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ABSTRACT: Two n-paraffins, n-CwHlo2 and n-CmHls2, each form sectorized lamellae when crystallized 
from a poor solvent. They also form continuous solid solutions with one another, and this cosolubility in the 
solid state creates a disordered surface of the chain-end packing. When solid solutions of the two components 
are crystallized, the sectorization is found to persist to at least 25% (by weight) concentration of the smaller 
chain in lamellae of the longer chain component. It is apparent, therefore, that a well-ordered crystal surface 
is not a necessary precondition for the appearance of lamellar sectors. Since the co-mixing of chain lengths 
will affect the average symmetry of the layer, it is clear that, as for polyethylene, this criterion wil l  have no 
influence on the growth of the three-dimensional lamellae from solution which are, in fact, 4-fold twins. It 
also follows that observed sectorization behavior in polymer crystals cannot, by itself, be taken as evidence 
for regular chain folding, as has been continuously advocated. 

Introduction 
n-Paraffins packing in the orthorhombic perpendicular 

methylene subcell' and in rectangular layers2 have often 
been used as a model for polyethylene, which shares the 
layer packing with the same methylene subcell3 and, 
therefore, crystallizes in lozenge crystals with the same 
shape. Obviously, the difference between the infinite 
polymer chain and the monodisperse oligomeric n-paraffii 
chain (howdver, below a given le11gth~9~) is that the former 
is required to fold at the lamellar surfaces to allow stems 
to re-enter the lamellar interior. The nature of this fold 
geometry has been strongly debated in the literature.6 Its 
structure has often been associated with the appearance 
of Cfold twins as the lamellae are crystallized by self- 
seeding from a poor solvent. Bright field electron mi- 
croscopy and other light microscopic techniques have been 
used to characterize these sectorized crystal~.~-l~ Based 
on these observations, a tight, adjacent re-entry model is 
often used for the fold patterns in crystals grown from 
solution, and in the bulk, and several possible fold patterns 
have been sugge~ted .~J~J~ However, it has been pointed 
out on several o c c a s i o n ~ ~ ~ J ~  that, although sectorization 
and its related internal structure can be interpreted most 
simply in terms of a regularly folded, regularly structured 
interphase, it was not necessarily a unique interpretation 
of the observed crystal morphology. 

Although it is not surprising, perhaps, that n-paraffins 
beyond a certain chain length are required to fold under 
certain crystallization  condition^^*^ a d  thus form sector- 
ized lamellar crystals similar to those of polyethylene,18 
it must also be stated quite clearly and unequivocally that 
chain-folding of any type, in itself, is not a necessary 
requirement for crystal sectorization. As might be ex- 
pected, polymethylene molecules with an internal fold 
structure and with a large enough perimeter, e.g. the larger 
cycloalkanes, will also crystallize in lamellae that mimic 
p01yethylene.l~ On the other hand, in 1986, a paper 
describing a sectorization phenomenon for  unfolded 
n-paraffins was published,20 and many features of bright- 
field electron microscope images were found to be quite 
similar to the chain-folded polymer crystals. These 
included the crystallographic orientation of diffraction- 
contrast bands in individual sector domains. Subsequent 
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high-resolution imagesz1 demonstrated that the molecular 
packing of successive bands was again similar to that found 
for polyethylene.22 Similar results have since been ob- 
tained23 from the n-alkane, n'C94H190. 

A working hypothesis that can be derived from these 
results is that a certain chain length in the "stem-packing" 
region of a monolamellar crystal favors an oblique layer 
packing, perhaps the one described by Kitaigorodskii2 
where the oblique layer axis corresponds to a diagonal of 
the orthorhombic methylene subcell. This would lead to 
a 4-fold twin nucleus, which, common to the polymer and 
oligomer crystals, results in three-dimensional habits for 
either case. Since well-defined, atomically-flat surface 
layers are associated with oblique layer chain packings, 
e.g. aa visualized in localized corrugations in heated alkane 
cry~tals,2~ it is therefore important to ask whether an 
ordered surface is required in order for the sectorization 
phenomenon to appear. For the nonfolded n-paraffin 
chains, one way to test this requirement is to look at the 
crystallization behavior of solid solutions where disordered 
surfaces are developed. Such a study is described below. 

