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Role of Symmetry in the Formation of n-Paraffin Solid Solutions 
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ABSTRACT Single-crystal electron diffraction patterns from epitaxially crystallized binary solids of n- 
Cs21&/n-C&, and n-C331&/n-C~H74 have been reanalyzed to determine the symmetry rules for solid solution 
formation. For these orthorhombic structures, the symmetry alternates sequentially between the PcaSl space 
group of the even-chain structure and the AZ,am space group (or possibly twinned Aa) of the odd-chain structure 
with increasing concentration of the longer chain component, irrespective of whether the solid is comprised 
of even-even or odd-even chain combinations. Similar structural features are found for a commercial 
multicomponent paraffm wax. The sequence of lamellar spacings is regulated by archetypical crystal packing(s) 
for any concentration region so that, in the microcrystalline state, increase in lamellar thickness is steplike 
and not a smooth function like Vegard's law. In this sense, the solid solutions are not continuous, even when 
the chain length difference is small and the pure components have the same crystal structure. 

Introduction 
Because of its importance for understanding the physical 

behavior of various polydisperse linear chain molecules 
(e.g., lipids, polymers), the solid solubility of binary n- 
paraffin aggregates has been an object of continued interest 
for at least 60 years. With an overview of calorimetric and 
diffraction data as reviewed by Mnyukh,l Kitaigorodskii 
formulated rather strict rules for the formation of con- 
tinuous solid solutions. The first rule states that the 
molecular size difference (which can be inversely stated 
as a parameter of geometrical similarity2) cannot be too 
large.2*3 Expression of this rule is verified by  the charac- 
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teristics of phase diagrams in Mnyukh's review; hence, if 
the paraffin chain lengths are too different, a eutectic is 
formed. The upper limit for length difference permitted 
for solid solution formation is discussed b y  several au- 
thors.*~~ 

The second rule considers molecular and/or crystal  
symmetry. According to Kitaigorodskii, if the molecules 
are not asymmetric (as in the case of linear paraffins), then 
the addition of solute A to crystal solvent B must not raise 
the symmetry  of B. Addition will e i ther  lower the sym- 
m e t r y  of B or leave its symmetry  unchanged. For this 
reason, proposed solid solubility of even- with odd-chain 
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a) c33 k 8  

Figure 1. Crystal structures of n-paraffins ((100) projection): (a) High-temperature B-form of odd-chain paraffins (n-C33H68). Space 
group either A2,am8 or Aa;20 the former utilizes the mirror symmetry of the chains; a = 1.52, b = 4.98, c N 2.546n + 3.15 A, where 
n is the number of chain carbons.l8 (The unit cell repeat is similar to the lower temperature A-form.) (b) Orthorhombic form of even-chain 
paraffins ( ~ I - C ~ ~ H ~ ~ ) .  Space group Pca2,;lS a = 7.44, b = 4.96, c = 2.540n + 3.693 A, where n is again the number of carbon atoms.18 
(c) How to obtain an odd-chain paraffin packing from even chains. Alternating chains in the structure of nmC32H66 (homologous to 
(b)) are translated one methylene unit and rotated 180" around the long axis. The resulting structure places end methyl groups with 
the same polarity in (a) but with half occupancy of these sites. Such a structure was first suggested by Luth et aL8 

alkanes in the literature was stated by Kitaigorodskii to 
be impossible on grounds of different crystal ~ymmetries.~f' 

A major problem in the study of n-paraffin solid solu- 
tions is that the effects of symmetry change can be very 
subtle. If two paraffins, e.g., an odd and even, with both 
packing with orthorhombic monolamellar layers, both have 
the same methylene subcell, then the only observable 
differences are in the packing of the end planes of adjacent 
lamellae as depicted in Figure 1. Mnyukhl has stated how 
such subtle differences can remain undetected in calori- 
metric measurements, perhaps leading to a misinterpre- 
tation of a phase diagram. Diffraction data are useful for 
clarifying the structural significance of the phase diagram, 
but use of Debye-Scherrer powder patterns from poly- 
crystalline arrays also makes the identification of small 
symmetry changes quite difficult. To our knowledge there 
have been only two single-crystal X-ray studies of n- 
paraffin solid  solution^,^^^ owing to the great difficulty in 
sample preparation. Recently, this difficulty has been 
largely overcome in our laboratory with the use of epi- 
taxially crystallized microcrystals of binary solids for 
electron diffraction structure analysis. With this technique 
we have used single-crystal diffraction patterns from a 
projection onto the chain axis to demonstrate the forma- 
tion of solid solutionsg and/or eutectic mixtures,1° and even 
to determine the crystal structure of one solid solution. 
The measured variation of average lamellar spacing with 
increasing concentration of larger componentg also was 
entirely consistent with those determined in earlier X-ray 
studies,' and the relative chain length differences leading 
to fractionationlo also agreed with earlier o b ~ e r v a t i o n . ~ ~ ~ ~ ~  

