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Chain Length Distribution and the Lamellar Crystal Structure of a Paraffin Wax
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The three-dimensional crystal structure of an artificial linear paraffin wax with a near Gaussian distribution
of chain lengths and known polydispersity{/M,) of 1.003 was determined from electron diffraction intensity
data. The average structure resembles the pamaf@gH- in its orthorhombic B-polymorph, space group
A2;am, wherea = 7.42,b = 4.96,¢c = 92.86 A. A distribution of fractional methylene group occupancies
near the chain ends is suggested by the falloff(60l) but a more accurate vacancy model can be found
from the known chain distribution of this wax.

Introduction to discern subtle features of the average composition just from
a structure refinement.

In recent years the composition of representative petroleum-
based waxes has begun to be accurately determined in terms of
chain length distribution as well as the inclusion of branched
and ring-substituted componentsTo date, no effort has been
made to construct chain packing models that conform to this
compositional distribution, showing how these might improve
the fit to measured electron diffraction intensity sets. In this
paper, an artificial paraffin wax of known composition, with
low polydispersity index, is described crystallographically in
terms of the chain distribution.

Powder X-ray~* and, more recently, single-crystal electron
diffraction®? investigations have provided important insights
into the molecular associations in polydisperse paraffin chain
assemblies of waxes and low molecular weight polyethylenes.
There are at least two solid solution structures for normal chain
assembliesone with well-expressed lamelfaand the other
with “nematocrystalline” disorde¥? For waxes, the former
lamellar expression is typical of a distillate fraction whereas
the other type, where no true lamellar separation occurs, is
typical of broader chain distributions of synthetic and natural
products.

Following the extensive study of individual binary solid
solutions in terms of average chain packifiglectron crystal-
lography has provided an informative overview of representative ~ Wax Construction and Crystallization. In a physical
wax assemblies in terms of their average single-crystal struc- chemical characterization of artificial waxes at high pressure,
tures, most recently including three-dimensional determinations. Stokhuyzen and Pistoritfslisted five approximately Gaussian
Based on their crystal structures, petroleum distillate waxes aremole fraction distributions of pure-paraffin components as
difficult to distinguish prima facie fronm-paraffin binary solid the materials used in their study, at least one of which could be
solutions, although the defect distribution at the lamellar grown into a single-crystal sufficient for X-ray diffraction data
interface seems to depend on the breadth of the chain lengthcollection!® For this study, their highest molecular weight
distribution!! The nematocrystalline structures found for broad distribution, comprising chains from C31 to C39, was ap-
chain length distributions in synthetic Fischéropsch waxes proximated by weighing out highly pure paraffins (various
and/or low molecular weight polyethylerfeand/or natural suppliers such as Fluka, Supelco, Eastman Chemical, and Ultra)
waxe$ have also been characterized by electron crystallography,from n-CzjHes to n-CzgHzg on an analytical balance in the
in addition to the microcrystalline waxes with a high concentra- fractional distribution indicated in Figure 1. (The paraffin
tion of methyl-branched chairs. n-CsgHgo Was not available in our laboratory when this artificial

While respective crystal structure types can be useful for the wax was constructed. Nevertheless, it was not a major compo-
classification of waxes, there is often little else that can be statednent of the original wax? as seen in Figure 1.) After these
about a specific unknown wax, aside, perhaps from the “vacancy paraffins were combined into a single vial, the physical mixture
profile” at the lamellar interfacé.2 In principle, the chain of crystals was melted, remixed, and then remelted several times
assembly of a wax can be modeled accurately only after its to form a solid solution. Peak sharpness in the DSC scan (a
composition is well-characterized. This is particularly true 0.34 mg sample in a sealed aluminum pan scanned with a
because the polymethylene subcell repeat of the chain packingMettler TA-3300 instrument) for this wax (Figure 2), henceforth
accounts for the most intense reflections of the diffraction termed STWX5 $TokhuyzenWaX mixture 5), indicated that
pattern. Given such a sublattice array with small cell dimensions the polydispersity index should be IoWwas is also shown by
within a larger unit cell, the strong reflections are sequestered calculatio® from the known component molar distribution:
to restricted loci within the reciprocal lattice. The rest of the My/M, = 1.003. A premelting transition, presumably to a rotator
lattice comprises weak or unobserved reflections, which is also phase, occurs at 68, followed by the melt at 73.2C.
an informative part of the subcell Fourier transform. With the A small portion of the artificial wax was dissolved in light
paucity of measured intensities, even in three-dimensional petroleum, and the sample was epitaxially crystallized on
single-crystal patterns, there is often insufficient information benzoic acid following procedures adapted from those described
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Figure 2. DSC scan of STWX5. . s M w L

