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ABSTRACT: Atomistic computation and Flory—Stockmayer (F—S) theory have been successfully applied
to the analysis of gel fraction data from a microporous isotactic poly(propylene) (i-PP), irradiated and
annealed in the presence of acetylene. The presence of linearly propagating chain reactions is demonstrated
by the computed maximum possible gel—radiation dose curves (in the absence of scissions and chain
reactions), being initially much smaller than the experimental gel fraction curve. Both analyses are carried
out in terms of the number of “gel-effective” chain steps (Ncsp) per initiating radical at a given dose (D).
The results are in keeping with two similar previous studies by the authors, on data from two different
linear low-density poly(ethylene)s (LLDPESs), one of which had been conducted both in vacuo and in
acetylene. With the exception of one LLDPE, the maximum Ncsp values ((Ncsp)max), and nth order
decreases of Ncsp with respect to dose, derived by the two methods for both polyalkenes in all three
studies, are in close agreement. For reasons described, the nth order decrease rate constants from the
two analyses differ by an order of magnitude, but follow the same trends. (Ncsp)max decreases with
increasing preirradiated molecular weight of the polyalkenes, under equivalent conditions, because a
smaller Ncsp is required to produce a given gel fraction. Both analyses demonstrate that all the gel
fraction vs number of “gel-effective” cross-links per preirradiated molecule ((Nxefr,o/Nm)ger) Curves conform
to a universal function, irrespective of the initial degree of polymerization, or the irradiation and annealing
conditions used to produce them. The universalities of the gel fraction vs (Nxefrpo/Nm)ger CUrves, are
demonstrated in terms of the number- and weight-average preirradiated molecular weights in the atomistic
and F—S methods, respectively. This work paves the way to the simulation and characterization of gel
fraction data to give the numbers of cross-links and scissions required to reproduce rheological data.

Introduction

Previously, the application of atomistic and Flory—
Stockmayer (F—S) analyses of gel fractions has proved
successful in demonstrating the presence of chain reac-
tions in LLDPEs, irradiated both in the presence of
acetylene and in vacuo.! For given irradiation condi-
tions, both analytical techniques showed similar N¢sp
values per initiating radical at a given dose (D), and
also similar orders of decay of N¢s p with respect to dose.
From the atomistic analysis, at a given dose, the average
number of “gel-effective” cross-links required to produce
the gel fraction per preirradiated number-average chain
(Nxetr,o/Nm)ger Was calculated. Nxefr,p is the number of
“gel-effective” cross-links per kg at dose D, and Ny is
the number of initial chains of number-average kg
molecular weight My, 0. Following this, a rheology study,
based on melt relaxation moduli at long times, of an
LLDPE irradiated in the presence of acetylene, yielded
“total” numbers of permanent cross-links, at given doses
per preirradiated number-average chain ((Nx o/Nm)r),
where Nx p is the number of permanent cross-links per
kg at dose D.2 At low gel fractions (<0.4), (Nx o/Nm)rh
was found to be almost equal to (Nxefr,o/Nm)gel in the
same LLDPE samples. That is to say “total” and “gel-
effective” numbers of cross-links were nearly identical
and all the cross-links increased the molecular weight
of the irradiated polymer. Since initially intramolecular
redundancies are of low probability and scissions are
not likely to be in the same molecules as cross-links,
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this corroborated the premise of the atomistic model,
that above some limiting My, only one cross-link,
between two previously unlinked molecules, was re-
quired to increase the gel fraction. From gel fractions
of 0.4 onward, the (Nxo/Nm)rh VS (Nxet,o/Nm)gel CUTVE
diverges, because (Nx o/Nwm)rh represents the total num-
ber of cross-links including redundancies and the extra
cross-links required to overcome scission processes. As
far as gel fraction 0.8, a least-squares fit of the (Nx p/
Nm)rh VS (Nxefr,o/Nm)ger data conformed to a power

