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Alternation of melting points in the series of odd- and even-numbered monoacid
triacylglycerols has been known for a long time, but hitherto little experimental evidence
has been available to support existing theories. In this paper the melting point alternation
of â-CnCnCn-type triacylglycerols is discussed, based on the crystal structures of â-CnCnCn
(n ) number of C atoms per hydrocarbon chain ) 10, 12, 14, 16, 18 and n ) 13, described
in this paper). The crystal structure of â-1,2,3-tris(tridecanoyl)glycerol (â-C13C13C13) has been
determined from high-resolution synchrotron X-ray powder diffraction data and is presented
here. Grid search and Rietveld refinement have been used to determine and refine the
structure, respectively. Like the even-numbered monoacid triacylglycerols, â-C13C13C13 is
crystallized in an asymmetric tuning-fork conformation and its acyl chains are laterally
packed, resulting in a layered structure. Within a molecular layer, the odd- and even-
numbered monoacid triacylglycerols are identically packed, but the packing of adjacent
molecular layers is different, clarifying the alternation of melting points.

Introduction

Many organic molecules, in particular those having
long hydrocarbon chains, show polymorphic behavior:
the hydrocarbon chains may pack in different ways,
resulting in complex melt and crystallization properties.
Many homologous series of long-chain organic molecules
(having more than 10 C atoms/n-hydrocarbon chain),
like n-alkanes, fatty acids, and triacylglycerols (TAGs),
also show alternation of melting points: the melting
point does not increase proportionally with the chain
length, but series members with an odd number of C
atoms per chain melt at a relatively lower temperature
than the neighboring even-numbered members do.
Because of these physical properties, long-chain mol-
ecules are intriguing research objects.

Melting point alternation has been known for a long
time, but explanations put forward were difficult to
verify (experimentally) at the atomic level because of a
lack of crystal-structure information of long-chain or-
ganic molecules. Larsson1 and Boese et al.2 have re-
viewed these melting point alternation theories. Larsson
explained melting point alternation for all types of long-
chain compounds by differences in packing densities at
the layer interface.1 In his consideration, layers are
regarded where only methyl groups constitute the
terminal planes. The molecular arrangement within the
layers of a homologous series is expected to be the same
for even and odd members, but the stacking of layers
may be different. Melting point alternation is expected
when the structure of the terminal planes is different
in even and odd members as occurs usually with tilted

hydrocarbon chains. He explained the consequences of
this theory for the various modes of lateral hydrocarbon
chain packing in terms of end-group structure. For fatty
acids the alternation of melting points was already
correlated with differences in the estimated van der
Waals interaction between the methyl-contact planes
by Von Sydow.3 For n-alkanes this melting point alter-
nation theory was shown to be correct by the analysis
of short (fewer than 9 C atoms/hydrocarbon chain)
n-alkane crystal structures.2 The intermolecular dis-
tances between the methyl end groups appear to be
responsible for the alternation in the packing densities,
whereas the lateral packing does not play any role. The
even-numbered n-alkanes have optimal interaction at
both chain ends. The odd-numbered ones possess this
interaction at only one end; at the other end, the
distances are longer, leading to a less dense packing
and, consequently, a lower melting point.

For TAGs (Figure 1) three major phases exist, des-
ignated as R, â′, and â, that show a monotropic phase
behavior (R f â′, R f â′ f â, or R f â).4 Melting point
alternation has been observed only for the â phase.
Larsson concluded that the melting points of the â′
phase of TAGs do not alternate because the hydrocarbon
chains are arranged according to the orthorhombic
subcell5 O⊥ for which the packing density over the
methyl gap will be roughly the same in even and odd
members of a series of TAGs.1 Simultaneously with the
melting points, the long d-spacing values of the â-CnC-
nCn-type (n ) number of C atoms per hydrocarbon chain)
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TAG series alternate, which may be an indication of a
less dense packing for the odd-numbered series mem-
bers6 (Figure 2). Obviously, the packing density is
determined by the unit-cell volume and the molecular
weights.

