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Abstract

Quantitative electron crystallographic studies have been
carried out on epitaxially oriented multi-component
waxes. Intensities from two paraffin-based samples, an
artificial six-component medium wax (equimolar dis-
tribution of chain lengths) and a petroleum-based wax
(Gaussian distribution of chain lengths) have been used
to determine their crystal structures. As found earlier for
binary paraffin solid solutions, differences in molecular
volume are compensated by longitudinal molecular shifts
within individual lamellae. Nevertheless, each lamellar
surface must remain flat enough, and with enough
crystallographic order intact, to nucleate the next lamella,
thus accounting for the observed long-range correlation
in these crystals. Recrystallized beeswax also has a layer
packing somewhat similar to the paraffin waxes.
However, in this case, the lamellar order is ‘frustrated’
so that a certain amount of ‘nematically’ ordered material
must be present, spanning the nascent lamellar interfaces.

Introduction

Polydisperse combinations of linear molecules are often
found in biologically and commercially significant
materials, ranging from the lipids to synthetic polymers.
Multicomponent paraffin solid solutions, themselves,
have been significant for the study of petroleum wax
crystallization, as a model for insect and plant cuticle
waxes and as a model for polydisperse polyethylene
lamellae.

Crystallographically, the description of such poly-
disperse linear-chain combinations is not well advanced.
Progress has been made recently in the study of binary
n-paraffin solids in the form of single crystals. Low-angle
X-ray diffraction measurements had often been made on
such samples (Mnyukh, 1960; Fischer, 1971; Asbach,
Geiger & Wilke, 1979; Craievich, Doucet & Denicolo,
1984) and, more recently, on polydisperse solids (Asbach
& Kilian, 1991; Basson & Reynhardt, 1992). However,
the first single-crystal characterization of an n-paraffin
binary solid solution was reported only two decades ago
(Liith, Nyburg, Robinson & Scott, 1974). In this
qualitative description, it was proposed that the co-
packing of dissimilar chain lengths was compensated by
longitudinal molecular disorder in individual lamellae.
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Vibrational spectroscopic (Maroncelli, Strauss & Snyder,
1985; Kim, Strauss & Snyder, 1989) as well as NMR
measurements (Basson & Reynhardt, 1991) established
that conformational disorder near the chain ends was also
important for minimizing the average nonoverlapping
volume. Recent quantitative crystal-structure analyses of
such solid solutions, based on electron (Dorset, 1990a) or
X-ray diffraction (Gerson & Nyburg, 1994) intensities,
support the longitudinal disorder model.

In an earlier electron diffraction study of binary
paraffin combinations (Dorset, 1987), it was found that
similar patterns could also be obtained from an oriented
commercial petroleum wax. In this paper, the study of
paraffin-based multicomponent waxes is extended to find
a more quantitative model for the molecular packing. A
similar characterization of a natural beeswax is then
compared with the paraffin wax model.

Materials and methods
Materials

Pure paraffins used to construct several model waxes
have been listed in an earlier paper (Dorset, 1990b),
along with their individual purities and thermal proper-
ties. Asymmetric long-chain esters (>99% pure,
NuChekPrep, Elysian MN), used as ingredients for a
model beeswax, included the behenyl esters of myristic
acid, palmitic acid, stearic acid and arachidonic acid,
with respective carbon chain lengths: C36, C38, C40 and
C42.

Model waxes (Table 1) were formed from individual
ingredients by weighing into a vial and then fusing
together on a hot plate. After cooling, the solid was
broken up, re-mixed and re-melted to give a homo-
geneous solid solution (indicated initially by single
melting endotherms in DSC scans) after re-cooling.
‘Natural’ waxes were taken directly from commercial
sources. A typical commercial petroleum wax was
obtained from a paraffin birthday candle. Typical of
petroleum waxes, it would have a Gaussian distribution
of chain components (Tegelaar, Matthezing, Jansen,
Horsfield & de Leeuw, 1989). Honeycomb beeswax
(Apis mellifera) was obtained from a local apiary and was
received as a yellow pigmented cake. Its very compli-
cated composition has been discussed by various authors