An unexpected result from our earlier study is that, 
within the limiting molecular chain difference, continuous 
solid solutions seemed to be permitted for the higher en- 
ergy quasi-orthorhombic polymorph of an odd-chain pa- 
raffin n'C33H68 with the orthorhombic polymorph of an 
even-chain paraffin n-C3&4,' despite Kitaigorodskii's 
prediction that they should fractionate. A more striking 
violation of his theorems is found in the X-ray s t u d 9  of 
two shorter even-chain n-paraffins where the pure com- 
ponents have the same triclinic crystal structure but the 
intermediate solid solutions pack in a higher symmetry 
orthorhombic cell. Because the reasons for this discrep- 
ancy are not clearly defined, this paper investigates this 
symmetry problem in greater detail than in our earlier 
publications which dealt mainly with the mutual molecular 
size constraints to cosolubility. 
Materials and Methods 

Sample Preparation. Solid solutions of n-paraffins, i.e., 
n-C&I68 or n-C33H6s, with n-C38H,4, were the same as those 

prepared 2 years ago, as reported in our earlier paper? Briefly, 
the solid solutions were epitaxially crystallized on benzoic acid 
following the methodology described by Wittmann et al." Since 
these solutions have aged, it was also thought that relaxation 
effects (e.g., translational shift, straightening of chain kinks) might 
be noted in the electron diffraction data. A commercially available 
n-paraffin solid solution, i.e. Gulfwax from the Gulf Oil Corpo- 
ration (Houston, TX), was also epitaxially crystallized on benzoic 
acid for comparison to studies of our binary solids. The peak 
melting temperature of this solid solution determined by DSC 
(Mettler FP8OO) is 53.8 "C, compared to 55.5-56.1 "C reported 
earlier.12 

Electron Diffraction. Selected area electron diffraction 
patterns obtained at 100 kV with a JEOL JEM-100B electron 
microscope were recorded on Kodak DEF-5 X-ray film. As usual, 
precautions were taken to minimize radiation damage of the 
 specimen^.'^ The camera length is calibrated with a gold De- 
bye-Scherrer diagram. Measurements of interpeak spacings on 
electron diffraction patterns were made with a film reading device 
for precession X-ray films manufactured by Charles Supper, Inc. 

Computations. Tlie major feature of Oltl electron diffraction 
patterns used in this paper are the indices of the most intense 
001 and 011 reflections. Although the two rectangular crystal 
structure projections considered here (Figure 1) have different 
symmetry (Le. odd-chain structure, plane group cm with 12 + 1 
= 2g; even-chain structure, plane group formally p m  but 1 = 2g 
due to a glide plane 1 a), their Okl diffraction patterns have 
similar index rules for identification of the seemingly predominant 
structural component in the solid solution (or monodisperse 
crystal). Hence, BS verified with model structure factor calculations 
on the known crystal structures of odd8J4 and even15 n-paraffins 
using DoyleTurner electron scattering factors,16 the 001 intensities 
have even index in either cme so that the most intense reflections 
at high angle for any paraffin CnH2n+2 occur at 1 = 2n + 2 and 
2n + 4. The 011 reflections have odd or even indices depending 
on whether the structures resemble respectively an odd or even 
n-paraffin, but, for both examples, indices of the most intense 
reflections correspond to 1 = n and 1 = n + 2. This is illustrated 
schematically in Figure 2. 