Nowadays, crystal structures of the â-CnCnCn-type (n
) even) TAG series are known,7 so a crystal structure
of a series member with n ) odd is expected to provide
experimental evidence to assess the melting point
alternation theories. Here we report the crystal struc-
ture of such a series member, the â phase of 1,2,3-tris-
(tridecanoyl)glycerol (â-C13C13C13). The structure has
been determined from high-resolution synchrotron X-ray
powder diffraction (XRPD) data. Because the â-CnCnCn-
type (n ) even, n ) 10-18) TAG series is structurally
homologous, it is expected that the crystal structures
of the other odd-numbered longer series members (n )
odd, n > 13) are structurally homologous to the struc-
ture of â-C13C13C13, except for a difference in chain
length. On the basis of the structure â-C13C13C13 and
the known structures of the â-CnCnCn-type (n ) even)
TAG series, an explanation of the alternation of melting
points will be given.

Experimental Section

Samples, Sample Preparation, and Data Collection.
C13C13C13 was purchased as a colorless crystalline powder from

Sigma Chemical Co. (St. Louis, MO) with a purity of ap-
proximately 99%. From a sample an XRPD photograph was
made using an Enraf-Nonius FR 552 Guinier Johansson
camera (Enraf-Nonius, Delft, The Netherlands) equipped with
a Johansson monochromator8 using Cu KR1 radiation (λ )
1.540 60 Å). The sample was prepared by pressing the powder
to a thin layer onto Mylar foil. To improve particle statistics,
the sample holder was rotated in the specimen plane. For
indexing the pattern, the accurate positions of 50 lines were
collected by reading out the Guinier photograph with an optical
instrument.

An XRPD pattern of C13C13C13 was also made at the high-
resolution X-ray powder diffractometer stationed at BM16
(ESRF, Grenoble, France)9 with a fixed wavelength of 0.850 05
Å. The diffractometer was equipped with a cryogenic gas
cooling system for measurements at low temperatures. For
data collection a capillary with a diameter of 1.5 mm was filled
with powder and rotated during exposure. Continuous scans
were made at T ) 243 K from 2θ ) 0.0 to 50.0° with 2θ ) 0.5°
min-1 and a sampling time of 50 ms. After data collection the
scans were binned at 2θ ) 0.005°.

Structure Determination, Refinement, and Compari-
son. The lines obtained from the Guinier XRPD photograph
of C13C13C13 were indexed using the program ITO10 and manual
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Figure 1. General chemical structure diagram of triacylg-
lycerols. In case of monoacid triacylglycerols, p ) q ) r is also
denoted as n + 2. For example, C13C13C13 has p ) q ) r ) 11.

Figure 2. Melting points (black squares) and long d-spacing
values (open circles) vs number of C atoms per chain of mono
acid triacylglycerols.6

Figure 3. (A) Synchrotron powder diffraction pattern (λ )
0.850 05 Å, 2θ ) 2.0-50.0°) of â-C13C13C13 (upper), the pattern
as calculated from the refined crystal structure (middle), and
the difference between these patterns (lower). (B) Synchrotron
powder diffraction pattern (λ ) 0.850 05 Å, 2θ ) 15.0-50.0°)
of â-C13C13C13 (upper), the pattern as calculated from the
refined crystal structure (middle), and the difference between
these patterns (lower).
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interference. The resulting unit cell parameters were refined
on the synchrotron data using the program UnitCell.11 Ac-
curate reflection intensities have been obtained using a full-
pattern decomposition (FPD) procedure: the high-resolution
synchrotron XRPD pattern was fitted by employing a split-
type pseudo-Voigt peak-profile function12 and decomposed
using the program MRIA.13 A starting model for â-C13C13C13

was made from the crystal structure of â-1,2,3-tris(hexade-
canoyl)glycerol (â-C16C16C16 or â-PPP)7c by replacing the
terminating -CH2CH2CH3 moieties of the palmitic chains with
H atoms using the program Cerius2.14 To locate this possible
model in the asymmetric unit, a grid-search procedure13 was
applied to 300 low-order reflections obtained by the FPD
procedure. The obtained translational and rotational param-
eters were refined, followed by a full-pattern Rietveld refine-
ment (RR). Soft restraints were applied to the atomic distances
(σ is ∼1% of the ideal bond lengths) during RR. Under these
conditions the coordinates of all atoms (O, C, and H) as well
as isotropic atomic displacement parameters (Uiso) were re-
fined. The Uiso values of all C atoms as well as the Uiso values
for all O atoms were coupled; the Uiso values for H atoms were
fixed at 0.05 Å2. The preferred orientation was refined using

