disadvantage of the high flux is saturation of the detectors
and an increased chance of radiation damage. At ID31 only 2mm of the capillary
sample length is exposed to the X-ray beam. At appropriate moments during the
data collection the sample (capillary) is moved by 2 mm and fresh material is
exposed to the beam, thus limiting the influence of radiation damage.
A second best alternative is using a high-resolution laboratory
diffractometer. For our experiments we used two powder diffraction systems, the
first is the X’Pert Pro alpha1, a θ-2θ diffractometer equipped with a hybrid
monochromator (parallel beam, only Cu Kα1 radiation) and an X’celerator solidstate strip detector (both PANalytical, Almelo, The Netherlands). The second
system was an X’Pert Pro MPD (PANalytical), a θ-θ diffractometer equipped with
an elliptical mirror (high flux convergent beam, Cu Kα radiation) and an
X’celerator solid-state strip detector. In both systems narrow sollerslits (0.01 rad
divergence) have been used to limit axial divergence, the main cause of asymmetry
of low-angle peaks. The intensity loss caused by the narrow soller slits was
compensated by using the X'celerator strip detector that takes 2° of diffraction data
at once. Diffraction data collected with these high-end laboratory diffractometers
turned out to be good enough for structure determination of TAG polymorphs as is
demonstrated in the work of this thesis.
Control of and cooling to non-ambient sample temperatures is important to
prevent radiation damage, especially in case of mono-unsaturated TAGs at ID31,
and to grow and stabilize unstable polymorphs in situ. At the ESRF stations the
sample temperature was controlled by an Oxford Instruments Cryostream. At
BM01b the N2 stream was perpendicular to the capillary which limited the
temperature-controlled sample length to 4mm. At ID31 the capillary sample holder
was bathed completely in the N2 stream, so yielding a constant temperature along
the whole length of the sample. The latter type of control was also realized at the
X'Pert-Pro systems. Oxford Instruments constructed a shortened model of their
Oxford Cryostream that fits inside the enclosure of the X’pert systems.
For a successful structure determination, it is essential that a sample
contains only a single TAG polymorph. The presence of an additional polymorph
is usually recognized by extra peaks in the low-angle part of the diffraction pattern.
An unwanted lower-melting polymorph can be removed by heating the sample just
above its melting point. The removal of an unwanted higher-melting polymorph
requires a complete melt and subsequent recrystallization. When a polymorph is a
stable-end polymorph, annealing close to the melting point may enhance its
crystallinity and thus reduce peak overlap.
In our experience, correct intensities of the lowest-angle reflections are
essential to obtain a correct structural model. A too conservative beam stop
position to avoid detector damage by the primary beam may shield off low-angle
diffraction signal and results in too low intensities. This applies to laboratory as
well as to the synchrotron systems.
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1.4.2 Indexing and space group determination
The starting point for indexing, determination of the unit-cell dimensions,
is obtaining accurate peak positions. Generally, a profile fitting program gives the
best peak positions. Low angle peaks, however, often have a tail at the low angle
side due to axial divergence. This will result in a slightly too low angle of a fitted
peak position if the axial divergence is not compensated for.
Indexing is the process that tries to find a unit cell that relates all observed
2θ positions of diffraction maxima to underlying reflections (hkl). The relation
between the dhkl and the unit cell dimensions is expressed in a form with reciprocal
lattice constants (denoted by *) rather than direct lattice constants (Klug &
Alexander, 1974):

Qhkl =

1
= h 2 a *2 + k 2 b *2 +l 2 c *2 +2hka * b * cos γ * +2klb * c * cos α * +
2
d hkl
2lhc * a * cos β *

Indexing of powder diffraction patterns is usually done with auto-indexing
programs. In our experience the popular auto-indexing programs like Treor
(Werner et al., 1985), ITO (Visser, 1969) and Dicvol ( Boultif & Louër, 1991), that
operate in reciprocal space almost never succeed in indexing patterns of TAG
polymorphs because of the (preset) assumptions and fixed settings in the indexing
algorithms. Powder diffraction patterns of TAGs are somewhat atypical compared
to those of other organic compounds because of the domination by two sets of
peaks. In the lower angle part only peaks are found that belong to the same
reciprocal lattice line (d spacings of ~8 – 65 Å). A second set of overlapping peaks
is found at 3.5 – 6 Å, the so-called fingerprint area. To index these atypical
diffraction patterns, we developed the real-space indexing routine LSQDETC that
runs in conjunction with the program suite POWSIM (Peschar et al., 2002).
LSQDETC is a brute-force program that searches through an allowed solution
space for cells. The solution space is limited by setting user-definable ranges for
the unit-cell parameters and unit-cell volumes, crystal system etc, so prior
knowledge (e.g density of the material) can be exploited. From candidate unit cells
Q-values are calculated and the cells are ranked according to criteria called Figure
of Merit (FOM) that compare the observed set of Q-values with the calculated
ones. Commonly used is M20, the De Wolff FOM (de Wolf, 1968, 1972):

M 20 =

Q20
( 2 ( Qcalc −Qobs )× N 20
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Herein N20 is the number of calculated Q-values upto Q20. Unit cells with M20>10
are supposed to be serious candidate cells. The correctness of a final indexing is
checked with the program Chekcell (Laugier & Bochu, 2001). With LSQDETC the
first powder patterns of monounsaturated TAGs were indexed and based upon this
experience later on also patterns could be indexed with the Monte Carlo program
McMaille (Le Bail, 2004).
In relation to the unit cell also a space group has to be assigned.
Unfortunately, the peak overlap in powder diffraction data often obscures the
systematic extinctions that result from symmetry elements with fractional
translation components (screw axes, glide planes, lattice centering) so an
unambiguous discrimination between space groups is not always possible.
Moreover, because of the compression into the 2θ dimension acentricity
information has been lost. Therefore, the only way to find out the correct space
group is to run in parallel structure determinations and refinements for all possible
space groups.

1.4.3 Structure determination using direct space global optimization
Since 1998 the influence of the development and availability of global
optimization methods is visible in the increasing amount of publications of
structures that have been determined from powder data (David & Shankland,
2008). The improved methodology apparently decreased the threshold towards
structure solution from powder diffraction data for more complicated crystal
structures.
In direct-space methods many trial crystal structures are generated in direct
space by changing a small set of structural parameters, like position and orientation
of the whole molecule and a selection of torsion angles. For each trial structure a
powder pattern is calculated and compared with the observed diffraction pattern.
The process of trial-structure generation continues until an acceptable match is
found, usually taken as a low-enough R factor. The generation of trial structures is
done with a Monte Carlo algorithm imbedded in a simulated-annealing approach
that slowly decreases the latter temperature of the structure generation. The
computation time obviously increases rapidly with the number of structural
parameters that is allowed to change, but also the chance to freeze the structuresolution process in one of the many local minima. To prevent getting trapped in a
local minimum several optimizations may be run in parallel at different
temperatures with regular selection of the most promising one. This so-called
parallel tempering process has been implemented in the program FOX (FavreNicolin & Černý, 2002), one of the most versatile direct-space programs available
nowadays.
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A Z-matrix molecular description is most suited for an efficient molecular
description when selection and control of torsion angles is essential. Mean values
for bond distances, bond angles and torsion angles were obtained from the CSD.
Since the starting model must be and remain realistic, a "randomize starting
configuration" option in FOX, though helpful for other types of organic
compounds, has to be avoided as this makes solving the structure very difficult.
Hydrogen (H) atoms are omitted initially in order not to slow down the solution
process unnecessarily. The Z-matrix description of FOX allows for an easy addition
of H atoms later on by pasting into the input file.
It should be pointed out that in the course of this work various versions of
FOX have been used, and that in several instances, upon our request, special
alterations were implemented by FOX author Dr. Favre-Nicolin to improve the
structure-determination process for TAGs. In spite of this additional helpful input,
the structure determination of TAGs with FOX has turned out to be a laborious
process, and far from routine. As the risk of finishing with a wrong structure has to
be minimized (Buchsbaum & Schmidt, 2007), continuous inspection of produced
models and human intervention including correction of models turned out to be
necessary, as will be explained in the Chapters 2-5 in more detail.

1.4.4 Structure refinement
Once an acceptable model has been found, the model has to be refined with
a Rietveld refinement program (Rietveld, 1969). Such a program uses a least
squares procedure to find the best fit between all the observed intensities Ioi
collected during a step scan and the calculated profile intensities Ici based on the
parameters describing the crystal structure, the diffraction optics, the instrumental
factors and other specimen characteristics. The function minimized in the leastsquares refinement is:

M p = ∑ wi ( I oi − I ci ) 2
i

Herein wi = 1/σi2 is the statistical weight of Ioi, and Ici the sum of a function
describing the angle and (hkl) dependant profile of the calculated Bragg intensities
and the function describing the background contribution. The number of
parameters in the refinement of TAG structures is too large for a stable unrestraint
structure refinement. Soft distance and angle restraints have to be applied to
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bonding distances, bond angles and soft planar restraints to flat acyl chains to
stabilize the refinement. Idealized values for bond angles and bonding distances
obtained from the Cambridge Structural Data Base (CSD; Allen, 2002) are used as
restraint values. The function Mr to be minimized for the each type of restraint is
equivalent to that for Mp :

M r = ∑ w j ( Roj − Rcj ) 2
j

The weight wj for each restraint type is decreased during the refinement, but its
level is kept high enough to ensure a stable refinement. The sum of the Mr
functions is included in the least squares minimization process:

M = M p + ∑Mr
The progress of the refinement is monitored by the difference trace of (IoIc). The residuals visualized by this trace are quantified by quality indicators. Two
commonly used so called R factors are:

Rp =

∑ I −I
∑I
o

c

o

Rwp =

Mp

∑ wI

2
o

Furthermore the χ2 or Goodness of Fit (GoF or S) is often used as quality indicator.

χ2 =

Mp
N obs − N var
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The lower the value of these indicators is the better the quality of the fit
and the closer the model of the crystal structure is supposed to approach reality.
However, the model of the crystal structure is not the only parameter that
determines the lowest reachable level of the R values. Analytical functions that
describe the peak profiles and the background should be capable to model the
characteristics of the sample and the diffractometer as they appear in the measured
diffraction pattern. In single-crystal diffraction, where integrated intensities are
used and a profile description does not play a role, Rp values as low as 0.04 are
common practice. In powder diffraction Rp values as high as 0.10 are not
uncommon, with imperfect description of the diffraction trace as an important
reason for the high residue. Rietveld programs offer a choice of profile functions.
In most of these functions the Cagliotti function (Cagliotti et al., 1958) is included
to model the angle dependant instrumental peak width H:

H 2 = U tan 2 θ + V tan θ + W
A good profile function for XRPD patterns of TAGs has a mixed GaussianLorentzian function with an asymmetry correction for axial divergence and (hkl)
dependant peak-broadening functionality (Finger et al., 1994). For the refinement
of the TAG structures discussed in this thesis the program GSAS (Larson & Von
Dreele, 2000) was used with the graphical user interface EXPGUI (Toby, 2001). A
Chebyschev polynomial (Abramowitz & Stegun, 1965) was applied to fit the
background and profile number 4 to describe the peak profiles. With this function
low-angle peak asymmetry and (hkl)-dependent broadening can be modeled
successfully. All refinable parameters of the profile and background functions, as
far as relevant, were part of the refinement process.
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Chapter 2

Structures of mono-unsaturated
triacylglycerols
Part I

The β1 polymorph
based on Acta Cryst. (2006) B62, 1121-1130
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2.1 Abstract
The crystal structures of β1 polymorphs of mono-unsaturated
triacylglycerols have been solved from high-resolution laboratory and synchrotron
powder diffraction data for five pure compounds, the 1,3-dimyristoyl-2oleoylglycerol (β1-MOM), 1,3-dipalmitoyl-2-oleoylglycerol (β1-POP), 1,3distearoyl-2-oleoylglycerol (β1-SOS), 1-palmitoyl-2-oleoyl-3-stearoylglycerol (β1POS), 1-stearoyl-2-oleoyl-3-arachidoylglycerol (β1-SOA) and three mixtures: the
co-crystallized 1:1 molar mixture of SOS and POP (β1-SOS/POP (1:1)) and two
cocoa butters from Bahia and Ivory Coast, both in their β-VI (= β1) polymorph. All
eight β1 structures are crystallized in space group P21/n and have two short cell
axes (5.44 - 5.46 Å and 8.18 – 8.22 Å) as well as a very long b axis (112 – 135 Å).
The dominant-zone problem in the indexing of the powder patterns was solved
with the special brute force indexing routine LSQDETC from the POWSIM
program. Structures were solved using the direct-space parallel-tempering method
FOX and refined with GSAS. Along the b axis, alternations of inversion-centrerelated ‘three-packs’ can be discerned. Each ‘three-pack’ has a central oleic zone,
with oleic acyl chains of the molecules being packed together, that is sandwiched
between two saturated-chain zones. The conformation of the triacylglycerol
molecules is relatively ‘flat’ because the least-squares plane through saturated
chains also contains the saturated parts of the olein chain. The solution of the β1
structures is a step forward towards understanding the mechanism of fat bloom
formation in dark chocolate and has led to a reexamination of the β2 structural
model (Chapter 3; van Mechelen et al.,(2006)).

2.2 Introduction
Many consumer products contain fats in solid form. Fats, and their
constituent triacylglycerols (TAGs), may crystallize in various solid-state phases
(polymorphs) that have different melting points and stabilities. The main phases,
the γ, α, β' and β, form a monotropic phase sequence (γ → α→ β' → β) of
increasing melting point and stability (van Malssen et al., 1999), although for some
β' stable types of fats and TAGs the β phase does not crystallize. In general, during
the production process a fat should be crystallized in its most stable phase to avoid
phase transition(s) afterwards. For example, for cocoa butter, and the cis monounsaturated TAGs it consists of (Beckett, 1999), the β phase is the most stable,
although this phase actually consists of two different β polymorphs, a lower
melting β2 phase, in case of cocoa butter being known as β-V, and a higher melting
β1 phase (in cocoa butter β-VI). The fat bloom problem of chocolate is commonly
attributed to the phase transition β-V → β-VI (Wille & Lutton, 1966). In order to
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understand this transition and other TAG phase transitions, structural models of the
individual phases at the molecular level are required.
The ideal way to solve a crystal structure is using single-crystal X-ray
diffraction data. For TAGs, however, this route has not been very successful
because of the difficulty to grow large, good quality single crystals. Only structures
of trisaturated TAGs have been obtained (Vand & Bell, 1951; Larsson, 1965;
Jensen & Mabis, 1966; Doyne & Gordon, 1968; Gibon et al., 1984; Goto et al.,
1992; van Langevelde et al., 1999; van Langevelde et al., 2000; Sato et al., 2001)
and a tri-trans-mono-unsaturated structure (Culot et al., 2000). An alternative
technique nowadays is to solve a crystal structure from powder diffraction data
using direct-space search techniques. Helped by the existence of homologous,
single-crystal-based crystal structures as start search models, several crystal
structures of trisaturated TAGs were solved from synchrotron powder data (van
Langevelde et al., 2000; van Langevelde et al., 2001; van Langevelde et al., 2002;
Helmholdt et al., 2002). In recent years, the direct-space search techniques have
been improved considerably and do not require single-crystal precursors anymore.
This progress is essential for TAGs of the type SatOSat’ (Fig. 2.1), with Sat and
Sat’ saturated acyl chains and O a mono-unsaturated oleoyl chain (C18:1 with a cis
double bond) at the glycerol sn-2 position, for which single crystals are rare. The
structure of β2-SOS (S = stearoyl, C18:0) was the first to be obtained in this way,
and to date it is still the sole published structural model of a mono-unsaturated
TAG (Peschar et al., 2004).

Fig. 2.1: Chemical structure diagram of SatOSat’-type TAGs. The numerical subscripts m
and n (= 14, 16, 18, 20) label the acyl chain lengths while the S1, S3g, S3m, O2g and O2m
label the saturated acyl chain and acyl-chain parts, respectively.
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In this paper we present the crystal structures of eight β1 phases, five of
them being of pure TAGs: 1,3-dimyristoyl-2-oleoylglycerol (β1-MOM), 1,3dipalmitoyl-2-oleoylglycerol (β1-POP), 1,3-distearoyl-2-oleoylglycerol (β1-SOS),
1-palmitoyl-2-oleoyl-3-stearoylglycerol (β1-POS) and 1-stearoyl-2-oleoyl-3arachidoylglycerol (β1-SOA). Furthermore, we obtained the β1 polymorph
structures of three mixtures of TAGs, a co-crystallized (1:1 M) mixture of SOS and
POP (β1-SOS/POP (1:1)) and the β-VI structures of cocoa butters from Bahia (β-VI
Bahia) and Ivory Coast (β-VI Ivory Coast). The existence of the β1 SOS/POP has
not been reported before. The crystal structures have been solved from highresolution synchrotron and laboratory powder diffraction data (HRPD). An analysis
of the β1 structures provides an explanation of the relative lower melting point (Tm)
of the asymmetric TAGs compared to the symmetric ones and points out that the β1
structures differ considerably from the published β2-SOS polymorph.

2.3 Experimental Methods

2.3.1 Samples, sample preparation and data collection
All pure TAG samples were obtained from Unilever Research
Laboratorium (Vlaardingen, The Netherlands). The cocoa butter samples were
obtained from ADM (Koog a/d Zaan, The Netherlands). Both the pure TAGs
(Schlenk, 1965) and the cocoa butter samples (Takagi & Ando, 1995) were racemic
mixtures and have been checked for the presence of more than one polymorph on
the in-house X’pertPro-alpha1 diffractometer (PANalytical, Almelo, The
Netherlands) before carrying out the full data collection. All samples were put in
glass capillaries that were spun during data collection. POP, SOS, POS and SOA
were obtained as β1 phase powders and required no further purification. With
respect to POS and SOA, in the literature the highest-melting polymorph of POS is
usually referred to as a β type, without further specification. (Arishima et al., 1991;
Yano et al., 1993). We have established that both these β polymorphs should be
referred to as β1 because of the existence of a lower-melting β2 polymorph for both
POS and SOA, which has not been previously reported in the literature. The crystal
structures of β2-POS and β2-SOA will be reported in part II (H3; van Mechelen et
al., 2006). β1-MOM was recrystallized at 294 K from the melt by keeping it for
several days at this temperature. A co-crystallized mixture of POP and SOS was
prepared by melting a physical 1:1 molar mixture of POP and SOS and letting the
melt recrystallize at 294 K. The β1 polymorph was purified by a tempering
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procedure (= cyclic heating and cooling) between 303 and 310 K. The cocoa butter
samples were crystallized from the melt at 294 K. After several weeks the
conversion of the Bahia sample into the β1 polymorph was completed. The Ivory
Coast cocoa butter sample was tempered between 302 and 307 K to purify the β1
polymorph. All samples except Ivory Coast cocoa butter have been measured at the
high-resolution powder diffraction station BM01b at the ESRF (European
Synchrotron Radiation Facility, Grenoble, France). The Ivory Coast sample was
measured in-house on the X’pert Pro-alpha1 diffractometer. This diffractometer
was equipped with a sealed Cu X-ray tube, 0.01 rad primary and secondary Soller
slits and a hybrid monochromator that produces a parallel Cu Kα1 X-ray beam. The
solid-state strip detector X’celerator (PANalytical) was used at its maximum active
length of 2.17 °2θ. The data collection conditions for each of the samples are given
in Tables 2.1 and 2.2. The continuous scans were binned with step sizes of 0.005
°2θ for the BM01b data and 0.008 °2θ for the X’pert Pro alpha1 data, respectively.
Some of the samples appeared to have a small impurity line from unknown origin
between the first and the second reflection. This peak has been excluded from the
refinement (see Tables 2.1 and 2.2). Melting points have been determined with a
DSC600 (Linkam Scientific Instruments Ltd, Tadworth, England) using a heating
rate of 2 K min-1. The melting points given in Tables 2.1 and 2.2 are the top of the
melting peak. The DSC traces showed no evidence for the coexistence of more
than one phase.