Acta Crystallographica Section B
ISSN 0108-7681 ©1995






DOUGLAS L. DORSET

Results
Paraffin waxes

Medium wax (MW2636). Electron diffraction patterns
from epitaxially oriented samples of the artificial medium
wax MW2636 show that the structure diffracts to very
high resolution (0.75A) and that the microcrystalline
regions are uniformly oriented (Fig. 1a). Indices of the
Ok! reflections (see Dorset, 1987) indicate that contig-
uous microcrystalline areas, on average, mimic the
crystal structures of either n-C;,Hgg or n-C;;Heg, with
the latter being slightly more abundant. Following the
work of Liith, Nyburg, Robinson & Scott (1974), the
orthorhombic space group for the odd-chain packing is
A2,am (or Aa, as indicated above), with cell constants:
a=742, b=496, c=87.94A [the lamellar repeat to
n-Cy;Hegg, given by Nyburg & Potworowski (1973) is
c/2 = 43.89 A]. The plane group of the [100] projection
is cm. Thus, the origin can be placed anywhere along the
mirror parallel to ¢ in this plane group.

After direct methods were used to assign phase values
(through two algebraic ambiguities) to 16 reflections, one
potential map was generated (after permutation of values
for the symbols; Fig. 2b) that depicted the carbon
positions within each lamella of the bilamellar unit cell. It
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Fig. 2. Initial potential maps for the paraffin waxes after direct phase
determination. In each case, only a single lamella of the bilamellar
unit cell in space group A2,am is shown (see also Fig. 3). The origin
on plane group cm, which must lie on the mirror, is arbitrarily placed
near the lamellar center (the result of the direct phase determination).

Peaks represent carbon positions and are weighted approximately by
their occupancy in the lamella. (a) CANWX and (b) MW2636.
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Table 2. C-atom coordinates for MW2636
y z Occupancy
0.190 0.0179 0.50
0.309 0.0324 0.79
0.190 0.0470 0.82
0.309 0.0615 0.85
0.190 0.0760 0.87
0.309 0.0905 0.89
0.190 0.1050 091
0.309 0.1196 091
0.190 0.1341 094
0.309 0.1486 0.95
0.190 0.1631 096
0.309 0.1776 099
0.190 0.1921 1.00
0.309 0.2066 1.00
0.190 0.2212 1.00
0.309 0.2357 1.00
0.190 0.2502 1.00
0.309 0.2647 1.00
0.190 0.2792 1.00
0.309 0.2938 1.00
0.190 0.3083 1.00
0.309 0.3228 0.99
0.190 0.3373 0.96
0.309 0.3518 0.95
0.190 0.3664 094
0.309 0.3809 091
0.190 0.3954 091
0.309 0.4092 0.89
0.190 0.4244 0.87
0.309 0.43%0 0.85
0.190 0.4535 0.82
0.309 0.4680 0.79
0.190 0.4825 0.50

was clear from the map that an occupancy factor was
required to account for the co-mixing of the various
components in the solid solution, much as it was in
earlier studies (Liith, Nyburg, Robinson & Scott, 1974;
Dorset, 1990a; Gerson & Nyberg, 1994). That is to say,
because of translational adjustments of molecular posi-
tions in each layer along the long unit-cell axis, the
atomic occupancies at the chain ends have an approx-
imate Gaussian fall-off, reaching a maximum value at the
chain centers.

Although not all the carbon positions are found in the
initial potential map (Fig. 2b), it was assumed that the
average crystal structure was that indicated by the Ok/
indices, i.e. n-C;;Hgg. When theoretical hydrogen posi-
tions are assigned to each carbon, a kinematical R = 0.46
is calculated (plane group c¢m) when all atoms are
assigned unit weights and some of the enhanced
resolution of the 00/ row is included. A somewhat more
reasonable fit to the observed data is obtained when the
atomic occupancies found earlier for a 1:1 paraffin solid
solution (Dorset, 1990a) are employed [(Table 2), ie.
R =030, when Bc=20, By=40A? (Table 3).
Secondary scattering perturbations (Cowley, Rees &
Spink, 1951), detected in electron diffraction patterns
from similar microcrystalline paraffins (Hu, Dorset &
Moss, 1989), were judged to affect the current data set,
because the agreement between calculated and observed
data is actually better when lower isotropic temperature
factors were used in the structure factor calculation with
this model. Correction for this type of multiple scattering
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Table 3. Observed and calculated structure factors for