function
N N N q
( x,D) =( Xeﬁ,D) +g( Xeﬁ,o) M
NM rh NM gel 2 NM gel

where q was approximated to the integer value 4. The
rapid rise in (Nx p/Nm)rn With respect to (Nxetr,o/Nm)gel,
above gel fraction 0.4, results from the increasing
redundancy of “total” cross-links to augment the average
molecular weight. Part of this redundancy arises from
the increasingly smaller probability that new cross-links
will repair chain scissions as the gel fraction approaches
unity. Hence, a massive redundancy begins in the ability
of cross-links to increase the gel fraction. The power
relationship of eq 1 could not be verified beyond gel
fraction 0.8, because moduli saturation significantly
affected (Nx po/Nm)rn. Acetylene was used in these stud-
ies, because it significantly reduced main chain scission
processes and made measurements possible over almost
the entire range of gel fractions. The use of acetylene
does not limit the validity of the results, because the
gel fraction vs (Nxefr,p/Nm)gel curves from LLDPEs are
nearly identical, irrespective of the irradiation condi-
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tions used to produce them.:? Significantly, the gel
fraction vs (Nxer,0/Nm)ger Curves are also independent
of the initial preirradiated My o (ca. 22.05 and 30.50 kg
mol~1). In addition, the decays of N¢sp with respect to
dose, demonstrated by both analytical techniques, in the
presence of acetylene and in vacuo, are indicative of free-
radical initiated, linearly propagating, chain-reaction
systems, in which N¢sp decreases successively toward
higher doses as a result of more frequent radical—
radical termination reactions caused by increased con-
centrations of radicals. Since structure is accounted for
in the determination of N¢sp it was proposed that chain
reactions, rather than polydispersity, explain most of
the deviation from Charlesby—Pinner behavior in ir-
radiated polyalkanes.?

It can be concluded from these studies that both the
atomistic and F—S approaches afford simple and con-
venient methods of analysis of radiation-induced gel
fractions, providing additional insight as to the compo-
sition of the irradiated polymers. Since the atomistic
(Nxefr,o/Nm)gel curves from the two LLDPEs were nearly
identical, irrespective of the irradiation conditions and
their initial M, (probably above some lower limiting
Mn,0), the possibility that they represent a universal
curve, at least for alkyl polymers, is suggested. It must
be stressed that this is probably not necessarily true
for the gel fraction vs (Nxp/Nm)rh curves of different
alkyl polymers, but that they can easily be related to
the atomistic (Nxefr,o/Nm)gel CUrves by relaxation mod-
ulii.2 It is therefore of interest to apply the atomistic
and F—S analyses to data from another alkyl polymer,
to probe the possible universality of gel fraction vs
(Nxeft,o/Nm)ger curves. To this end we have chosen
polypropylene in its isotactic form, (i-PP).

Experimental Section

Materials. i-PP films were provided by Hoechst-Celanese
(CELGARD 2400 microporous membrane film, thickness
0.0275 mm, Mpo = 5.710 x 10* kg mol~%, My, o = 4.710 x 102
kg mol~1, melting point = 168 °C, melt flow index = 1.5).
Microporous films were used, because insufficient acetylene
impregnation was found in earlier experiments with PP
samples, due to poor diffusion characteristics. The samples
were evacuated of air gases, electron beam irradiated (18 °C,
dose rate = 95.24 Gy s™!), and annealed (135 °C) in acetylene
(ca. 1013 x 10° Pa), as per the method previously described
for LLDPE.* It must be stressed that, to minimize oxidative
degradation, the i-PP samples were not allowed to come into
contact with air until annealing was complete.

Gel Fractions. Determinations were carried out on i-PP
samples (0.15 £+ 0.025 g), placed in steel gauze (120 gauge)
containers, subjected to solvent extraction in decahydronaph-
thalene (decalin, 192 °C for 48 h), and then cleaned in boiling
acetone (61 °C), dried and weighed as per the method described
for LLDPE.*

