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ABSTRACT: A percolation process on a lattice was used to model the cross-linking of paraffins induced by 
@Co y-radiation. The molecular weight distribution of cross-linked paraffins was characterized by gel permeation 
chromatography (GPC). The GPC traces were compared with the chromatograms calculated from the size 
distribution of site clusters obtained by a random introduction of bonds into square, triangular, and Bethe 
lattices. The comparison revealed that the Cross-linking produces significantly more of high molecular weight 
material and less of dimer than calculated from the models. This shows that the cross-linking is not random; 
the clustering of cross-links in paraffms is in excess of that predicted by percolation models based on random 
statistics. It was found that this excessive clustering is only little influenced by the state and crystallographic 
phase of the paraffins; hence more fundamental factors (recombination of radicals in spurs, chemical changes 
introduced by the cross-links) have to be responsible for this effect. However, it was confirmed that the crystal 
lattice has a profound influence on the position of the cross-links along the paraffin chains; in paraffin crystals 
the cross-links are more concentrated toward the chain ends than when irradiated in the melt. It was also 
confirmed that the crystallinity affects the cross-linking efficiency of the radiation; the yield of cross-linked 
material is higher if irradiated in the melt. 

1. Introduction 
Cross-linking and chain scission are the two major effecta 

that determine the change of molecular weight in polymers 
subjected to ionizing radiation. In  polyethylene and pa- 
raffin the cross-linking is dominant, resulting in a con- 
tinuous increase of the molecular weight average with the 
dose and, finally, in the formation of an infinite network.'J 
Because of its application the radiation-induced cross- 
linking of polyethylene was widely studied in the past3 and 
it  was found that most of the cross-links were located in 
the disordered, fold region of polyethylene In 
contrast to polyethylene the crystallinity of paraffins is 
high and comparable with that of low molecular weight 
compounds. In  paraffin crystals the chains are extended 
and the disordered regions associated with the chain folds 
in polyethylene are a b ~ e n t . ~  The molecular weight of 
paraffins is uniform and lower than in polyethylene, which 
simplifies the molecular weight analysis of the cross-linked 
products. 

Two different techniques were used in the past for 
molecular weight analysis of cross-linked paraffins: gas 
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chromatography (GL08  and gel permeation chromatog- 
raphy (GPC).g*10 The former technique is limited to low 
molecular weights only as the volatility of paraffins de- 
creases rapidly with the molecular weight. This restriction 
does not apply to the GPC, which can be used in principle 
for all soluble polymers. However, in the molecular weight 
region common to both techniques, the resolution of GPC 
is inferior to GLC, which is capable of separating fully not 
only homologues of different molecular weights but also 
different isomers of the same molecular weightas 

In paraffin crystals the chains are fully extended and 
packed parallel in layers in a three-dimensional crystal 
lattice. If the linking of chain ends belonging to different 
layers is neglected, the intralayer cross-linking can be 
modeled by a percolation process on a two-dimensional 
lattice. The latter is constructed by the projection of chain 
axes onto a plane perpendicular to the chain direction. 

In the percolation process" certain pairs of points (or 
sites) are connected and properties of such systems (size 
of clusters, their shape and density, appearance of an in- 
finite size cluster, etc.) are studied. 

0 1984 American Chemical Society 
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In this work paraffins were cross-linked by “Co y-ra- 
diation under different conditions and products were an- 
alyzed by GPC. The chromatograms were compared with 
those calculated from the size distributions of site clusters 
generated by introduction of bonds into different two- 
dimensional lattices. The aim was to scrutinize the ran- 
domness of the distribution of the cross-links in irradiated 
paraffins in different crystallographic phases and states. 

2. Experimental Section 
2.1. Materials. Linear paraffins tricosane (CZ3Ha) and tet- 

racontane (Cd0HB2) were irradiated by y-rays at different tem- 
peratures under vacuum using a B°Co y source as described 
elsewhere.12 After the irradiation the samples were analyzed for 
gel content by extraction in refluxing toluene. It was found that 
samples irradiated by a dose of less than about 800 Mrd remained 
fully soluble and were therefore suitable for GPC analysis. 