by Wittmann, Hodge, and LotZ. Specifics of the preparation,
which allow one to view directly crystalline projections contain-
ing the chain axes in electron diffraction experiments, are given
in previous papers.19 The epitaxial growth on the organic can
be understood by the progression of crystallization events when
a co-melt of the linear chain material in a suitable diluent is
cooled into a eutectic solid, where the diluent (e. g., benzoic
acid, naphthalene) is the major ingredi¢htyhere there is no
solid solubility of the two components. When the liquidus line Figure 3. Electron diffraction patterns from epitaxially oriented
of the phase diagram is crossed, the diluent crystallizes to form STWXS. (&) Ok (0° tilt); (b) h,2h} (18 tilt), hhl (33° tilt).
a flat crystal surface for nucleation of the chain molecules, that 1,4 grids, tilted at various values*(éor the OK zone; 18 for
crystallize at a lower temperature when the solidus line is o h 21 zone: 33 for the hi zone), were rotated so that the
crosseql. Close'epitaxial matching of th? surface crysj[al Structurespeci;ne,n rod tilt axis coincided with ,the c* axis of the reciprocal
of the diluent with the lateral chain packing of the chains ensures |ayice permitting the collection of three-dimensional diffraction
that the cha|ns7 are nucleated with their axes parallel to the j,iongities (sampled by the indicated three major zone axis
dlluept surface, t.hereby nucleating a projection of .the chain projections). All diffraction patterns were recorded on Kodak
packing perpendicular to the one achieved by solution growth. pep g sereenless X-ray film developed with Industrex developer
After remova_l of the benzoic acid substrate by subhmatlon_ N 2t maximum strength (thus ensuring optimal film speed). The
vacuo, the oriented STWXS samples on 300 mesh carbon-film- gjac4ron diffraction camera length was ultimately calibrated
covered ellectron microscope grids could be studied in the against a gold powder pattern but could also be evaluated from
electron microscope. the dho Spacing of the orthorhombic methylene subcell pack-
ing,2° which is very close to 2.48 A.

Diffraction patterns were scanned on a Joyce-Loebl Mk llic

Selected area electron diffraction studies of the oriented wax flat-bed microdensitometer. Intensities of resulting peak traces
were carried out under low beam dose conditi®as 100 kV were approximated by a triangular fit to the peak area. There
with a JEOL JEM-100CX Il electron microscope. The selected was no Lorentz correction appliédMany patterns were taken
area diameter, calibrated with a diffraction grating replica, was from the representative zonal projections, and efforts were made
2.9 um. Three-dimensional data collection (Figure 3) was to ensure consistency of intensity data by comparing equivalent
facilitated by use of a Gatan 650 Mk 1 sample holder with patterns as well as for symmetry-related reflecti®ristensity
smooth, continuous 36Qotation of the specimen-containing data from any projection, moreover, were built up as an average
grid at any tilt value of thet60° eucentric goniometer stage. over several patterns and projections were scaled to one another