Results and Discussion

1. Atomistic Analysis of Gel Fraction Curves. 1.1.
Computer Generation of (gel)t,, Curves. The
(gel)r,., curves represent the hypothetical maximum gel-
fraction obtainable at any given dose, under the ideal
conditions where only interchain radical—radical ter-
mination reactions occurred, with no chain reactions,
scissions, or cross-link redundancies with respect to
preirradiated chains.® Reactions of radical-pairs were
modeled in an amorphous i-PP macro-cell (MSI, Insight
11, Version 400, Amorphous Cell 6.1),% using the method
described previously for LLDPE,>® but with the follow-
ing changes required for i-PP. It was necessary to use
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small chains of 102 carbon atoms (34 monomers) to
prevent unnaturally high degrees of self-wrapping from
occurring in the cells. Thirty chains were packed
amorphously into unit subcells at a density of ca. 0.90
g.cm~2 and equilibrated for 4000 molecular dynamics
steps at 293 K. A macro-cell (85.93 A) was then
constructed from 8 interlocking unit subcells and, hence,
contained 240 chains and 24 480 carbon atoms (16 320
backbone carbon atoms), or 73 920 atoms in total. The
use of small chains necessitated the introduction of
scaling factors to increase the number of monomers per
chain to those of the i-PP being modeled. The validity
of this approach was checked previously with LLDPE.!
After the number of atoms was scaled by a factor of
39.91, the effective number of atoms in the simulations
of the 0.0275 mm microporous i-PP film was 2.950 x
10%. Although, i-PP is a polycrystalline material, the
amorphous macrocell was assumed to be suitable for the
experiments, because the atomistic analysis only re-
quires the cell for the production of (gel)r,,, curves and
maximum gel-fractions can only be obtained in amor-
phous systems. Also, it is believed that the cross-links
in the crystalline regions of i-PP will be confined to the
lamellae fold—surface interfaces, similar to the case of
PE,” possibly as a result of radical migration.® In
addition, acetylene does not alter the balance of cross-
links between the amorphous and crystalline regions,
because it does not penetrate the latter.

Radicals were generated using a simple H atom
ejection model, which had previously been tested and
found to be an effective radical-pair generator in simu-
lations using amorphous i-PP macrocells.® All primary
initiating radicals (ri) were generated at random on “b’-
type carbon atoms (~CaH,CPHCtH3~), because it was
demonstrated in the generator study that initiating
radicals are predominantly of this type. For each
initiating radical, subsequent partner radicals (rp) were
selected randomly from the total number of all types of
available pairs assigned to that radical by the generator.
An array of the selected (r;) and (rp) radicals was made
in the computer, and the (r;) radicals were cross-linked
with the spatially nearest radical ((r;) or (rp)), which,
except at very high doses, was the corresponding (rp)
partner-radical. One cross-link between two chains,
which were previously unlinked, was considered to be
the criterion for raising the molecular weight. This has
been shown to be true for an LLDPE, by interpretation
of rheologically determined relaxation modulii in the
melt,2 assuming that the initial My, o was above a certain
value. The gel fraction (g) at dose (D) was considered to
be the sum of the cross-linked chains (j) divided by the
sum of all the initial chains (k) in the scaled amorphous
macro-cell (go = > (§)/> (Kk)).

The position and shape of the theoretical (gel)r,,,
curves in alkyl polymers depend largely on the number
of radicals (Nr p/mol-spins J~1) at a given absorbed dose
(D/(Gy or J kg™1)), the dose in its relationships to other
environmental effects, and the preirradiated My

R,D

N
(gel)Tmax=F( 52D, M) (2)

where N is evaluated from the dose and the radiation
efficiency value for the production of alkyl radicals G(R*)
(mol-spins kg=?)

NR,D = DG(R") 3)
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Figure 1. Gel fraction vs dose for microporous i-PP (3a)
(CELGARD 2400, My = 57.10 kg mol~%, ca. 0.0275 mm thick,
in C;H,) (—®), together with the corresponding (gel)r,.,, curve
for G(R*) = 2.33 x 1077 mol spins J7* (— —).

The only G(R*) value found in the literature for PP is
provided by Ohnishi et al.,1%11 who report a value of 6.2
radicals/100 eV (or G(R*,PPonnishi) = 6.43 x 10~7 mol
spins J71). However, this value is implausibly high,
which is hardly surprising because there was a tendency
to overestimate G(R®) values in earlier years, due to the
presence of chain reactions and unresolved peaks in
ESR spectra. In fact, Ohnishi et al., also quote a value
for PE in the same paper of 6.4 radicals/100 eV (or
G(R*,PEonnishi) = 6.64 x 10~7 mol spins J71), which is
known to be wrong, in that Ichikawa et al.’2 have more
recently,and reliably, determined avalue of G(R*,PEchikawa)
= 2.40 x 1077 mol spins J71, utilizing the electron-spin
echo (ESE) technique on samples of medium-density PE
(0 = 0.963 g cm~3). Since the G(R*,PPonnisni) and
G(R*,PEonnishi) values are so close, it is possible, for the
purposes of this study, to make an estimate for the true
G(R*,PPestimate) by scaling them to the G(R*,PEchikawa)
value:

GR(R.'PPOhnishi)
GR(R’,PEgpnishi)
4)

The scaling yields a G(R*,PPestimate) 0f 2.33 x 10~7 mol
spins J71, which was used to generate the (gel)t,.,
curves in this study.