Materials and Methods 
The two n-paraffii used in this investigation, n-pentacontane, 

n-CmHlo2, and n-hexacontane, n-Cd122, were purchased from 
Fluka AG (Buchs, Switzerland) and both were stated by the 
manufacturer to be 99% pure. Thermodynamic and crystallo- 
graphic data for these alkanes and their binary combinations 
were published earlier.25v26 For this study, binary combinations 
of these two paraffins were made in either of two ways. In one 
preparation, the paraffins were combined by weighing into a 
glass vessel and the mechanical mixture was then dissolved in 
an adequate volume of toluene (8 g/L) a t  100 OC. The solution 
was allowed to crystallize in ice water and the crystals were 
filtered, washed with methanol, and dried in vacuo overnight. 
Finally 0.01 % solutions of the precipitates were made in warmed 
toluene. For the second preparative series, the combined alkanes 
were weighed into an aluminum DSC pan and the temperature 
of the vessel was then raised above the melting point of the longest 
chain ingredient to fuse the two components. After cooling to 
room temperature, the fused contents were scraped out of the 
vessel to be solubilized in light petroleum by warming, taking 
care that the resulting solution would be dilute enough to 
encourage growth of monolamellar cry~tals.2O-~~ (For the toluene 
solutions described below, a further dilution could be carried out 
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Figure 1. Bright field electron micrograph of a monolamellar 
paraffin solid solution crystal (x) n-CioH,d(l - x )  n-CmHlz2. x 
5 2 5 w t % .  

before recrystallization from a solution which had been cooled 
from highertemperature (e.g. initially heatedto8C+90°C).again 
to favor formation of monolamellar crystals.) As a control, 
lamellar crystals of n-ClaaH338 were also grown to visualize the 
bright-field contrast expected for folded chains. These crystals 
also were grown isothermally from toluene using a technique 
quite similar to the growth of polyethylene monolamellar single 

Samples for bright-field electron microscopy were prepared in 
the following way. A dilute solution of the paraffin binary solid 
(or a pure paraffin) in either of the two solvents is warmed to 
allowacloudysuspension toclear. Adropofthiswarmedsolution 
is then placed onto a carbon-film-covered 300 mesh copper 
electron microscope grid and allowed to cool for ea. 30 8 before 
the drop is blotted at the grid edge with filter paper. This allows 
crystallization to occur (in a way quite analogous to the 'self- 
seeding" proeedure used for polyethylene or the longer n-C,aH,s 
paraffin) andthelargelamellaetosettleonthegridsurface before 
the excess solvent is removed. 

Bright field electron microscopy WBB done at 100 kV with a 
JEOL JEM-100CX I1 electron microseope under usual low-dose 
conditions (i.e. control of illumination with the microscope 
condenser lenses and use of asensitive photographic film, Kodak 
DEF-5 X-ray film, to record the images). Direct magnification 
used in these experiments is 1oooOX. In a typical experiment, 
one searches in electron diffraction mode to find a pattam from 
a single microcrystal. The center beam of the pattern is then 
defocusedtoallowvisualizationofthecrystalhabit in theshadow 
image. If this appears to he a suitable crystal (judged by habit 
only), then a bright field image is recorded. After many years 
of work with such samples, it can be stated unequivocally that 
no appreciable radiation damage occurs while these images are 
being photographed because of the very low beam doses that the 
sample receives." 

Results 
The typical bright field image from a solution-crystal- 

lized solid solution monolamellar lozenge is shown in Figure 
1. The crystals are shown to have four sectors and, in 
each, dark diffraction-contrast bands are found to run 

crystals. 

Figure 2. Bright field electron micrograph of a chain-folded 
monolamellar crystal of n-Ci68H338. 

along a direction corresponding to (130) in the ortho- 
rhombicmethylenesuhllubeell."' Although the sectarization 
of sharp diffraction contrast bands is identical to that of 
chain-extended pure n - p a r a f f i i ~ , ~ ~ ~ ~ ~ ~ ~  n-CnHb+, with 
chain length n 2 40, the visualization of such details in (x) 
n-CsoHloll(l-x)n-CBoHlnpersiststox= 25wt%. Beyond 
this concentration limit, the lamellaeexhibit nodirectional 
bright-field contrast but rather have a flat, continuous 
contrast. There appears to he no solvent dependence for 
this phenomenon, as long as the components are quite 
soluble in either solvent only when they are warmed. (That 
is to  say, the conditions for crystalgrowth require that the 
lamellae should be formed in suspension as the solution 
is cooled rather than by evaporation of the solvent.) 