MW2636

hl Fol IFd Wl Fol  IFd IF e
002 0.81 0.85 0.70 02,66 022 0.9 0.17
004 0.47 0.45 0.37 02,68 0.46 0.42 0.46
006 0.25 0.37 0.29 02,70 0.44 0.34 0.42
00,66 0.24 0.23 0.24 03,31 0.18 0.16 0.18
00,68 0.57 099 0.80 03,33 047 043 0.42
00,70 0.69 0.79 0.68 03,35 0.80 0.86 0.78
00,72 020 0.21 0.19 03,37 022 0.09 0.15
01,31 025 027 0.26 03,103 0.18 0.18 0.21
01,33 0.47 0.69 0.63 03,105 0.18 0.06 0.11
01,35 0.87 1.33 1.13 040 025 031 0.54
01,37 0.25 0.14 0.22 042 0.20 0.03 0.15
01,103 0.18 0.15 0.25 044 0.18  0.02 0.06
01,105 0.18 0.04 0.16 04,68 0.26 0.08 0.19
020 192 208 1.63 04,70 030 006 0.20
022 0.35 0.23 0.34 05,33 0.16 0.21 0.21
024 029 0.12 0.16 05,35 022 043 0.41

greatly improves the agreement (R = 0.21). The average
crystal structure is drawn schematically in Fig. 3(a).

Petroleum wax (CANWX). When epitaxially oriented,
the wax sample taken from a paraffin_candle also
diffracts electrons to high resolution (0.92 A). Sharpness
of the diffraction maxima again denotes uniform
orientation within each microarea (Fig. 1b). Indices of
the Ok! diffraction patterns reveal that the average
lamellar structure is much more sharply distributed
around a single crystal structure, n-CHg,. The orthor-
hombic space group is again A2,am (or Aa) with unit-cell
constants: a = 7.42, b = 4.96, ¢ = 76.58 A. [The lamel-
lar spacing for n-CHg, predicted by Nyburg &
Potworowski (1973) is ¢/2 = 38.79 A ]

Symbolic addition assigns phase values for 13 of 22
unique observed reflections via two algebraic unknowns.
After permutation of these unknown values, a potential
map is observed (Fig. 2a), wherein 28 of 29 possible
carbon positions are located. Again, the need for a
decreasing occupancy factor to model the chain ends is
apparent from this map.

If, as justified by the above measurements, the crystal
structure of n-C,yHy, is used as the basis for the structure
determination, then, if both carbon and hydrogen
positions are used for the structure factor calculation
with unit occupancies, R =0.44, when B =3.0,
By =4. 0 A2, When the three positions at the chain ends
are assigned weights: 0.25, 0.50 and 0.75 (Table 4), the
agreement improves to R = 0.24 (Table 5). Only a slight

) [l

e 000000000, 000,0,%,0,0,°,
0%0%0%%0%e%0%e" 0% % %",

'.’c'o’o'o‘.'-’o'o'-'-'-'.

Fig. 3. Schematic representation of paraffin wax crystal structures
where atomic radii denote decreasing occupancy factors. In
comparison to Fig. 2, the origin is now placed between the lamellae,
typical of paraffin crystal structure representations. (a) MW2636, as
an average n-C;;Hgg structure, and (b)) CANWX, as an average n-
CyoHg, structure.
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Table 4. C-atom coordinates for CANWX

y z Occupancy
0.190 0.0203 0.25
0.309 0.0368 0.50
0.190 0.0532 0.75
0.309 0.0696 1.00
0.190 0.0861 1.00
0.309 0.1024 1.00
0.190 0.1189 1.00
0.309 0.1353 1.00
0.190 0.1517 1.00
0.309 0.1682 1.00
0.190 0.1846 1.00
0.309 0.2010 1.00
0.190 0.2175 1.00
0.309 0.2340 1.00
0.19%0 0.2503 1.00
0.309 0.2668 1.00
0.190 0.2833 1.00
0.309 0.2997 1.0
0.190 0.3161 it
0.309 0.3326 TS
0.190 0.3491 R
0.309 0.3655 1.0
0.190 0.3839 1.00
0.309 0.3983 1.00
0.190 0.4147 1.00
0.309 04311 1.00
0.190 0.4475 0.75
0.309 0.4640 0.50
0.190 0.4840 0.25