Results 

Indices of reflections in Okl electron diffraction patterns 
from n-C32H,/n-C,6H74 binary solids immediately indicate 
that the diffraction pattern symmetry of the pure com- 
ponents is not preserved over all mole fractions of the 
binary solids (Figure 3). Rather it appears that a paraffin 
crystal structure with limiting lamellar length dominates 
the structure of a given composition domain. As more and 
more long-chain component is present in the binary solid, 
the symmetry sequentially alternates between even and 
odd paraffin unit cell packings until, a t  higher mole 
fractions of n-C36H74, only the longest chain packing is 
found. There are intermediate concentration ranges where 

Binary Solid: I1 -C32H,,/I1 -C3&4 (Even-Even). 
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evidence for an increased resolution of individual solid 
solution on aging (Figure 6a), which could be caused by 
the unfolding of chain kink defects to minimize the num- 
ber and size of chain-end voids. Nevertheless significant 
resolution differences can be seen for a particular chain 
combination (Figure 7a,b), although these differences also 
do not correspond to any particular crystal structure when 
two or more are favored for a given concentration region. 

Binary Solid: n -C3&,/n -C36H74 (Odd-Even). The 
results from the odd-even binary solids are quite similar 
to those of the even-even system presented above. In 
terms of indexed diffraction patterns, the overlap of pos- 
sible crystal structures seems to occupy larger concentra- 
tion ranges than found for the even-even system. Again 
the apparent crystal structures alternate as odd, even, odd, 
even, as one progresses from pure n-Ca3H6, to pure n- 
CS6HT4 (Figure 3c,d). 

The average lamellar spacings for particular binary 
compositions again fall above the Vegard's law line (Figure 
4b). Averaged lamellar spacings within a certain crystal 
structure type (irrespective of concentration), however, are 
close to their theoretical values1, (Figure 5) .  The lamellar 
diffraction resolution for intermediate chain combinations 
is again less than that of the pure components (Figure 6b), 
in agreement with the above findings for even-even binary 
solids. Again there is no clear evidence for improved (001) 
diffraction resolution after the samples have aged for 2 
years. 

Commercial Solid Solution (Gulfwax). Although the 
commercial paraffin wax is a multicomponent solid, de- 
scribed as a blend of n-paraffins from to n- 
Ca62,l2 the single-crystal Oh1 electron diffraction patterns 
are very similar in appearance (Figure 7c) to those of bi- 
nary solid solutions, because the inner lamellar 001 re- 
flections have attenuated resolution. Indices of these 
patterns indicate that the blend mostly crystallizes as the 
crystal structure of n-C29H60, although occassionally pat- 
terns which are indexed as the even-chain paraffins, n- 
C28H58 and n-C30H62, are also found. The average chain 
length is somewhat shorter than the n-C31H6s equivalent 
found in the earlier X-ray study12 and probably accounts 
for the observed difference in melting points. Average 
lamellar spacings within a paraffin species (as determined 
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Figure 2. Representative Okl diffraction patterns from an n- 
paraffin crystal structure. For odd-chain structure the observed 
reflections occur at k + 1 = 2g; for even-chain structures these 
occur at 1 = 2g (here g is an integer). In either case intense 
reflections occur at 1 = n, n + 2 for the 011 row and at 1 = 2n + 
2, 2n + 4 for the 001 row, permitting identification of a pure 
paraffin CnHZnf2 from the indexing of the pattern. 
two or more preferred crystal structures might be found. 
In samples that were freshly crystallized from the melt 
(Figure 3a), these overlapping areas may be more extensive 
than for aged samples (Figure 3b). 

As found beforeg the average lamellar spacing for binary 
solids lies above the Vegard's law line (Figure 4a). (Here 
we assume that increase of this spacing accounts for most 
of the volume change of the structure, as accepted by other 
workers,' even though minor changes in the lateral spacings 
were found in some recent w0rk.l') On the other hand, 
the averaged lamellar spacings for any paraffin packing 
type correspond very closely to the spacing of the pure 
componentla (Figure 5a), irrespective of the formal com- 
position of any binary solid. Hence the intermediate la- 
mellar spacing values in Figure 4a express the averaged 
presence of two or more crystal structures for a micro- 
crystalline array, where each separate microcrystal has its 
own crystal structure. Thus, for any single microcrystal 
of a binary solid solution, the electron diffraction pattern 
seems to originate from a pure paraffin, both in terms of 
lamellar spacing and symmetry. The only difference lies 
in the resolution of the inner 001 row. 