2.2. Gel Permeation Chromatography. A Waters GPC 200 
instrument with o-dichlorobenzene at 135 “C as the solvent was 
used. The system contained fcur Styragel columns of upper 
porosities 1000, 500, 350, and 350 A connected in series. The 
column system was deliberately chosen to give a w e d  calibration 
line with a sharp cutoff at high molecular weights. This facilitates 
the detection of the high molecular weight tail in the cross-linked 
produce while maintaining good resolution in the low molecular 
weight region. An internal standard, n-decane, was used for 
improving the accuracy of the elution volume  measurement^.'^ 
3. Results and Discussion 

3.1. Gel Permeation Chromatography. Figure 1 
shows an example of GPC traces of radiation cross-linked 
paraffins. The traces indicate the dependence of the re- 
fractive index difference between the solution and the 
solvent on the elution volume. At a constant concentration 
the refractive index difference depends on the chemical 
composition of the solute. For linear oligomers it varies 
with concentration of end groups and hence the molecular 
weight. However, in paraffins the influence of the end 
groups on the refractive index difference becomes negli- 
gible for chains longer than about 20 c a r b ~ n s . ~ J ~  By the 
same argument the effect of cross-links on the refractive 
index difference should also be small for long-chain pa- 
raffins as the fraction of tertiary carbons participating in 
cross-links in an n-mer decreases with the increasing chain 
length of the starting material. 

In the GPC analysis the molecules of the solute are 
separated according to their size in solution so that their 
elution volume is inversely related to their hydrodynamic 
~ 0 l u m e . l ~  For a linear polymer the hydrodynamic volume 
depends on the chain length and hence its molecular 
weight. However, if the polymer chains are branched or 
cross-linked the relation between the elution volume and 
the molecular weight does not hold because the size of such 
molecules in solution depends also on their structure. The 
size of a nonlinear molecule in solution is always smaller 
than that of its linear counterpart; hence the linear chain 
is eluted earlier than the corresponding cross-linked or 
branched molecule of the same molecular weight. 

A typical GPC trace of irradiated paraffins obtained 
under conditions used in this work exhibits two peaks, 
which correspond to the original un-cross-linked paraffin 
and its cross-linked dimer (Figure 1). The rest of the trace 
toward the lower elution volumes belongs to the unresolved 
higher n-mers (n > 2). The wide spread of this trace 
coupled with the fact that the monomer peak remains the 
most prominent in the whole dose range up to and above 
the gel point shows that the molecular weight distribution 
of the cross-linked product is very broad. The position and 
width of the monomer peak (Table I) do not change with 
the dose, confirming that scission is relatively unimpor- 
tant.3.16 
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Figure 1. Compmison of the GPC trace of tetracontane irradiated 
to 500 Mrd with chromatograms (t) calculated from percolation 
models: (a) Flory-Stockmayer model (Bethe lattice), f = 82; (b) 
triangular lattice. An = refractive index difference; MI = molecular 
weight of linear paraffins eluted at the elution volume V. The 
residual weight fraction w, = 1 - rgysn(s) omitted from the 
chromatograms by neglecting the clusters larger than s,, is (a) 
8.1 X s, = 6. The peaks labeled 
1, 2, and (*) correspond to the monomer, the dimer, and the 
internal standard (decane). 

s, = 20; (b) 6.0 X 
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Table I 
Results of GPC Analysis of Irradiated Paraffins 

elution vol (corr), 
counts peak width param branch- wt fraction 

~~ 

~ monomer dimer" monomer dimer ing monomer dimer 

Cl10He2 crystalline orthorhombic 40-45 219 46.64 43.04 1.35 0.84 0.945 0.772 0.106 
40-45 500 46.64 43.09 1.32 0.93 0.934 0.652 0.121 
1 800 46.66 43.12 1.36 0.90 0.930 0.641 0.132 

CBH, crystalline orthorhombic 33 200 50.53 46.22 1.47 1.04 0.938 0.936 0.045 
33 500 50.50 46.25 1.48 1.24 0.933 0.862 0.079 
33 800 50.53 46.31 1.47 1.15 0.924 0.751 0.104 

crystalline hexagonal 43 300 50.50 46.39 1.48 1.23 0.912 0.872 0.082 
melt 53 300 50.51 46.43 1.48 1.30 0.907 0.822 0.078 

irradiation 

sample state and phase temp, OC dose, Mrd 31 "2 hl h~ w a m g  W1 W2 

'Linear dimer elution volume = 42.73; uZ(C46H~4) = 45.77. 

The elution volume and the peak width of the dimers 
are both larger than those expected for the linear paraffins 
(Table I). In addition, it is seen from the table that, for 
a given paraffin, the elution volume of the dimer is not a 
constant but it is affected by the state in which it has been 
irradiated. Thus, e.g., in case of tricosane, the elution 
volume is lowest and closest to that of the linear dimer 
when irradiated in the crystalline orthorhombic phase as 
compared with the molten liquid phase. An intermediate 
value of the elution volume is obtained if irradiated in the 
hexagonal phase. Further, it  was noticed that the dimer 
elution volume increased slightly with dose in paraffins 
irradiated in the orthorhombic phase (Table I). 