Electron Diffraction
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TABLE 1: Carbon Atom Coordinates for STWX5 [

xla y/b zc x/a ylb zc 1{ l I
0.037 0.190 0.0171 0.037 0.190 0.2644 e e T
0.119 0.309 0.0309 0.119 0.309 0.2781 5000000000000 S000000E
0.037 0.190 0.0447 0.037 0.190 0.2918 e . s s
0.119 0.309 0.0584 0.119 0.309 0.3055 c (a)
0.037 0.190 0.0722 0.037 0.190 0.3193 g
0.119 0.309 0.0858 0.119 0.309 0.3330 S
0.037 0.190 0.0996 0.037 0.190 0.3468 it
0.119 0.309 0.1133 0.119 0.309 0.3604 B

0.119 0.309 0.1407 0.119 0.309 0.3879
0.037 0.190 0.1545 0.037 0.190 0.4017
0.119 0.309 0.1682 0.119 0.309 0.4154

0.037 0.190 0.1271 0.037 0.190 0:3742 l

0.037 0190 01820 0037 0190  0.4291 (b)
0.119 0.309 0.1957 0.119 0.309 0.4428 a
0.037 0.190 0.2095 0.037 0.190 0.4566 I N y N 7 AN Ve 7’
0.119 0.309 0.2231 0.119 0.309 0.4703 b
0.037 0.190 0.2369 0.037 0.190 0.4841 ~ / N 7 S 4 S 7
0.119 0.309 0.2506 N , N . , N P
via the intensities of strong wide-anglelQ@flections. Strong ~ s N s N 4 A 4
secondary scattering perturbations could be noted in some N ’ N P N p: N p
patterns, particularly the hfzone in 00 rows, as also seen in
previous studies of a pure paraffihSpuriously large intensities S 2N SN O
of this type were identified by their inconsistent occurrence and N P N 7 N Vs N 7
were therefore ignored. ©
Results Figure 4. Three-dimensional packing of the average C35 length chain
in STWX5. (a) [100] projection; (b) [010] projection; (c) [001]
Indices of Ok, h,2h|, and hh patterns followed the rule ¥ projection. In the latter, note the shift of adjacent lamellae (dark and
| = 2n for observed reflections. Cell constants for a bilayer 9Nt arrays are separate layers).
orthorhombic cell were determined &~ 7.42,b ~ 4.96,¢/2 As originally introduced by Strobl and co-worké&tsfor
= 46.43+ 0.26 A. Specifically, the indices of strong reflections  thermally disordered alkanes, but modified in a more recent
were consistent to values expectdr a puren-CasHy, paraffin study?? this distribution of vacancy sites can, in principle, be

in pseudoorthorhombic space group Aa or the orthorhombic getermined directly from the low-angleldBtensity distribution,
A2,am. (If the molecular mirror of the chains is used by the extrapolating to a zero scattering value by the fit of a quadratic
space group, the former assignment is equivalent to the latter.)fynction. A value was found fads = L — 1.275 M — 1) where
Calculation of the lamellar repeat for this C35 alkane by Nyburg | = ¢/2 andm is the chain length (35 carbons). This was
and PotworowsKf* matched the observed value exactly. Unlike converted todd = dy2, and determined to be 1.54 A, in this
some binary solid solutiof%or polydisperse waxeésthere was example. A scale factog was found then frong = 1o/(ds)?,
very little deviation from the average C35 structure for this \yherel, is the extrapolated zero-anglelQftensity value for
artificial STWXS distribution. the puren-paraffin chain packing. With the scaledl@6tensity