Table 5. Observed and calculated structure factors for

CANWX
hkl 1Fol IFel hkl 1Fol IFel
002 0.85 1.25 022 030 0.33
004 0.79 1.03 024 020 0.27
006 0.68 0.73 02,58 0.35 0.08
008 0.46 0.42 02,60 036 0.38
00,58 0.83 020 03,27 0.18 0.19
00,60 0.75 097 03,29 0.44 045
01,25 0.26 0.18 03,31 0.68 0.79
01,27 037 034 040 036 032
01,29 0.71 0.79 042 0.19 0.05
01,31 113 136 05,29 023 0.20
020 2.39 213 05,31 0.30 0.36

improvement is seen (R =0.23) when a correction is
made for secondary scattering. A schematic representa-
tion of this average crystal structure is given in Fig. 3(b).

Honeycomb wax. Although thin microcrystals of
yellow beeswax grown from dilute solution in light
petroleum do not have well developed habits, the Ak0
electron diffraction patterns from them (Fig. 4) are
identical to those found for all the multi-component
paraffin waxes considered in this study. In agreement
with powder X-ray studies of beeswax (Basson &
Reynhardt, 1988), the characteristic pattern from the
orthorhombic perpendicular methylene subcell is
observed, with lateral cell constants a, =7.58,
b, = 5.08 A. When single crystals of the beeswax were
heated in the electron microscope, there was only a slight
expansion of the axial ratio a,/b, before the melting
point, i.e. there is no rotator phase. This behavior is
characteristic of e.g. pure even-chain paraffins when the
chain length is longer than 38 carbons (Dorset, Alamo &
Mandelkern, 1992).
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Table 6. Atomic coordinates for the orthorhombic
perpendicular subcell

x y z

C 0.038 0.065 0.25
H1 0.179 0.049 0.25
H2 0.010 0.273 0.25

Table 7. Observed and calculated structure factors for
beeswax subcell data

hil IFo| |Fel hkl IFol IFel
200 135 1.57 420 038 0.12
400 0.60 0.65 520 0.27 0.29
600 031 0.22 130 0.50 0.34
110 1.45 1.63 230 037 0.35
210 0.46 0.37 330 033 0.12
310 0.74 0.52 430 0.28 0.27
410 038 0.26 002 0.18 0.24
510 0.33 0.27 011 034 0.57
020 091 0.1 022 0.13 0.10
120 0.42 0.32 031 0.28 0.41
220 0.66 0.32 040 031 0.07
320 0.40 0.36

an equivalent longer chain-length polydisperse paraffin
component was not successful, since the melting point
was 20° higher than that considered here.)

Electron diffraction studies of epitaxially oriented
BEHWX indicate that the wax ester solid solution
crystallizes as if it is an orthorhombic paraffin, in
agreement with powder diffraction measurements made
on pure asymmetric wax esters by Aleby, Fischmeister &
Iyenger (1971). Indices of the Ok/ patterns reveal that the
structures resemble n-C, Hg,, n-C4Hg, or n-Cy,Hg, in
space group Pca2, for the quasi-even-chain lamellae and
A2,am (or Aa) for the odd.

Despite the similarity of peak melting points, however,
there is no close structural resemblance between the
artificial beeswax and the natural product. When Ok!
patterns of the artificial beeswax are indexed, the average
lamellar packing resembles most often the structure of
n-C,3Hyg, an average layer much thinner than found for
honeycomb beeswax. The intense outer 00/ reflections
and 01/ reflections corresponding to the major poly-
ethylene diffraction positions in this projection are
always split, so that the lamellae are well defined. Thus,
the artificial beeswax closely resembles the two paraffin-
based waxes described above.