Although the resolution of inner-order 001 reflections is 
also a function of composition, where only microcrystals 
of either composition extreme seem to pack with a mini- 
mum of chain-end voids (see below), there is no convincing 
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Figure 4. Relationship between lamellar spacing versus mole 
fraction for aged binary solids. The dotted line is the linear 
expansion predicted by Vegard's law since the lamellar spacing 
increase accounts for most of the volume changes.' The step 
function is drawn from the largest chain length crystal structure 
(as determined by diffraction pattern index) which dominates 
concentration domains in the binary solid series. Experimental 
points are average lamellar spacings for particular mole fractions 
with standard deviations. (a) n-C32H88/n-C38H74; (b) n- 
C3&66/n-C3,&. (Note that the positions of the pure lamellar 
spacings were increased slightly to represent the somewhat larger 
average experimental values found for this latter series as indicated 
in Figure 5. This may be due to a slight calibration error for the 
odd-even series of binary solids or may be consistent with earlier 
observations of electron diffraction lamellar spacings from pure 
 paraffin^,^,'^ which are sometimes slightly larger than X-ray 
diffraction values. 

3 8 s / '  

42 43 44 4'5 46 4'7 48(& ' 3, 36 ig 4bt.4) 
thmr thaor 

Figure 5. (a) Plot of averaged lamellar spacings within one crystal 
structure type (as indicated by the indexed diffraction pattern) 
versus the theoretical value for the pure paraffins.l8 These av- 
erages are made irrespective of the mole fraction of the binary 
solid; Le., if the index of a pattern for a sample from x C 3 6  = 0.56 
indicates that the paraffin resembles n-C3eH74 this lamellar value 
is averaged with that from another pattern indicating the same 
structure, e.g., at x C 3 6  = 0.90, etc. The average values for the 
n-C32H68/n-C36H74 binary solids (X) with standard deviations; 
those for the n-C33H68/n-C38H74 series (0). The line is that of 
perfect correlation. (b) Averages of lamellar spacings representing 
n-paraffin structures indicated by Okl diffraction pattern indices 
for epitaxial crystals of the multicomponent Gulfwax. 

by index of Okl reflections) are shown in Figure 5b to be 
very close to  their theoretical values.1s 

Discussion 
The advantages of electron diffraction measurements 

on individual microcrystals over powder X-ray diffraction 
measurements of a bulk sample are clearly shown by the 
data presented in this paper. The smooth increase of 
lamellar spacing upon addition of longer chain component 
to a binary solid indicated by powder X-ray measurements 
leads to a false view of the structural changes in the 
mixed-chain crystalline lattice and tempts the experi- 
mentalist to  explain his data in terms of Vegard's law or 
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Figure 6. Experimentally measured lamellar diffraction reso- 
lutions for binary solid solutions either just crystallized on benzoic 
acid (0) or aged for 2 years (X): (a) n-C32H66/n-C36H74; (b) 
n-C33HGs/n-C3eH7k The slight resolution increase for most aged 
samples does not appear to be statistically significant-nor is there 
any dependence of diffraction resolution on any particular crystal 
structure (Figure 3) when more than one is possible for any 
concentration. 

a revised version of this law which accounts only for the 
dominance of the longer chain crystal structure a t  large 
concentrations of higher molecular weight component.' It 
is now seen that the smooth increase of lamellar spacing 
is merely a weighted average of several lamellar spacings, 
which in the diffraction pattern of a bulk sample would 
give a Gaussian spread to the lamellar spots. This spread 
may not be detected because of the angular spread of 
diffraction intensity due to  textural distributions etc. 

From the data presented above, it is clear that when a 
particular binary paraffin solid crystallizes as a given n- 
paraffin crystal structure, the symmetry and intensity 
distribution of the diffraction pattern, as well as the 
measured lamellar spacing, corresponds very closely to the 
values for a pure paraffin. The progression of crystal 
packings with increasing concentration of larger chain 
length component sequentially adopts the next longest 
pure paraffii crystal structure, irrespective of whether that 
paraffin is even or odd. Thus, instead of Vegard's law, the 
rule for binary solid lamellar spacing with changing con- 
centration is a step function as illustrated in Figure 4. As 
shown in Figure 3, there are concentration regions where 
either of two crystal structures can be assumed by the 
chain aggregate. These rules also appear to be true for a 
multicomponent system. Thus, in terms of Kitaigorodskii's 
criteria3 for a continuous paraffin solid solution, such 
continuity simply does not exist! 