1.2. Analysis of Gel Fraction Curves Using
(gel)r,., Curves. Since the (gel)t,,, curve represents the
maximum possible gel fractions obtainable from termi-
nations alone, gel fractions greater than (gel)r,,,, can
only be formed from linear (nonbranching) chain reac-
tions, in which cross-links are also formed prior to those
that are formed during the termination reactions.! The
gel fraction results for the microporous i-PP film,
irradiated and annealed in the presence of acetylene
(3a), are shown as a function of dose in Figure 1. The
experimental gel curve is initially greater but finally
lower than the (gel),,, curve, estimated using G(R",-
PPestimate) = 2.33 x 1077 mol spins J™%, indicating that
chain reactions occurred during irradiation and anneal-
ing, resulting in the production of cross-links and main-
chain scissions, both of which help to define the dose-
related resultant increasing molecular weight. The
additional cross-links produced in the linear chain

G(R',PP GR(R",PE chikawa)

estimate) =
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Figure 2. Ncsp vs dose for microporous i-PP (3a) (Mno =
57.10 kg mol~1, ca. 0.0275 mm thick, in C;Hy): experimental
data (@), interpolated data (O), and functional fit to interpo-
lated data (—).

reactions, before termination reactions take place, are
therefore, responsible for the initial gel fractions being
higher than (gel)r,.,, While the scissions are responsible
for the gel fractions at higher doses being lower than
(gel),...- Usually, in the absence of acetylene, much
larger doses (ca. 50 x 10* Gy) are required before the
dose to incipient gelation (Dy) is reached and the effects
of significant levels of cross-linking begin to show.3 In
the presence of acetylene, the gel fraction (gp) vs dose
(D) curve of the microporous i-PP film gave a Dy of ca.
0.38 x 10* Gy, when extrapolated to zero using a
modification of the Wanxi equation®*

(1 — LD V) + y/@L D + 1)

where L is a constant related to the ratio of the radiation
efficiency values for scission and cross-linking (G(S)/
G(X)) and f is a constant related to polymer structure.
The difference in the two Dg values indicate that a large
reduction in the average level of main chain scissions
with respect to cross-links occurs in the presence of
acetylene.

The experimental gel-dose curve (Figure 1) was
analyzed using the (gel)t,. curve and the method
described previously.'=2 In steps of 0.02 gel fraction,
Ncsp values were calculated, by dividing the interpo-
lated experimental gel-dose (D) by the corresponding
(gel)T,..,~dose required to produce the same gel fraction
in the hypothetical absence of chain reactions, scissions,
or cross-link redundancies. The resulting Ncs p values,
plotted as a function of D (Figure 2), decay, similarly to
those of the LLDPESs,® in what appears to be near
second-order decay with respect to dose in excess that
required for incipient gelation (D' = D — Dg). The initial
increase in Ncsp is somewhat less than first order with
respect to D'. Hence, the data points functionally fit the
equation

KlD,a

- {K,K,D'# + 1} ©)

NCS,D

where Kj, Ky, and a are constants. The least-squares
fitting parameters for eq 6 are given for the present i-PP
(3a) and previous LLDPE results (1v, 1a, and 2a) (Table
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Table 1. Atomistic Constants for Ncsp Parameters

polymer LLDPE (1v)
conditions in vacuo

Mp o/kg mol—1 22.05
Ncs,p)max 2.9

Ky/Gy 2 3.75 x 103
Ko/Gy—2 1.13 x 104
a 0.688

n, (order of increase) 0.69

nq (order of decrease) 2.57
decrease rate constant kn/Gy 1.17 x 1076

1). The order of increase (n;) and decrease (ng), and the
decrease rate constant (kp), were estimated from the
initial (1 — n;) and final gradients (1 — ng) and the final
intercept (—{In(kn) + In(n — 1)}), respectively, of plots
of In(D) vs In(N¢s,p), assuming the nth order equation