2.3.2 Indexing
A major problem to overcome before the actual structure determination of
a TAG can be started is the indexing of its powder pattern. All TAG unit cells
known to date have (at least) one small and one (very) long unit axis. If the ratio
longest to shortest unit-cell axis exceeds ~ 10, the lower-angle part of the
diffraction pattern becomes seriously dominated by a single reciprocal lattice zone.
Also, the reflection density in the higher-angle part of the diffraction patterns
causes serious peak-overlap problems and makes it difficult to obtain convincing
indexing results. Therefore, it is no surprise that the generally used auto-indexing
programs like ITO, TREOR and DICVOL cannot handle this problem. We used a
different strategy and indexed the synchrotron powder patterns of β1–SOS, β1–
POP, β1–MOM, β1–POS and β1–SOA with the indexing routine LSQDETC that
runs in conjunction with the program suite POWSIM (Peschar et al., 2002).
LSQDETC is a brute force program that searches systematically through the
allowed solution space for cells. The solution space is defined by adjustable unit-
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Table 2.1: Experimental and structural details of structure refinement of β1 structures of
symmetric molecules.
β1-MOM
β1-POP
β1-SOS-POP
β1-SOS
Chem. form.
C49H92O6
C53H100O6
C55H108O6
C57H108O6
Mr
777.27
833.38
865.46
889.48
Cell setting
Monoclinic
Monoclinic
Monoclinic
Monoclinic
Space group
P21/n
P21/n
P21/n
P21/n
Tdata coll. (K)
295
295
295
295
a, b, c (Å)
5.453 (1)
5.450 (1)
5.447 (1)
5.442 (1)
112.75 (1)
121.32 (1)
125.97 (1)
129.90 (1)
8.195 (1)
8.209 (1)
8.212 (1)
8.184 (2)
88.84 (1)
88.85 (1)
88.85 (1)
88.71 (1)
β (°)
V (Å3)
5038.0 (2)
5426.6 (5)
5633.7 (3)
5784.2 (5)
Z
4
4
4
4
Dx (Mg m–3)
1.025
1.020
1.020
1.021
Tm (K)
305.5
312
311
318
Radiation type
synchrotron
Synchrotron
synchrotron
Synchrotron
Specimen form, Cylinder:
Cylinder :
Cylinder :
Cylinder:
colour
solid fat, white
powder, white
solid fat, white powder, white
Specimen size
2.5 × 1 × 1
20 × 1.5 × 1.5
4×1×1
20 × 1 × 1
(mm)
Diffractometer
ESRF BM01b
ESRF BM01b
ESRF BM01b
ESRF BM01b
0.53 - 40.5
0.34 - 30.0
34, 2 - 40.5
0.53 - 30.0
2θ range (°)
R factors and
Rp = 0.068
Rp = 0.064
Rp = 0.051
Rp = 0.055
goodness of fit
Rwp = 0.098
Rwp = 0.086
Rwp = 0.063
Rwp = 0.068
Rexp = 0.014
Rexp = 0.015
Rexp = 0.023
Rexp = 0.020
S = 7.82
S = 6.02
S = 2.91
S = 3.66
l(Å)
0.79936
0.79889
0.79889
0.75003
Excl. region(s)
No
No
0.85-0.965
0.738-0.897
No. of param.
489
516
547
550

cell parameter ranges and based on prior knowledge about the expected unit-cell
volume windows and density of the material. To check the correctness of the
indexing of the five patterns, the program Chekcell (Laugier & Bochu, 2001) was
used. This latter program was also used iteratively to index the three patterns of
TAG mixtures: β1-SOS/POP (1:1), β-VI Bahia and β-VI Ivory Coast. Starting with
the unit cell of β1–SOS, the longest axis was modified manually until the calculated
low-angle reflections matched the observed positions of diffraction maxima. After
coupling the positions of the main peaks at higher angles to the proper peak
positions of the current cell, the cell was refined after which the refined cell was
taken as the new current cell. This procedure was repeated until a cell was found
that explained all the diffraction maxima in the pattern.
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Table 2.2: Experimental and structural details of structure refinement of β1 structures of
asymmetric molecules and β-VI cocoa butter.
β1-POS
β1-SOA
β-VI Bahia
β-VI Ivory Coast
Chem. form.
Mr
Cell setting
space group
Tdata coll. (K)
a, b, c (Å)
β (°)
V (Å3)
Z
Dx (Mg m–3)
Tm (K)
Radiation type
Specimen form,
colour
Specimen size
(mm)
Diffractometer
2θ range (°)
R factors and
goodness of fit

λ(Å)
Excl. region(s)
No. of param.

C55H104O6
861.43
Monoclinic
P21/n
295
5.445 (1)
125.98 (2)
8.195 (1)
88.79 (1)

C59H112O6
917.54
Monoclinic
P21/n
294
5.439 (1)
134.65 (1)
8.200 (1)
88.73 (1)

C54.96H104O6
860.90
Monoclinic
P21/n
295
5.444 (1)
127.40 (1)
8.195 (1)
88.71 (2)

C55H104O6
861.38
Monoclinic
P21/n
295
5.448 (1)
128.71 (1)
8.201 (2)
88.61 (1)

5620.3 (3)
4
1.018
311.5
synchrotron
Cylinder:
powder, white

6003.7 (4)
4
1.015
315
Synchrotron
Cylinder:
powder, white

5748.5 (1)
4
1.000
308.5

5 × 1.5 × 1.5

5 × 1.5 × 1.5

5682.8 (4)
4
0.997
308
synchrotron
Cylinder:
solid fat,
yellowish
white
20 × 1.5 × 1.5

ESRF BM01b
0.53 - 48.2

ESRF BM01b
0.51 - 53.3

ESRF BM01b
0.53 - 43.0

X'pertPro-a1
0.79 - 50.0

Rp = 0.062
Rwp = 0.071
Rexp = 0.028
S = 2.64
0.750033
No
532

Rp = 0.070
Rwp = 0.088
Rexp = 0.028
S = 3.45
0.85019
0.738-0.897
551

Rp = 0.046
Rwp = 0.059
Rexp = 0.015
S = 4.22
0.79936
0.83-1.125
554

Rp = 0.043
Rwp = 0.059
Rexp = 0.012
S = 5.09
1.54059
No
552
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Cu Kα1
Cylinder:
solid fat,
yellowish white
12 × 1 × 1

2.3.3 Model building and analysis
In accordance with the published structure of β2–SOS (Peschar et al.,
2004), a β1–SOS starting model was constructed, consisting of two parallel stearoyl
chains (S1, S3) and an oleoyl chain (O2) pointing in the opposite direction (Fig.
2.1). The oleoyl chain was split in two saturated partial chains, O2g (bonded to the
glycerol) and O2m (methyl side) that are connected by a double bond at carbons
C9b and C10b. During the refinement stage, also the S3 chain was split in two
parts: S3g from C2 – C2c, i.e. from the glycerol group to the gauche band, and
S3m from C2c to the end of the acyl chain. In relation to the models, the following
geometrical parameters are used: the chain direction is defined as the least-squares
line through a set of atoms, the chain plane is the least-squares plane through a set
of C atoms and the molecule plane is defined as the least-squares plane through the
directions of the chains S1, S3g, S3m, O2g and O2m.
The structure of β1–SOS has been solved with the parallel tempering mode
of the program FOX (Favre-Nicolin & Černý, 2002), using a Z-matrix description.
In the initial stage of the structure-solution process only translation and rotation of
the rigid starting model was allowed. Later, the torsion angles at the glycerol and at
the C9b=C10b double bond were released one by one, starting at the latter. The
saturated (parts of the) acyl chains were treated as rigid bodies. H atoms were
included only in the final stage of the structure-solution process.
The final β1–SOS model found by FOX was used as starting model for the
other structures. Since MOM and POP are symmetric TAGs, just like SOS, the Z
matrix of the latter can be edited and the S1 and S3 chain lengths can be shortened
to obtain search models of MOM and POP. For each asymmetric TAG (SOA and
POS), two models were built and refined, one having S1 and the other having S3 as
longest chain.
Cocoa butter is a mixture of fats with POP, SOS and POS as main
components (~ 75%). When these TAGs co-crystallize, an average crystal-structure
results with partially occupied positions of C atoms at the end of the S1 and S3
chains. Analogous to the published β2 structure, the β1-SOS structure was used as
starting model for the average cocoa butter β1 structure. The occupancy of the last
two C atoms of the S1 and S3 chains was fixed at 0.5. This is an estimated value as
neither the exact composition of the cocoa butter is known nor what fraction of the
main components co-crystallizes.
The co-crystallized mixture of SOS and POP (1:1 M) was also assumed to
form an average crystal structure with POP and SOS distributed 1:1 over the
molecule positions. The same starting model was used as for cocoa butter but now
with a calculated occupancy of 0.5 for the last two C atoms of the S1 and S3
chains.
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The structures were refined with GSAS (Larson & von Dreele, 1987) using
a Chebyshev polynomial to fit the background and profile number 4 to describe the
peak profiles. With this function low-angle peak asymmetry and hkl-dependent
broadening could be modelled successfully. Soft restraints were applied to bonding
angles and distances of all atoms, including the H atoms, to stabilize the
refinement. The restraint values are mean values taken from the Cambridge
Structural Database (CSD; Allen, 2002). The weight of the restraints applied to H
atoms was taken half the weight applied to non-H atoms. Soft planar restraints
were applied to the C atoms of the acyl chains S1, O2g, O2m and S3m, to the three
C=O groups including the C atoms connected to them and to the C8b-C9b=C10bC11b group. The weight of the restraints in the refinement process was reduced but
its level was kept high enough to ensure a stable refinement. In the final stage of
the refinement the contribution of the restraints to the total of the χ2 residue
parameter was ca 10%. The applied isothermal displacement parameters Uiso was
0.025 for non-H atoms and 0.05 for H atoms. Attempts to apply a coupled
refinement of Uiso for all atoms did not result in a significant improvement of R
values so the original Uiso values were retained. Preferred orientation was corrected
for by the March–Dollase function (March, 1932; Dollase, 1986) for β1-SOA (axis
[010], ratio=1.06, correction range: Min=0.85, Max=1.09). For the other samples
no significant PO was found. In §2.8 (appendix) the final results of the refinements
are shown (Figs. 2.11-2.18).

2.4 Results and Discussion

2.4.1 Data collection
In Fig. 2.2 an overview is given of the diffraction patterns of all samples
with the 2θ-values being converted to the same scale (2θ, Cu Kα1 radiation). The
low-angle parts of the diffraction patterns (2θ < 10°) are dominated by (0k0)
reflections and are quite similar, except for the peak positions. The fingerprint
areas (2θ > 21°) show larger differences (Fig. 2.3). The patterns of the two
asymmetric molecules, the two cocoa butter samples and β1-SOS/POP (1:1) have
similar characteristics. The other three patterns of the symmetric molecules differ
from each other and from the other five. The diffraction patterns suggest a
similarity between the packing of the β1-SOS/POP (1:1) and the asymmetric TAGs.

29

Fig. 2.2: Overview of β1-diffraction patterns with 2θ scale converted to Cu Kα1 radiation.

Fig. 2.3: Part of the higher angle area of Fig. 2.2 showing the differences between the
patterns. (1,k,) peaks are labelled (k) and (0,k,2) peaks are labelled k.
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2.4.2 Indexing, structure determination and refinement of the β1 polymorphs
All eight patterns could be indexed on similar monoclinic cells (Tables 2.1
and 2.2) with Z = 4. The choice of space group, however, was not obvious because
of the peak overlap. Assuming a single molecule in the asymmetric unit, the space
group selection was limited to centrosymmetric space groups with a 4-fold general
position. Systematic extinctions excluded the noncentrosymmetric space groups.
From the centrosymmetric space groups six possibilities had to be tested: P2/m,
P21/m, P2/c, P21/c, P21/a, and P21/n. This implied six structure determinations to
be carried out in parallel. As this problem was the same for all the β1 structures of
this study, one of the patterns (β1–SOS) was chosen to find the most probable space
group. In the first three space groups no feasible structure solution could be found.
The choice between the three settings of space group 14 (P21/c, P21/a, P21/n) was
less obvious. At first glance all packings looked feasible but a closer look revealed
an inferior packing of the O2 chain in P21/a and P21/c compared to a parallel sideby-side packing of the O2 chains in P21/n. Since in the structure-solution process
also the R values appeared to be lower for P21/n, this space group was taken as the
most probable one and this choice also turned out to hold for the other seven
patterns as became clear during the refinement process.

Fig. 2.4: TAG with flat (left) and rotated (right) conformation of the O2 chain.
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During the structure-solution process, it appeared that the precise
orientation of the direction of the O2m chain, compared to the direction of the S1,
the S3 and the O2g chains, leads to two types of TAG packing, a ‘flat’
conformation and a ‘rotated’ conformation. In the former the direction of the O2m
chain is in the same plane as the direction of the other three chains, whilst in the
‘rotated’ conformation the direction of the O2m is rotated out of this plane (Fig.
2.4). The different conformations imply different interconnections of the columns
of electron density of the S1 and S3 chains to the glycerol (Fig. 2.5). It was not
possible with FOX to discriminate between the two conformations. Only during
structure refinement in GSAS, with hkl-dependent line broadening properly taken
into account, it became clear that the refinement of the ‘flat’ conformation
converged better.

Fig. 2.5: Different orientation of glycerol in flat conformation (left) and rotated
conformation (right). View parallel to the S1 and S3m direction.

Although in both the ‘flat’ and the ‘rotated’ conformation the zigzag acylchain planes S1, S3 and O2g are parallel, this parallelism is poorly defined as
additional rigid-body refinement experiments pointed out. The S3m chain plane
and the S1 chain plane were defined as rigid bodies in GSAS and rotated relative to
each other using the (common) rigid-body axis direction as rotation axis. A rotation
of 10° affected the R value somewhat but if this forced rotation was kept fixed
during a subsequent structure refinement, its effect was almost completely
compensated for by small changes in the structure. When the chains were rotated
over 180° in this way in steps of 10° with subsequent refinement, the change in R
value was less than 1% and the lowest R value did not always correspond to the
‘flat’ conformation starting point of the rotations. Apparently, this minimization
involves a shallow R value valley and with some intervention a lower point in the
valley may be found. Peak overlap facilitates the redistribution of intensities within
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Fig. 2.6: The β1-POS molecule conformation initially found by FOX (bottom) and the
modified β1-POS molecule conformation (top).

the envelope of the diffraction pattern after a forced rotation and limits the
precision of, for example, the rotation angle of the zigzag planes around their
longitudinal axis.
For the asymmetric TAGs, POS and SOA two models have been refined to
find out whether S1 or S3 is the longest saturated chain. S3 appeared to be the
longer chain as this resulted in the lowest R value.
The refinement of β1-POS revealed that two different conformations are
possible at the glycerol moiety with different S3g chain packings. In the β1-POS
model found by FOX (Fig. 2.6, bottom) and initially refined with GSAS, the S3g
chain seems to be distorted and suffers from a C2 – C2c distance which is to short
(3.29 Å). In an attempt to improve the conformation, both the S3m chain and the
S1-O2 combination have been rotated around the longitudinal axis by 180° and the
dihedral angles around the double bond in the middle of the O2 chain were
modified to make the O2m chain point towards the original direction. After
refinement of this new β1-POS model (Fig. 2.6, top), the distance between C2 and
C2c increased to 4.66 Å and the S3g chain remained almost flat. The R values of
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both β1-POS models did not differ significantly. The modified conformation has
been applied to the other β1 structures with the same effect: a nearly flat S3g chain
and final R values that are equal to or slightly lower than those of the original
models. Although the refinement is not decisive with respect to the correctness of
the models, the flat conformation of the S3g chain is in line with published
structures of β stable trisaturated TAGs (Jensen & Mabis, 1966; Gibon et al.,1984;
van Langevelde et al., 1999; Culot et al., 2000; van Langevelde et al., 2001; van
Langevelde et al., 2002; Helmholdt et al.,2002) and the β1 molecule conformation
as proposed by de Jong et al. (1991).
The assumed fractional occupancies of the two end atoms of the S1 and S3
chains in the SOS-POP (1:1) mixture and the cocoa butters did not change
significantly as can be seen in the chemical formula of β-VI Bahia in Table 2.2,
although this does not necessarily justify that these occupancies are correct as
additional refinement experiments pointed out. A forced change of the occupancies
with 0.05 mainly affects the intensities of the reflections (020) and (040) and when
the structure is subsequently refined, while keeping the changed occupancies fixed,
the changes are compensated for by small changes in the structure and virtually the
same R value is obtained. Thus, the seemingly stable refinement of the occupancies
of the two end atoms of the S1 and S3 chains is stable only because there is no
driving force for a change. This implies that one should allow for a considerable
error window on the partial occupancies.
For the SOS-POP (1:1) mixture two additional POS-like models were
constructed and refined because SOS-POP (1:1) and POS have the same P:S ratio
of 1 and their Tm and b-axis lengths are quite similar (Tables 2.1 and 2.2). The two
asymmetric POS-like models were constructed from the final structure of the
symmetric SOS model (the two last C atoms of S1 and S3 having an occupancy of
0.5) in the following way: (i) model A via a change of the fractional occupancies of
the S1 end atoms to 0 and those of S3 to 1, (ii) model B by changing the fractional
occupancies of the S1 end atoms to 1 and those of S3 to 0. The final Rp for the
symmetric model was 0.0505, for the asymmetric model A 0.0544 and for
asymmetric model B 0.0579. These Rp values suggest the symmetric model to be
the most likely one, although also an asymmetric model can be argued for, as
discussed below in § 2.4.5.

2.4.3 Influence of data resolution
The above-sketched problems to find the most probable conformation of
the molecule can be attributed mainly to the limited crystallinity of the materials
and their anomalous packing habit. The small and anisotropic crystallite sizes and
the size of the unit cell cause hkl-dependent peak broadening and severe overlap in
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the fingerprint area and, even when using high-resolution synchrotron radiation, the
materials do not diffract significantly beyond the fingerprint area (d spacings 3 - 6
Å). As a result, atomic resolution was not obtained in any case. In most cases the
data were collected up to atomic resolution and it may be argued that these data
should be included in the refinement, in spite of lacking significant diffraction
signal. After having carried out several refinement tests, the results refute this
hypothesis. For example, β1-POS was refined initially with diffraction data from
0.53 – 20 °2θ. The angle range was later extended by 10° to bring it in line with
those of the other samples and to test the influence of these higher-angle data that
lack significant diffraction signal. The extension hardly affected the refined crystal
structure and the sole effect was a reduction of the R values: Rp from 0.0668 to
0.0616, Rwp from 0.0821 to 0.0706 and GOF from 2.95 to 2.64%. Thus, inclusion
of high-angle diffraction data without any significant peak information does not
necessarily have a positive influence on the structure refinement, as may be
suggested by the lower R values.

2.4.4 The β1 polymorph crystal-structure models
Fig. 2.7 shows the conformation of β1-SOS and β1-SOA, which are representative
of symmetric and asymmetric β1-SatOSat’-type TAGs, respectively. The molecules
have the expected tuning fork conformation (Larsson, 1972; de Jong, et al., 1991;
Sato & Ueno, 2001). The least-squares lines through the different chains are
approximately in the same plane, making the molecular conformation flat. The
directions of the S1 and O2g chains are in line with each other. The orientations of
the planes of all the chains are perpendicular to the plane of the molecule. The
conformation of the symmetric and asymmetric molecules is the same and agrees
well with the model of β1-SOS proposed in literature (de Jong, et al., 1991; Sato &
Ueno, 2001). In going from POP to POS or from SOS to SOA the elongation of the
S3 chain is realized by just adding two C atoms resulting in a slightly longer b axis.
When viewed along the two short axes, the packing of the TAGs consists
of a sequence of six acyl-chain layers or, more precisely, of two sets of tri-acyl
chain layers, from now on referred to as ‘three-packs’, which are symmetry related
by inversion centres. Each ‘three-pack’ consists of an unsaturated zone, in which
O2 chains are packed parallel and side-by-side, i.e. sandwiched by zones (Fig. 2.8).
Interestingly, Filer et al. (1946) already proposed the existence of a six acyl-chain
packing with saturated and unsaturated chain zones and de Jong et al. (1991) even
argued P21/a to be a good candidate space group. The unsaturated bond geometry
is of the type skew-cis-skew’. The C9b=C10b double bonds of the O2 chains are
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Fig. 2.7: Conformation of β1-SOA and β1-SOS molecules.

aligned at distances of 4.5 – 5.0 Å, thus too large for an olefinic π-π interaction.
The acyl-chain layers are parallel to the a axis, i.e. perpendicular to the plane of
drawing in Figs. 2.8(a) and 2.8(b) and largely parallel to the lattice plane (0k2)
(Fig. 2.9) that corresponds to the strongest peak in the interval 23.9 - 24.5 °2θ (Fig.
2.3). The k index of this lattice plane varies with the length of the b axis. In a view
parallel to the (10) (Fig. 2.8c), the acyl zigzags are largely parallel to the (1k),
visible as the strongest peak in the interval 22.9 - 23.5 °2θ (Fig. 2.3) with the kindex again depending on the length of the b axis. A view parallel to (101) (Fig.
2.8d) emphasizes that the molecule planes are largely parallel to this lattice plane.
The (111) (not shown) is slightly tilted relative to the (101) plane and intersects the
molecule planes. The (111) and the (101) greatly overlap and form the strongest
fingerprint diffraction maximum (Fig. 2.2, 19.4 °2θ, Cu Kα1). The intensity of this
peak is dominated by the (111) plane.
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Fig. 2.8: Views down the a axis of (a) β1-POS and (b) β1-SOS. Views parallel to the (10)
and (101) of β1-SOS (c) and (d), respectively.

37

Fig. 2.9: The M║ subcells formed by saturated and by the oleoyl chains of β1-POP with
lattice plane markers.