This behavior is probably explainable in terms of lattice 
energy. Although the symmetries of the two crystal 
structures in Figure 1 are different, it is clear that their 
differences are expressed only by the symmetry relation- 
ship between otherwise identical chain-end packings and 
not the polymethylene subcell. This is also why such 
structural discontinuities are not easily detected by cal- 
orimetric determination of phase diagrams. (It will be of 
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Figure 7. Experimental electron diffraction patterns from binary 
solids (a), (b) n-C32Hs/n-C&74, x C 3 6  = 0.47. Note differences 
in resolution for the same composition lending to the standard 
deviation in Figure 6; (c) Okl pattern from the Gulfwax sample. 

interest to investigate the difference in packing energy for 
the two crystal forms by accurate potential function cal- 
cu la t ion~ .~~)  

It remains to be shown how arbitrary n-paraffin mix- 
tures can assume a crystal structure characteristic of either 
odd or even pure components. In comparing the two 
rectangular projections in Figure la,b one finds that the 
average direction of chain-end methyl groups can be 
changed by a rotation around one chain axis and transla- 
tion by one methylene group as in Figure IC. (Such chain 
rotations have been found experimentally in the solid-solid 

Table I 
Comparison of Electron Diffraction Structure Factor 

Magnitudes from I I - C ~ ~ H ~ ~  (B-Form, I) and the Disordered 
II -C32H66 Structure (11) Which Resembles II -C33H68 (See 

Figure 1) 

0,w 
0,094 
0,096 
0,098 
0,0,10 
0,0,12 
0,0,14 
0,0,16 
0,0,18 
0,0,20 
0,0,22 
0,0,24 
0,0,26 

0.21 0.35 
0.21 0.33 
0.20 0.31 
0.19 0.28 
0.18 0.24 
0.18 0.21 
0.18 0.18 
0.16 0.13 
0.14 0.09 
0.12 0.06 
0.12 0.04 
0.12 0.03 
0.11 0.02 

0,0,66 
0,0,68 
0,0,70 
0,1,29 
0,1,31 
0,1,33 
0,1,35 
0,1,37 
0 
0,2,68 
0,2,70 
0,3,33 
0,3,35 

0.12 0.11 
0.36 0.36 
0.27 0.27 
0.10 0.10 
0.14 0.14 
0.28 0.29 
0.60 0.59 
0.11 0.09 
1.60 1.55 
0.17 0.11 
0.13 0.13 
0.22 0.23 
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Figure 8. Minimal kink populations for structures suggested by 
Figure 3b,d for the two respective binary solid series. In the 
calculations, enough kinks q were included into the longest chain 
component to make it conform to the crystal structure of the 
largest average paraffii which dominates a concentration domain. 
This number q was divided by 33 to provide the average over the 
internal bonds of a C36H74 chain and is multiplied by the mole 
fraction of this longer chain component to give a kink concen- 
tration per bond in the indicated crystal structure. A limit of 
2% is approached before transition to a new crystal structure. 

transition of odd-chain paraffins.20) This changes the 
average crystal structure from one where the average chain 
has a center of symmetry to one where it has a reflection 
plane perpendicular to the chain and intersecting the chain 
center. (A similar process will make an pseudo-even-chain 
crystal structure from a binary solid made up predomi- 
nately of odd chains.) In this crystal structure, the occu- 
pancy of chain end carbons will therefore be 0.50 for a 1:l 
binary solid so that there is an average void of one carbon 
for every other methyl group. Structure fador calculations 
based on this model, e.g., for a p s e u d ~ - n - C ~ ~ H ~  structure 
formed from n-C32 chains (Figure IC), indicate that the OFZZ 
intensity distribution is very similar to that of the pure 
paraffin (Table I); the major difference is seen in the slight 
attenuation of (001) resolution (Figure 7) due to the void 
c ~ n t e n t . ~ * ~ l  This structural model is identical with one 
proposed by Luth et  al.8 in their crystal structure analysis 
of n-C20H24/ n-C22H46 where the mixed-chain solids as- 
sumed an orthorhombic structure unlike the triclinic po- 
lymorph of the pure components. The space group iden- 
tified by them (using our unit cell axis designation) is 
A2,am instead of the monoclinic Aa assigned by Piesczek 
et  aL20 As noted above, the higher symmetry of this solid 
solution also violates Kitaigorodskii's symmetry rules. 
(Our crystal structure analysis of the higher energy form 
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as evidenced also by our study of fractionated paraffin 
mixtures, appears to be the size of the chain-end voids and 
their effect on the lattice energy. 