The above findings have the following significant in- 
formation to convey. First, cross-linking is not confined 
to the terminal methyl groups of the paraffin molecule but 
must be distributed along its chain. This is in agreement 
with a number of earlier works"1° but contrary to de- 
ductions by Bovey et al.16 Nevertheless, the facts that the 
physical state affects the dimer elution volume and, fur- 
ther, that in crystalline paraffins the volume increases with 
the dose mean that the distribution of cross-link positions 
along the chains cannot be the same in all cases. In the 
crystalline state, particularly in the orthorhombic phase, 
the cross-links are concentrated in the chain ends region 
with their mean positions moving toward the chain interior 
as the dose is increased. The two conclusions, first that 
there is a distribution of cross-link positions along the 
chain (as opposed to them being confined exclusively to 
the chain ends) and second that in the orthorhombic phase 
this distribution of cross-links is nevertheless concentrated 
toward the chain ends (as opposed to a random distribu- 
tion), are both significant in the context of the present 
work. The first will justify the treatment of cross-linking 
in the crystalline state as a two-dimensional problem 
confined to layers of stacked chains while the second 
provides support to the previous assertions based on dif- 
ferent evidence that on irradiation in the crystalline state 
the cross-links do not form randomly along the polymer 
chains in the crystal lattice. Apart from the position of 
the cross-links, the physical state of the paraffins affects 
also the cross-linking efficiency of the radiation. As shown 
previously and as now supported by present evidence 
(Table I) paraffins irradiated in the molten stateg or in the 
hexagonal phase" are more susceptible to cross-linking 
than in the orthorhombic phase. 

3.2. Models for Cross-Linking. The cross-linking of 
paraffins can be treated as a polymerization of polyfunc- 
tional monomers resulting in the formation of a three- 
dimensional network. The theory of this process was first 
discussed for some special cases by Floryl8 and extended 
and generalized by St0~kmayer . l~  He derived a formula 
relating the weight fraction of an n-mer to the extent of 

Figure 2. Bethe lattice of coordination number 4. Random 
linking on this lattice corresponds to a Flory-Stockmayer model 
with functionality f = 4. 

reaction and the functionality, which was defined as the 
number of reactive groups in the monomer capable of 
forming the link. The conditions assumed in the theory 
and essential for exact solution were as follows: (1) The 
intramolecular links were postulated not to occur; hence 
cyclic structures did not exist. (2) All groups that could 
form a link were equally reactive; hence the linking process 
was random. The polymerization or the cross-linking can 
be regarded as a special case of a more general percolation 

In percolation certain pairs of points in an 
infinite set are connected and the properties of such a 
system (size of clusters, their shape and density, and the 
appearance of an infinite cluster) are studied. In the 
simplest percolation the points are arranged in a lattice, 
the nearest neighbors only are paired, and the process is 
random. The pairing of points can be achieved by occu- 
pation of lattice points in an empty lattice (site problem), 
by occupation of links between the points (bond problem), 
or by both (site-bond problemz1). The cross-linking or 
polyfunctional polymerization corresponds to a bond 
problem. However, in a pure bond percolation the prop- 
erties of clusters of bonds are considered, whereas in po- 
lymerization or cross-linking the main interest is in the 
molecular weight of resulting n-mers, which corresponds 
to the size of clusters of sites in what otherwise is a bond 
problem. 

The linking on common lattices inevitably leads to the 
appearance of ring structures which arise from an intra- 
cluster linking. However, in the Flory-Stockmayer model 
this is postulated not to occur and their model can be 
represented by a percolation process on a special pseu- 
dolattice which is in a form of an infinite homogeneous 
Cayley tree (Figure 2). The cluster size and percolation 
on such a pseudolattice (Bethe lattice) was solved exactly 
by Fisher and Essam2z and their formula for cluster size 
distribution is identical with the formula for molecular 
weight distribution derived earlier by Stockmayerlg for 
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Figure 3. Schematic representation of cross-linking in the layered 
structure of orthorhombic paraffin crystals (1). If the interlayer 
linking (marked (*)) is neglected, the linking in a single layer can 
be represented by linking in a two-dimensional lattice (2). The 
arrows a, b, and c show the direction of the unit cell axes. 

polyfunctional polymerization. 
The linking on a Bethe lattice (which is equivalent to 

the Flory-Stockmayer model) is the most efficient bond 
process for growth of the site clusters. As the formation 
of cyclic structures is forbidden the number of sites in a 
cluster increases with each additional bond. The number 
of sites s in a cluster is therefore related to the number 
of bonds b by s = b + 1. However, if the linking takes place 
on a common lattice which allows formation of rings, then 
there is no single relation between the number of sites and 
the number of bonds in a cluster. In such lattices the 
number of bonds in a cluster with s sites can vary from 
a minimum given by the formula for the Bethe lattice up 
to the maximum, which apart from the cluster size depends 
also on its shape and the type of the lattice. 