With respect to the subcell and using the notation of Abrahamsson et al.
(1978) the S1 and S3 chains together form a M║ subcell, while the O2 chains form
a (different) M║ subcell (Fig. 2.9). A parallel chain packing has also been inferred
from FT-IR measurements (Yano et al., 1993) but monoclinic subcells contradict
the usual assumptions, T|| for the S-chains and T|| or O’║ for the O2 chains (Larsson,
1972; Yano et al., 1993).
Molecules of adjacent layers, and thus also the S1 and S3 chain planes of
adjacent layers, are not aligned. The methyl end-plane is not flat but terrace-like
(Figs. 2.8a and b). The terraces shown are not on the same level, as is suggested by
the projection, but shifted relative to each other perpendicular to the plane of the
molecules. The terraces in the symmetric MOM, POP and SOS are formed by the
S1 and S3 chains of the same molecule, whereas in POS and SOA the terraces are
formed by chains of different molecules. This difference in terrace is the
consequence of the longer S3 chain in the asymmetric molecules. The cocrystallized samples have the same terrace position as the symmetric molecules as
their conformation is based on the SOS model. The shortest chain distances
between the ‘three-packs’ at the methyl end-plane range from 3.8 to 5.1 Å for the
samples in this study. In these values the partial occupancy of the end atoms of the
S1 and S3 chains has been taken into account by omitting two C atoms at one side
of the distance. No clear relation seems to exist between chain lengths and
molecular (a-)symmetry.
In view of the resolution of the data, a detailed analysis of the glycerol
torsion angles has not been carried out.
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2.4.5 The relation between melting point and methyl end-plane packing
The melting point Tm is a function of the chain length but also of the
interaction between methyl groups at the methyl end-plane. The melting points of
the symmetric MOM, POP and SOS show a linear relation (Fig. 2.10). As the
methyl end-planes are equal, this relation reflects the difference in chain length. It
is likely that the co-crystallized cocoa butter samples have a partially occupied
methyl end-plane, because of the presence of TAGs with different saturated acylchain lengths. The partial occupation results in a Tm below the line through the
symmetric Tms. The Tms of the asymmetric POS and SOA are also below this line
but their crystal structures provide no evidence for any partial occupation at the
methyl end-planes and they differ from the symmetric TAGs only in the position of
the terraces at the methyl end-planes. De Jong et al. (1991) calculated lattice
energies for single layers of symmetric and asymmetric monounsaturated TAGs
and concluded that the addition of two C atoms essentially does not change the
terrace structure of the methyl interface, but that for entropy reasons the Tm level is
4 K beneath that of the symmetric samples. Arishima et al. (1991) suggested the
lowered Tm for POS to be due to racemic problems. Since all compounds in our
study are racemic mixtures, it seems unlikely that only the asymmetric ones would
show such problems. Schlenk (1965) crystallized racemic POS as well as the
antipodes and found the former to yield β crystals while the pure enantiomers
crystallize in the β' form but not in the β form. A comparison of the structures
provides an alternative explanation. The difference in the length of the b axis
between MOM and POP is 8.61 Å and between POP and SOS 8.59 Å, so an

Fig. 2.10: Melting point (Tm) in relation to the long spacing. Tm(asymmetric) is 4 K below
Tm(symmetric).
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extension of both the saturated chains with two C atoms increases the b axis on
average 8.6 Å. Between the asymmetric POS and SOA and the nearest symmetric
molecules there is only one saturated chain that differs two C atoms in length and a
b axis difference of 4.3 Å would have been in line with the behaviour of the
symmetric molecules. The real difference between the b axis of POP and POS is
4.66 Å and between SOS and SOA 4.75 Å. Thus, the b axis of the asymmetric
molecules is larger than may be expected on the basis of the behaviour of the
symmetric molecules. The SOS-POP (1:1) crystal structure contains two different
symmetric molecules but behaves like the asymmetric POS with an equal average
chain length, equal b axis and an almost equal Tm. The larger b axis suggests a
weaker interaction at the methyl interface and a corresponding lower melting point.
Because of this similarity, an asymmetric model for SOS-POP (1:1) seems more
likely than a symmetric one, in spite of the slightly lower Rp value. If this
hypothesis is correct, the difference in terrace (location) seems to be a key factor in
explaining the lower melting points of the asymmetric compounds. Unfortunately,
the resolution of all data is not sufficient to draw this conclusion.
The Ivory Coast sample was more difficult to crystallize in the β1 form than
the Bahia sample, probably because of their compositional difference, the most
prominent being Bahia’s 10% higher content of TAGs with 2 oleic chains (van
Malssen et al., 1996). However, no significant difference could be established
between the β1 crystal structures of the two cocoa butter samples within the
resolution of the HRPD data. The small differences in Tm and long spacing (b axis)
also suggest that the average β1 crystal structures differ only slightly in
composition.

2.5 Conclusions
The β1 polymorphs of Sat-O-Sat’ type TAGs and the equivalent β-VI form
of cocoa butter point out that high-resolution powder data can be sufficient for a
successful crystal-structure determination, even if the data are not of atomic
resolution. Based on the structure models and data, we were able to answer longstanding questions about the precise packing of the β1 polymorphs, to interpret the
characteristic fingerprint area in terms of the type of reflections involved and to
rationalize the difference in melting points between symmetric and asymmetric
TAGs.
Finally, the β1 models led us to re-analyze the published β2 model and the
data it is based upon, the results of which will be presented in Chapter 3 (van
Mechelen et al., 2006).
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2.8 Appendix

Rietveld refinement results of
β1-structures

Fig. 2.11: Rietveld refinement results: Observed (+), calculated (solid) and difference
(observed-calculated, lower curve) diffraction patterns of the refined β1-structure of MOM.
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Fig. 2.12: Rietveld refinement results: Observed (+), calculated (solid) and difference
(observed-calculated, lower curve) diffraction patterns of the refined β1-structure of POP.

Fig. 2.13: Rietveld refinement results: Observed (+), calculated (solid) and difference (observedcalculated, lower curve) diffraction patterns of the refined β1-structure of SOS-POP.
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Fig. 2.14: Rietveld refinement results: Observed (+), calculated (solid) and difference
(observed-calculated, lower curve) diffraction patterns of the refined β1-structure of SOS.

Fig. 2.15: Rietveld refinement results: Observed (+), calculated (solid) and difference
(observed-calculated, lower curve) diffraction patterns of the refined β1-structure of POS.
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Fig. 2.16: Rietveld refinement results: Observed (+), calculated (solid) and difference
(observed-calculated, lower curve) diffraction patterns of the refined β1-structure of SOA.

Fig. 2.17: Rietveld refinement results: Observed (+), calculated (solid) and difference
(observed- calculated, lower curve) diffraction patterns of the refined β-VI-structure of
Bahia cocoa butter.
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Fig. 2.18: Rietveld refinement results: Observed (+), calculated (solid) and difference
(observed-calculated, lower curve) diffraction patterns of the refined β-VI structure of Ivory
Coast cocoa butter.
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Chapter 3

Structures of mono-unsaturated
triacylglycerols
Part II
The β2 polymorph
based on Acta Cryst. (2006) B62, 1131-1138.
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3.1 Abstract
An improved crystal-structure model has been established for the β2
polymorph of the symmetric mono-unsaturated triacylglycerol 1,3-distearoyl-2oleoylglycerol (SOS) and the equivalent β-V polymorph of Ivory Coast cocoa
butter. In addition, the crystal structures of the β2 polymorphs are reported for the
triacylglycerols 1,3-dipalmitoyl-2-oleoylglycerol (POP) and 1-palmitoyl-2-oleoyl3-stearoylglycerol (POS), which are, together with SOS, the major components of
cocoa butter, and that of 1-stearoyl-2-oleoyl-3-arachidoylglycerol (SOA). The
existence of β2-POS and β2-SOA has not been previously reported in literature. All
structures have been solved from high-resolution laboratory or synchrotron powder
diffraction data with the direct-space parallel-tempering program FOX and refined
with the Rietveld module of GSAS. All compounds crystallize in similar
monoclinic unit cells (Cc) with very long b axes (> 127 Å). The oleic chains are
packed together and sandwiched in between saturated chain layers, forming acylchain ‘three-packs’. An analysis of the β2 polymorphs and β1 polymorphs (van
Mechelen et al., 2006). shows that they contain the same ‘three-packs’, and differ
only in the symmetry relation between the ‘three-packs’. The ‘three-pack’ build-up
provides an explanation of the mechanism of the phase transition that causes the
formation of fat bloom on dark chocolate.

3.2 Introduction
Polymorphic phase transitions of fats and their constituent triacylglycerols
(TAGs) in consumer products are generally unwanted because they lower the
quality. Chocolate, for example, contains cocoa butter that, with the common
industrial tempering process, usually crystallizes in the second highest melting
phase, the β2 phase or better known as β-V. Inevitably, a β2 → β1 phase transition
takes place in cocoa butter, commonly referred to as the β-V → β-VI transition that
brings forth fat bloom on the chocolate. It has been hypothesized that this and other
polymorphic phase transition processes involve (re-) packing of the long fatty-acid
acyl chains and/or layers. To establish the precise mechanism of such phase
transition processes, crystal-structure models are indispensable.
In the previous paper (Chapter 2; part I, van Mechelen et al., 2006), we
presented the crystal-structures of the β1 polymorph of several mono-unsaturated
TAGs and the (similar) β-VI polymorph of cocoa butter. All these models were
obtained using direct-space search techniques and high-resolution laboratory and
synchrotron powder diffraction data. The experience gained with the structure
determination and refinement of the β1 polymorphs led us to re-analyze an earlier
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reported structure determination of the β2 polymorph of SOS and the (similar) β-V
polymorph of Ivory Coast cocoa butter (Peschar et al., 2004). In this paper we
present a novel β2 crystal-structure model. Using high-resolution powder diffraction
data, we have been able to solve the β2 polymorph structures of 1,3-dipalmitoyl-2oleoylglycerol (POP), 1,3-distearoyl-2-oleoylglycerol (SOS) and the β-V
polymorph of Ivory Coast cocoa butter. We also solved the β2 polymorph crystal
structures of 1-palmitoyl-2-oleoyl-3-stearoylglycerol (POS) and 1-stearoyl-2oleoyl-3-arachidoylglycerol (SOA). To our knowledge, the latter two are novel
polymorphs whose existence has not been previously reported in literature. The
novel β2 structural model will be discussed in relation to the model of the β1
polymorphs and provide an explanation of the mechanism of the phase transition
that causes the formation of fat bloom on dark chocolate.

3.3 Experimental Methods
3.3.1 Samples, sample preparation and data collection
Samples of POP, SOS and POS (purity ∼ 97.6%) and SOA (purity
∼ 97.7%) were obtained from Unilever Research Laboratories (Vlaardingen, The
Netherlands) and Unilever R&D Colworth (Sharnbrook, England). Ivory Coast
cocoa butter was obtained from ADM (Koog a/d Zaan, The Netherlands). The
materials used for this publication (all racemic mixtures) are from the same batches
that were used for the β1 polymorphs presented in Part I (Chapter 2; van Mechelen
et al., 2006). Samples of POP, SOS and POS, at delivery in their β1 polymorphs,
were put in glass capillaries and carefully heated up to their melting points. After
melting all solid material (established visually), the melt was cooled to 296 K to
grow the β2 polymorph. The Ivory Coast cocoa butter was treated in the same way
to obtain a pure β2 polymorph. The SOA sample was originally delivered as β1
polymorph. To our surprise, after a couple of years of storage in the laboratory
(most of the time in the refrigerator at 283 K), it turned out to be in the β2 phase.
The β2-SOA powder was put in a glass capillary for data collection.
β2-POS was crystallized with the same treatment used for the growth of
other β2 polymorphs. The original powder, a pure β1 polymorph, was heated to just
above the melting point at 313 K and subsequently cooled down to 296 K, at which
temperature the β2 polymorph readily crystallized. When stored at 295 K the β2
polymorph converts at least partly to β1 over several months. To explain the
unexpected crystallization of this novel β2-POS polymorph additional melt and
crystallization experiments were carried out.
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All samples were checked for the coexistence of more than one polymorph
on the in-house X’pert Pro-alpha1 diffractometer (PANalytical, Almelo, The
Netherlands) before carrying out a full data collection. The β2-POS sample was
measured at the high-resolution powder station of beam line BM01b at the ESRF
(Grenoble, France). For β2-POP and β-V Ivory Coast data was collected at the
high-resolution powder station ID31 at the ESRF (Grenoble, France). The β2-SOS
and β2-SOA samples were measured on the in-house X’pert Pro-alpha1
diffractometer. This diffractometer was equipped with a sealed Cu X-ray tube, 0.01
rad primary and secondary Soller slits and a hybrid monochromator that produces a
parallel Cu Kα1 X-ray beam. The X’celerator strip detector was used at its
maximum active length of 2.17 °2θ. Data collection conditions for each of the
samples are given in Table 3.1. The capillaries were spinned in all cases. The
continuous scans were binned with a step size of 0.005 °2θ for the BM01b and
ID31 data and a step size of 0.008 °2θ for the X’pert Pro-alpha1 data.
Some of the samples appeared to have a small impurity line from unknown
origin between the first and the second reflection. This peak has been excluded
from the refinement in all cases (see Table 3.1).
Melting points have been determined with a Linkam DSC600 (Linkam
Scientific Instruments Ltd, Tadworth, United Kingdom). Samples were heated at 2
K min-1. The melting points given in Table 3.1 are the temperatures at which the
melting peaks are at maximum. The DSC traces showed no evidence for the
coexistence of more than one phase.

3.3.2 Indexing, model building, structure determination and refinement
The indexing of powder diffraction patterns of mono-unsaturated TAGs is
a complicated process, as already explained in our publication (Chapter 2; Part I,
van Mechelen et al., 2006) about the β1 structures of SatOSat’-type compounds.
For the β2 polymorphs in the present publication we did not start the indexing from
scratch, but used the unit cells of the corresponding β1 structures instead. With help
of the program Chekcell (Laugier & Bochu, 2001), in all cases good indexing was
found by alternate coupling of the appropriate Miller indices to peak position
markers in the observed diffraction pattern and unit cell refinement. The most
probable space group (Cc) was found with the help of the structure-solution
program FOX (Favre-Nicolin & Černý, 2002) in the following way. The
asymmetric unit (Z-matrix description) of a TAG β1 structure was put into the
refined β2 unit cell and powder patterns were subsequently calculated for various
monoclinic space groups with a fourfold general position, and compared with the
experimental β2 data.
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The model has been optimized in Cc with the parallel tempering mode of
Fox and a Z-matrix description of the molecule. The same settings of degrees of
freedom were used as in the structure solution of the β1 structures, i.e. rotation and
translation of the molecule and gradual inclusion of torsion-angle flexibility at the
glycerol group.
The Rietveld structure refinement was carried out with the program GSAS
(Larson & Von Dreele, 1987) and the refinement strategy was essentially the same
as for the β1 structures, including the application of soft distance, angle and planar
restraints, and rigid bodies. In the model for the Ivory Coast cocoa butter the
occupancy of the last two C atoms of the saturated chains was fixed at 0.5, in view
of the experience with occupancy refinement of the cocoa butter β1 models. The

Table 3.1: Experimental and structural details of β2-structures

Chem. form.
Mr
Cell setting
space group
Tdata coll. (K)
a, b, c (Å)

β (°)

V (Å3)
Z
Dx (Mg m–3)
Tm (K)
Radiation type
Specimen form,
colour
Specimen size
(mm)
Diffractometer
2θ range (°)
R factors and
goodness of fit

λ(Å)
Excl. region(s)
No. of param.

β2-POP
C53H100O6
833.38
Monoclinic
Cc
280
5.447 (1),
121.62 (2),
8.220 (1)
88.78 (1)
5444.1 (2)
4
1.017
310
Synchrotron
Cylinder:
solid fat,
white

β2-SOS
C57H108O6
889.48
Monoclinic
Cc
298
5.440 (1),
130.305 (1),
8.221 (1)
88.75 (1)
5825.8 (4)
4
1.014
317
Cu Kα1
Cylinder:
solid fat,
white

β2-POS
C55H104O6
861.43
Monoclinic
Cc
250
5.424 (1),
126.53 (2),
8.121 (2)
88.51 (2)
5571.5 (6)
4
1.027
308
synchrotron
Cylinder:
solid fat,
white

β2-SOA
C59H112O6
917.54
Monoclinic
Cc
298
5.4385 (1),
135.29 (1),
8.213 (2)
88.64 (2)
6040.1 (11)
4
1.015
315
Cu Kα1
Cylinder:
powder,
white

5×1×1

12 × 1 × 1

20 × 1 × 1

12 × 0.7 × 0.7

β-V Ivory
C54.96H104O6
861.38
Monoclinic
Cc
280
5.442 (1),
127.64 (1),
8.214 (2)
88.69 (9)
5704.0 (4)
4
0.997
305
synchrotron
Cylinder:
solid fat,
yellowish
white
5×1×1

ESRF ID31
0.50 - 58.0
Rp = 0.067
Rwp = 0.099
Rexp = 0.024
S = 4.37
1.24993
No
505

X'pertPro-a1
0.52 - 60.0
Rp = 0.038
Rwp = 0.058
Rexp = 0.016
S = 3.86
1.54059
1.56-1.864
550

ESRF BM01b
0.136 - 30.48
Rp = 0.079
Rwp = 0.086
Rexp = 0.018
S = 5.07
0.79948
0.985-1.075
525

X'pertPro-a1
0.79 - 50.0
Rp = 0.063
Rwp = 0.085
Rexp = 0.032
S = 2.70
1.54059
0.65-0.685
561

ESRF ID31
0.50 - 57.96
Rp = 0.056
Rwp = 0.065
Rexp = 0.021
S = 3.15
1.24993
1.36-1.8
548
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Fig. 3.1: Chemical structure diagram of SatOSat’-type TAGs. The structural subscripts m
and n (=16, 18, 20) label the acyl chain lengths while the S1, S3g, S3m, O2g, and O2m
label the saturated acyl chain and the acyl-chain parts. The subscripts g and m denote
glycerol side and methyl side, respectively.

experimental details for all compounds are listed in Table 3.1. A schematic
drawing of the TAG molecules with atom and chain labeling is given in Fig. 3.1.
Preferred orientation (PO) was corrected for by the March–Dollase function
(March, 1932; Dollase, 1986) for β-V Ivory Coast (axis: [010] ratio = 1.04
correction range: min = 0.87, max = 1.07). For the other samples no significant PO
was found. The final results of the refinements are shown in Figs. 3.8 –3.12 (see
§ 3.9 appendix).

3.4 Results and discussion
3.4.1 Data collection
Fig. 3.2 gives an overview of the experimental diffraction patterns of all
samples, with the 2θ-scale being converted to the same scale (2θ, Cu Kα1) and
ordered from top to bottom with increasing length of the b axis. As for the β1
structures, the low-angle parts of the diffraction patterns (2θ < 10°, Cu Kα1
radiation) are dominated by the (0k0) reflections and are quite similar.
The synchrotron pattern upon which the P β2-SOS structural model
(Peschar et al., 2004) is based has also been included in Fig. 3.2. In spite of its
overall good quality, it has been established that the beam-stop partly shielded off
the intensity of the (010) and (020) reflections (for the cell listed in Table 3.1).
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Fig. 3.2: Overview of β2 diffraction patterns with 2θ-scale converted to Cu Kα1 radiation.
The bottom pattern was used for the structure determination of the P model (Peschar et al.,
2004).

Although at that time this problem was recognized and did not seem to influence
the model seriously, our recent experience with solving β2 (this Chapter) and β1
polymorphs (Chapter 2; van Mechelen et al., 2006)) has led to the opinion that
correct low-angle intensities are essential to obtain the most realistic structural
model.
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Fig. 3.3 zooms in on a part of the fingerprint area of Fig. 3.2 and the
reflections have been marked with their Miller indices. The reflections shift to
lower angles with increasing length of the b axis and also change in relative
intensity. This effect is most clearly visible for the two outermost reflections: with
increasing length of the b axis the intensity of the (, 13, 1) gradually disappears,
while that of the (0, 16, 2) reflection increases. This effect can be attributed to a
change in orientation of the chain layers relative to the crystal planes as a function
of the length of the b axis.

Fig. 3.3: Higher-angle part of Fig. 3.2 showing the differences between the β2-patterns.
(1,k,) peaks are labelled (k) and (0,k,2) peaks are labelled k

3.4.2 Anisotropic cell-parameter contraction.
Besides the room temperature data of β2-SOS, a data set collected at 115 K
at station BM01b was also available. Unfortunately, this sample appeared to
contain too much of the β1 polymorph to be useful for structure refinement, but it
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was still possible to extract the β2 unit-cell dimensions. A comparison of the unitcell parameters of both data sets (Table 3.2) reveals an anisotropic contraction as
the temperature is lowered with the second shortest (c) axis being influenced the
most. This anisotropic behaviour is also the reason for the relatively small c axis of
β2-POS (Table 3.1) as these data were collected at a temperature which was 40 K
lower than that of the other four samples. This difference in temperature hampers
the comparison of the cell dimensions within the series.
Table 3.2: Indexed unit-cell parameters of β2-SOS
Literature†

Literature‡

Indexed§

Indexed§

Indexed§

Indexed§

Station

BM01b

Calculated

BM01b

BM01b

X’pert

BM01b

Tdata coll. [K]

273

-

273

273

298

115

a [Å]

5.462

5.462

5.46

5.455

5.45

5.44

b[Å]

65.36

130.62

65.50

130.78

130.35

130.22

c [Å]

8.211

8.211

8.20

8.215

8.225

8.03

α [°]

89.72

89.77

89.75

90

90

90

β[°]

88.83

88.83

88.80

88.75

88.85

88.08

87.78

90.17

87.75

90

90

90

V [Å ]

2928.4

5856.7

2930.