(Nesp)' "= (n — 1)k,D @)

held, where n = n; and ng, for the increasing and
decreasing parts of the Nc¢sp vs dose plots (Figure 2).
The orders and decay rate constants are also shown in
Table 1. The nearly second-order decay kinetics of the
microporous i-PP and the LLDPE samples arise be-
cause at increasingly higher doses radical—radical
termination occurs more frequently. The increase in
radical—radical termination reactions, with respect to
the number of linear chain steps, observed as a function
of total absorbed dose, is a result of increasing proxim-
ity. It must be remembered that many of the radicals
do not react during the irradiation, only becoming
available for reaction later at the annealing stage (135
°C). As far as the current study is concerned, this tends
to produce the effect of the entire dose being absorbed
or reacting, in one go, irrespective of the dose rate. It
would also appear from Table 1 that, for the irradiations
of both the LLDPEs (la, 2a) and the i-PP (3a) in
acetylene, (Ncsp)max decreases with increasing Mp o.
Calculations of (Nxef,o/Nm)gel Were made on the i-PP
data, using the Nc¢sp values in the following equation:

NXeff) G(R.)
=D N.s DM 8
( NM gel 2 Cs, n,0 ( )

G(R*)/2 appears in this equation, because it takes two
radicals to form a cross-link in the absence of chain
reactions (egs 2 and 3). The resulting interpolated and
experimental gel fraction vs (Nxefr,o/Nm)gel plots for the
i-PP samples are shown (Figure 3) together with three
plots from the previous LLDPEs. It can immediately be
seen that the microporous i-PP (3a) (57.10 kg mol~1, in
acetylene) plots are almost identical to the LLDPE (2a)
(30.50 kg mol~1, in acetylene) plot,2 which is also very
close to the two LLDPE (1v, 1a) (22.05 kg mol™%, in
vacuo and in acetylene) plots.? The deviation of the two
LLDPE (1v, 1a) (22.05 kg mol~1) plots from the LLDPE
(2a) (30.50 kg mol~1) and microporous i-PP (3a) plots,
from about 0.6 gel fraction onward, probably results
from experimental errors in the gel fraction measure-
ment. The results corroborate the previous idea that gel
fraction vs (Nxefr,o/Nm)ger curves derived from polyalk-
enes conform to a universal function, irrespective of My o
(above some limiting size), or the irradiation and an-
nealing conditions used to produce them.?

As for the LLDPE data sets, the i-PP data were
functionally fitted to the following equation

NXeffD)
= . [ 9
g ( Ny oo 9)

LLDPE (1a) LLDPE (2a) i-PP 2400 (3a)
in C,yH> in CoH» in CoH,
22.05 30.50 57.10
9.0 4.85 2.52
7.93 x 103 3.50 x 103 9.00 x 103
2.30 x 1075 3.68 x 10°5 3.54 x 104
0.811 0.787 0.691
0.68 0.61 0.72
212 2.52 2.41
1.78 x 106 1.31 x 10°¢ 7.45 x 1076
1.0
/ .._::;;‘:; a7
0.8 / - 4
2 /
- /
.g 0.6 / -
° /
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Figure 3. Gel fraction vs (Nxefr,o/Nm)ger for i-PP (3a) (Mno =
57.10 kg mol~%, in C;H,) experimental data (@), interpolated
data (O), and functional fit to interpolated data (—); LLDPE
(2a) (Mno = 30.50 kg mol~%, in C;Hy) (- -); LLDPE (1v, la)
(Mno = 22.05 kg mol™, in vacuo and in C;H,) (:++); and the
hypothetical linear plot for ® = 2, or g = 2; (Nxefi,o/Nm)gel
(chains connected once only to one other chain with no
redundancies) (— —).