The orthorhombic crystal structure of the odd-chain paraffins values for STWXS5, the zero-angle vallgevas again determined
in the metastable B-polymorph is well-kno$A chain packing by extrapolation; hencd 5, = (10/g)2 can be calculated to give
model based on C35 layers was accordingly constructed in spacehe one-dimensional vacancy distribution depth for this chain
group Aa with an orthogonap-angle to give the carbon  assembly, in terms of distance from the lamellar interface center.
fractional coordinates listed in Table 1. Using the Deyleirner For STWX5, this value was found to be 3.50 A. In the previous
electron scattering fact®rfor carbon andBc = 3.5 A%, R = paperi! these distances were compared favorably to phenom-
2 [|Fobs — k|Fcald|/y |Fobs= 0.29 for calculated and observed enological Gaussian occupancy distributions [2.ay(2)] for
structure factors scale#)(according toy lobs= Y Icalc or 0.32 the final chain positions, wherg(z) = exp(—a?z?). Herez is
when the scale is based op|Fobg = Y |Fcald. Unitary the Cartesian chain position along thexis anda is a constant.
methylene group occupancy was assumed at all chain positionsFrom the table in the original publication one could see that
for this calculation. When theoretical hydrogen positions were the approximate value should be near= (2.0 AL The
added withB. = 5.5 A? again with unitary occupancieR,= fractional occupancy factors for the terminal carbon positions
0.24 or 0.27, respectively. The average three-dimensional chainwere 0.49, 0.88, 0.99, 1.00... (writing from the final methyl to
packing is represented in Figure 4. With crystallographic phases successive methylene groups into the chain and at each end of

from the model structure factor calculation assigne{bs, the chain) and gave residud®s= 0.22 or 0.24. Slightly better
an [100] projection of the lamellar packing was calculated as values were found whem= (1.9 A)™%. The resultant distribution
shown in Figure 5. of fractional occupancies near a lamellar terminus is indicated

As has been often discussed and is indicated in Figure 5, thein Figure 6.
terminal methylene and methyl positions should not be given  Since the chain length distribution is accurately known for
unitary occupancies for any sort of paraffin solid solutions. The this model wax, a layer model could be constructed with
resultant “vacancy distribution” actually denotes the presence fractional chain occupancies assuming that the chains were
of nonplanar conformational disord&t?26that accumulates  totally extended. For chain components that were less than the
near the chain ends, directly measurable by vibrational spec-length of the C35 lamellar average, one starting position was
troscopy’ or solid-state NMR8 given for each end of the lamella so that the shorter chain methyl
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Figure 5. Potential map for STWX5 ([100] projection) showing partial group occupancies near the chain ends.

TABLE 2: Observed and Calculated Structure Factor
oce. 1 ![ame_llar_ Magnitudes for STWX5
ermination
1.0% x [ hki |Fobg |Fcald hki |Fobg |Fcald
-4 002 0.78 0.76 040 0.53 0.38
004 0.67 0.70 042 0.24 0.02
006 0.55 0.63 120 0.95 0.88
X 008 0.45 0.54 12 36 1.23 1.47
° 0010 0.36 0.45 12 38 0.73 0.47
7 0012 0.29 0.37 12 40 0.19 0.22
0070 0.34 0.34 111 3.52 4.10
0072 1.09 1.26 113 1.22 1.28
0074 1.03 0.90 115 0.79 0.68
X 00 76 0.28 0.31 117 0.56 0.41
_ . 0129 0.10 0.22 119 0.28 0.26
T T T T T \d - . 0131 0.29 0.30 1111 0.09 0.17
st e 8 s % 3 g  3schainposition 0133 050 0.45 1133 023 0.28
Figure 6. Occupancy parameters (“occ.” on ordinate) for chain carbon 0135 0.97 0.97 1135 0.78 0.62
atoms near one lamellar surfacex )(chain packing model from known 0137 1.85 1.92 1137 1.40 1.23
distribution of components (Figure 1] estimate from extrapolation 0139 0.35 0.32 11 39 0.19 0.21
of 1(00I) to zero angle by the modified Strobl method. 020 3.12 3.10 1171 0.23 0.18
022 0.50 0.18 1173 1.05 1.00
group would be flush with the termination of the average 024 0.42 0.17 1175 0.17 0.01
lamella. Intermediate shifts of the chain by one carbon were 832 8-% 8-12 ggg (1)'2; (1)-(1)2
then generated until the next position is found where the opposite 0270 010 014 594 0.50 0.06
methyl coincided with the opposite C35 lamellar surface limit. 0272 0.67 0.50 226 020 0.05
The occupancy of each afi chain positions for a given 0274 0.59 0.36 22 34 0.15 0.10
componenti was then defined by} ixixn, where X, is the 0335 0.66 0.55 22 36 0.99 0.88
fractional occupany for a given lamellar positinmndx; is the 03 37 1.05 1.09 2272 0.50 0.26
03 39 0.11 0.18 2274 0.46 0.18