5859.

5826.

5685.

M20

13

22

20

21

15

γ[°]
3

† Cell parameters of refined model from Peschar et al. (2004)
‡ Transformed from † using a’ = a , b’ = -a +2 b , c’ = c
§ This work, indexed with program LSQDETC (see Part I, van Mechelen et al., 2006)

3.4.3 The novel β2–POS and β2–SOA polymorphs.

The occurrence of the novel β2–POS polymorph is attributed to the
presence of small amount of a high-melting crystalline phase in the original POS
batch that probably acts as a seeding template for β2 crystallization. Additional
experiments revealed that if the POS sample is heated above 321 K, the β2
polymorph no longer crystallizes. A possible explanation is that beyond this
temperature the crystal lattice of the high-melting seeding phase is destroyed after
which it remains dissolved in the POS liquid and does not crystallize as a separate
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seeding phase. Fatty-acid methyl ester analyses showed the POS sample to contain
0.1% of a fully saturated C20 chain and HPLC indicated the presence of 0.3% of a
C58 compound. In view of this, the most likely candidate is β1–AOA (C58) that
has a Tm = 321 K (Koyano et al., 1990) although this also implies that β1 seeds can
instigate β2 crystallization. The seeding effect of the addition of a few tenths of a
percent of a Sat-O-Sat type TAG to chocolate is well known (Koyano et al., 1990).
The unexpected conversion of the SOA powder from the β1 polymorph into
the β2 polymorph was a very slow process. The complete conversion took ∼ 5
years. Attempts to obtain the β1 polymorph by tempering the β2 polymorph failed
and crystallization from an acetone solution at room temperature only produced the
β2 polymorph. The surprising β2 preference of this SOA sample may be related to
the lower-melting polymorphs by impurities, as has been reported before
(Lovegren et al., 1976; Lovegren & Gray, 1978). More experimental work is
needed to verify this hypothesis.

3.4.4 Indexing, structure determination and refinement of the β2 polymorphs.

Surprisingly, for all β2 samples discussed in this paper, the powder patterns
calculated with the β2 cells and β1 coordinates showed a remarkable similarity with
the observed β2 patterns in case of in space group Cc but not in other monoclinic
space groups with Z = 4 and a single molecule in the asymmetric unit. Since the
complete intensity patterns were well covered by the calculated reflection positions
and complied with the space-group extinctions of Cc, this space group was taken as
the most likely candidate. The similarity of the unit cells and the single molecule in
the asymmetric unit in both cases suggest a close relationship between the β1 and β2
structures.
If the triclinic unit cell of the P β2-SOS structure is transformed to a cell
that is twice as large with b’= -a + 2b, an almost monoclinic cell is obtained with
dimensions that are very close to those of the refined monoclinic cell of β2-SOS
(Table 3.2), taking into account that the temperatures at data collection differed 30
K. Before the monoclinic β1 cells with the double-length b axis had been found,
this type of solution had not been considered for the β2 –SOS and β-V cocoa butter
polymorphs, in particular because the indexing figure of merit, M20, is better for the
P solution (Table 3.2). It should be noted that the unit-cell parameters of the
refined structure (Table 3.1) differ somewhat from the original values obtained in
the indexing process (Table 3.2) and the M20 indexing figure of merit is also lower
for cell parameters of the refined structure. The reason is that in the current version
of GSAS the asymmetry of the peaks can be fitted satisfactorily only if changes in
the unit-cell parameters are allowed for.
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A second reason why the new β2 model is more plausible is that the
preferred orientation in the P model was assumed to be present at the stage of
model finding with FOX with [111] as PO direction. Although at other occasions
such an assumption has been successful, it seems that this assumed PO
compensated for the too low intensity of the (111) peak in the P structural model
and hid its imperfections.

3.5 The novel β2 polymorph crystal-structure model
3.5.1 Conformation of TAGs
The conformation of the TAG molecules in the β2 (and β-V) crystal
structures is identical to that of the β1 polymorphs, and to that in the previous P
model: a flat conformation, parallel S1 and S3 chains with a gauche bend in S3 and
a skew-cis-skew’ geometry at the double bond in the O2 chain. More details can be
found in part I (Chapter 2; van Mechelen et al., 2006) and in Fig. 3.4, in which
Ivory Coast β-V is given as an example. These conformational characteristics are
in full agreement with other physical data in literature. From FT-Raman carbonyl

Fig. 3.4: Conformation of the β-V Ivory Coast average molecule.
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stretching data, Sprunt et al. (2000) inferred that two of the three carbonyl groups
in β1-SOS as well as β2-SOS should be in a trans conformation and one in a gauche
conformation. The carbonyl conformations in our β1 and β2 structures are in line
with the findings of Sprunt et al. (2000) .The skew-cis-skew’ conformation at the
C=C bond has also been suggested by Yano et al. (1993) for both β polymorphs
based on FT-IR results. Just like in the β1 polymorphs there is no significant
difference between the β2 conformations of symmetric and asymmetric TAGs.
In view of the resolution of the data, a detailed analysis of the glycerol
torsion angles has not been carried out.

3.5.2 Built-up and stacking of ‘three packs’
As in the β1 polymorphs (space group P21/n), in space group Cc of the β2polymorphs the same two symmetry operators (x, y ,z) and (x + ,  + , z + ) define
a ‘three-pack’ that consists of an unsaturated zone which is sandwiched by two
saturated ones (Fig. 3.5). Within the resolution of the data, the β1 and the β2
polymorphs have an identical molecular conformation and ‘three-pack’ built-up.
The sole difference between the β1 and the β2 crystal-structural models resides in
the different stacking of neighbouring ‘three-packs’: in β1 they are related by
inversion centers while in the β2 polymorph they are related by the Cc latticecentering operator (½, ½, 0). The saturated chains of adjacent ‘three-packs’ in the
β2 polymorphs are inclined towards each other and form a terrace-type methyl endplane (Fig. 3.5a). The flat molecules are packed in layers and the layers of
molecules of adjacent ‘three-packs’ are shifted relative to each other (Fig. 3.5c). De
Jong et al. (1991) already speculated about the existence of a simple layer-stacking
difference between β1 and β2, although they believed that only single-crystal
diffraction could give an answer.

3.5.3 Subcell
When the ‘three-packs’ are cut in half at the C9b=C10b bond, a view
parallel to the chain direction (Fig. 3.6) shows a good alignment of the S and O
chains that together form a M║-subcell. This subcell differs from subcells proposed
for the S and O chains in literature (Sato et al.,1989). Yano et al. (1993) judged the
FT-IR data of β2–SOS to be inconclusive regarding the subcell structure and
attributed this to an incomplete degree of polarization of the β2–SOS crystal.
Inhomogeneity of β2, also mentioned by Yano et al .(1993) but assumed by them to
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Fig. 3.5: Packing of β2-POS. (a) view down the a axis showing the (0 16 2) layers, (b) view
parallel to (01) showing the ( 17 1) layers and (c) view parallel to (101) showing the
shifted molecule layers.

be less plausible, seems to be a more likely explanation than incomplete
polarization. The reflections in the fingerprint area of the β2 TAGs are always
broader than those of the β1, thus complying with an enhanced crystallinity of the
latter.

3.5.4 Fingerprint area interpretation
The directions of the main crystal planes in the view parallel to the chain
direction (Fig. 3.6) have been marked with their Miller indices and correspond to
reflections in the enlarged fingerprint area (Fig. 3.5), except the (101). The position
of this latter plane (Fig. 3.6) is in between the layers of molecules and coincides
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with the b axis in Fig. 3.5. The (111) plane that causes the β characteristically
dominant diffraction maximum in the fingerprint area (Fig. 3.2, 19.5 °2θ) is
slightly tilted relative to (101) and cuts the shifted molecular layers of two adjacent
‘three-packs’. Views along the a axis and parallel to the (01) (Figs. 3.5a and b)
show the layered packing of the individual acyl chains along the same directions as
in marked Fig. 3.6. The fingerprint area contains two classes of reflections, the
(0k2) with k = 14 - 20 and the (k1) with an odd k ranging from 13 to 21 (Fig. 3.3).
Both types of lattice planes are slightly inclined towards each other and their
intensity fades away when the lattice plane direction deviates more from the chain
direction.

Fig. 3.6: View parallel to the chain direction of half a POS ‘three-pack’ layer cut at the
double bond zone. The O and S chains are well aligned and form a M║ subcell.

3.5.5 Methyl end-plane packing and melting points
The methyl end-planes in the β1 and β2 structures are essentially the same,
though the interaction at the end-plane between the adjacent ‘three-packs’ is
different owing to the parallel (β1) and inclined (β2) orientation of the S chains,
respectively. This difference complies with polarized-microprobe FT-IR results of
β1 and β2 SOS (Yano et al.,1993). In β1-SOS the υas (CH3) stretching showed a
strong and sharp polarization-dependent peak whereas in β2-SOS this peak was
broader and less polarization-dependent.
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In view of the identical molecular TAG conformation and ‘three-pack’
built-up in the β1 and β2 polymorphs, the lower melting points of the β2 polymorph
can only be explained by stacking differences and/or reduced van der Waals
interactions at the methyl end-plane. For example, in case of the monoacid
saturated TAGs, the lower melting points of the odd-numbered series members
could be explained by a less dense packing at the methyl end-plane, as exemplified
by their relative larger occupiable volume (= volume large enough to fit an atomic
probe) (van Langevelde et al.,2001; Helmholdt et al., 2002). However, calculation
of the occupiable volume at the methyl end-plane with the program Cerius2
(Molecular Simulations Inc., 2000) using a probe of 1.6 Å and atomic van der
Waals radii for the β1 polymorphs (Chapter 2; van Mechelen et al., 2006) and β2
polymorphs (this paper) of POP, SOS, POS and SOA did not result in significantly
different volumes, although the lack of atomic resolution prevents us from drawing
further conclusions from this observation.
An analysis of the results shows that a reduction of the melting point is
accompanied by an enlargement of the longest (observable) d spacing. This
observation holds for:
I. the odd-numbered monoacid saturated TAGs versus the even-numbered
ones,
II. the monounsaturated β2 polymorphs discussed in this paper versus the β1
polymorphs from Part I (van Mechelen et al., 2006) and
III. the asymmetric monounsaturated β1 TAGs versus the symmetric ones (both
see Part I).
It seems likely that the enhancement of the longest d spacing corresponds to a
reduced interaction at the methyl end-plane, although this can not be traced to
specific enhanced contact distances. The reason is the limited resolution of the data
that, just like in the β1 models, causes a poorly defined parallelism of the zigzag
acyl-chain planes S1, S3 and O2g as well as a poorly defined total length of the
chains.

3.5.6 The β2 to β1 phase transition
To transform a β2 structure into a β1 structure half of the ‘three-packs’
have to be 'flipped over' along a line parallel to the b axis and in this transformation
the inclined acyl-chain interface between the ‘three-packs’ in β2 has to change into
the parallel interface found in β1, which is energetically favourable. This 'flip over'
does not seem easily realized in the solid state but it is imaginable that liquidized
top layers of β2 crystallites can undergo such a transition after which they may
serve as β1 seeds. In this way, it is comprehensible that cycles of slightly heating
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and cooling promotes the β2 to β1 transition. This mechanism also complies with
the results of re-crystallization experiments with cocoa butter (van Langevelde et
al., 2001): when β-VI is melted just a few degrees above its melting point and
subsequently cooled, it re-crystallizes (fast) as β-VI. If the melting temperature is
increased a few degrees more, upon cooling β-V re-crystallizes, though much
slower than the β-VI. Melting beyond the so-called memory-point temperature
does not yield any β crystallization upon cooling but only β' or lower melting
polymorphs, depending on the crystallization temperature. Apparently, up to the
memory point, the ‘three-pack’ structure remains intact (dispersed) in the liquid
state but beyond this point the ‘three-pack’ structures disintegrate. This mechanism
is also consistent with seeding the liquid with a few tenths of a percent of a solid
Sat-O-Sat’ type TAG (containing ‘three-packs’) at a temperature below the
memory disappearance point upon which the seeds 'restore' the original phase
(Koyano et al., 1990).
The occurrence of fat bloom on dark chocolate that accompanies the β-V to
β-VI phase transition can now be understood in terms of ‘three-pack’ structure
migration and crystallization. At the rupture surface of a bloomed piece of dark

Fig. 3.7: Light microscope image of the rupture surface of bloomed dark chocolate.
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chocolate, fat bloom is visible as a thin white layer. Using a light microscope the
fat bloom is visible as a layer that locks the dark particles that color the bulk
material (Fig. 3.7). A possible explanation is that the cocoa butter ‘three-packs’
migrate to the surface and (re-)crystallize as β-VI while the colouring particles do
not migrate. A migration that is enabled by the liquid state and is stimulated by a
tempering process (cyclic heating and cooling) is also in line with analyses of fat
bloom on dark non-bloomed chocolate that showed similar to slightly enhanced
levels of POP, POS and SOS (Lonchampt & Hartel, 2004, and references therein),
the principal components of the ‘three-packs’.

3.6 Conclusions
The structure determination results of the β2 polymorphs and the
previously solved β1 polymorphs point out that structural imperfections are easily
masked when data lack atomic resolution or when incorrect assumptions are made
with respect to physical parameters. The option to model the presence of preferred
orientation can be useful but, apparently, has to be applied very carefully. In
retrospect, even if the monoclinic cells would have been available at the time for
β2-SOS and β-V cocoa butter, it is unlikely that the current model would have been
found. Essentially the same problems would have been encountered as during the
structure determination of the β1 polymorphs, which was not possible without
human interference.
The ‘three-pack’ built-up of both the β2 and β1 polymorphs provides a
simple explanation for the β2 to β1 phase transition and (re-)crystallization
experiments of cocoa butter. Also, the occurrence of fat bloom can be understood
as resulting from ‘three-pack’ migration to the surface. In this respect, the
discovery of the novel β2 polymorphs of POS and SOA is of interest since their
crystallization seems attributable to the presence of ‘three-packs’ of highermelting TAGs that act as templating seeds.
The enlargement of the longest axis seems related to a reduction of the
melting point. A reduced interaction at the methyl end-plane seems likely, but
could not be attributed unequivocally to specific increased interatomic contact
distances because of the resolution of the data.
Based on the indexed β2 and β1 patterns, it could be established which
reflections are responsible for the β-characteristic diffraction maxima in the
fingerprint area. As the unit-cell parameters change anisotropically as function of
temperature, with the middle axis changing the most, and the peak positions also
dependent on the chain length, the fingerprint area can only be interpreted
completely if a reliable indexing is available.
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3.9 Appendix

Rietveld refinement results of
β2 structures

Fig.
3.8: Rietveld refinement results: Measured (+), calculated (solid) diffraction traces and the
difference trace (lower curve) of the refined β2-structure of POP.
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.
Fig. 3.9: Rietveld refinement results: Measured (+), calculated (solid) diffraction traces and
the difference trace (lower curve) of the refined β2-structure of SOS.

Fig. 3.10: Rietveld refinement results: Measured (+), calculated (solid) diffraction traces
and the difference trace (lower curve) of the refined β2-structure of POS.
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Fig. 3.11: Rietveld refinement results. Measured (+), calculated (solid) diffraction traces
and the difference trace (lower curve) of the refined β2-structure of SOA.

Fig. 3.12: Rietveld refinement results: Measured (+), calculated (solid) diffraction traces
and the difference trace (lower curve) of the refined β-V structure of Ivory Coast cocoa
butter.
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Chapter 4

Structures of mono-unsaturated
triacylglycerols
Part III

The β-2 polymorphs of transmono-unsaturated triacylglycerols
and related fully saturated
triacylglycerols
based on Acta Cryst. (2008) B64, 240-248.
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4.1 Abstract
The β-2 crystal structures of a series of saturated and trans-monounsaturated triacylglycerols (TAGs) have been solved from high-resolution powder
synchrotron diffraction data. The series comprises symmetric as well as
asymmetric even-numbered TAGs and the trans-mono-unsaturated ones all have a
single elaidoyl chain. The structures have been solved with the direct-space
parallel-tempering program FOX and refined with the Rietveld program GSAS. The
β-2 structures all crystallized in space group P with the same molecular
conformation. Within the resolution of the data no significant difference in packing
or conformation is observed between trans-mono-unsaturated TAGs and saturated
(stearoyl or palmitoyl) chain-containing analogues, in spite of the lower melting
points of the former. An analysis of the position of the stepped methyl end-plane in
the various subgroups of TAGs confirms most but not all suppositions found in
literature.

4.2 Introduction
Natural fats and oils are mixtures of a large variety of triacylglycerols
(TAGs), esterifications of glycerol with long-chain fatty acids. These fats and oils
as well as the TAGs exhibit a complex temperature-dependent polymorphism,
characterized by a set of crystallization and melting trajectories that are related to
the principal types of acyl-chain packing modes, commonly denoted as the α, the β'
and the β polymorph(s).
For application in food products such margarines, shortenings etc., natural
oils are usually too highly unsaturated and too liable to oxidation. Nowadays,
several industrial processes exist that can reduce the degree of unsaturation, and
thus enhance the melting point, consistency and resistance to oxidation. One of
these processes is hydrogenation, a technique that unfortunately also leads to
isomerization of the mono-unsaturated cis oleic acid (cis-9-octadecenoic acid; O)
into its trans isomer elaidic acid (trans-9-octadecenoic acid; Ea; C18:1(trans-9)).
The presence of the elaidoyl chain, one of the major trans fatty-acid chains, is
suspected of increasing potential health risks because it resembles the stearoyl
chain (S; C18:0). For example, when incorporated in membrane lipids elaidoyl
chains can replace saturated chains and change the physico-chemical properties of
biological membranes (Björkbom et al., 2007).

a

The carbon chain lengths are represented by the acronyms S: C18, P: C16, M: C14, L: C12, and E:
C18:1(trans-9).
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The β-2 form is the most stable polymorph of many saturated TAGs,
amongst others the monoacid (n n n) class of TAGs and the classes (n n n+2) and
(n n+2 n+2) (Hagemann, 1988). The monoacid (n n n) class of TAGs has been
studied in most detail, using single-crystal data (n = 10 Jensen & Mabis, 1966; n =
12 Larsson, 1965; Gibon et al., 1984; n = 16 van Langevelde et al., 1999) as well
as high-resolution synchrotron powder diffraction (HR-SPD) data (n = 14, 18 van
Langevelde et al., 2001a; n = 13 van Langevelde et al., 2001b; n = 15, 17, 19
Helmholdt et al., 2002) and confirmed earlier postulations of the packing of this
type of polymorph (Lutton, 1971, 1972; de Jong & van Soest, 1978). The singlecrystal packing of the (n n n) analogue EEE (Culot et al., 2000), is also in
accordance with this result.
Although packing models of saturated mixed-acid TAGs have been
proposed (Lutton, 1971, 1972; de Jong & van Soest, 1978) and a structural study of
E-chain containing TAGs has been carried out (Elisabettini et al., 1998), the
precise influence of replacement of the saturated S-chain by an E-chain on their
physical properties and packing are still not known.
Using HR-SPD data and the direct-space search program FOX, we
obtained β-2 crystal structure models of a set of TAGs from the above-mentioned
classes and their E-containing analogues. From the class (n n n) 1,3-distearoyl-2elaidoylglycerol (SES) and 1,2-distearoyl-3-elaidoylglycerol (SSE), from the class
(n n n+2) the 1,2-dipalmitoyl-3-stearoylglycerol (PPS), 1,2-dipalmitoyl-3elaidoylglycerol (PPE), 1,2-dimyristoyl-3-palmitoylglycerol (MMP) and 1,2dilauroyl-3-myristoylglycerol (LLM), and from the class (n n+2 n+2) 1-palmitoyl2, 3-distearoylglycerol (PSS) and 1-lauroyl-2, 3-dimyristoylglycerol (LMM), Also,
β-2 crystal structure models have been obtained for the β'-stable 1,3-dipalmitoyl-2elaidoylglycerol (PEP) and 1,3-dipalmitoyl-2-stearoylglycerol (PSP).
The methyl end-planes in the various subgroups of TAGs are analyzed in
relation to the observed melting points Tm. In the next chapter the β-2 crystal
structure models will be compared with crystal structure models of the β'
polymorphs of these and similar type of TAGs (van Mechelen et al., 2008).