When chain-folds are present in the component mol- 
ecules, e.g. as in n-C1mH338, the dark field bands in 
individual sectors run along ( 1,-3,0),12 shown in Figure 2, 
which is a crystallographically equivalent direction in the 
orthorhombic cell. Note that the sectorization is similar 
to that observed in polyethylene lamellae.'-" As shown 
in earlier high-resolution electron microscopy of sedorized 
lamellae, molecular packing in both paraffinz1 and poly- 
ethylene22 directs an oblique layer tilt axis along the 
methylene subcell diagonal, corresponding to one of 
Kitaigorodskii's R[*l,+l] layem2 The direction of this 
tilt axis,moreover, changes for eachlameksector. Hence, 
the growth of a three-dimensional lamellar habit from 
solution must be nucleated by a 4-fold twin where the 
lamellar sectors meet a t  the projected diagonals. Deco- 
rationexperimentson the sedorizedparaffin lamellae with 
polymethylene segmenta from the vapor phasez8 reveal 
that the crystal surface is reasonably flat enough to serve 
as an epitaxial substrate.21 

Discussion 
Since low molecular weight molecules, i.e. the n-par- 

affins,areusedhereasanalogsofani~iitechainpolymer, 
it is possible to use the rules of organic chemical crys- 
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tallography, developed by Kitaigorodekii,2 to predict what 
two-dimensional layers are possible for such compounds. 
First, it must be bmphasized that, while such two- 
dimensional layers are not, themselves, crystals, in the 
conventional sense of the term, they are energetically 
important components of crystals. Indeed, crystals are 
obviously generated when such layers as these are stacked 
on top of one another to generate a three-dimensional 
array. These layers, moreover, often represent a major 
fraction of the nonbonded interactions in the ensuing three- 
dimensional space lattice. While this statement may be 
obvious for the linear chain molecules, S ~ a r i n g e ~ ~  has 
shown that it also applies to many other molecular organic 
materials. 

Given a two-dimensional layer of molecules, there are 
two major factors which control the packing arrays 
permitted within the layer. The first is that of greatest 
packing density. While ita importance to the methylene 
"subcell" region of a paraffin (or polyethylene) layer may 
be apparent, such close packing also affects the nature of 
the chain end surface. That is, the chain ends themselves 
must be constrained to a smooth plane in the lowest energy 
structure, even for a single lamellar layer. This result is 
true not only for the n-paraffins but also for their 
monofunctional derivatives such as the fatty acids, wax 
esters, etc., as verified by examination of their crystal 
 structure^.^^ 

The second factor which affects an n-paraffin layer 
packing is molecular symmetry.2 For example, an odd- 
numbered n-alkane with chain length greater than nine 
carbons will pack preferentially in a rectangular layer of 
untilted chain axes. This is because these molecules have 
mm symmetry and will retain one of the mirror elements 
within the two-dimensional layer. Even-chain n-paraffins 
with chain lengths greater than 24 carbons have molecular 
symmetry 2/m and are only required to preserve a center 
of inversion in the layer packing.2 Thus oblique layers 
(with tilted chain axes) are energetically favored although 
a rectangular layer is also possible. For the even chain 
n-paraffins with chain length near C36, the preferred layer 
packing involves a chain tilt around the subcell a = 7.42 
A axis, termed R[O,*ll (where the bracketed numbers 
m,n represent longitudinal translations along the chain 
subcell re eat, co = 2.54 A, corresponding to the a = 7.42, 

0bserved~313~ to crystallize from the melt into the alter- 
native R[*2,01 oblique layer. Similar tilted chain struc- 
tures exist30 for the fatty acids, etc., where the chain tilt 
is a mechanism whereby the cross-sectional area of the 
projected subcell array can compensate for the cross section 
of a functional group.' The molecular tilt axes are the 
same as those identified for the n-paraffins. Kitaigor- 
odskii2 also proposed oblique layers tilted around the 
subcell diagonal, hence R [*1,*11, but no crystal structures 
have been identified yet for any polymethylene compounds 
where this can be found as a uniform layer packing in the 
orthorhombic perpendicular subcell.' 