The model presented here also is not inconsistent with 
earlier spectroscopic studies on shorter chain paraffin 
binary solids,23 which apparently are not long enough to 
retain many kink defects in the crystal lattice.% Although 
the number of internal chain kinks was found in the earlier 
study23 to be very low for equilibrated samples, the number 
of kinks proposed in this study just to accommodate a 
longer chain into a smaller chain crystal structure is small 
enough not to be easily detected. Moreover, the large 
number of chain-end kinks actually observed in the 
spectroscopic study a t  low concentrations of the longer 
chain component23 could also be important here, not only 
for shortening the chain but also for establishing the 
correct average symmetry needed for the longer component 
in the end plane region. 

Summary 
Because a number of aspects of chain packing are con- 

sidered here, it is useful to summarize the findings of this 
study of binary paraffin solids: 

(1) In terms of the symmetry rules given by Kitaigo- 
rodskii there is no continuity of paraffin solid solutions 
even for solids where the two components have an ade- 
quately small chain length difference-and not even when 
the pure components pack in the same crystal structure. 

(2) Although the unit cell volume increases linearly with 
lamellar spacing, the sequence of binary paraffin solids 
does not obey Vegard's law. The binary solid for any 
concentration range is characterized by limiting paraffin 
crystal structure (or two or more of them) which deter- 
mines the maximum lamellar spacing(s) and the symmetry 
for individual polydisperse microcrystals. This leads to 
a step-function model for chain length which gives a better 
account of experimental data. 

(3) Although a minimal number of chain kinks is re- 
quired to stabilize a binary solid crystal structure, an ad- 
ditional number may be present in longer chain paraffin 
solid solutions as evidenced by the limited resolution of 
(001) reflections for intermediate concentrations. 

""i \ 

Figure 9. Plot of low-angle 001 structure factor magnitudes for 
various structures similar to the n-Css& crystal structure of (a) 
pure n-CgsHs8 as in Figure la; (b) model structure in Figure IC 
made up of two n-Cg2HS8 chains and resulting in an occupancy 
of 0.5 at the end carbon of the n-C33Hss crystal structure; (c) as 
in (b) except that the end carbons have populations 0.125 for C1, 
C{ and 0.625 for C2,C2 (where these designate the terminal carbons 
of the chain). This would simulate the presence of larger chain 
end voids caused, for example, by an increased populations of 
chain kink defects. 

of n-C33H6814 also does not exclude this space group as- 
signment since we did not observe the twinning claimed 
in the earlier X-ray study.20) 

The advantages of this crystal packing becomes clear. 
Mutual translation of two short chains produces a longer 
unit cell to accommodate a longer chain component. I t  
is also apparent that there must be some additional 
shortening of the longer chain for inclusion into the unit 
cell. Such shortening can be accomplished by "kinks" (i.e., 
gauche-trans-gauche-' conformers) along the chain since 
each kink defect will retract a carbon chain by approxi- 
mately one methylene repeat, as illustrated in an earlier 
study of chain melting?l (Although the kink models used 
in these studies are based on known X-ray crystal struc- 
tures, an extensive treatment of polyethylene chain de- 
formations is found in a paper by Reneker and Mazur.22) 
If, for example, these kinks are distributed equally over 
33 C-C bonds for a C38H74 chain (excluding the two end 
bonds), then, as shown in Figure 8, the average defect 
population per bond is only slightly higher than the 0.5% 
detectability claimed for infrared spectroscopic measure- 
m e n t ~ . ~ ~  For the binary structures considered here, it is 
interesting to note that as the requisite kink population 
per C-C bond would approach, e.g., 2%, then the packing 
is seen to transform to the next longer chain crystal 
structure. 