4.3 Experimental
4.3.1 Samples, sample preparation and data collection
Samples of PEP, PPE, SES, SSE, LMM and LLM were obtained from
Larodan Fine Chemicals AB (Malmö, Sweden), those of PSP, PPS, PSS and MMP
were obtained from Unilever Research Laboratories (Vlaardingen, The
Netherlands). All samples were delivered as powders and then placed into glass
capillaries. X-ray powder diffraction established all samples to be in the β-2 phase.
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The samples of LMM and PSS appeared to contain a small fraction of a β'
polymorph but annealing LMM at 318 K and PSS at 336 K was effective at
removing this. PSP, as well as PEP, are β' stable (Lutton, 1972; Elisabettini et al.,
1998) and the β-2 polymorph is difficult to obtain. Methods used to obtain the β-2
phase of these particular samples could not be retrieved, but it is probably via
crystallization from a solvent (Lutton & Hugenberg, 1960; Lutton, 1972).
HR-SPD data collection has been carried out at beamlines BM16 (PSP),
BM01b (LLM, MMP, PEP, PPE, PSS, SES, SSE) and ID31 (LMM, PPS) at the
ESRF (Grenoble, France). Non-ambient temperatures were controlled by an
Oxford Instruments Cryostream (Abingdon, England). At ID31 the cryostream was
mounted horizontally to limit the temperature gradient along the capillary sample.
At BM01b it was mounted with the gas-flow perpendicularly to the capillary. The
diameter (5 mm.) of the cryogenic gas flow at BM01b limited the temperaturecontrolled length of the capillary to 4 mm. The continuous scans were binned with
a step size of 0.005 °2θ.
Melting points have been determined by time-resolved and temperaturecontrolled laboratory X-ray powder diffraction (XRPD) using a PANalytical
X'pertPro MPD diffractometer equipped with a sealed Cu X-ray tube, a primary
elliptical mirror, an X’Celerator strip detector, 0.01 rad primary and secondary
Soller slits and a horizontally mounted Cryostream Compact (Oxford Instruments)
to control the temperature of the capillary. An X-ray transparent cylindrical
polymer foil guided the gas flow along the capillary to ensure a constant
temperature along the irradiated part of the capillary. Samples were heated with 0.5
K min-1 and the changes in the diffraction pattern were monitored continuously in 1
min scans from 0.5-30 °2θ with a step size of 0.016 °2θ. In all experiments
capillaries were spun continuously.

4.3.2 Indexing, model building, structure determination and refinement
The indexing of powder patterns of TAGs is complicated by dominantzone problems and severe peak overlap, as already explained in a previous
publication (van Mechelen et al., 2006a). The program McMaille (Le Bail, 2004)
was used to index the diffraction patterns. The indexing was successful only after
having limited the search space by applying restrictions to the allowed cell volume
and axes lengths. The program Chekcell (Laugier & Bochu, 2001) was used to
select and refine promising cells out of a list of proposed solutions produced by
McMaille. The β-2 structures presented in this study were all indexed as being
triclinic and the structures were solved in space group P with the program FOX
(Favre-Nicolin & Černý, 2002) in a parallel tempering mode. A molecule can be
decoded in FOX in two ways: as a molecule, comprising a list of atoms related to
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each other by bond distances and bond angles, or as a Z matrix (Favre-Nicolin &
Černý, 2002). The structure-solution process converges faster with a molecule
description than with a Z-matrix description. However, manual intervention in
structure-solution processes is much easier to achieve with a Z matrix b. Since the
number of resolved intensities in the diffraction pattern is small compared to the
number of structural parameters, the generation of unrealistic molecular
conformations by the structure-solution program cannot be avoided completely. If
a Z-matrix description of the molecule is used, an unacceptable molecular
conformation can easily be rearranged into a more acceptable one by just
modifying the torsion angles. The slower Z-matrix approach is the preferable
choice for solving crystal structures of TAGs from powder diffraction data, at least
in the early stages of the structure-solution process.
The TAGs discussed in this paper all crystallize in a chair-shaped
conformation (Fig. 4.1). To distinguish between the various TAG conformations,
the numerical identifier [x - y] is introduced, in which the ‘x’ is the sn chain
number (1-3) that is in the chair’s back-leg position and the ‘y’ the sn chain number
that forms the seat plus front-leg position.

Fig. 4.1 Chemical structure diagram of TAGs. The structural subscripts l, n and m (= 12,
14, 16 or 18) label the acyl chain length. The example shows a [1-3] conformation with an
elaidoyl chain in the sn-2 position (see the main text for the definition of [1-3]).

In accordance with published β-phase structures of trisaturated TAGs (van
Langevelde et al., 1999 and references therein), molecular models in Z-matrix
description were built as [1-3] models. The starting conformation of the elaidoyl
chain at the trans double bond was taken from the crystal structure of β-2 EEE
(Culot et al., 2000). This conformation does not differ much from the conformation
of this chain in elaidic acid (Low et al., 2005). Initially, the models were handled
as rigid bodies but in the course of the structure-solution processes torsion-angle
b

Recently a molecule manipulation utility has been added to FOX that facilitates manual
intervention.
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restraints at the central glycerol moiety and at the trans double bond were relaxed
one by one. Only at the final stage H atoms were included in the models.
Structure refinement was carried out with the program GSAS (Larson &
Von Dreele, 1987) using a Chebyshev polynomial description of the background.
The peak-shape function number four in GSAS allowed to model hkl-dependant
line broadening and low-angle peak asymmetry to be modeled. Soft restraints had
to be applied to all bonding distances and angles including H atoms to stabilize the
refinement. The weight of the restraints applied to H atoms was taken as half that
of the weight applied to other atoms. Soft-planar restraints were applied to the
saturated parts of the acyl chains. For the elaidoyl chain two planar restraints were
defined, one for each carbon chain at both sides of the trans double bond. The
restraint values for distances and angles were mean values taken from the
Cambridge Structural Database (CDS; Allen, 2002). Displacement parameters have
not been refined as tests with cis-mono-unsaturated TAGs (van Mechelen et al.,
2006a) and data of similar low resolution showed that this approach yields
inconclusive results.
Table 4.1 Experimental and structural details of the structure refinement of β-2 structures
of symmetric TAG molecules.
Chemical formula
Mr
Tdata coll. (K)
a, b, c (Å)

α, β, γ (°)
V (Å3)
Dx (mg m–3)
Tm (K)
Specimen size
(mm)
ESRF Station
2θ range (°)
R factors and
goodness of fit
λ (Å)
No. of param.
(∆/σ)max

β-2 SES
C57H108O6
889.47
250
5.425 (1)
11.95 (1)
44.64 (2)
92.01 (3)
88.76 (4)
100.18 (2)
2846.8 (2)
1.04
334
15 × 1.5 × 1.5

β-2 PEP
C53H100O6
833.38
250
5.417 (2)
12.13 (1)
41.54 (1)
88.31 (6)
92.09 (6)
99.95 (3)
2685.2 (2)
1.03
327
15 × 1.0 × 1.0

β-2 PSP
C53H102O6
835.39
295
5.439 (1)
12.18 (1)
41.60 (1)
88.73 (2)
93.10 (1)
99.97 (1)
2709.6 (1)
1.02
339.5
15 × 1.5 × 1.5

BM01b
0.13 - 20.5
Rp = 0.077
Rwp = 0.106
Rexp = 0.028
S = 3.99
0.79984
552
0.16

BM01b
0.13 - 20.5
Rp = 0.090
Rwp = 0.129
Rexp = 0.044
S = 3.03
0.79948
462
0.04

BM16
0.2 - 60.0
Rp = 0.053
Rwp = 0.070
Rexp = 0.021
S = 3.64
0.699716
518
0.32
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At the final stage of the refinements, preferred orientation was refined
using the [001] as preferred orientation direction. For most of the samples this did
not improve the R values much, but for PSP it did (preferred orientation ratio 1.18).
PSP has larger crystallites as can be inferred from the smaller peak widths in the
diffraction pattern. Investigation of the powder of PSP under a light microscope
revealed it to consist of platelet-shaped crystals. A vibration tool that was used to
fill the capillary together with the crystallite shape may have oriented the
crystallites in the capillary causing preferred orientation. The principal
experimental and structural details are listed in Table 4.1 for the symmetrical
TAGs and in Table 4.2 for the asymmetrical TAGs. The figures of the full traces of
all patterns including the difference traces from the Rietveld refinements are shown
in Figs. 4.12 - 4.21 (§ 4.8 Appendix).

Table 4.2 Experimental and structural details of the structure refinement of β-2 structures
of asymmetric TAG molecules
Chemical
formula
Mr
Tdata coll. (K)
a, b, c (Å)

α, β, γ (°)
V (Å3)
Dx
(mg m–3)
Tm (K)
Specimen
size (mm)
ESRF
Station
2θ range(°)
R factors
and
goodness of
fit
λ(Å)
No. of
parameters
(∆/σ)max

β-2 SSE
C57H108O6

β-2 PSS
C55H106O6

β-2 PPS
C53H102O6

β-2 PPE
C53H100O6

β-2 MMP
C47H90O6

β-2 LMM
C43H82O6

β-2 LLM
C41H78O6

889.47
250
5.437 (1)
11.87 (1)
44.74 (2)
92.03 (3)
88.67 (4)
100.3 (2)
2837.5 (2)
1.04

863.45
250
5.412 (2)
11.14 (3)
46.45 (4)
91.49 (6)
94.85 (6)
96.75 (3)
2769.1 (3)
1.04

835.39
250
5.437 (1)
11.92 (2)
41.93 (2)
88.18 (4)
91.15 (4)
100.02 (3)
2675.3 (2)
1.04

833.38
295
5.446 (1)
12.18 (2)
41.94 (2)
89.89 (6)
91.68 (6)
100.44 (2)
2735.0 (2)
1.01

751.23
295
5.457 (2)
12.14 (2)
37.37 (2)
92.32 (5)
89.79 (5)
100.45 (3)
2432.6 (2)
1.03

695.12
298
5.444 (1)
11.45 (1)
36.70 (2)
90.79 (2)
95.52 (3)
97.18 (2)
2258.8 (2)
1.02

667.07
295
5.460 (2)
12.15 (1)
33.05 (1)
96.19 (3)
87.05 (3)
100.48 (2)
2141.5 (9)
1.03

333
4 × 1.5 ×
1.5
BM01b

338
4 × 1.0 ×
1.0
BM01b

335
2 × 1.5 ×
1.5
ID31

320
2 × 1.5 ×
1.5
BM01b

327.5
15 × 1.5 ×
1.5
BM01b

320
1.5 x 2 x
2
ID31

316
15 × 1.5
×1.5
BM01b

0.14 - 20.5
Rp = 0.072
Rwp=0.096
Rexp=0.048
S = 2.08
0.79948
556

0.14 - 31.5
Rp =0.079
Rwp =0.11
Rexp 0.020
S = 5.84
0.79948
546

0.5 - 60.0
Rp =0.083
Rwp =0.11
Rexp=0.030
S = 4.26
1.25007
517

0.53- 40.5
Rp =0.048
Rwp=0.068
Rexp=0.020
S = 3.52
0.79936
520

0.52- 53.3
Rp=0.056
Rwp=0.076
Rexp=0.021
S = 3.82
0.85019
467

1.3 - 50.0
Rp =0.056
Rwp=0.076
Rexp=0.050
S = 1.58
1.25007
429

0.53 - 35.0
Rp = 0.048
Rwp=0.064
Rexp=0.011
S = 6.55
0.800001
408

0.11

0.13

0.49

0.5

0.34

1.12

0.21
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4.4 Results and discussion
4.4.1 Packing of the β-2 TAGs
The β-2 phase TAGs, the symmetric (SES, PEP and PSP) as well as the
asymmetric ones (PPE, SSE, PPS, PSS, MMP, LLM and LMM), are packed in a
chair-shaped [1-3] conformation (Fig. 4.1) so they adopt the same conformation as
the trisaturated monoacid TAGs like β-2 SSS and β-2 MMM (van Langevelde et
al., 2001a). The molecules are packed in symmetry-related pairs with the seats of
the chairs facing each other, with an inversion point in-between the seats. The pairs
of chairs form layers with a double chain-length thickness, referred to as ‘twopacks’. The ‘two-packs’ face each other at the methyl end-plane.

Fig. 4.2 Overview of the β-2 patterns of symmetric TAG molecules with 2θ scale converted
to Cu Kα1 radiation.

Fig. 4.2 gives an overview of the complete diffraction patterns of the
symmetric TAGs while Figs. 4.3 and 4.4 show the fingerprint area (16-26 °2θ, for
Cu Kα1) of the symmetric and asymmetric TAGs, respectively (all 2θ values have
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Fig. 4.3 Fingerprint area of Fig. 4.2. The strongest peaks have been labelled with the Miller
indices.

been converted to the same Cu Kα1-based scale). Below 15 °2θ the patterns are
dominated by (00ℓ) reflections and the differences between the patterns are small.
The line positions reflect the different average chain lengths of the molecules. The
fingerprint area (Figs. 4.3 and 4.4) is dominated by three classes of reflections, the
(11ℓ), (1-2ℓ) and (03-ℓ). These reflection groups correspond to chain layers as can
be visualized by rotating the crystal structure around the c axis (Fig. 4.5). In a view
parallel to the chain direction, the orientation of the layers relative to the chain
ordering becomes clear (Fig. 4.6). The pair of strong diffraction maxima at ~ 4.6 Å
(19.5 °2θ, Cu Kα1) that correspond to the (110) and the (111) reflections is
characteristic for triclinic β-2 structures of saturated TAGs and trans-monounsaturated TAGs. The β-3 structures of cis-mono-unsaturated TAGs have only the
(111) reflection at this position in the fingerprint area (van Mechelen et al., 2006a,
2006b, 2007). The (11ℓ)-zone reflections are related to the average plane defined
by the pair of molecules in the unit cell. This latter plane does not coincide with a
Miller plane. The (111) reflection makes a small angle with this average plane (Fig.
4.5c). The (110) reflection also makes a small angle with the average molecular

79

Fig. 4.4 Fingerprint area of asymmetric β-2 TAG structures rescaled to Cu Kα1 radiation
and Miller indices for the strong reflections.

Fig. 4.5 Packing of PEP. Rotation of the structure around the c axis shows the chain layers
that correspond to the three dominant zones of the fingerprint area: (a) (03), (b) (15) and
(c) (111).
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plane, but intersects it in between the seats of the molecule pair. Although the zero
ℓ index may suggest otherwise, the d spacing of the (110) reflection depends on the
chain length (Fig. 4.7) while, remarkably, the d value of the (111) shows no such
dependence on the chain length. This situation is similar to that found in cis-monounsaturated β-3 structures. LMM and PSS are outliers in Fig. 4.7 due to a
difference in the packing as discussed in § 4.4.3.

Fig. 4.6 PSP: a view with the chains perpendicular to the paper showing the orientation of
the dominant planes in the fingerprint area of the diffraction pattern.

Fig. 4.7 d values of (110) and (111) reflections as function of the c axis. The straight lines
are trend indicators.
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4.4.2 The methyl end-plane
The two-packs that face each other at the methyl end-plane are shifted over
¼ along the a axis relative to each other. This shift, visible in Fig. 4.5(c), is typical
for all β-2 TAGs discussed in this work and is also found in the (n n n) ( n = even)
group of TAGs. In contrast, in the (n n n) (n = odd) type TAGs almost no shift is
present (van Langevelde et al., 2001b; Helmholdt et al., 2002).
When viewed parallel to the a axis, the chair-leg acyl chains of TAGs at opposite
sides of the methyl end-plane are aligned. Alignment of chair-leg chains sn-i and
sn-j (i, j = 1,2,3) will be denoted as <i - j>.The different acyl-chain lengths of the β2 TAGs lead to differences in methyl end-plane shapes and acyl-chain alignments.
For example, at the methyl end-plane some differences between SES and PEP can
be discerned (Fig. 4.8). SES has an <2-2> alignment of the elaidoyl chains that
form the back of the chair (Table 4.3). The methyl end-groups of the sn-1, sn-2 and
sn-3 chains in β-2 SES, in this order, lie close to a common plane, from now on
referred to as the step plane. Between sn-3 and sn-1 there is a small step (Fig.
4.8b). The step plane in the methyl end-plane of SES is not far from being
perpendicular to the chains it is formed by (74°, Table 4.3), making the step size
quite small. The β-2 PEP has the same packing of the seats relative to the inversion

Table 4.3 Angles between step planes and acyl chains and alignment of acyl chains at the
methyl end-plane for β-2 TAGs ordered by subgroup.

TAG

sub group

∠ step
plane and
sn-(1+2)

PEP
PSP
PPE
PPS
MMP
LLM
PSS
LMM
SES
SSE

n n+2 n
n n+2 n
n n n+2
n n n+2
n n n+2
n n n+2
n n+2 n+2
n n+2 n+2
nnn
nnn

48
49
80
78
80
80
82
75
74
72

82

Aligned
chains of
methyl
end-plane
<1-1>
<1-1>
<1-1>
<1-1>
<1-1>
<1-1>
<3-3>
<2-2>
<2-2>
<2-2>

centre but different saturated chain lengths. Without any conformational changes,
the shorter legs of the chair would have resulted in large empty spaces at the
methyl end-plane arrangement of SES. However, the step plane in PEP has a
different sequence (sn-3, sn-1, sn-2) with a step in between sn-2 and sn-3 (Fig.
4.8a). To make the opposing steps and step planes coincide, the two-packs in PEP
have become tilted, so resulting in a <1-1> alignment.

Fig. 4.8 Methyl end-plane of (a) PEP and (b) SES with sn numbers of chains; view parallel
to the a axis. Step planes and steps at the methyl end-plane are marked by a dotted line.
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Lutton postulated that for mixed-chain length TAGs, with n and/or n+2
carbon atoms (n even) and similar molecular conformations, the shape of the
methyl end-plane should not change because the end-plane is stepped and only the
position of the step changes with the difference in chain length (Lutton, 1971,
1972). An <n-n> alignment of chains marks the centres of the three possible stepplane positions. In Table 4.3 the aligned chains have been tabulated for the β-2
structures of this publication, arranged according to the TAG subgroup. The
alignment agrees well with the postulations of Lutton, except for LMM (see
§ 4.4.3).
The packing at the methyl end-plane and the position of the step plane
have an important influence on the melting point (Tm) of the TAGs. The equal
chain length β-2 structures known to date all have a stepped surface. When for a
homologous series of TAGs this surface is the same for all members of the series,
the relation between the melting point and the chain length of the acyl chains is
expected to be a continuous function, as pointed out by Lutton & Fehl (1969). Fig.
4.9 shows the relation between the melting point Tm and the length of the c axis for
the β-2 crystal structures solved by us and those published by others for (n n n) (n =
even)-type TAGs. The number of items per subgroup is too small to calculate least
squares lines but by interconnecting the data points of adjacent members of a
subgroup by straight lines trends within a subgroup and differences between
subgroups become visible. Each subgroup has its own characteristic methyl endplane packing and a related subgroup-specific melting-point trend.

Fig. 4.9 Relation between the b-2 melting point and the length of the c axis. Data points of
the same subgroup of TAGs have been connected to visualize the trend. The c axes of the
(n n n) class of TAGs have been taken from the literature (van Langevelde et al., 1999) and
subjected to the transformation matrix (001\100\ 2). Original cell dimensions (Å, °)
a,b,c,α,ß,γ: SSS 12.005/51.902/5.445/73.75/100.26/117.69; PPP 11.95/46.84/5.45/73.8/
100.2/118.1; MMM12.063/41.714/5.4588/73.388/100.41/ 118.27; CCC 12.18/31.56/5.49/
73.4/100.7/119.2; LLL 12.08/36.61/5.47/73.4/100.5/118.7.
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For the subgroups of saturated TAGs the melting points decrease in the
order Tm (n n n) > Tm (n n+2 n) > Tm (n n n+2) > Tm (n n+2 n+2) (Fig. 4.9). The
melting points of the E-containing analogues are more than 10 K below the
saturated ones. The unit-cell dimensions of all the E-containing samples agree well
with trends of the β-2 series (Fig. 4.10, open markers).

Fig. 4.10 Unit-cell dimensions as function of the cell volume.

In SES and PEP the E-chain at the sn-2 position forms the back of the chair
and just replaces the saturated sn-2 S-chain in PSP. The trans double bond
apparently does not distort the flatness of the chain enough to modify the molecular
conformation in the β-2 packing.
In β-2 PEP as well as β-2 PSP, the angle between the step plane and the
chains is considerably smaller than in β-2 SES and the asymmetric TAGs (48, 49°;
Table 4.3), making the step size so large that an interdigitated ‘two-pack’ pattern at
the interface results (Fig. 4.8a). This energetically unfavourable methyl end-plane
may explain why the melting points of β-2 PEP (327 K) and β-2 PSP (339.5 K) are
lower than the melting points of β'1-2 PEP (329 K) and β'1-2 PSP (343 K),
respectively (next chapter, van Mechelen et al., 2008).The methyl end-plane
configuration in β-2 PEP and β-2 PSP is of the same type as postulated for mixed
palmitic-stearic TAGs (Lutton, 1971).
In the [1-3] structural model found for SSE and PPE, the E chain is packed
parallel to an S chain in the seat and front leg of the chair. This is the usual β-2
conformation. The alternative [1-2] model in which the sn-3 elaidoyl chain is at the
back of the chair, instead of in the seat and front leg position, has also been
investigated for PPE as well as SSE. However, in spite of extensive testing, a
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conformation was not found for either PPE or SSE that fitted the diffraction data
better than the model with sn-3 in the seat plus front-leg position for both.
Thus, at the given resolution of the data it is concluded that an elaidoyl
chain can easily replace a stearoyl chain without major conformational changes.
The parts of the E chain on both sides of the double bond (Fig. 4.1) are aligned
within the resolution of the diffraction data and also in this respect no difference
with saturated (P, S) chains can be observed that may explain the lower melting
points of the E-containing TAGs.