Discussion

The analysis of n-paraffin multi-component solid
solutions, either as artificially compounded mixtures or
as a commercial product derived from a petroleum
source, demonstrates that there is, if any, very little
structural difference in these polydisperse solids from the
simple binary solid solutions. As also found for the
binary solid solutions (Dorset, 1987), there is a
distribution of local orthorhombic crystal structures from
microarea to microarea and these mimic, on average, the
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lamellar packing of either an even- or an odd-chain
paraffin. The co-packing of various chain lengths in a
single lamella requires that some mechanism must
compensate for the molecular volume differences. The
methylene subcell packing itself is not disordered
appreciably, so that these groups are always well-aligned
within a chain layer. The longitudinal molecular transla-
tional disorder component for individual chains included
in the structure analyses of binary and now multi-
component solutions accounts, therefore, for the
phenomenological fall-off of chain-end atomic occu-
pancy. Since this approximately Gaussian distribution of
fractional occupancies is convoluted with the space
lattice of the structure at specific interlamellar loci, its
Fourier transform, which is alsc Gaussian, must be
multiplied with the part of the diffraction pattern that
corresponds to the order of the lamellar interface. These
are just the 00/ lamellar reflections and, hence, the often-
observed attenuation of the low-angle reflections in the
diffraction from any paraffin solid solution is quite
simply explained. In the analyses above, only the form of
the interfacial disorder was sought (i.e. an approximation
of the Gaussian half-width) and not its unique descrip-
tion. That is to say, there may be other, similar chain-end
atomic occupancies that lead to similar results. (Indeed,
some have been found.) Furthermore, the conformational
disorder found in vibrational spectroscopic and NMR
measurements have not been considered in the above
analyses, if only to avoid further complication and over-
parameterization of the model. Higher precision, as
shown in the X-ray structure analysis of a n-paraffin
binary solid (Gerson & Nyburg, 1994), for example,
would require more intensity data. Equivalent numbers
of diffraction data are more difficult to obtain in electron
crystallographic studies than in single-crystal X-ray
studies, for various reasons [relative values of the form
factors at high angle and also goniometric constraints
(Dorset, 1995)], even though electron diffraction
techniques are the most convenient to study such
polydisperse solids as single crystals.

Despite the disorder at the lamellar interface, one
surprise in this study was the very high resolution and
sharpness of the reflections in the Ok/ electron diffraction
patterns from very small microareas (Fig. 1). Earlier
morphological descriptions of petroleum wax crystal-
lization (Edwards, 1957; Zocher & Machedo, 1959) led
one to expect that their oriented solids would have
considerable plastic deformation, perhaps of the type
found for phospholipids (Dorset, Massalski & Fryer,
1987). Petroleum wax lamellae have been visualized in
the light microscope as rolled up tubes, for example. The
well ordered solids found on a microscale indicate, on the
contrary, that the lamellar repeat must be highly
correlated, despite the disorder at the lamellar interface.
That is to say, even though there is a distribution of
atomic occupancies at the chain ends and also a certain
number of conformational defects, the lamellar surfaces
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must still be very flat on an atomic scale. Furthermore,
enough of an average lateral crystallographic repeat must
remain on each lamellar surface to promote the exact
self-epitaxial nucleation that represents the growth of one
lamella on the next as a three-dimensional crystal is
formed. [It will be shown in a separate paper (D. L.
Dorset & B. K. Annis, in preparation), based on surface
decoration experiments and AFM measurements, that
this is, in fact, the case for many mixed-chain lamellar
solid solutions.] The resultant minimization of nonover-
lapping molecular volume is entirely consistent with the
constraints imposed for solid solutions by Kitaigorodski
(1961).