the first 14 coefficients of the symmetrized harmonics-expan-
sion method.16

To figure out the differences in crystal packing which may
explain the melting point alternation in the â-CnCnCn-type
TAG series, the crystal structure of â-C13C13C13 has been
compared with the known crystal structures of the even-
numbered â-CnCnCn-type (n ) 10-18) TAGs. The structures
were matched by minimizing the distance between corre-
sponding C and O atoms, resulting in an overall root-mean-
square (rms) value expressing the quality of the fit. Matched
crystal structures were visually analyzed using the program
PLUVA v3.0.17 Distances between chain-terminating C atoms
of two adjacent chain layers were calculated for the known
structures of the CnCnCn-type TAG series using the program
BONDLA.18 Occupiable volumes (unit cell volume not occupied
by atoms but large enough to fit in atomic probes with a certain
radius) were calculated using the program Cerius2 14 employing
a probe with 1.6 Å radius and atomic van der Waals radii.
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Utrecht University, Utrecht, The Netherlands.

Table 1. Unit Cell Parameters for â-C13C13C13 at T ) 243 K

cell param refined transformed transformeda,b transformed transformeda

a (Å) 11.9438(6) 11.94 11.94 11.94 11.94
b (Å) 38.568(1) 41.34 41.34 36.48 36.48
c (Å) 5.4484(3) 5.45 5.45 5.45 5.45
R (deg) 75.117(4) 108.1 71.9 107.1 72.9
â (deg) 100.291(5) 100.3 100.3 100.3 100.3
γ (deg) 116.073(7) 58.2 121.8 74.3 105.7
transformation 1 0 0 1 0 0 1 0 0 1 0 0
matrix 3 1 3h 3h 1h 3 2 1 3h 2h 1h 3

0 0 1 0 0 1 0 0 1 0 0 1
a Coordinate system inverts upon transformation. b Unit cell setting used for crystal-structure comparison.

Figure 4. PLATON19 representation of the crystal structure of â-C13C13C13.
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Results and Discussion

The chemical structure diagram of â-C13C13C13 is
shown in Figure 1. The unit cell parameters of â-
C13C13C13 (Table 1) were refined on the synchrotron
XRPD pattern using the 2θ range of 2.0-28.0°. The
space group is P1h and with one C42H80O6 molecule per
asymmetric unit the calculated density is 1.04 g cm-3.
The FPD procedure was applied to the 2.0-28.0° 2θ part
of the synchrotron XRPD pattern and resulted in an Rp
value of 8.7%, an Rwp of 13.6%, and a ø2 of 13.6. The
RR procedure was applied to a 2θ range of 2.0-50.0°,
resulting in a final fit between the calculated and
experimental XRPD pattern with an Rp value of 4.7%,
an Rwp of 5.3%, an RBragg of 10.1%, and an ø2 of 2.0
(Figure 3). Without correction for the preferred orienta-
tion, the Rp value was 6.1%, the Rwp value 6.8%, the

RBragg value 13.2%, and the ø2 value 2.6. The refined
crystal structure of â-C13C13C13 is shown in Figure 4,
and the fractional atomic coordinates and selected
geometric parameters are listed in Tables 2 and 3,
respectively.

To compare the crystal structure of â-C13C13C13 with
the structure of the even-numbered CnCnCn-type TAG
series, its unit cell was transformed to make the longest
unit cell axis parallel to the hydrocarbon chains. How-
ever, no crystallographic-legitimated transformation
matrix has been found which transforms the longest
unit cell axis parallel to the chains. Therefore, one of
the two unit cell settings with the b axis most parallel
to the acyl chains has been chosen to be used in the
further considerations (Table 1).