4.4.3 The packing of LMM and PSS
LMM and PSS are members of the class of TAGs (n n+2 n+2) of which the
β phase melting points are higher than or equal to those of the β' phase (Lutton,
1950; Hagemann, 1988), suggesting that the β phase is the most stable.
Interestingly, Sato et al. (2001) reported PPM (in our notation: MPP), also member
of this class of TAGs, to be β' stable and even solved a β' phase crystal structure
from single-crystal data. Also Kodali et al. (1990) did not succeed in obtaining the
β phase either. Apparently, the β polymorph of this class of TAGs is difficult to
obtain. From the annealing experiments carried out with LMM and PSS, both
initially consisting of a β'/β mixture, it was obvious that the β' melted while the β
did not, thus showing unambiguously that the β phase is the most stable one of this
type of TAG.
As stated, PSS and LMM are outliers in Fig. 4.7 as their (110) d spacing is
about 0.04 Å above the trend line through the (110) d spacings of the other TAGs.
This indicates that their molecular packing differs from that of the other β-2 TAGs.
An analysis points out that this is indeed the case. Both PSS and LMM have a
shorter b axis while PSS also has a longer c axis than indicated by the trend lines
(Fig. 4.10). When in Fig. 4.9 the c-axis scale is replaced by a cell-volume scale the
two trend lines for saturated asymmetric TAGs merge into one. The influence of
the difference in packing on Tm is limited, thus allowing for a common trend line of
Tm versus the cell volume for the two asymmetric sub-groups, within the accuracy
of the available data. The Tm trend line for even-numbered saturated (n n n+2) plus
(n n+2 n+2) TAGs is 7 K below that of (n n n) TAGs and that of trans-monounsaturated TAGs approximately 15 K. The single data point obtained for the (n
n+2 n) sub group (PSP) does not allow for a trend line. The PSS and LMM
molecules form seat-facing symmetry-related pairs and have the same [1-3]
conformation as the other β-2 TAGs. The pairs, however, are shifted relative to
each other along and parallel to the back of the seat. According to Lutton (1971),
members of this sub group are expected to have a <3-3> alignment at the methyl
end-plane and PSS indeed shows this alignment (Table 4.3). LMM, however, has a
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<2-2> alignment and this is not in line with this postulation. When the steps at the
methyl end-plane are located in between two chains of a symmetry-related seatfacing pair, the internal rigid structure of the pairs does not allow a conformational
change that would remove the step and would create an energetically favourable
flat methyl end-plane. Hence, the opposing steps at both sides of the methyl endplane are moved to make them fit like a jigsaw puzzle. In PSS the step plane at the
methyl end-plane is formed by a single seat-facing pair with sn-3 as middle chain,
resulting in the expected <3-3> alignment. The seat-facing pairs are shifted relative
to each other, compared with those of other TAG sub groups, and this shift resulted
in a flat methyl end-plane. In projection on the ac plane the seats of back-facing
molecules are aligned and not shifted, unlike the other β-2 structures. The
inclination of the chains with the long axis does not differ much between LMM and
PSS (Table 4.3), and also the orientation of the molecules in the respective cells
hardly changes. If in PSS the chains and the c axis would be shortened to the length
of LMM, while keeping a constant inclination with the c axis, the chain alignment
at the methyl end-plane would change from <3-3> into <2-2>. This explains the
unexpected <2-2> alignment of LMM. The stepless terrace structure of the (n n+2
n+2) type TAGs has been proposed by de Jong & van Soest (1978) as one of the
two packing possibilities according to their β-2 packing theory.

4.4.4 The problem of local minima
The determination of crystal structures of TAGs from HR-SPD data is
complicated due to peak overlap and dominant-zone problems. As explained in a
previous publication (van Mechelen et al., 2006a), in view of the (non-atomic)
resolution of the data one should be aware of local minima, implying that
molecular conformations and types of packing found by FOX do not necessarily
correspond to those of the absolute minimum. Problems with local-minimum
conformations have also been encountered for the β-2 structures discussed here.
The ordering of the long acyl chains creates a diffraction pattern that is dominated
by a few zones. Positional information of the atoms in the glycerol moiety
(comprising the ‘seat’ of the chair) is obscured by these rather broad reflections.
The seat is the interconnection between the columns of electron density formed by
the acyl chains and since its orientation cannot be established unequivocally (by
FOX) at the stage of structure solution because of the limited resolution of the data,
options for alternative models should be kept open. As an example, in Fig. 4.11 a
structural model of LMM with an improper seat orientation is shown. The seat of
the chair is oriented more or less parallel to the zigzag plain of the acyl chains. In
view of the β-2 type of packing, this conformation is unlikely to be correct as it
deviates from the perpendicular orientation found in β-2 type single-crystal
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structures, e.g. EEE (Culot et al., 2000) and PPP (van Langevelde et al., 1999).
Nevertheless, this model refined smoothly to a quite acceptable final Rp of 0.075.
Attempts to rotate the acyl chains around the longitudinal axis to explore a possibly
present rotational freedom within the envelope of the overlapping reflections of the
HR-SPD pattern, as found in the β-3 TAGs, unambiguously led to higher R values.
To escape this local minimum the molecule had to be rotated ‘manually’ in FOX
around the longitudinal axis of the back including the back-leg chains of the chair
as indicated in Fig. 4.11. This modified model refined to a significantly lower Rp
(0.056) and has a molecular conformation that agrees well with the published
single-crystal β-2 structures referred to above (Fig. 4.11).

Fig. 4.11 Rotation of the seat chain of LMM around the back plus back-leg chains to escape
from a local minimum in structure-solution process.

The absence of a bend in the back of the seat creates another local
minimum problem. The TAGs are ordered in pairs of chairs with the seats facing
each other and an inversion centre in between the seats. When such a pair of chairs
is rotated 180° around an axis through the inversion centre and perpendicular to the
backs of the seats, the columns of electron density of the acyl chains are hardly
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affected. The ‘major’ changes are found at the position of the seats and at the
methyl end-plane (note: the rotation axis is not parallel to the methyl end-plane).
An indication for the correctness of the packing can be found by inspection of the
methyl end-plane. For example, for PPE a <1 - 1> alignment at the methyl endplane has been predicted (Lutton, 1971). The PPE model found initially with FOX
had an <2 - 2> alignment but after rotating the molecule manually in FOX, as
described above, the <1 - 1> alignment was obtained and eventually the final R
value of this model became lower than that of the initial <2 -2> alignment model.

4.5 Conclusions
A set of ten β-2-phase crystal structures of TAGs, with mixed acyl chain
length (∆n≤2), an even number of C atoms and in four cases an elaidoyl chain
instead of a saturated one has been solved from HR-SPD data. The strong
reflections in the fingerprint area of the diffraction patterns are explained as
dominant zones related to the layered packing of acyl chains. The molecular
conformation is equal to the β-2 molecular conformation of equal chain-length
trisaturated TAGs. Replacement of a saturated S chain by the trans-monounsaturated E-chain turned out to have no significant influence on the packing of
the β-2 phase, in spite of a decrease of the melting point of more than 10 K.
Molecular packings postulated by Lutton are confirmed by the crystal structures,
except for the (n n+2 n+2) subgroup. The shift of pairs of chairs along the back was
postulated but the different packing of LMM is a surprise. The aberrant
interdigitated ‘two-pack’ methyl end-planes found for β-2 PSP and β-2 PEP,
normally β' stable materials, may explain the unusual stability of these TAGs.
Structure solution and refinement of TAGs from HR-SPD data are by no
means routine. Due to the limited resolution the structure-solution process may get
locked in local minima and a continuous critical assessment of the solved structures
is required. In this respect, solving a homologous series of structures may help to
recognize local minima. In spite of the limited resolution of data, crystal-structure
solution of these TAGs using HR-SPD data has turned out to be feasible.
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4.8 Appendix

Rietveld refinement results of
b-2 structures

Fig. 4.12 Rietveld refinement of β-2 SES with difference trace of the measured and
calculated patterns.
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Fig. 4.13 Rietveld refinement of β-2 PEP with difference trace of the measured and
calculated patterns.

Fig. 4.14 Rietveld refinement of β-2 PSP with difference trace of the measured and
calculated patterns.
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Fig. 4.15 Rietveld refinement of β-2 PPE with difference trace of the measured and
calculated patterns.

Fig. 4.16 Rietveld refinement of β-2 SSE with difference trace of the measured and
calculated patterns.
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Fig. 4.17 Rietveld refinement of β-2 PPS with difference trace of the measured and
calculated patterns.

Fig. 4.18 Rietveld refinement of β-2 PSS with difference trace of the measured and
calculated patterns.
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Fig. 4.19 Rietveld refinement of β-2 MMP with difference trace of the measured and
calculated patterns.

Fig. 4.20 Rietveld refinement of β-2 LMM with difference trace of the measured and
calculated patterns.
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Fig. 4.21 Rietveld refinement of β-2 LLM with difference trace of the measured and
calculated patterns.
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Chapter 5

Structures of mono-unsaturated
triacylglycerols
Part IV

The highest melting β'-2
polymorphs of trans-monounsaturated triacylglycerols and
related saturated TAGs and their
polymorphic stability

based on Acta Cryst. (2008) B64, 249-259.
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5.1 Abstract
The β'1-2 crystal structures of a series of mixed-chain saturated and transmono-unsaturated triacylglycerols containing palmitoyl, stearoyl and elaidoyl acyl
chains have been solved from high-resolution powder diffraction data, from
synchrotron as well as laboratory X-ray sources. The structures crystallized in
space group I2 with two independent molecules forming a dimer in the asymmetric
unit, and packed in double-chain length layers. In contrast to the β-2 structures of
these and similar types of TAGs, the molecular conformations of β'1-2 symmetric
and β'1-2 asymmetric mixed triacylglycerols are different, although both types have
the sn-2 chain in a leg position of the chair-shaped conformation. A transformation
to the β-2 structure with the sn-2 chain in the back position is complicated and
unlikely to take place in the solid state. A novel β'-2 polymorph of PSS has been
crystallized and its structure has been solved. The melting point (339 K) of this socalled β'0-2 polymorph is 2 K above that of the β'1-2 polymorph and almost equal
to that of the β-2 polymorph of PSS. The difference in packing of the β'0-2 versus
β'1-2 explains the slow β'1-2 to β'0-2 phase transition. The transition is strikingly
similar to the β2-3 to β1-3 transition in cis-mono-unsaturated triacylglycerols.

5.2 Introduction
Fat blends are used as shortenings in bakery products and in table spreads
to provide these products with the appropriate stability, firmness, and melting and
crystallization properties. For most applications the mixture of triacylglycerols
(TAGs) in the fat blends should be in the β' polymorph. The β' phase crystallites
are small, have a needle-like crystal habit and tend to aggregate into a network, in
which air and liquid components are better stabilized than by the larger β phase
crystallites. As a result, the β' phase provides a smooth feel in the mouth
(Wiedermann, 1978; Ghotra et al., 2002). Stability of the β' phase is important and
phase segregation or a transition to the β phase should be avoided because of
deterioration of the quality of the product. For example, the problem of graininess
in margarines due to the occurrence of β-phase crystallites is well known
(Watanabe et al., 1992)
Most vegetable oils are too soft to be applied as such in the abovementioned consumer products. They need modification, e.g. via fractionation of the
natural product (Timms, 2005; Kellens et al., 2007) or interesterification with
other, harder types of fat (Sreenivasan, 1978). A third option is (partial)
hydrogenation of the cis double bonds that are present in mono-unsaturated oleic-
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acid chains (cis-9-octadecenoic acid; O; one of the most abundant unsaturated
fatty-acid chains in natural fats and oils), and other polyunsaturated fatty-acid
groups. For example, palm oil and low-melting palm-oil fractions such as palm
olein contain large amounts of PPO (palmitic-acid, hexadecanoic acid: P), POO
and POP. These oil components may be a starting source for the production of β'stable PSP [stearic-acid, octadecanoic acid: S], PPS and PSS c.
Although (partial) hydrogenation reduces the degree of unsaturation,
increases the melting point and provides an improved stability against oxidation, it
allows also the isomerization of the cis double bond into the trans isomer, e.g. the
oleic fatty-acid chain becomes its trans isomer, elaidic acid (trans-9-octadecenoic
acid; E). An overwhelming amount of research has been carried out to assess
potential health hazards of these trans fatty acids because of their suspected
competition with essential fatty acids (Valenzuela & Margado, 1999). Generally
this research has led to the opinion that trans fatty acids hold certain health risks,
resulting in a strong tendency to reduce their amount in food products.
Elaidoyl containing TAGs such as PEP and PPE are commonly believed to
be structurally similar to their fully saturated analogues, PSP and PPS, respectively,
although very little is known about their actual packing. Fully saturated and transmono-unsaturated TAGs can crystallize in various polymorphs, with melting points
that usually increase in the order α, β'2, β'1 and β, but occurrence and stability of
polymorphs depend on the precise fatty-acid composition of the TAGs. The
existence of both β'2-2 and β'1-2 has been reported for PSP (Gibon et al., 1985) as
well as for the trans-mono-unsaturated TAGs PEP and PPE (Elisabettini et al.,
1998), while for PSS and PPS only the higher melting β'1-2 has been reported
(Lutton et al., 1948; Lutton, 1950).
Conformational and packing differences influence the polymorphic
stability and phase-transition behavior of the various TAGs. To obtain a better
understanding of these processes, we used DSC and time-resolved X-ray powder
diffraction (XRPD) together with crystal-structure determination from XRPD data.
We found evidence for the existence of the lower melting β'2-2 for PSP and PSS
from the diffraction data and discovered a novel β' polymorph of PSS, coined β'0-2,
that melts higher than the β'1-2 polymorph. In addition to the crystal structure of
this novel β'0-2 polymorph of PSS, we also present the crystal structures of the β'12 polymorphs of PEP, PPE, PSP and PPS.
The structures will be analysed in terms of their methyl end-plane packing,
and compared with the β-2 phase structures of these and similar TAGs that have
been reported in Part III of this series (van Mechelen et al., 2008) and a few β'-type
crystal structures of TAGs that were solved earlier: CLC (single crystal), MPM
(powder, van Langevelde et al., 2000) and PPM (single crystal, Sato et al., 2001).

c

Carbon chain lengths are represented by the acronyms S: C18, P: C16 and E: C18:1 (trans-9),
respectively.
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5.3 Experimental

5.3.1 Samples, sample preparation and data collection
Samples of PEP and PPE have been obtained from Larodan Fine
Chemicals AB (Malmö, Sweden). Molten sample material was placed into a
capillary and crystallized. To increase the crystallite size samples have been
annealed at a temperature just below their highest melting point (β'1 polymorph) for
a few minutes. The samples of PSP, PPS and PSS have been obtained from
Unilever Research Laboratories (Vlaardingen, The Netherlands). The PSP sample
was delivered as a β'1–phase powder and measured as such in a glass capillary.
Samples of PPS as well as PSS have been crystallized from the melt in a glass
capillary. The formation of the β'1 phase in PPS was stimulated by heating the
sample just above the β'2 to β'1 conversion temperature. In case of PSS this
procedure delivered initially a β'1 polymorph that transformed into a novel β'–type
polymorph after storage in the lab for several weeks.
For PEP, PPE, PSS and PPS XRPD data for structure solution have been
collected at room temperature (298 K) at an X'pert Pro MPD diffractometer,
equipped with a sealed Cu X-ray tube, a hybrid monochromator, primary and
secondary soller slits with 0.01 rad divergence and an X'celerator strip detector
(PANalytical, Almelo, The Netherlands). The continuous scans were binned with a
step size of 0.008 °2θ. High-resolution synchrotron powder (HR-SPD) data of PSP
were collected at the synchrotron beam line BM01b at the ESRF (Grenoble,
France) at 250 K. The continuous scans were binned with a step size of 0.005 °2θ.
During the data collection of PSP, the temperature at the capillary was controlled
with an Oxford Instruments Cryostream (Abingdon, England), mounted with the
temperature-controlled N2 gas stream perpendicular to the capillary. This limited
the temperature-controlled length of the capillary to 4 mm.
To determine the melting points (Tm) of the polymorphs and the phasetransition points, time- and temperature-resolved XRPD experiments were carried
out using an X'pert Pro MPD instrument with an elliptical mirror, primary and
secondary soller slits with 0.02 rad divergence, an X'celerator strip detector and an
Oxford Instruments Cryostream Compact for temperature control. The latter was
mounted with the temperature-controlled N2 gas stream being parallel to the
capillary and with an X-ray transparent cylindrical polymer film guiding the stream
along the capillary. The capillary samples were heated with 0.5 K min-1 and the
diffraction pattern was monitored continuously in 1 min scans from 0.5-30 °2θ
with a step size of 0.016 °2θ. Capillaries were spun continuously in all
experiments. Melting and phase-transition temperatures were determined by
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quenching (-30 K min-1) a seed-free melt from ~ 10 K above the melting point of
the most stable (β') polymorph to 253 K so that the α phase crystallizes.
Subsequently, the sample was heated slowly at 0.5 K min-1 and simultaneously the
diffraction pattern was recorded with a time resolution of one minute. This protocol
shows the development of the polymorphs: α transforms into β'2, β'2 transforms into
β'1 and, finally, heating of the β'1 ends in a melt. It should be noted that for
symmetric TAGs (PEP, PSP) a β-2 polymorph exists but this polymorph is difficult
or even impossible to obtain from the melt (Chapter 4, van Mechelen et al., 2008)
and for the asymmetric TAGs (PPE, PPS, PSS) the time scale of the experiment is
too short to obtain the slow growing β-2 polymorph before Tm (β-2) is reached.
Phase transitions were analysed with DSC using a Linkam DSC600
instrument (Linkam Scientific Instruments Ltd, Tadworth, England). Samples were
heated at 0.5 K min-1 and quenched at -30 K min-1. Although the β'2 to β'1 transition
process is clearly visible with our time-resolved XRPD equipment, it is not easy to
trace with DSC using the same temperature profile.
Phase-transition points and melting points are listed in Table 5.1. The Tm of
β'0-2 of PSS has been determined in a separate XRPD run with β'0 as starting phase.
Table 5.1 Phase transition (T in K) and melting points (Tm in K) of polymorphs of PEP,
PSP, PPE, PPS and PSS.
TAG

T α to β'2-2

T β'2-2 to β'1-2

Tm β'1-2

Tm β'0-2

Tm β-2

PEP

303

312

329

-

327

PSP

317

319

343

-

339.5

PPE

304

311

320

-

320

PPS

321

323

332

-

338

PSS

323

330

337

339

339

5.3.2 Indexing, model building, structure determination and refinement
As already explained in other publications (van Mechelen et al., 2006a,
2006b), indexing of TAG powder diffraction patterns is not straightforward
because of dominant low-angle and higher-angle zones. The program McMaille
(Le Bail, 2004) can generate a list of cell suggestions provided the search space is
limited by applying restrictions to the allowed cell dimensions. With help of the
program Chekcell (Laugier & Bochu, 2001) a further selection and cell refinement
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can be carried out. Eventually this led to the monoclinic and orthorhombic unit
cells that enabled the solution of the β'-2 structures.

Fig. 5.1 Schematic drawing of a TAG molecule in the [1-3] conformation with l, n and m
denoting the length of the acyl chains. The double bond has been drawn in the sn-2 chain
but, if present, may also be located in one of the other chains.

The TAGs discussed in this paper all crystallize in a chair-shaped
conformation (Fig. 5.1). The positions of the three sn-acyl chains, numbered 1, 2, 3
from left to right in the three-character TAG acronyms, may differ from TAG to
TAG and therefore a numerical identifier [x-y] is used to discriminate the
conformations. In the notation [x-y] the ‘x’ is the sn chain (number) that is in the
chair’s back-leg position and the ‘y’ the sn chain that forms the seat plus front-leg
position. For symmetric molecules, such as PEP and PSP, a [1-2] conformation is
equivalent to a [3-2] conformation but for asymmetric molecules, such as PPE and
PPS, the presence of the longer chain at either the back or at the seat/front leg
position, e.g. [2-1] PPE versus [2-3] PPE respectively, imply different structural
models with potentially different types of packings.
Fig. 5.2 shows the diffraction patterns of the β' structures. The pattern of
β'-PSP has been rescaled to Cu Kα1 radiation to simplify the comparison with the
other patterns. The lowest-angle observed reflection in all the patterns (d-spacing ~
43-44 Å) is indicative of a double-chain length packing and is denoted by addition
of '-2' to the polymorph name.
For the structure solution of the β'-2 structures with FOX (Favre-Nicolin &
Cerný, 2002) a starting model with a [1-2] conformation was built in a Z-matrix
description. At the start-up of the structure-solution process (parallel tempering)
rigid molecular models were used with translational and rotational freedom only. In
the course of the structure-solution process, only torsion angles around the central
glycerol moiety were released, one by one.
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Fig. 5.2 β'-2 diffraction patterns of PEP, PSP, PPE, PPS and PSS with PSP rescaled to Cu
Kα1.