In solid paraffins the chains are aligned parallel in a 
crystal lattice and the chain ends form stacked layers in 
the crystal. As shown previously8-1° and conf i i ed  in this 
work, the linking is not confined exclusively to the chain 
ends; hence the ratio of interlayer to intralayer linking will 
decrease with increasing chain length of the starting ma- 
terial. If the interlayer linking is neglected, the cross- 
linking in a single layer can be represented by a bond 
percolation process on a two-dimensional lattice. The sites 
of this lattice are the projections of the chains on a plane 
perpendicular to the chain direction and the bonds are the 
links between the nearest-neighbor sites (the multiple 
cross-links possible between nearest-neighbor chains count 
as a single bond in this model). The cross-linking in the 
layered structure of paraffin crystals and the corresponding 
two-dimensional lattice model is shown in Figure 3. 

Solid paraffins were irradiated in two different crystal 
phases: orthorhombic, which is stable at low temperatures, 
and hexagonal, stable in a temperature interval of a few 
degrees just below the melting point.' The corresponding 
two-dimensional lattice for bond percolation is triangular 
for cross-linking in the hexagonal phase because all six 
nearest neighbors of a given chain are equivalent. In the 
orthorhombic lattice the cross-linking can occur in two 
different crystallographic planes% indexed (110) and (200); 
hence, in principle, the linking of a chain with its two 
nearest neighbors in the (200) plane is different from the 
linking with the neighbors in the (110) plane. According 
to Guiu and Shadrake23 the linking in the (110) plane is 
more favorable because it produces smaller lattice dis- 
tortion. Therefore, the cross-linking in the orthorhombic 
lattice can be represented by a bond percolation on a 
triangular lattice where the bond occupancy in one di- 
rection (p(200,) is less likely than in the other two (p(llo)). 

Figure 4. Geometrically different clusters (up to site number 
s = 4) generated by introduction of bonds into a triangular lattice. 

n(s) are q6 for s = 1 , 3  q10 for s = 2, + 36p P q" + 29p3q18 

If the linking takes place only in the (110) planes, the 
lattice is transformed into a square lattice; if the proba- 
bility of linking in the (200) is the same as in the (110) 
planes, the case is identical with the linking in the hex- 
agonal phase. 

3.3. Cluster Size Distribution. There are two possible 
ways to determine the cluster size distribution in perco- 
lation on a lattice: (1) to model the percolation process 
on a lattice by a Monte Carlo method; (2) to calculate 
exactly the probability of each cluster size (perimeter 
polynomial method). 

In the first method the accuracy of the model is deter- 
mined by the size of the lattice and the number of runs 
that can be accommodated in a computer. The results 
reported so f a r 1 ' p Z o  are not directly applicable to the 
cross-linking because they do not give the distribution of 
site clusters in a bond percolation. 

In the second method the probability of a particular 
cluster is calculated exactly by using the number and the 
probability of cluster elements (occupied bonds or sites in 
the bond or site problem, respectively) and the number 
and probability of empty bonds or sites on the cluster 
perimeter. The expressions for cluster probabilities are 
then summed up for clusters with a given number of bonds 
or sites, resulting in a perimeter polynomial. As the 
number of different clusters increases rapidly with the 
cluster size, the perimeter polynomial is practical for small 
clusters only. The perimeter polynomials for clusters of 
bonds in a bond problem (and for site clusters in a site 
problem) were obtained by Sykes et al.24,25 However, they 
are also not applicable directly for cross-linking and have 
to be regrouped to yield the probabilities of site clusters 
in a bond problem.38 This rearrangement has been first 
carried out for small clusters by the author26 and further 
extended for larger clusters by B r a u n h o l t ~ . ~ ~  An example 
of clusters of sites in a bond problem on a triangular lattice 
and corresponding perimeter polynomials are shown in 
Figure 4. 

The perimeter polynomial n(s) for a cluster of size s gives 
the number of clusters of size s per lattice site. The 
product sn(s) gives the number of sites that are in the 
clusters of size s divided by the total number of sites in 
the lattice. In the model adopted for the cross-linking of 
paraffins the sites are all occupied; hence, sn(s) is the 
fraction of sites found in clusters of size s and corresponds 
to the weight fraction of the paraffin molecules with the 
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degree of polymerization s. This gives the molecular weight 
distribution in cross-linked paraffins. 