The beeswax structure is more difficult to characterize.
First of all, it is not the stable lamellar structure found in
the petroleum-based (or model) waxes, even though the
chains pack in the same methylene subcell and also in
rectangular layers. Comparing the diffraction patterns to
earlier work on very long-chain alkanes epitaxially
nucleated by a substrate from the vapor phase (Zhang
& Dorset, 1990), the structure seems to be instead a
‘frustrated’ lamella with some nematic-like disorder of
the chains. The presence of average lamellae in all areas
is indicated, first of all, by the observation of low-angle
00! reflections (Fig. 5¢). However, these nascent lamellae
must be bridged by chains to prevent the eventual
stablization of the structure found for the petroleum
waxes. Such bridging would, for example, explain the
occasional splitting or nonsplitting of intense 01/
reflections (Zhang & Dorset, 1990), since the bridging
molecules would constrain the interlamellar distance to
some multiple of the ¢,/2 = 1.275 A methylene repeat (if
there are many of them). Thus, as seen for partially
annealed n-paraffins or for beeswax (Fig. 5a), the most
intense reflections resemble the electron diffraction
patterns from polyethylene (e.g. see Hu & Dorset,
1989). A partial relaxation of this interlamellar distance
to a nonintegral multiple of the methylene repeat distance
(if there are fewer bridges) means that the original
nascent lamellar structure is now better defined. As
found for more completely annealed n-C¢H,,, and also
for beeswax (Fig. 5b), the intense 01/ reflections are now
split but not the outer 00/ reflections. However, the
unusual index rule found for the 01/ reflections indicates
that the analogy to the earlier study of very long alkanes
is not exact. Some component of the very complicated
list of beeswax ingredients, perhaps the long-chain diol
diesters (Stransky, Streibl & Kubelka, 1971), is respon-
sible for this structure remaining in a permanently
unresolved state. The endpoint of annealing the oriented
long paraffins is a stable lamella (Zhang & Dorset, 1990)
with flat surfaces, but this cannot be formed for the insect
wax for reasons that are not yet clear.
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Abstract

A new type of X-ray diffractometer (IPD-W AS) has been
recently developed as a rapid X-ray measurement system
in the laboratory. This equipment has been closely
examined from the viewpoint of a tool for the data
collection of organic crystals. Intensities of two stable
compounds [I: bis(2,4,6-trimethylthiobenzoic) thioanhy-
dride; II: dimethyl 1,2-di-tert-butyl-3,6-dimethyl 4,5-
dicarboxylate] and one unstable compound (III: tri-4-
methylphenylbismuth dichloride) were measured with
Mo K« radiation, with the total time for the intensity
measurement being 2 or 3h for each compound. 1995,
2360 and 2502 independent reflections of 3520, 5238
and 5397 measured reflections were used for structure
determination for (I), (II) and (III), respectively. The
structures were solved successfully by conventional
direct methods and the Patterson method. The final R
values were 0.055, 0.050 and 0.067 for (I), (II) and (IID),
respectively. For (I) and (II), intensities were also
measured with a fourircle diffractometer using the
same specimens, the final R values being 0.058 and
0.055 for 2733 and 3224 reflections for (I) and (II),
respectively. The agreement between the two sets of
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structural geometry, obtained from the IPD-WAS and the
four—circle diffractometer, was quite satisfactory. Accu-
rate intensities of the unstable (III) could not be obtained
by the four-circle diffractometer.

1. Introduction

Rapid collection of X-ray intensity data is especially
important for determining structures of unstable com-
pounds. In order to obtain an intensity data set from a
single crystal within several hours, a new type of X-ray
diffractometer, IPD-WAS (Kamiya, Iwasaki, Tanaka &
Katayama, 1990; Kamiya, Iwasaki & Tanaka, 1993;
Kamiya & Iwasaki, 1995), was recently developed for
time-resolved data collection of intermediate states of
crystalline-phase reactions. IPD-WAS consists of a
rotating anode generator and a focusing monochromator,
a chamber containing a Weissenberg camera with multi-
screens which are automatically adjustable to any desired
layer lines for lowering background level, two cylindrical
imaging plates (Amemiya & Miyahara, 1988; Sonoda,
Takano, Miyahara & Kato, 1983) as two-dimensional
detectors, which are used alternately to reduce effective
readout time for each imaging plate, and a rotating laser
optics newly designed for the readout of the cylindrical
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