From the relatively simple experiment described above, 
it is, first of all, possible to conclude that sectorization in 
polymethylene lamellae is not dependent upon the pres- 
ence of a well-ordered surface. The two n-paraffins used 
to form binary solids in these crystallization studies are 
known to form nearly ideally melting solid solutions, given 
evidence from a previous construction of the phase 

as well as electron diffraction studies of lamellar 
spacing in epitaxially oriented samples.26 In their vibra- 
tional spectroscopy study of the n-C6HB$n-Cd1O2 binary 
combinations, Kim et al.32found that the lamellar surfaces 

b = 4.96 A) directions). Longer, even-chain paraffins are 
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of these solids contain chains that are conformationally- 
disordered at the chain ends, in addition to the longitudinal 
disorder within the bounds of the lamellar thickness 
expected for any n-paraffin solid solution.33-" For the 
mole fractions of n-C~Hl22 which permit formation of 
sectorized crystal habits (as low as 0.71), several average 
lamellar structures can exist,26 mimicking, e.g., the layer 
packing symmetry and thickness of n-C57H116, n-C&Ille, 
n-CseHlzo, or n-CmH122, i.e. either odd- or even-chain 
structures. This means that considerable surface disorder, 
i.e. an atomically-rough arrangement of the chain ends, 
exists and yet sectorized crystals can grow. Thus, in 
contrast to Kitaigorodskii's symmetzy criteria stated above, 
an average layer symmetry in this case does not define the 
original oblique layer crystallized from solution, especially 
since an average mm molecular symmetry (of an average 
odd-chain layer, for example) should not lead to any tilted 
chain packing. The paraffin binary solid solutions in- 
vestigated by Kim et al.?2 moreover, are completely 
analogous to the ones considered here, since the chain 
length n-CaHw will also lead to a sectorized 1ozenge.m 
Similar principles may also be relevant for solid solutions 
composed of shorter chain alkanes. While it was not so 
identified by the authors of a recent it is clear 
that the scanning micrograph of a diesel wax crystal (Figure 
7b of ref 35) also etrongly resembles the sectorized 
morphology expected for polyethylene. 

What significance do these results have for polyethyl- 
ene? It is clear that an interplay of fold geometry and 
stem packing is involved in the crystallization of the 
polymer. For example, the collapse of three-dimensional 
lozenges of the polymer and paraffin crystals lead to 
respectively different distributions of bright field bands 
in the sectors (compare Figures 1 and 21, even if their 
directions are crystallographically equivalent. It is also 
apparent from a study of melt- and solution-crystallized 
cy~loalkanes~~ that crystallization conditions that favor 
either more ordered or disordered folds can affect the type 
of crystal packing when a limited chain perimeter is 
investigated. This seems to be less important for the larger 
cycloalkanes however, i.e. after the "stem" regions are long 
enough to establish energetically what layer packing should 
O C C W . ~ ~  It is also known from decoration experimentsBt37 
that, in certain cases, chain folds can have a common 
average direction. However, nothing conclusive has been 
shown whether these folds represent tight, adjacent re- 
entries of the chain or extend further in a particular lattice 
direction on the lamellar surface. 

From the present studies, which establish that surface 
ordering is not critically related to the phenomenon of 
sectorized crystallization, we would propose generally that 
it is the stem packing itself that determines the initial 
nucleus that leads to the 4-fold twinned lamellae and hence 
the existence of the sectorization phenomenon. This 
appears to be a function of the length of the chain "stem" 
which runs through the lamella and/or the solubilitylimits 
in the solvent used for crystallization. In other words, the 
van der Waals interactions in the layer are energetically 
more important than the fold constraints as a primary 
consideration for crystal growth. On the other hand, 
observed behavior of mixed-chain paraffin layers as well 
as polyethylene indicates that the average symmetry of 
the stem segments does not, by itself, dictate what kind 
of layer (oblique or rectangular) will grow from dilute 
solution. For folded-chain crystals, the folds themselves 
may play a secondary role in determining how the three- 
dimensional habit collapses, especially if they are oriented, 
more or less, in a common direction over a crystal sector.28937 
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This secondary role would correspond to their relatively 
smaller energetic contribution to the lamellar packing. 

Irrespective of the details of the mechanism(s) of 
sectorized crystallization, these new results make clear 
that regular chain folding is not required (since no chain 
folding is present in the materials studied in this work). 
Consequently, the conclusion that sectorization in poly- 
ethylene or other polymers crystallized from dilute 
solution7-13 or from the melt14 is infallible evidence for 
regular chain folding is not correct, since it is shown here 
that such relatively low resolution morphological details 
in an electron micrograph, by themselves, are insufficient 
and even dangerous criteria for assigning a particular 
surface structure at atomic resolution. The present results 
have shown that the importance of the surface chain 
packing geometry to crystallization is probably less relevent 
than the question of why 4-fold twinned lamellae of 
polymethylene compounds should grow preferentially as 
the stem regions exceed a certain length. 
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