fractional molar contribution of componentFor chain com-

ponents longer than the C35 average, one starting position Wasy, g for 4 ternary paraffin solid solutihwith two methylene
again generated with a methyl terminus at one lamellar surfacegroulos difference between successive chain lengths. The number
and s.ingle. methyleng shift§ were given to produce even.tuglly of observed (00 orders observed for this ternary solid is also
the mirror image of this starting point, so that there was a similar gjmijar o the current result. However, a better fit can be obtained
partitioning of chains of this longer componentn principle, ¢ the actual distribution of chain components is taken into
with extended chains, this would place some chain termini gecount. However, the vacancy model was used only for carbon

o.uts?de 'the average Igme]lar boundgry, as shown in the positions within the C35 boundary of the average lamellae,
distribution for STWXS in Figure 5. Within the C35 lamellar  jon6ring the implied (minor) protrusions into the interlamellar
boundary the fractional occupancies were 0.67, 0.87, 0.96, 0'99’gap.

1.00..., resulting in residual values 0.20 or 0.23. Calculated and For such a model. if all chains were considered to be fU”y

observed structure factors are compared in Table 2. extended, this would place the fractional positions of three
methylene units into a space that would conveniently accom-
modate only two methylenésagain implying that the chains
As was found in a previous three-dimensional structure could also bridge across the lamellae. This, however, is not a
analysis of a refined paraffin wax with single-crystal electron simple proposition since successive lamellae are shifted with
diffraction intensities, the artificial wax STWX5 crystallizes ~ respect to one another in tixgy plane (Figure 3c). Therefore,
as a well-defined lamellar structure, closely resembling the some sort of conformational jog would be required to insert
structure of a pure odd-chain paraffin. Because of the low the chain protrusion into a (putative) vacancy site at the apposing
polydispersity of this wax, there is virtually no variation of the lamellar surface.
local average crystal structure on the scale of adjacentr®.0 In earlier X-ray crystal structures of a binamparaffin solid
diameter areas. solutions?® such cilial projections into the lamellar interface
While a paraffin chain model incorporating fully occupied were actually proposed. However, it was later shown that a
chain positions begins to explain the observed intensity data, it packing model including an average lamellar surface that was
is also apparent that some kind of fractional occupancy atomically flat explained the X-ray data as well as the protruding
distribution must be included within the chain termini to express chain model® Decoration experiments with polymethylene
the distribution of chain lengths in the structure. A vacancy vapors indicate that such surfaces, moreover, are good epitaxial
distribution depth calculated by the modified Strobl mefifod  substrates, also implying overall flatné88°Such a conclusion
successfully improves the fit of the model to the observed data. is also inferred (perhaps not conclusively) from AFM experi-
The resulting ratiad' 5/d's = 2.27 is very similar to the value  ments on single paraffin solid solution lamelfeThat the

Discussion
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crystal growth in the [001] direction is highly correlated over (4) Reynhardt, E. C.; Riederer, Meur. Biophys. J1994 23, 59;
micrometer lengths, i.e., a growth nucleated by the least orderedBasson. I.; Reynhardt, E. G. Phys. D. Appl. Phys.98§ 21, 1421, 1429,
crystal plane in the structure, also indicates that this surface ™ "(5) porset, D. L.Acta Crystallogr 1995 B51, 1021; Dorset, D. LZ.
should be flat? since average chain ends from one lamellar Kristallogr. 1999 214, 362.

surface will face average interchain depressions of the facing ~ (6) Dorset, D. LJ. Phys. D. Appl. Phys.997 30, 451; Dorset, D. L.