The perimeter polynomial n(s) can be expressed in the 
form27 

(1) 

where Z(s,bg) is the number of geometrically different 
clusters per lattice site containing s number of sites, b 
number of occupied bonds, and g number of empty bonds. 
The cluster is defined as a set of sites joined by occupied 
bonds. As expected, the Stockmayer formulalB for weight 
fraction of linked polymer and the sn(s) expression for 
linking on a lattice gives identical polynomials for very 
small clusters where the ring structures are impossible (up 
to s = 3 for the square lattice or functionality f = 4 in the 
Flory-Stockmayer model and up to s = 2 for the triangular 
lattice or functionality f = 6. 

3.4. Comparison of the Experimental Data with the 
Theory. The experimental GPC trace of linear polymer 
can be regarded as a composite of individual peaks be- 
longing to monodisperse components. It has been foundz8 
that the chromatogram F(u) of a monodisperse compound 
can be described by a Gaussian function 

4 s )  = CCZ(s ,bg)pb( l  - P)g 
b g  
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and the chromatogram of a polydisperse compound 

(3) 

where A, is a constant related to the concentration of the 
component with the degree of polymerization s, h, is a 
parameter inversely proportional to the width of the 
Gaussian peak of the sth component, u is the elution 
volume, and ub is the elution volume of sth component at 
the peak maximum. 

There are several methods of obtaining the set of A, 
values from the chromatogram;B however, the inaccuracies 
and noise in the chromatogram can become amplified in 
the deconvolution process and give rise to oscillations. In 
order to avoid this difficulty a theoretical chromatogram 
was computed from the weight distribution of clusters in 
an appropriate percolation model and compared directly 
with the corresponding experimental GPC trace. 

The weight distribution of clusters sn(s) was obtained 
by finding the weight fraction of the monomer from the 
experimental chromatogram and determining p (the 
fraction of occupied bonds) from the expression for the 
fraction of isolated sites, which is 41). Equation 1 was 
then used to generate a set of sn(s) for a particular per- 
colation model. The set is limited by the number of Z- 
(s,bg), which was obtained by BraunholtzZ7 up to the size 
s = 6 for the triangular lattice and s = 9 for the square 
lattice. This restriction does not apply for the Flory- 
Stockmayer model and the polynomials can be obtained 
from a generating formula for any size cluster. The 
chromatograms, however, were calculated only for cluster 
sizes up to s = 20 because the wei h t  fraction contained 

was negligibly 
small (Figure 1). 

As follows from eq 3, a set of h, and ub in addition to 
the set of weight fractions A, is needed for each chroma- 
togram. In a linear polymer the elution volume ub is 
related to the molecular size s by a calibration curve: h8 
varies slowly with the size and is usually considered con- 
stant. In branched or cross-linked polymers each peak for 
a given size s is a composite of Gaussian peaks belonging 
to different isomers. Hence the weight fraction of each 

in all higher size clusters (1 - CB=lsn(s)) z f  

isomer, its peak elution volume, and the peak width pa- 
rameter are needed for constructing the chromatogram 
exactly. As the number of different isomers of cross-linked 
paraffins increases rapidly with size, this information is 
practically impossible to obtain and an approximate and 
simplified approach has to be used. 

In general, cross-linking produces branched molecules 
that can elute in a range of elution volumes depending on 
the position of cross-links. The lowest volume corresponds 
to a linear polymer where linking was at the chain ends, 
and the highest volume belongs to the branched molecules 
linked in the center of the chains (providing that the 
multiple linking between the same pair of chains is ne- 
glected). The elution volume of a polymer molecule is a 
function of its hydrodynamic volume under given condi- 
tions which can be expressed by the radius of equivalent 
hydrodynamic sphere R. Hence the parameter g = Rt/R:, 
the ratio of such radii corresponding to branched and linear 
molecules of the same molecular weight, can be obtained 
from the elution volume of branched molecule ub, its mo- 
lecular weight M ,  and the calibration curve M = #(u)  
relating the molecular weight and elution volume of linear 
molecule by using the expression 

g = #(Ub)/M (4) 
The parameter g for 1,1,2,2-tetra(tridecyl)ethane (which 

can serve as a model for a paraffin dimer cross-linked 
exactly a t  the chain center) was found to be 0.843.30 This 
was considerably less than g obtained for the radiation 
cross-linked dimers (Table I). The peak width of radiation 
cross-linked dimer is higher than that of the above 
cross-linked model paraffin or the linear paraffin, which, 
together with the parameter g, shows that the cross-links 
in irradiated paraffins are distributed along the paraffin 
chains and not confined exclusively to any particular 
carbon. 