Structure refinement was carried out with the program GSAS (Larson &
Von Dreele, 1987). The background was modelled by a Chebyshev polynomial. By
using profile function 4 (hkl)-dependent peak broadening as well as low-angle peak
asymmetry was taken into account. Soft restraints were applied to all the distances
and angles. Soft planar restraints were applied to the saturated acyl chains (S, P) in
the legs and the back of the chair-shaped molecules. Planar restraints were also
applied to the carbon acyl chains at either side of the trans double bond in the Echain. Atomic displacement parameters have not been refined. Correction for
preferred orientation ([001] as direction) with the March-Dollase function (March,
1932; Dollase, 1986) in the final state of the refinement affected the R values only
slightly. A summary of the results of the Rietveld refinements is listed in Table 5.2.
Figures of the full traces of all diffraction patterns including the difference trace
from the Rietveld refinement are shown in Figs. 5.11-5.15 (§5.8 Appendix).
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Table 5.2 Summary of the results of Rietveld refinement
[1-2]β'1-2
PEP

[1-2]β'1-2
PSP

[2-3]β'1-2
PPE

[2-3]β'1-2
PPS

[1-2]β'0-2
PSS

Chemical form

C53H100O6

C53H102O6

C53H100O6

C53H102O6

C55H106O6

Mr

833.38

835.39

833.38

835.39

863.45

Cell setting
space group

Monoclinic
I2

Monoclinic
I2

Monoclinic
I2

Monoclinic
I2

Monoclinic
C2/c

Tdata coll. (K)

293

250

298

297

297

a, b, c (Å)

22.715 (5)
5.656 (2)
85.110 (4)

22.253 (3)
5.634 (1)
85.263 (4)

22.99 (2)
5.641 (5)
86.265 (7)

22.75 (1)
5.650 (5)
86.746 (5)

22.651 (6)
5.653 (3)
89.462 (4)

β (°)

90.20 (1)

90.80 (3)

93.52 (12)

93.968 (11)

90.01 (6)

10934.0 (6)

10688.6 (6)

11164.5 (9)

11123.2 (9)

11455.5 (8)

8 (2)

8 (2)

8 (2)

8 (2)

8 (1)

Dx (Mg m )

1.01

1.04

0.99

1.00

1.00

Radiation type

Cu Kα1

Synchrotron

Cu Kα1

Cu Kα1

Cu Kα1

Specimen
form, colour

Solid fat,
white

Solid fat,
white

Solid fat,
white

Solid fat,
white

Solid fat,
white

Specimen size
(mm)

12 × 1 × 1

4 × 1.5 × 1.5

12 × 0.7 ×
0.7

12 × 0.7 ×
0.7

12 × 0.7 ×
0.7

Diffractometer

Xpert-Pro

BM01b
ESRF

Xpert-Pro

Xpert-Pro

Xpert-Pro

2θ (°) range

0.8 - 40

0.14 - 35.5

0.8 - 45

0.8 - 40

0.8 - 45

R factors and
goodness-offit

Rp = 0.061
Rwp = 0.086
Rexp = 0.019
S = 4.89

Rp = 0.059
Rwp = 0.070
Rexp = 0.022
S = 3.35

Rp = 0.064
Rwp = 0.095
Rexp = 0.041
S = 3.40

Rp = 0.060
Rwp = 0.090
Rexp = 0.034
S = 2.78

Rp = 0.069
Rwp = 0.106
Rexp = 0.037
S = 3.09

λ (Å)

1.54059

0.79948

1.54059

1.54059

1.54059

No. of
parameters

986

1005

985

996

540

3

V (Å )
Z (Z')

d
–3

d

Z = number of molecules in unit cell; Z' = number of molecules in asymmetric unit
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5.4 Results and discussion
5.4.1 The structure determination process

5.4.1.1 β'1-2 PEP, β'1-2 PSP, β'1-2 PPE and β'1-2 PPS
The patterns of β'1-2 PEP, β'1-2 PSP, β'1-2 PPE and β'1-2 PPS could be
indexed as monoclinic with eight molecules in the unit cell in view of the expected
density of ~ 1.0 g cm-3. The lower-angle part of the fingerprint area of these
patterns is dominated by the reflections (31ℓ) (ℓ = even) while the (31ℓ) (ℓ = odd)
are absent (Fig. 5.3). Also the (00ℓ) (ℓ = odd) are absent, but no other systematic
absences are detectable, implying I1-1 or the non-standard (and related) A1-1 as
possible extinction symbols. Structure determination runs with mirror-plane-

Fig. 5.3 Fingerprint area of the β'-2 diffraction patterns of PEP, PSP, PPE, PPS and
PSS with PSP rescaled to Cu Kα1. Peaks are marked with Miller indices. From the
(31ℓ) reflections (between 20 and 23 °2θ) only the ℓ is given.
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containing space groups were not successful, leaving I2 (and A2) as the possible
space group option(s), with two independent molecules in the asymmetric unit.
Fig. 5.3 shows that the (31ℓ) reflections of β'1-2 PEP and β'1-2 PSP are
grouped in pairs with opposite signs for the ℓ-values. This pairing also occurs in
β'1-2 PPE and β'1-2 PPS but with unequal ℓ values. With the program Chekcell an
alternative indexing in space group A2 was found for β'1-2 PPE and β'1-2 PPS with
pairs of equal ℓ values with opposite sign while keeping the (600) at its position. In
this alternative A2 cell for β'1-2 PPE as well as β'1-2 PPS [2-3] models could be
refined to quite acceptable Rp values, just above (~1%) those of the final I2 models.
Although the major observed intensities were covered well, discrepancies at minor
features, especially at lower angle, led to the conclusion that these alternative A2
models are incorrect.
Eventually, in space group I2 structural models could be refined for β'1-2
PEP, β'1-2 PSP, β'1-2 PPE and β'1-2 PPS. The [1-2] conformation worked out well
for PEP and PSP. In PPE, however, this conformation led to unacceptable bumping
problems (i.e. opposing molecules having contact distances which are to short) at
the methyl end-plane interface. A [3-2] conformation did not solve this problem
and even had an empty space between the aligned sn-2 chains. Analogous to the
single-crystal structure of PPM (Sato et al., 2001), combinations of two PPE
molecules with different conformations, [2-1] and [2-3], were tested, but these
models were also improbable owing to bumping problems at the methyl end-plane.
Only with conformations [2-1] and [2-3] for β'1-2 PPE were plausible structural
models found. The slightly lower Rp value of the final [2-3] PPE model suggests
this to be the more probable solution. The saturated analogue PPS showed the same
conformational preference: the [2-1] model had a bumping problem and a void at
the methyl end-plane. Therefore, the choice for the [2-3] PPS model was obvious
and in line with the findings for PPE.

5.4.1.2 β'0-2 PSS

Unlike the β' patterns of PEP, PSP, PPE and PPS discussed above, in the
case of β'0 -2 PSS the reflections (31ℓ) for ℓ = odd were observed, thus excluding
the space group I2 as a potential solution. Although, eventually, in space group
C2/c a structural model was obtained, its correctness was questioned because of the
monoclinic β angle that is close to 90°. After testing orthorhombic space groups
with an 8-fold general position, possible models were obtained only in C2221 and
Pbna. The latter was dismissed because of a 270 Å3 void at the methyl end-plane.
The C2221 model refined to a final R value that is 1% higher than that of the C2/c
model. Therefore, the latter is taken as the more probable structure solution.
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5.4.2 The role of temperature in interpretation of XRPD patterns
In Table 5.3 the long spacings and strong fingerprint lines of the currently
known polymorphs of PEP, PSP, PPE, PPS and PSS are listed together with the
temperature Tdata coll (in K) at which the data have been collected. Anisotropic
thermal properties predominantly influence the position of the strong fingerprint
line with the smallest d value (see below; van Mechelen et al. 2006b and 2008) and
this should be taken into account when comparing the data from Table 5.3 with
literature data that have been collected at other temperatures. It should also be kept
in mind that the positions of diffraction maxima can be shifted because of axial
divergence and, in case of Bragg-Brentano reflection geometry, small sample
displacement errors.
Although the characteristic d values for long spacings and fingerprint lines
listed in Table 5.3 agree rather well with the limited literature data available
(Lutton et al., 1948; Lutton, 1950; Lutton & Fehl, 1970; Elisabettini et al., 1998),
some discrepancies can be discerned. The long spacings of PEP and PPE of
Elisabettini et al. (given hereafter between parentheses) are systematically longer
than ours: differences of 1-2 Å are found for β'1-2 PEP (44 Å), β'1-2 PPE (44 Å)
and α PPE (48 Å) but even up to 3-4 Å for α PEP (48 Å), β'2-2 PEP (47 Å) and β'22 PPE (46 Å). The larger long spacings of Elisabettini et al. may be explained by
larger axial divergence, by sample displacement error (because in the reflection
geometry they used the positioning of the sample is very critical for accurate lowangle positions), and a lower resolution that may have hidden the presence of a
residue of the α polymorph. Presumably, the resolution of the data used by
Elisabettini et al. was too low to observe (resolved) long spacings of the α and β'22 polymorphs. The resolution of our time-resolved XRPD transmission geometry
data was just high enough to establish the presence of both the α and the β'2 long
spacings, with the former being a clear shoulder of the latter. In the fingerprint area
it is difficult to detect a broad α peak in presence of β'2-2 peaks that are also broad.
The β-2 long spacings of PSP, PPE and PPS are smaller than those of the
β'1-2 polymorphs while for PEP and PSS they are longer. An explanation for this
difference could be the relatively high Tdata coll of β'1-2 PEP and β'1-2 PSS.
The (600) is the highest-angle strong-intensity reflection in most of the β'1
patterns but its position has been shifted remarkably in β'1-2 PSP (Fig. 5.3). This
shift is attributed to the considerably lower Tdata coll (250 K) of PSP, compared with
the 297 K of the other samples, and this led to an anisotropic shrinkage of the unitcell parameters that mainly affected the middle-sized unit-cell axis.
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Table 5.3 d values of long spacings and strong fingerprint lines (both in Å) of polymorphs
of PEP, PSP, PPE, PPS and PSS. X-ray data collected at Tdata coll (K).
TAG
PEP

α
Tdata coll
44.3 (vs) 296
4.14 (m)

β'2-2
Tdata coll
43.1 (vs) 296
4.32 (m)
4.17 (s)
4.00 (m)
n.d. (w)

β'1-2
Tdata coll
42.4 (vs) 324
4.34 (m)
4.19 (s)
4.02 (w)
3.84 (m)

β'0-2 Tdata coll
-

PSP

44.7 (vs) 295
4.12 (m)

43.4 (vs) 316
4.30 (ms)
4.17 (s)
4.04 (m)
3.84 (w)

42.8 (vs) 298
4.32 (ms)
4.17 (s)
4.00 (m)
3.77 (m)

-

PPE

47.1 (vs) 296
4.14 (m)

47.7 (vs) 295
4.11 (m)

PSS

48.3 (vs) 295
4.11 (m)

43.1 (vs) 296
4.40 (vw)
4.37 (w)
4.28 (ms)
4.23 (ms)
4.13 (m)
4.08 (m)
3.82 (s)
43.5 (vs) 298
4.37 (w)
4.27 (s)
4.24 (s)
4.12 (ms)
4.08 (ms)
3.78 (s)
44.7 (vs) 333
4.35 (m)
4.22 (s)
4.06 (m)
3.85 (ms)

-

PPS

43.5 (vs) 308
overlapping
broad
fingerprint
peaks
3.9 (m)
43.8 (vs) 324
overlapping
broad
fingerprint
lines
3.84 (m)
45.1 (vs) 328
4.31 (ms)
4.21 (s)
4.07 (ms)
3.86 (m)
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β-2
Tdata coll
43.3 (vs) 296
4.59 (s)
4.55 (ms)
4.45 (w)
4.0 (w)
3.83 (ms)
3.74 (ms)
41.4 (vs) 296
4.59 (s)
4.55 (s)
4.45 (m)
3.97 (w)
3.80 (ms)
3.72 (s)
41.9 (vs) 296
4.59 (s)
4.55 (ms)
4.46 (vw)
3.87 (ms)
3.74 (m)
3.63 (w)

-

42.3 (vs) 296
4.59 (s)
4.56 (s)
3.83 (ms)
3.69 (ms)

44.7 (vs) 295
4.51 (vw)
4.47 (vw)
4.38 (w)
4.32 (w)
4.19 (ms)
4.11 (ms)
4.03 (w)
3.77 (s)

45.7 (vs) 293
4.62 (s)
4.55 (s)
4.44 (vw)
3.96 (w)
3.84 (ms)
3.73 (w)
3.66 (ms)

5.4.3 Phase transitions and stability of polymorphs

The Tm and phase-transition temperatures obtained with the constant
heating-rate experiments (Table 5.1) show that the symmetric PEP and PSP are β'
stable. The asymmetric PPE, PPS and PSS are β stable although the difference in
Tm between the highest melting β' form and the β form is very small for PSS and
PPE. The similar melting points explain why a β1'-2 to β-2 conversion was not
observed for PSS and PPE within a week of annealing the β1'-2 2 K below its
melting point. For PPS the conversion did occur and was completed in one day.
With respect to the reproducibility of β' melting points of mono-acid TAGs
determined with DTA, Lutton & Fehl (1970) reported that 'under the best
conditions' an error of ±1 K can be achieved, although stabilization and sample
preparation also affect the melting points. Variations in Tm’s up to 3 K have been
attributed to these phenomena (Lutton et al., 1948). The melting and phasetransition points listed in Table 5.1 are expected to have an uncertainty of the same
order. An optimal stabilization was not feasible for many of the metastable
polymorphs because of potential phase transitions.
The heating rate used must be regarded as a parameter that influences the
observed temperatures. For example, Elisabettini et al. (1998) obtained for PEP
with DSC (heating 5 K min-1) a much higher β'2-2 to β'1-2 transition temperature
(320 K) than the 303 K obtained with our XRPD at 0.5 K min-1. The notion that
even a modest heating rate may lead to a significant overshoot of the phasetransition temperature implies that one should be careful with conclusions about
melting or phase-transitions temperatures that have not been measured under the
same experimental conditions.

5.4.3.1 The α→β'2 phase transition
The α → β'2 transition is difficult to analyze with time-resolved XRPD
because of the overlap at low angles and in the fingerprint area. With DSC (0.5 K
min-1) the symmetric TAGs (PSP and PEP) show no significant melting peak
before the α → β'2 transition. However, in case of the asymmetric TAGs (PPE, PPS
and PSS) the formation of β'2 is clearly preceded by the melting of the α phase
(DSC data not shown). This is in line with the results of Elisabettini et al. (1998)
who concluded from 5 K min-1 DSC traces that in PEP the α → β'2 transition is a
solid-state transition (no melting peak) whereas in PPE a melt is involved.
Apparently, for asymmetric TAGs the α → β'2 transition is more complicated than
for symmetric TAGs, suggesting larger conformational changes in the former.
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5.4.3.2 The β'2→β'1 phase transition

In Fig. 5.4 a selection of diffraction patterns shows the melt and
crystallization experiment of PSS. The determined melt and phase-transition
temperatures, including the β'2-2 → β'1-2 transition point, are marked at the righthand side of the patterns. The virtually equal positions of the β'1-2 and β'2-2
fingerprint maxima, within the accuracy and resolution of the data, and the growth
of sharper β'1-2 peaks at the centres of the broad(er) β'2-2 diffraction maxima
suggests that the β'1-2 is just a higher-crystalline form of the β'2-2 polymorph. The
close structural relation between the β'2-2 and β'1-2 polymorphs, also suggested by
Kellens et al. (1990), and the related, small amount of energy involved in such a
transition may explain the difficulty in locating it in the DSC trace. The
systematically lower intensity of the (600) reflection in the β'2-2 patterns compared
with the β'1-2 (Fig. 5.5) may be an indication for a type of disorder in the direction
of the a axis in β'2-2 polymorphs.
The stability of the β'2-2 differs drastically between TAG groups and also
depends on the thermal treatment. When slowly heating (0.5 K min-1), the
transition of the least stable β'2-2 to the β'1-2 starts 2 K (4 min.) after the former's
appearance (Table 5.1, PSP and PPS). For PSS and PPE this interval is 7 K and for
PEP even 11 K. This suggests that an exchange of S by E considerably delays the
appearance of β'1-2 and thus stabilizes the β'2-2 polymorph. While the existence of
the β'2-2 polymorph is difficult to prove for a mono-acid trisaturated TAG like SSS
because of instability (Simpson & Hageman, 1982), substitution of one (n) chain
by a longer (n + 2) one stabilizes the β'2-2 polymorph and substitution by a shorter
(n - 2) chain stabilizes it even more.

5.4.3.3 Stability of β'1-2
The gap between the β'2-2 → β'1-2 transition point and the melting point of the β'1
polymorph is different for symmetric versus asymmetric TAGs. For the
asymmetric samples the β'1 melts within 9 K (18 min) after its formation, while the
symmetric PEP and PSP melt 17 K (34 min) and 24 K (48 min), respectively,
above their appearance temperature. From this considerable difference in “lifetime”
it can be concluded that asymmetry destabilizes the β'1-2 polymorph, presumably
as a result of the different conformation. In going from PSP to PEP the β'1-2
lifetime drops by 7 K (14 min) but in the asymmetric TAGs the exchange of S by E
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Fig. 5.4 Melting and recrystallization of PSS polymorphs: from bottom to top: the starting
polymorph β'0 melts and after quenching (-30 K min-1) and subsequent heating (0.5 K
min-1) α, β'2 and β'1 appear and melt. Relevant temperatures are listed to the right of the
graph.

Fig. 5.5 Fingerprint area of the polymorphs of PSS.
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does not seem to have a significant lifetime influence on the β'1-2 phase. Only the
absolute values of the β'1-2 melting points show the influence of an exchange of S
by E since it causes a considerable drop of the melting point, just as for the β
melting points.

5.4.3.4 β'0-2 PSS

In older literature PSS has been reported to be β' stable, just like PSP
(Lutton et al., 1948), but also to have equally stable β' and β polymorphs (Lutton,
1950). With our crystallization procedure and heating the sample just above the β'2
to β'1 conversion temperature, a β'1 polymorph was initially obtained. Surprisingly,
after storage in the lab for several weeks at room temperature (T ≈ 294 K), all the
prepared capillaries appeared to contain a novel β'-type polymorph (diffraction
pattern at the bottom of Fig. 5.2) that differed from the β'1-2. The novel β'-type PSS
polymorph will be denoted as β'0-2 because its melting point (339 K) is higher than
that of the β'1-2 polymorph (336 K). A melt and recrystallization experiment
carried out with this novel polymorph (Fig. 5.4) delivered a pattern that resembles
those of the β'1-2 polymorphs shown in Fig. 5.2.
Fig. 5.5 gives an overview of the fingerprint areas of all known
polymorphs of PSS. Although the β'0-2 melting point almost equals that of the β-2
polymorph, the β'0-2 polymorph cannot be mistaken as a β-2 polymorph because
the β'0-2 XRPD pattern clearly lacks the characteristic β-2 reflections between 19
and 19.5 °2θ (upper trace Fig. 5.5). Also, the characteristic β' bend conformation
(see below) and the β'-typical (600) reflection at 23.6 °2θ classifies it as a β' family
member.
The Tm values of the β'0-2 and the β-2 polymorphs (Table 5.1), determined
using two different samples from the same PSS batch, are equal within the
accuracy of the temperature measurement and suggest an equal stability. A timeand temperature-resolved diffraction experiment has been carried out with a third
PSS capillary sample, taken from the same batch and prepared in the same way as
the other two. Unlike the other two samples, this third sample contained β'0 but
also a small amount of β. Upon heating this sample with 0.5 K min-1 the diffraction
patterns show that the β'0 melts 1.5 - 2 K before the β, so it is concluded that PSS is
not β0'-2 but β-2 stable.
Questions concerning the precise conditions under which the β'0-2 and the
β-2 crystallize, and whether a tempering process may stimulate this, remain as yet
unanswered. Repeatedly partial melting of β'1-2 PSS at 336 K and followed by
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cooling to 335 K sharpened the β'1-2 peaks in the XRPD pattern, but did not induce
a conversion to β'0-2, neither to β-2. After 3 months storage of β'1-2 at 330 K a
small amount of β'0-2 was detectable. These experiments demonstrate the influence
of sample history on Tm values and show that one should take care in drawing
conclusions from experimentally obtained thermal data, even if the samples
originate from the same batch.