Like the even-numbered series members, â-C13C13C13
was crystallized in an asymmetric tuning-fork confor-
mation (Figure 4). The zigzag planes of the acyl chains
are parallel packed, which is common to the crystal
packing of the â phase, forming layers of laterally
packed acyl chains bordered by either a methyl end
group plane or glycerol moieties. The conformations of

Table 2. Fractional Atomic Coordinates of â-C13C13C13 at
T ) 243 K after Rietveld Refinementa

atom X Y Z

C1 0.071 0.479 -0.174
C2 0.191 0.508 -0.068
C3 0.280 0.490 0.057
O1a 0.015 0.449 0.049
C1a -0.066 0.413 0.005
O2a -0.088 0.406 -0.206
C2a -0.107 0.383 0.242
C3a -0.230 0.347 0.193
C4a -0.268 0.317 0.442
C5a -0.392 0.283 0.404
C6a -0.434 0.252 0.648
C7a -0.561 0.218 0.603
C8a -0.603 0.187 0.839
C9a -0.732 0.153 0.794
C10a -0.773 0.121 1.034
C11a -0.904 0.089 0.982
C12a -0.948 0.055 1.217
C13a -1.080 0.024 1.157
O1b 0.248 0.534 -0.298
C1b 0.328 0.570 -0.261
O2b 0.349 0.582 -0.063
C2b 0.383 0.597 -0.512
C3b 0.502 0.633 -0.460
C4b 0.547 0.662 -0.714
C5b 0.675 0.697 -0.670
C6b 0.718 0.727 -0.921
C7b 0.841 0.761 -0.877
C8b 0.883 0.792 -1.119
C9b 1.010 0.826 -1.072
C10b 1.057 0.856 -1.317
C11b 1.177 0.892 -1.268
C12b 1.225 0.923 -1.511
C13b 1.342 0.959 -1.461
O1c 0.283 0.463 -0.086
C1c 0.359 0.447 -0.026
O2c 0.433 0.453 0.169
C2c 0.365 0.423 -0.197
C3c 0.227 0.393 -0.267
C4c 0.178 0.362 -0.019
C5c 0.050 0.329 -0.073
C6c 0.009 0.297 0.170
C7c -0.117 0.263 0.123
C8c -0.158 0.232 0.366
C9c -0.288 0.198 0.323
C10c -0.323 0.165 0.564
C11c -0.453 0.132 0.520
C12c -0.487 0.101 0.772
C13c -0.617 0.067 0.738

a Cell parameters of â-C13C13C13: a ) 11.9438(6), b ) 38.568(1),
and c ) 5.4484(3) Å; R ) 75.117(4), â ) 100.291(5), and γ )
116.073(3)°. The volume is 2172.5(1) Å3, and the space group is
P1h; with Z ) 2 the calculated density is 1.04 g cm-3. Uiso (Å2) values
are 0.033 and 0.023 for C and O atoms, respectively.

Table 3. Selected Geometric Parameters (Å2 and deg) for
â-C13C13C13

C1-O1a 1.47 C4b-C5b 1.56
C1-C2 1.51 C5b-C6b 1.55
C2-O1b 1.45 C6b-C7b 1.51
C2-C3 1.49 C7b-C8b 1.53
C3-O1c 1.45 C8b-C9b 1.54
O1a-C1a 1.35 C9b-C10b 1.52
C1a-O2a 1.20 C10b-C11b 1.54
C1a-C2a 1.48 C11b-C12b 1.55
C2a-C3a 1.56 C12b-C13b 1.50
C3a-C4a 1.52 O1c-C1c 1.28
C4a-C5a 1.52 C1c-O2c 1.26
C5a-C6a 1.54 C1c-C2c 1.51
C6a-C7a 1.53 C2c-C3c 1.59
C7a-C8a 1.52 C3c-C4c 1.52
C8a-C9a 1.55 C4c-C5c 1.53
C9a-C10a 1.52 C5c-C6c 1.55
C10a-C11a 1.55 C6c-C7c 1.53
C11a-C12a 1.54 C7c-C8c 1.53
C12a-C13a 1.55 C8c-C9c 1.55
O1b-C1b 1.35 C9c-C10c 1.55
C1b-O2b 1.21 C10c-C11c 1.53
C1b-C2b 1.54 C11c-C12c 1.56
C2b-C3b 1.53 C12c-C13c 1.54
C3b-C4b 1.54
O1a-C1-C2 105 C2b-C3b-C4b 110
O1b-C2-C1 102 C5b-C4b-C3b 111
O1b-C2-C3 104 C4b-C5b-C6b 111
C1-C2-C3 113 C7b-C6b-C5b 111
O1c-C3-C2 112 C8b-C7b-C6b 112
C1a-O1a-C1 117 C7b-C8b-C9b 112
O2a-C1a-O1a 121 C8b-C9b-C10b 112
O2a-C1a-C2a 125 C9b-C10b-C11b 112
O1a-C1a-C2a 113 C12b-C11b-C10b 114
C1a-C2a-C3a 112 C11b-C12b-C13b 113
C4a-C3a-C2a 110 C1c-O1c-C3 123
C5a-C4a-C3a 111 O2c-C1c-O1c 118
C4a-C5a-C6a 114 O2c-C1c-C2c 121
C7a-C6a-C5a 112 O1c-C1c-C2c 120
C8a-C7a--C6a 113 C3c-C2c-C1c 109
C7a-C8a-C9a 113 C4c-C3c-C2c 107
C10a-C9a-C8a 113 C3c-C4c-C5c 111
C11a-C10a-C9a 110 C6c-C5c-C4c 110
C10a-C11a-C12a 112 C5c-C6c-C7c 112
C13a-C12a-C11a 110 C8c-C7c-C6c 112
C1b-O1b-C2 112 C7c-C8c-C9c 112
O2b-C1b-O1b 126 C10c-C9c-C8c 111
O2b-C1b-C2b 124 C9c-C10c-C11c 111
O1b-C1b-C2b 111 C12c-C11c-C10c 109
C1b-C2b-C3b 111 C11c-C12c-C13c 111
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the â-C13C13C13 molecules and the even-numbered one
are almost identical, besides the difference in chain
length, as expressed by the low overall rms value of
0.036, obtained by matching â-C13C13C13 and â-PPP.7c