There is no question that chain kinks are present in the 
paraffin crystal structures, even for pure materials-e.g., 
as evidenced by the strong continuous diffuse scatter in 
electron diffraction patterns from paraffins held a t  16 K.23 
Samples crystallized from the melt will contain a number 
of metastable kink sites, as revealed by the limited reso- 
lution of the pattern in Figure 6a. As shown earlier,S21*26126 
kinks enlarge the chain-end voids in the average structure 
beyond the minimum value needed to accommodate the 
longer chain component in the binary solid, so that the 
population densities of terminal carbon positions on either 
end of the chain have an approximately Gaussian distri- 
bution and thus these intensities are limited in resolution 
(Figures 6 and 9). As the chain kinks unfold and the 
chain-end voids become smaller the resolution of these 
data could improve, but our data do not indicate a marked 
relaxation of this type over 2 years. Thus there are at least 
two mechanisms, chain translation and kinking, which 
combine to accommodate two different chain lengths in 
a single average crystal packing. The limiting factor here, 
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ABSTRACT A very complete characterization of the stereostructure of three poly( l-butenes) was achieved 
by separating the polymers into components of increasing isotacticity with successive recrystallizations from 
hot n-heptane solutions and analyzing the Components with 13C nuclear magnetic resonance, gel permeation 
chromatography, and other techniques. The poly(1-butenes) analyzed were (17 a highly isotactic homopolymer 
prepared by using a conventional titanium chloride/alkylaluminum catalyst, (2) a moderately isotactic 
homopolymer prepared by using a variation of this conventional catalyst, and (3) a moderately isotactic 
homopolymer prepared by a high activity supported titanium chloride catalyst developed at Shell Development 
Co. It is shown that the two materials prepared by the conventional catalyst are predominantly mixtures 
of atactic molecules with highly isotactic molecules, while the material prepared by the high activity catalyst 
contains a large proportion of molecules of intermediate tacticity. The polymer of intermediate tacticity prepared 
by the conventional catalyst behaves like a plasticized thermoplastic, while the polymer of intermediate tacticity 
prepared by the supported catalyst shows more elastomeric properties. 

Introduction 
Polymerization of propylene, l-butene, and higher a- 

olefins by Ziegler-Natta catalysts, which are combinations 
of a compound of a group Iv-VIII (4-10)n transition metal 
with an organometallic compound of a group 1-111 (1, 2, 
13) nontransition element, can produce polymers with a 
high degree of stereochemical regularity.' The most pow- 
erful experimental tool we have to  determine the stereo- 
structure of these polymers is 13C nuclear magnetic reso- 
nance (NMR), which gives information about the stereo- 
chemical structure because the NMR chemical shifts of 
the carbon atoms are sensitive to the configuration of 
closely bonded neighborse2p3 Different measures charac- 
terizing the average degree of isotacticity of a polymer 
sample can be derived from the NMR spectrum of the 
whole p ~ l y m e r , ~  but to  more completely determine the 
stereostructure of a polymer, i t  is useful to  separate the 
polymer into components of varying isotacticity and then 
analyze each of these components. This gives information 
about the distribution of isotacticity among the polymer 
molecules, just as a separation on the basis of molecular 
weight gives information on the distribution of chain 
lengths among the polymer molecules." Understanding the 
stereostructure of these polymers in detail is important in 
understanding the mechanism of olefin polymerization5 
and the relationship of these structures to the morphology 
and properties of the 

In this work three poly(1-butenes) were analyzed: (1) 
a highly isotactic homopolymer prepared by using a con- 
ventional titanium chloride/alkylaluminum catalyst, (2) 

*Current address: Teknor Apex Co., Pawtucket, RI 02861-0290. 

a moderately isotactic homopolymer prepared by using a 
variation of this conventional catalyst, and (3) a moderately 
isotactic homopolymer prepared by a high activity sup- 
ported titanium chloride catalyst developed at Shell De- 
velopment Co. Each of these materials was separated into 
components varying in crystallizability by sequential 
crystallization from hot n-heptane solutions and isolation 
of the soluble and insoluble components. More specifically, 
an initial recrystallization of the whole material was fol- 
lowed by subsequent recrystallization of the soluble com- 
ponent, the insoluble component, or both, and this pro- 
cedure was repeated until the desired degree of separation 
was obtained, the ratio of heptane to  polymer being ad- 
justed at  each step of the separation. The resulting com- 
ponents were then analyzed by 13C NMR, gel permeation 
chromatography (GPC), and other techniques. From this 
work a very complete characterization of the stereostruc- 
ture of these materials was achieved, and it was found that 
the two materials prepared by the conventional catalysts 
were predominantly mixtures of atactic molecules with 
highly isotactic molecules, while the material prepared by 
the high activity catalyst contains a large proportion of 
molecules of intermediate tacticity. The physical prop- 
erties of these materials reflect these structural differences. 

Materials and Methods 
Sample I is a commercial highly isotactic poly(1-butene) 

homopolymer manufactured by Shell Chemical Co. and 
made with a conventional titanium chloride/alkyl- 
aluminum catalyst. Sample I1 is a poly(1-butene) homo- 
polymer of intermediate isotacticity made with the same 
conventional catalyst but without a selectivity control 
agent. Sample I11 is a poly(1-butene) homopolymer of 
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