; . G J. Phys. D. Appl. Phys1999 32, 1276.
layer, as described by KitaigorodsKiifor the lamellar layer (7) Dorset. D. L.Energy FUeI200Q 14, 685.

stacking of pure alkane crystals. (8) Dorset, D. LJ. Phys. Chem200Q B104 4613.

Vibrational spectroscopy detects the presence of nonplanar (9) Dorset, D. L.Macromolecules999 32, 162.
conformers at this surface. The calculated fractional occupancy (10) Dorset, D. LMacromoleculed987 20, 2782; Dorset, D. LProc.
of average chain position C36 protruding from a C35 lamella ’E‘ﬂ'- 2A209ad. Sci. U.S.AL99Q 87, 8541; Dorset, D. LZ. Kristallogr. 1999
for the chain extended model is 0.13. whereas the fractional (’11) Dorset, D. LZ. Kristallogr. 200 215, 190.
vacancy of C35 at the lamellar edge is 0.33 and that of C34  (12) cCraievich, A.; Doucet, J.; Denicolo, J. Phys. (Paris)L984 45,
within the lamella is 0.13. It is clear that there is enough space 14713é " B 1 Kilbatrick. P, K FUeI998 12 715 Sever

ithi usser, b. J.; Klpatrick, P. ner ue " , Severin,

on average .W|th|n.t.he Iamellar surface to accommodate theseD';(Gu)ptay A K Petral. sg. Technoll999 19%’ 967: Gupata’ A K. Brouwer,
terminal chain positions via nonplanar conformers, thus retract- |\’ severin, D.Petrol. Sci. Technol1998 16, 59: Coutinho. J. A. P.:
ing the average chain length, so that they need not protrudeDauphin, C.; Daridon, J. LFuel 200Q 79, 607.
into the interlamellar space. This structural feature is not easily ~ (14) Stokhuyzen, R.; Pistorius, C. W. F. J.Appl. Chem197Q 20, 1.

. . ; . : (15) Le Roux, J. H.Fischer Tropsch WaxesSasol One (Pty.) Ltd.:
established directly from diffraction measurements, even with Sasolburg, South Africa, 1984: p 16,

single-crystal patterns, but it is the model that is most consistent " 16) Bilimeyer, F. W., JrTextbook of Polymer Sciencznd ed.; Wiley-

with all observations, including the more direct spectroscopic Interscience: New York, 1971; p 657, 78.

measurements of chain disordér8 (17) wittmann, J. C.; Hodge, A. M.; Lotz, Bl. Polym. Sci. Polym.
While an improved model for the phenomenological vacancy Phys. Bd 1983 21, 2495.

L . . . T (18) Dorset, D. L.; Hanlon, J.; Karet, ®acromoleculed989 22, 2169.
distribution is obtained from a known chain distribution than  (19) porset, D. L Structural Electron CrystallographyPlenum: New
from the vacancy depth analysis, there are questions that remainyork, 1995.

For example, in waxes with a much higher polydispersity _ (20) Abrahamsson, S.; DalieB.; Lofgren, H.; Pascher, Prog. Chem.
index11 will the approximation of using the anticipated vacancy Fats Other Lipids1978 16, 125.

S L . LY . (21) Dorset, D. L.; McCourt, M. P.; Li. G.; Voigt-Martin, I. Gl. Appl.
distribution just within the defined limiting lamellar thickness  cystallogr 1998 31, 544.
still be superior to the vacancy depth analysis, especially if more  (22) Hu, H. L.; Dorset, D. L.; Moss, BJltramicroscopyl989 27, 161.
chain mass is expected beyond the limiting lamellar surface? (23) Dorset, D. L.Z. Kristallogr. 1999 214, 223.

(24) Nyburg, S. C.; Potworowski, J. Adcta Crystallogr 1973 B29,
347.
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