Also the packing of the â-C13C13C13 molecules within one
layer of molecules, constituting two chain layers linked
by glycerol moieties, is almost identical to that of the
even-numbered series (Figure 5a).

Although the lateral chain packing and the associated
subcell of even- and odd-numbered series members are
identical, the observed high-intensity d-spacing values
and corresponding reflections in the characteristic
region of their X-ray powder diffraction patterns (d-

spacing values between 3 and 6 Å) are not the same
(Table 4), because the subcell of â-C13C13C13 is oriented
somewhat differently in the unit cell as compared to the
even-numbered series members. Therefore, the high-
intensity reflections originating from the lateral chain
packing of â-C13C13C13 differ from the even-numbered
ones in both the indices (especially the k index) and
d-spacing values.

Unlike the crystal packing within one molecular layer,
the mutual position of two adjacent layers of â-C13C13C13
molecules differs from that in the even-numbered series
members. Matching the hydrocarbon chains of â-
C13C13C13 and â-PPP with the terminating C atoms in
one plane revealed that the symmetry-equivalent
â-C13C13C13 molecules of the adjacent layer are posi-
tioned 2 Å further away in both the a and c directions
in comparison to two successive â-PPP molecular layers
(Figure 5b). As a result, the hydrocarbon chain ends are
positioned in an in-line manner (Figure 6a) like the
even-numbered ones rather than in a zigzag way (Figure
6b). However, the methyl end group interaction of
â-C13C13C13 is not identical to the methyl end group
interaction of the even-numbered ones, which is shown
by the distances between the terminating C atoms of
adjacent molecular layers (Table 5). The C13a‚‚‚C13c
and C13b‚‚‚C13b distances of â-C13C13C13 are larger
than the corresponding distances of the even-numbered
series members. Furthermore, between two adjacent
molecular layers of â-C13C13C13 exists a larger occupi-
able volume than that for the even-numbered series
members, as can be concluded from the significantly
larger percentage of occupiable volume per unit cell for
â-C13C13C13 (Table 6). Apparently, this in-line configu-
ration is still energetically favorable over the zigzag
option.

On the basis of the observed differences between the
crystal structure of â-C13C13C13 and the even-numbered

Figure 5. Crystal packing of â-C13C13C13 (red) and â-PPP
(green with the overlap in yellow) with the c axis perpendicular
to the plane of the paper showing the (a) identical crystal
packing of odd- and even-numbered series members within one
molecular layer and (b) the different positions of two adjacent
molecular layers.