5.4.4 Packing and methyl end-plane

5.4.4.1 β'1-2 PEP, β'1-2 PSP, β'1-2 PPE and β'1-2 PPS
In all the β'1-2 structures discussed in this publication the conformation of
the chair-shaped molecules shows the typical β' bend of ~ 130° between back and
back leg of the chair (the same as in van Langevelde et al., 2000; Sato et al., 2001)
Also, in all the β' structures the molecules are packed with seats facing each other,
but being slightly tilted, while the back of the one molecule is adjacent to the front

Fig. 5.6 Pair of PSS molecules with facing seats.

leg of the other one (Fig. 5.6). The legs of the one (upper) molecule (Fig. 5.6, lefthand side) are packed in the same layer as the back of the other (lower) molecule,
but the legs of the lower molecule and the back leg of the lower molecule (Fig. 5.6,
right-hand side) are packed in another, different layer than its front leg and the
back of the upper molecule. The pairs of molecules form ‘two-pack’ layers with a
double-chain length thickness. The unit cell of the β'1-2 structure contains two of
such ‘two-packs’ that are related to each other by a (½,½,½) translation. The bends
in the molecules point in the same direction, as a result of which the ‘two-packs’
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approach each other at the methyl end-plane with the same angle as the bend in the
molecules (Fig. 5.7). The methyl end-groups at one side of the interface between
the ‘two-packs’ point in between two methyl end-groups of the adjacent ‘two-pack’
(Fig. 5.7b). The view along the b axis shows a difference between the packing of

Fig. 5.7 Packing of β'1-2 PEP, (a) view parallel to the b axis, (b) view parallel to [130].

the symmetric and asymmetric β'1-2 structures: In the symmetric structures the
chains at the methyl end-plane are aligned in projection on the ac plane (Fig. 5.7a)
whereas in the asymmetric structures the chain ends of one ‘two-pack’ point
between two other chains of the neighbouring ‘two-pack’ (Fig. 5.8).
The precise location of the seat of the chair-shaped molecules in between the
dominating columns of electron density of the zigzag chains is a point that deserves
extra attention. If opposing chair seats at the front-leg side bump, the seat position
is likely to be incorrect. The solution to this bumping problem is similar to that
described for β-2 structures: rotation of the seat plus front leg along the back leg
axis until the front leg coincides with a neighbouring column of electron density
(van Mechelen et al., 2006b).
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Fig. 5.8 Packing of [2-3] β'1-2 PPS: view along the b axis.

However, at the given resolution of the data two serious ambiguities exist
in the packing of the β'1 structures of PPS, PPE, PSP and PEP. The first is the
position of the methyl end-plane. When the molecules are shifted by c/4 and
rotated by 180° along the direction of the c axis, a packing can be realized that fills
the columns of electron density of the parallel parts of the acyl chains but with the
methyl end-plane and the glycerol zone interchanged and having the seat at a
different position. The R values for both packings are virtually the same so from
the XRPD data no choice can be made for the methyl end-plane position. This
ambiguity may be solved by comparing with the single-crystal data of β'1 CLC. At
room temperature this crystal structure is orthorhombic but at lower temperatures
β'1 CLC becomes monoclinic. Since this orthorhombic to monoclinic transition is
reversible, it is likely that no changes are involved other than small shifts and
rotations. The similarity between the powder pattern of the monoclinic β'1 CLC and
the β'1 patterns of the present study supports a structural equivalence and for this
reason the methyl end-plane position has been taken as conforming to that in β'1
CLC (van Langevelde et al., 1999).
The second ambiguity is the orientation of the second molecule in the
asymmetric unit of the I2 structure. Each molecule forms a seat-facing pair with a
symmetry copy of itself. When the lower left quarter of the unit cell (Fig. 5.7a) is
filled by a molecule pair of molecule (1), the upper-left quarter is filled by
molecule (2). When molecule (1) has approximately the proper configuration
molecule (2) may be obtained in two ways: by shifting a copy of molecule (1) by
a/2 relative to molecule (1) (option 1), or by shifting a copy of molecule (1) by a/2
plus an additional 180° rotation with respect to an axis at (3a/4, c/4) perpendicular
to the ac plane (option 2). After optimisation by FOX, both molecule combinations
lead to structure solutions that differ mainly in the position of the seat of the second
molecule. Just as with the previous ambiguity, the single-crystal data of β'1 CLC
has been used to select the second option. The seat-position ambiguity is not
unique for structure solution of TAGs from powder diffraction data. Even in the
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single-crystal structure solution of β'1 CLC, the seat position was a problem
(private communication) and only from a 2mF0 - DFcalc electron density map it
could be established unambiguously (van Langevelde et al., 2000).

5.4.4.2 β'0-2 PSS
The unit cell of the β'0-2 structure of PSS also contains two ‘two-packs’,
but these are related by an inversion centre. This makes the bends in the two ‘twopacks’ point in opposite directions whereas the chains of the approaching ‘twopacks’ at the methyl end-plane are not inclined but parallel and aligned (Fig. 5.9).
The methyl end-plane of the ‘two-packs’ is stepped (Fig. 5.9a) and can be denoted
as a <2-2> interface as the sn-2 chains of neighbouring ‘two-packs’ are in line,
analogous to the β-2 polymorphs of these TAGs (van Mechelen, et al., 2008).

Fig. 5.9 Packing of β'0-2 PSS, (a) view parallel to the b axis, (b) view parallel to [310].
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5.4.5 Comparison of β' structures
The fingerprint area of the diffraction patterns of all the β'-2 structures is
dominated by the (600) and (31ℓ) reflections (Fig. 5.3). The lattice planes (600),
(318) and (31-8) are related to the most intense fingerprint diffraction maxima
because of their orientation relative to the chain packing (Fig. 5.10). Based on FTIR measurements on micro crystals, Yano et al. (1997) suggested an O⊥ subcell for

Fig. 5.10 View parallel to the chain direction of half a β'1-2 PSP ‘two-pack’. Dotted lines
mark the orientation of the lattice planes corresponding to the main finger print lines. Solid
lines: the O⊥ subcell in line with the one present in β'1-2 CLC.
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the β'1-2 structure. This subcell is found in the single-crystal structure of β'1-2 CLC
(van Langevelde et al., 2000) and does not conflict with the data of the β'1-2
structures of this paper. However, at the resolution to which the β'1 TAGs diffract
(not beyond 3 Å), the orientation of the zigzag planes of the acyl chains, and thus
the subcell, cannot be established unambiguously. Since the same problem applies
to β'0-2, it is obvious that the usefulness of the subcell is quite limited.
The ‘two-packs’ in the β' structures can be described as two stacked dimers
that each consist of two symmetry-related molecules. The dimeric symmetry (21
axis parallel to the b axis) is the same in all cases but the stacking of the dimers can
be different. In the β'1-2 structures of this work the dimers in the ‘two-packs’ are
not symmetry related, in the orthorhombic β'1-2 (room-temperature) crystal
structure of CLC (van Langevelde et al., 2000), they are symmetry related by a b
glide perpendicular to the a axis and in the β'0-2 of PSS the dimers are related by a
(½,½,0) translation.
The symmetric and asymmetric β'1-2 TAGs appear to have different
conformations, the former a [1-2] and the latter a [2-3]. This difference in
conformation suggests a relation to their different behaviour at the α → β'2
transition. For the symmetrical group that does not exhibit a clear α melting it
seems likely that the [1-2] β' conformation is maintained from the α form.
However, the asymmetric TAGs do show α melting and this may be related to the
change from the [1-2] conformation to the [2-3] conformation.
Judging from the β'1-2 models and the β'0-2 PSS model, the transition of
β'1-2 PSS to β'0-2 PSS has to involve an inversion of the orientation of every other
‘two-pack’. This symmetry relation between the ‘two-packs’ in β'1-2 versus β'0-2 is
similar to that found for the ‘three-packs’ in the β2-3 versus β1-3 polymorphs of cismono-unsaturared TAGs: in the lower-melting polymorph the ‘three-packs’ are
related via a translation (½,½,½) while in the higher-melting one they are related
by a centre of symmetry (van Mechelen et al., 2006b).
It should be noted that apart from the β'2-2, β'1-2 and β'0-2 discussed in the
present paper also other types of β' structures do exist. For example, a crystal
structure of a β'-2 polymorph of PPM has been solved from single-crystal data
(Sato et al., 2001). This asymmetric β'-2 structure has two molecules in the
asymmetric unit, just like the I2 structures of the present paper, but the two
molecules have different conformations, a [2-1] and a [2-3] that together form a
seat-facing pair. A (calculated) powder diffraction pattern clearly shows that this
compound belongs to a different class of β'-2 structures because the reflection
(600) is missing. It seems relevant to note that the β'-2 PPM single crystal was
crystallized from n-hexane whilst the β' polycrystalline material used for the
present work was obtained without solvent.
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5.4.6 Comparison of β' and the β structures
The β'-2 polymorphs presented in this paper are either in a [1-2]
conformation (PEP, PSP, PSS) or in a [2-3] conformation (PPE, PPS), and have a
bend between the back and the back leg. It is noted that in all cases the seat of the
chair is a C18 chain (E or S), apparently a conformation that is energetically
favourable, and this may explain the [2-3] conformation of PPE and PPS that both
have a shorter sn-2 chain.
In contrast, the β-2 polymorphs of all these materials (see Part III of this
series; van Mechelen et al., 2008) are all in a [1-3] conformation. In this
conformation the back and the back-leg of the seat, formed by the sn-1 and sn-2
chains, are lined up and the parallel planes of the zigzag chains form a triclinic
subcell. The different molecular conformations in β'-2 versus β-2 imply that rather
complicated changes are required in the transition from β'-2 to β-2 and this may
explain the difficulty in getting a β phase. The symmetric PEP and PSP are β'
stable and since the β-2 of PSP and PEP melt at lower temperatures, a β' to β
conversion cannot be observed. It seems likely that this β phase can be obtained
only if the melt-mediated β'-2 can be avoided, e.g. by crystallization from a solvent
(Lutton & Hugenberg, 1960). The latter authors reported that β-2 PSP transforms
into β'1-2 at 338 K via the melt. The melting indicates a change in conformation
and/or packing, in line with the structural differences we determined. The
asymmetric PPS and PSS, and probably also PPE, are β-2 stable, as shown from
the melting points. The β'1 to β conversion rate in these cases is very slow, if
conversion occurs at all, so measuring the conversion with DSC is impossible.
With temperature-resolved XRPD the precise conditions to stimulate the transition
in a controlled and reproducible way have not been established yet.

5.5 Conclusions
The β'1-2 structures of PSP, PEP, PPS and PPE have been solved from high
resolution powder diffraction data in space group I2. The packing is in line with the
orthorhombic single-crystal structure of β'1-2 CLC (van Langevelde et al., 2000).
The presence of two molecules in the asymmetric unit complicated the structure
solution and, together with dominant-zone problems and peak overlap in the
diffraction pattern, it hindered the determination of the orientation of the zigzag
planes of the acyl chains. Unlike the β-2 structures of these compounds (van
Mechelen et al., 2008) the symmetric and asymmetric β'1-2 have different
molecular conformations. The structure of a novel β' polymorph of PSS, named
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β'0-2, was solved in space group C2/c. The molecule has a characteristic β' bend
conformation. Time- and temperature-dependent XRPD experiments showed that
both the β'1-2 PSS and the β'0-2 PSS melt at lower temperatures than the β
polymorph, so justify the conclusion that PSS is β stable. The difference in
molecular conformation between the β'-2 polymorphs and the β-2 polymorph
makes a β'-2 to β-2 solid-state transition unlikely. For the β'1-2 structures as well as
the β'0-2, the dominant zones in the finger print area of the diffraction pattern can
be correlated with the layered packing of the acyl chains.
In the case of the structure determination of cis-mono-unsaturated β-3 type
TAGs it was shown that the diffraction data are not very sensitive to rotational
freedom of zigzag chains around their longitudinal axis (van Mechelen et al.,
2006a). This holds for the β'-2 structure of PSS in C2/c, having a single molecule
in the asymmetric unit just like the β-3 structures. The rotational freedom is an
even more serious problem in the β'1-2 structures because they have two molecules
in the asymmetric unit while their powder patterns do not have more independent
reflections. Thus, no firm conclusions are possible about the orientation of the
planes of the zigzag chains on the basis of non-atomic resolution XRPD data alone.
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5.8 Appendix

Rietveld refinement results of
β'-2 structures

Fig. 5.11 Rietveld refinement result of β'1-2 PEP

measured and calculated patterns.
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with difference trace of the

Fig. 5.12 Rietveld refinement result of β'1-2 PSP

with difference trace of the

measured and calculated patterns.

Fig. 5.13 Rietveld refinement result of β'1-2 PPE with

measured and calculated patterns.
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difference trace of the

Fig. 5.14 Rietveld refinement result of β'1-2 PPS

with difference trace of the

Fig. 5.15 Rietveld refinement result of β'0-2 PSS

with difference trace of the

measured and calculated patterns.

measured and calculated patterns.
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Summary
The fats that are present in our food are not just an energy source but they
also determine important physical food properties like creaminess, spreadability,
mouth feel, gloss and melting behaviour. The main components of fats are
triacylglycerols (TAGs), tri-esters of a glycerol moiety and three long-chain fatty
acids. The physical properties of a fat are determined by its TAG composition (e.g.
acyl chain-length distribution, degree of unsaturation) and by the crystalline
polymorphs formed by the co-crystallized TAGs. TAGs have a monotropic type of
polymorphism. Ordered according to increasing stability, the principal polymorphs
are the α, β' and β. To understand the properties of fats, knowledge about the
molecular packing of the molecules in the polymorphs is essential. Application of
diffraction is the most straightforward way to obtain this information. Preferably
X-ray single-crystal diffraction data should be used, but as good quality and large
enough TAG crystals are extremely rare, X-ray powder diffraction is a second best
alternative. Crystal-structure determination from powder diffraction data is much
more complicated than using single-crystal data and until a few years ago the
structure determination of TAG polymorphs was considered to be a too large
challenge. In the past few years the robustness of direct-space structure solution
based on Monte Carlo methodology has improved considerably and with the
increased computing power of PC's, crystal-structure determination of TAGs from
powder diffraction data has become feasible though it is a far from routine job:
high-resolution (synchrotron, laboratory) powder data are essential and a special
brute-force indexing method had to be developed to overcome dominant-zone
problems of the TAG powder patterns.
Chapter 2 discusses the structure-solution process of the highest-melting
stable β1 polymorph of a homologous series of cis-monounsaturated TAGs and of
β-VI cocoa butter, a co-crystallized mixture of cis-monounsaturated TAGs. All the
β1 structures are crystallized in space group P21/n and have a triple-chain length
packing that arises from two symmetry-related three-packs, sets of two molecules
packed together, with an unsaturated-bond layer sandwiched between two saturated
layers. Comparison of this packing with an earlier published model of the lowermelting β2 polymorph led to a re-examination of the latter.
The subject of chapter 3 is the structure determination of a set of cis-monounsaturated TAGs in the second highest melting β2 polymorph. The set includes
also β-V cocoa butter and two asymmetric cis-mono-unsaturated TAGs that have
not been reported previously to crystallize in a β2 polymorph. The β2 polymorphs
are crystallized in space group Cc and have the same amount (two) and built-up of
three-packs as in the β1 polymorphs. However, the symmetry relation between the
three-packs in both polymorphs is different, in the β2 polymorph the three-packs
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are related by the Cc lattice-centering operation while in the β1 they are related by
inversion centers. On basis of this different packing of the β1 and the β2
polymorphs, the mechanism of fat bloom formation in chocolate is explained.
Chapter 4 focuses on the stable β polymorph of a series of TAGs with
even-numbered saturated and trans-mono-unsaturated acyl chains that all are
crystallized in space group P with a double chain length packing (β-2). Although
replacing the trans-mono-unsaturated elaidoyl chain by a stearoyl increases the
melting point of the corresponding TAG, in the crystal-structure packing no
significant differences could be observed.
In chapter 5 the structures of the β'1-2 polymorphs are unravelled for the
same type of TAGs as in chapter 4. As it turned out, this was a very challenging
problem: the structures are crystallized in space group I2 with a double chain
length packing, just like the β-2 structures, but with two independent molecules in
the asymmetric unit and different molecule conformations were established for
symmetric versus asymmetric TAGs. Also, a novel β' polymorph of PSS has been
found and its crystal structure has been solved. As its melting point is higher than
that of the β'1-2 polymorph it is denoted β'0-2. From the difference between the
crystal structures of β'-2 and the β-2 polymorphs it is concluded that a solid state
β'-2 to β-2 conversion is unlikely.
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Samenvatting
De vetten die in ons voedsel aanwezig zijn hebben niet alleen de functie
van energiebron, maar bepalen ook belangrijke fysische eigenschappen zoals
crèmeachtigheid, smeerbaarheid, mondgevoel, glans en smeltgedrag. De
hoofdcomponenten van vetten zijn triacylglycerols (TAGs), tri-esters van glycerol
met drie vetzuren met een lange koolstof keten. De fysische eigenschappen van een
vet worden bepaald door zijn TAG samenstelling (zoals de verdeling van de
koolstof ketenlengtes en de mate van onverzadigdheid) en door de kristallijne
polymorfen gevormd door de gecokristalliseerde TAGs. TAGs vertonen een
monotroop type polymorfisme. De belangrijkste polymorfen gerangschikt naar
toenemende stabiliteit worden aangeduid als α, β' en β. Om de eigenschappen van
vetten te begrijpen is kennis van de pakking van moleculen in de polymorfen
essentieel. Diffractie is de meest directe manier om deze informatie ter beschikking
te krijgen. Daar zou bij voorkeur Röntgen éénkristal diffractie voor moeten worden
gebruikt, maar omdat kwalitatief goede en voldoende grote éénkristallen van TAGs
uiterst zeldzaam zijn, bezet Röntgen poederdiffractie een goede tweede plaats als
alternatief. Kristalstructuur bepaling uit poederdiffractie gegevens is veel
gecompliceerder dan uit éénkristal gegevens en tot een paar jaar geleden werd het
oplossen van kristalstructuren van TAG polymorfen beschouwd als een te grote
uitdaging. De laatste paar jaar is de robuustheid van structuurbepalingen in de
directe ruimte gebaseerd op Monte Carlo methodologie aanzienlijk verbeterd en
met de toegenomen rekenkracht van PC's is het bepalen van kristalstructuren uit
poederdiffractie gegevens uitvoerbaar geworden. Het is echter allesbehalve een
routine klus: hoge resolutie (synchrotron, laboratorium) poedergegevens zijn
essentieel en een speciale "brute-force" indiceringsmethode moest worden gebruikt
om dominante-zone problemen van TAG poederpatronen te overwinnen.
Hoofdstuk 2 bespreekt het structuuroplossingsproces van de hoogst
smeltende stabiele β1 polymorf van een serie homologe cis-mono-onverzadigde
TAGs en van β-VI cacaoboter, een gecokristalliseerd mengsel van cis-monoonverzadigde TAGs. Alle β1 structuren zijn gekristalliseerd in ruimtegroep P21/n
en hebben een drievoudige ketenlengte pakking die is opgebouwd uit twee
symmetriegerelateerde 3-packs, sets van twee moleculen die zodanig zijn gepakt
dat een laag met onverzadigde bindingen ingesloten zit tussen twee verzadigde
lagen. Vergelijking van deze pakking met die van de lager smeltende β2 polymorf
die eerder was gepubliceerd heeft geleid tot het herzien van de laatste.
Het onderwerp van hoofdstuk 3 is de structuurbepaling van een reeks cismono-onverzadigde TAGs in de één na hoogst smeltende β2 polymorf. Deze reeks
bevat ook β-V cacaoboter en twee asymmetrische TAGs, waarvan niet eerder het
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bestaan van een β2 polymorf is gerapporteerd. De β2 polymorfen kristalliseren in
ruimtegroep Cc en hebben hetzelfde aantal 3-packs met dezelfde opbouw als in de
β1 polymorf. De symmetrierelatie tussen de 3-packs is echter verschillend in beide
polymorfen: in de β2 polymorf zijn de 3-packs aan elkaar gerelateerd via de Cc
roostercentering operatie maar in de β1 polymorf via centra van symmetrie. Op
basis van dit verschil in pakking tussen de β1 polymorf en de β2 polymorf wordt het
mechanisme van vetbloem vorming bij chocola verklaard.
Hoofdstuk 4 is gewijd aan de stabiele β polymorf van een serie TAGs die
een even aantal koolstof atomen in de vetzuurketen hebben of een trans-monoonverzadigde elaidoyl keten. Al deze β polymorfen zijn uitgekristalliseerd in
ruimtegroep P met een dubbele keten lengte (β-2) pakking. Al hoewel het
vervangen van de trans-mono-onverzadigde elaidoyl keten door een stearoyl keten
het smeltpunt van de corresponderende TAG verhoogd, kunnen er in de pakking
van de kristalstructuren geen significante verschillen worden waargenomen.
Hoofdstuk 5 behandelt de structuur van de β'1-2 polymorfen van hetzelfde
type TAGs als in hoofdstuk 4. Dit bleek een zeer uitdagend probleem te zijn: allen
bleken te kristalliseren in ruimtegroep I2 in een pakking met dubbele keten lengte,
net als de β-2 structuren, maar met twee onafhankelijke moleculen in de
asymmetrische eenheid. Daarnaast bleken symmetrische en asymmetrische TAGs
verschillende molecuul conformaties te hebben in de β'1-2 polymorf. Ook is er een
nieuwe β' polymorf van PSS gevonden en de kristalstructuur ervan opgelost. Het
smeltpunt van de nieuwe polymorf is hoger dan die van de β'1-2 polymorf en wordt
daarom aangeduid met β'0-2. Uit het verschil tussen de kristalstructuren van de β'-2
en de β-2 polymorfen kan worden geconcludeerd dat een vaste stof overgang van
β'-2 naar β-2 onwaarschijnlijk is.
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Nawoord
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