If the parameter g, the peak shape, and peak width of 
an s-mer are assumed to be the same as those for the 
dimer, the expected GPC chromatogram for random 
cross-linking can be computed from eq 3. The expected 
weight fractions of s-mers for random linking on different 
lattices were obtained by a perimeter polynomial. The 
fraction of occupied bonds p needed for this was deter- 
mined by matching the area fraction of the monomer peak 
in the experimental chromatogram to the expression for 
the fraction of isolated sites in a particular percolation 
model. The peak shape of the s-mer was assumed to be 
Gaussian, with the peak width h, to be the same as the 
dimer peak. The elution volume corresponding to the peak 
maximum of an s-mer was obtained from eq 4 and the 
chromatogram computed according to eq 3. It is obvious 
that the computed chromatogram is a rather crude ap- 
proximation mainly because of the uncertainty in the 
parameters g and h. However, the comparison between 
the computed and the experimental chromatograms shows 
an important difference which cannot be accounted for by 
the errors introduced by these assumptions. 

The chromatograms calculated for various percolation 
models are superimposed on the experimental GPC trace 
in Figure 1. The comparison shows that they differ bas- 
ically in two main features. For the same weight fraction 
of monomer the experimental trace shows that (1) there 
is considerably less dimer than the random percolation 
models predict and (2) the cross-linking produces more of 
high molecular weight material than expected from the 
random linking in the percolation models. 

The predicted and experimentally observed weight 
fractions of the dimer for different samples irradiated at 
various conditions are shown in Table 11. The expression 
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Table I1 
Comparison of the Dimer Weight Fraction w (2) Found by GPC and Calculated from Percolation Models 

4 2 )  (percolation) 
f = 3  f = 6  

(honeycomb f = 4 (square (triangular irradiation 
sample state and phase temp, “C dose Mrd ~ ( 2 ) ~  (GPC) lattice) lattice) lattice) f - m 

CdnHRz crystalline orthorhombic 40-45 219 0.106 0.176 0.170 0.165 0.154 .. .. 

40-45 500 
1 800 

33 500 
33 800 

crystalline hexagonal 43 300 
melt 53 300 

C23H48 crystalline orthorhombic 33 200 

nThe experimental values of 4 2 )  are reproducible within +IO%. 

for the dimer weight fraction is a function of p and the 
coordination number (or the functionality f in the Flory- 
Stockmayer model) and, as expected, it is the same for 
percolation on different lattices, including the Flory- 
Stockmayer The calculated weight fraction of the 
dimer w 2  for a given w1 decreases with the parameter f, 
reducing in this way the discrepancy between the exper- 
iment and the theory. However, even in the limit for f - 
m the calculated w 2  (which in the limit is equal to -w12 In 
W J  is still significantly higher than the experimental values 
(Table 11). This result shows that no percolation model 
based on random statistics can explain the low population 
of dimers found by the experiment. 

As shown in Figure 1 the experimental chromatograms 
extend farther into the low elution volume region than the 
theory predicts. This cannot be explained by the fact that 
the larger size clusters were omitted in the calculation 
because their cumulative weight fraction was much smaller 
than the observed difference (Table 11). Another possible 
cause of this discrepancy is the uncertainty in the elution 
volume of cross-linketi isomers introduced by a possible 
error in the parameter g. However, the nonlinear cross- 
linked isomers of the same degree of polymerization s are 
always eluted at  higher elution volumes than their linear 
counterparts. Therefore, the chromatograms calculated 
for linear isomers (which are not subject to the uncertainty 
in their elution volumes) can be regarded as the limiting 
case having the maximum extended “tail” possible in the 
low elution volume region. 

Figure 5 shows a comparison between an experimental 
chromatogram and the calculated one for the linear isomers 
only and using the Flory-Stockmayer model. The Flory- 
Stockmayer model was chosen because it gives rise to the 
largest low elution volume tail than any other percolation 
model. The Flory-Stockmayer model precludes the for- 
mation of ring structures and therefore it yields larger size 
clusters for a given p than linking on any other lattice. 
This is because the introduction of each link in the Flo- 
ry-Stockmayer model increases the size of a cluster and 
the link is not “wasted” by closing the ring. However, even 
this extreme and unrealistic model does not reach the 
experimentally found abundance of cross-linked material 
in the low elution volume region and the basic assumption 
of randomness in the percolation model has to be ques- 
tioned in order to explain the disagreement. 