Table 4. Characteristic d-Spacing Values (Å) for â-TAGsa

â-C13C13C13 â-PPP7c

hkl d(hkl) hkl d(hkl)

0 0 1 5.18 0 0 1 5.23
1 0 1 4.58 1 0 1 4.58
1 1h 1 4.54 1 1h 1 4.55
2 1h 1h 3.87 2 0 1h 3.82
3 2h 0 3.69 3 1h 0 3.64
3 1h 0 3.55

a Cell parameters of â-C13C13C13: a ) 11.94, b ) 41.34, and c )
5.45 Å; R ) 71.9, â ) 100.3, and γ ) 121.8°. Cell parameters of
â-PPP: a ) 11.95, b ) 46.84, and c ) 5.45 Å; R ) 73.8, â ) 100.2,
and γ ) 118.1°.

Figure 6. Schematic representation of (a) an in-line and (b)
a zigzag methyl end group interaction.
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series members, the alternation of melting points be-
tween odd- and even-numbered series members can be
understood. The energy necessary to melt crystalline
material is negatively related to the lattice energy. The
lattice energy of these CnCnCn-type crystal structures
can be considered to consist of two parts: (i) the lattice
energy of the crystal packing within a molecular layer
and (ii) the lattice energy between two adjacent molec-
ular layers. The first part increases linearly with
lengthening of the hydrocarbon chains, while the second
part remains constant, resulting in an expected linear

increase of the melting point with increasing chain
length. However, because the interaction between two
adjacent molecular layers of even-numbered series
members is stronger than that for the odd-numbered
ones, the melting points of odd- and even-numbered
series members alternate. With increasing chain length,
the ratio between the two lattice energy parts increases
in the end. So, the difference between the melting points
of odd- and even-numbered series members decreases
with increasing chain length (Figure 2).

The above analysis implies, admittedly still based on
one odd-membered CnCnCn crystal structure, that the
alternation of melting points for TAGs indeed originates
from different interactions at the methyl end group
region for odd- and even-numbered series members.1
Nevertheless, the interaction at the methyl ends of odd-
numbered TAGs is comparable to the interaction ob-
served for odd-numbered n-alkanes.2 These latter mol-
ecules also preferably obtain a more in-line methyl end
group interaction (Figure 6), resulting in a less dense
packing in this methyl end group region. Soon additional
experimental evidence is expected to be provided by the
analysis of the structures of â-C15C15C15, â-C17C17C17,
and â-C19C19C19 that is currently in progress.
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Table 5. Shortest Distances (<4.4 Å) between Methyl End
Atoms of Adjacent Chain Layers for â-TAGsa

atom
number

x
Cxa‚‚‚Cxc

(Å)
Cxb‚‚‚Cxb

(Å)
Cxa‚‚‚Cxa

(Å)

CCC7a 10 3.73 4.09 3.66 4.01 4.32
LLL7b 12 3.70 4.08 3.65 3.98 4.32
C13C13C13 13 3.79 >4.4 3.73 >4.4 3.99
MMM7d 14 3.55 4.05 3.54 3.81 4.23
PPP7c 16 3.67 4.01 3.65 3.94 4.28
SSS7d 18 3.65 4.02 3.66 4.05 4.35

a CCC ) 1,2,3-tris(decanoyl)glycerol; LLL ) 1,2,3-tris(dode-
canoyl)glycerol; C13C13C13 ) 1,2,3-tris(tridecanoyl)glycerol; MMM
) 1,2,3-tris(tetradecanoyl)glycerol; PPP ) 1,2,3-tris(hexadecanoyl)-
glycerol; SSS ) 1,2,3-tris(octadecanoyl)glycerol.

Table 6. Occupiable Volume per Unit Cell for â-TAGsa

unit cell
volume

(Å3)

occupiable
volume

(Å3/unit cell)

% occupiable
volume per

unit cell volume

CCC7b 1762(8) 55.5 3.15
LLL7a 2030(5) 65.3 3.22
C13C13C13 2172.5(1) 72.3 3.33
MMM7d 2314.7(2) 76.5 3.30
PPP7c 2581.1(5) 86.8 3.36
SSS7d 2879.6(2) 98.7 3.43
a CCC ) 1,2,3-tris(decanoyl)glycerol; LLL ) 1,2,3-tris(dode-

canoyl)glycerol; C13C13C13 ) 1,2,3-tris(tridecanoyl)glycerol; MMM
) 1,2,3-tris(tetradecanoyl)glycerol; PPP ) 1,2,3-tris(hexadecanoyl)-
glycerol; SSS ) 1,2,3-tris(octadecanoyl)glycerol.
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