3.5. Correlated Percolation Process as a Model for 
Cross-Linking. It can be inferred from the observed 
difference in the experimental and calculated chromato- 
grams that the already cross-linked molecules tend to in- 
crease their size more readily than the random statistics 
predicts. This conclusion can explain both the shortage 
of dimers and the abundance of the high molecular weight 
material in the low elution volume region. Such a behavior 
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0.146 0.143 0.139 0.132 
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V 
Figure 5. Comparison of the GPC trace of tetracontane irradiated 
to 500 Mrd and the chromatogram (t) calculated from the Flo- 
ry-Stockma er model (f = 82) assuming linear isomers only. w,, 
= 8.1 X IO-[ s,, = 20. 

can be modeled by a correlated percolation process with 
different probabilities p for introduction of links depending 
on the state of molecules to be linked. A minimum of two 
probabilities p1 and p 2  is necessary to express the different 
reactivity of un-cross-linked and cross-linked molecules. 
If p1 is the probability that the link is introduced between 
two un-cross-linked chains (hence forming a dimer) and 
p 2  is the probability of a link involving at  least one already 
cross-linked molecule, then the higher reactivity of already 
cross-linked chains can be expressed by the condition p z  
> pl. The dimer and trimer clusters will contain only one 
link introduced with the probability pl, and the larger size 
clusters can contain variable numbers of such links de- 
pending on how many smaller clusters were linked together 
to form the final one. If the proportion of links of different 
probability in the larger size clusters is not known, the size 
distribution of clusters cannot be obtained by the perim- 
eter polynomial method. However, in the extreme case 
when the total fraction of bonds occupied is low and p 2  
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Figure 6. Comparison of the GPC trace of tetracontane irradiated 
to 500 Mrd and the chromatograms (t) calculated from correlated 
percolation model with different ratios of p2/p1 (square lattice, 
s, = 9): (1) p2/p1 = 1, w,, = 3.5 x 10-4; (2) p2/p1 = 2, w,, = 
2.0 x 10-2; (3) p2/p1 = 3, w, = 1.1 x 10-1. 

> pl, then most of the smaller clusters will contain only 
one link introduced with the probability pl. This is 
analogous to a two-step process of a slow nucleation fol- 
lowed by a rapid growth of the clusters. The nucleation 
step corresponds to the formation of dimers which then 
rapidly link with the surrounding monomer, resulting in 
a fast growth of the clusters. If the fraction of occupied 
links is small the chance of intercluster linking (especially 
for smal l  clusters) is also small and the approximation that 
clusters contain only one link occupied with the probability 
p1 is justified. Figure 6 shows the comparison of experi- 
mental and theoretical GPC spectra calculated from per- 
imeter polynomials for different p2/pl ratio assuming only 
one link with probability p1 per cluster. The best fit is 
obtained for p2/p1 of about 2. It can be further improved 
by introducing probability p3 for linking of the trimer; 
however, the difference in the p1 and p2 probabilities is 
sufficient to demonstrate the nonrandomnesa of the linking 
process. 

As follows from Figure 1 and similar other chromato- 
grams and also from the results expressed in terms of the 
weight fractions of the dimer as listed in Table 11, the 
cross-linking is nonrandom. I t  can be seen from Table I1 
that this departure is hardly influenced by the nature of 
the crystalline phase and more surprisingly hardly depends 
on whether the paraff i i  are in a crystalline or liquid state. 
This shows that the crystal lattice is not the controlling 
factor responsible for the nonrandomness of the linking 
process. 

A t  this stage it needs to be recalled that the above 
nonrandomness refers to the linking of monomers (paraffin 
molecules) regarded as points and the degree of nonran- 
domness is arrived a t  by consideration of the weight 
fractions of the different polymerization products (dimers 

etc.). These arise by cross-linking, and their weight frac- 
tions are determined from the observed GPC traces and 
compared with those calculated from the percolation 
models. It is this nonrandomness that is largely unaffected 
by the physical state of the paraffins. This is not to say 
that the same holds for the cross-link positions along a 
given chain. Previous conclusions6,"l0J6 about nonran- 
domness of cross-linking and its dependence on the crys- 
talline state referred to this latter aspect, namely to the 
link position along the chain. The direct experimental 
manifestation of this effect should be displacement of the 
position of the dimer peaks in dependence on the nature 
of the crystalline phase and the physical state. Indeed such 
a dependence, even if small, has been revealed by the 
p r e v i o u ~ ~ ~ ~  and the present experiments (Table I), indi- 
cating a preference for linking to take place around the 
chain end region. This nonrandom distribution of cross- 
link positions along the chain should be distinguished from 
the nonrandomness of the linking between chains which 
appears to be an intrinsic feature of the cross-linking 
process itself. 

The limited role, if any, of the crystallinity may perhaps 
appear surprising as the chains in the lattice are widely 
separated for ready linking. However, once such a link is 
introduced it will produce lattice distortions in its vicin- 
ity,23*31 which then should facilitate further cross-linking 
around it. This would lead to nonrandomness in chain 
linking; however, if such a source of nonrandomness exists, 
it  is not of primary importance because the observed 
nonrandomness does not rely on the physical state for its 
existence. 

Regarding the primary source of nonrandom cross- 
linking of monomers, one may consider that a change of 
a secondary into a tertiary carbon atom associated with 
an introduction of a cross-link into a pair of paraffin chains 
could influence their further linking. I t  may be suggested 
that the different reactivity of the tertiary carbons to- 
gether, perhaps, with their nearest-neighbor secondary 
carbons could make the cross-linked paraffins more sus- 
ceptible for further linking with surrounding chains. I t  
is known32 that the reactivity of secondary and tertiary 
carbon radicals is different and because reactions of rad- 
icals are responsible for the formation of cross-links, this 
could be the reason for an enhanced susceptibility of al- 
ready cross-linked paraffins to further linking. The 
probability p in percolation models on a two-dimensional 
lattice (or pl and p2 if the structure of molecules to be 
linked is taken into account) is the probability of forming 
a bond between two adjacent chains irrespective of its 
position along their length. Its value is therefore the sum 
of probabilities of forming individual cross-links at dif- 
ferent positions along the chain length. If the introduction 
of a cross-link increases the reactivity of its tertiary car- 
bons, leaving the reactivity of the secondary carbons in the 
rest of the molecule unchanged, the probability of a further 
cross-link a t  the tertiary carbon arising through the pre- 
viously formed cross-link can be determined from the 
overall probabilities p1 and p 2  for the linking of un- 
cross-linked and cross-linked chains. A simple calculation 
shows that for Cd0 paraffin the probability of further 
linking a t  the tertiary atom would have to be 41 times 
higher than at the other carbons in order to obtain the ratio 
of p2/p1 = 2. If together with the tertiary carbon, the 
reactivity of the nearesbneighbor secondary carbons in the 
chain is increased, their average probability to further 
linking would still have to be about 14 times higher than 
the rest. Such a high reactivity to cross-linking associated 
with the presence of tertiary carbons, however, has not 
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been observed; the G (cross-linking) of branched poly- 
ethylene is about the same or perhaps lower than the 
G(cross-linking) of linear p~ lye thy lene .~~  

A feasible explanation for the excessive clustering of 
cross-links in solid and liquid paraffins can follow from the 
fact that the initial distribution of intermediates formed 
by high-energy radiation in the condensed phase is ex- 
ceedingly inhomogeneous.34 In '%o y-irradiation the main 
process of energy deposition is Compton scattering.' The 
typical recoil electron produces a multiple number of 
ionizations and excitations in separated groups; these 
localized regions of a few nanometers in size containing 
high concentrations of intermediates are referred to as 
spurs. The commonly postulated random distribution of 
cross-links in a 6oCo y-irradiated homogeneous polymer 

rests on the assumption that the radicals and 
their precursors can diffuse away from the spurs before 
the cross-linking occurs. However, there is extensive ex- 
perimental evidence that in low molecular weight liquid 
paraffins some cross-linking is completed in the spurs 
before the radicals have dispersed.36 Such a mechanism 
can also explain the clustering of cross-links in solid and 
liquid paraffins observed in this work which is in excess 
of those predicted by random percolation models. 

An inhomogeneity in the effect of radiation on paraffin 
crystals was observed recently on a much larger scale.'2B7 
Using calorimetry and electron microscopy techniques, it 
was deduced that two different phases, one rich and the 
other poor in cross-links, form on irradiation, which, by 
X-ray and electron diffraction, were identified as amor- 
phous and crystalline r e~pec t ive ly . '~~~~  The heterogeneity 
of this two-phase structure was on a scale readily identi- 
fiable under the electron microscope, where it could be seen 
as the nucleation and growth of liquid droplets which 
coexist with apparently undamaged crystalline phase. It 
is believed that the cross-linking is responsible for de- 
struction of crystallinity on irradiation, which, accordingly, 
is highly nonrandom even to the extent of leading to visible 
heterogeneities. The present work has shown the existence 
of this nonrandomness down to the level of individual 
cross-links themselves and, further, that it is fundamental 
to the cross-linking process itself and not a consequence 
of the crystalline state even if the position of the cross-links 
along the chain is influenced by the crystal lattice. 

4. Conclusion 
The main conclusion of this work is that the distribution 

of cross-links in paraffins is not random. This follows from 
the fact that the cross-linked paraffins contain more of 
high molecular weight material and less of dimer than 
calculated from percolation models. This means that the 
clustering of cross-links is in excess of that predicted by 
random statistics. This nonrandomness is fundamental 
to the cross-linking process itself and not confined to  a 
particular state or crystallographic phase of the paraffins. 
However, it was confirmed that the crystal lattice has an 
influence on the position of the cross-links along the pa- 
raffin chains; in the orthorhombic phase the cross-links 
are more concentrated toward the chain end regions than 
in the paraffins irradiated in the hexagonal phase or in the 
liquid state. 
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