Table 2. Atomistic Constants for Gel Fraction vs

(Nixer/Nm)cel
polymer LLDPE LLDPE LLDPE i-PP 2400
N _av  @a  (2a (3
conditions in vacuo in CoH, in CoH, in CoH,
Mn.o/kg mol—?t 22.05 22.05 30.50 57.10
Ks 0.7105 0.6928 0.7135 0.7037
0.1612 0.1681 0.1494 0.1525

where @ is the mean connectivity per “gel-effective”
cross-link, over all gel-network regions

o = 2{ K, exp(—(Nl)\(l;;'D) |) + C} (10)
ge

yielding the least-squares constant fitting parameters
for K3 and C compared in Table 2. The K3 and C data
in Table 2 yield standard deviations of 7.95 x 1073 and
7.35 x 1073 respectively, for the mean values 0.705 and
0.158. This further demonstrates the universality of the
gel fraction vs (Nxef,0/Nm)gel data obtained from the
polyalkenes in this and the previous studies.

The difference between (Nxet,0/Nm)get and (Nx o/Nm)rn
at gel fractions greater than 0.4 seen previously,?3 and
described by eq 1 above, by implication arises from
redundancies and the extra cross-links required to
overcome the low level of scission processes that occur
in the presence of acetylene. Initially, at low gel-
fractions, the probability that a scission will effect the
gel fraction is low, because it is unlikely that scissions
and cross-links take place in the same chains, and even
if they do there is further a low probability that this
will affect large polymer chains. A scission in an un-
cross-linked chain has no effect on the sol fraction and
hence, the gel fraction. At very high gel fractions there
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is also a low probability that scissions will have an effect
on the gel fraction, because the cut chains are increas-
ingly more likely to be attached elsewhere through the
network. However, at high gel fractions there is an
increasingly low probability that scission fragments
created earlier will be cross-linked back into the net-
work, because the random nature of dose deposition
creates large quantities of redundant cross-links. This
explains why the gel-(Nx o/Nwm)rh curve initially is iden-
tical to the gel—(Nxefr,0/Nm)gel CUrve, but later diverges
as the power function of eq 1.

Eventually, it should be possible, by varying the
scission probability (p(Sc)) and the number of real chain
steps (Nrcs,p), to fit the gel data via our algorithm to
the gel—(Nx o/Nm)r curve. This would facilitate simula-
tion of both the “total” numbers of cross-links and
scissions required to reproduce the rheological data.

2. Flory Stockmayer Analysis of Gel Fraction
Curves. 2.1. General Theory. As described previ-
ously,! the analysis is based on the Flory—Stockmayer
(F—S) treatment, of an RA¢ (polyfunctional) self-polym-
erization.1>1® The analysis is extended here to allow
calculation of the number of “scission-free” reactions.

The fundamental assumptions implicit in the use of
F—S theory are as follows: (i) intermolecular cross-
linking reactions occur completely at random; (ii) no pre-
gel intramolecular reaction occurs (no cross-links be-
tween reactive sites on the same molecule before the
gel point); (iii) random post-gel intramolecular reactions
(redundancies) in the gel molecules are allowed. The
independent variable is the extent of reaction, p, where

_ number of sites reacted
b total number of sites

(11)

For LLDPE, each methylene repeat unit constitutes a
reactive “site”, which can form a —CH-— radical. For
i-PP, however, the propylene repeat unit is defined as
the reactive “site”, capable of forming one radical. It is
assumed that every radical formed gives rise to a cross-
link and the effects of possible chain scission are
ignored, thus providing a hypothetical “scission-free”
model, in which p is related to the equivalent radiation
dose as

_ p
2% T G Ry 12

where Dgs is the F—S dose that corresponds to an extent
of reaction p, G(R*) is the radiation efficiency value of
eqgs 3 and 4, and Mgy is the mass of the repeat unit
capable of forming one radical.

In contrast to the atomistic analysis presented earlier,
where the number-average molecule is considered, F—S
theory relates to the weight-average molecule. The
number of reactive sites per weight-average molecule,
or weight-average functionality, is given by

MW
v (13)

where M,, is the weight-average molar mass of the
sample before irradiation. In the cases under consider-
ation here, for LLDPE (1v and la) (M, = 22.05 kg
mol~1),2 M, = 106 kg mol~1, hence f,, = 7550; for LLDPE
(2a) (M, = 30.50 kg mol~1),2 My, = 138 kg mol~1, hence
fw = 9839; and for i-PP (3a) (M, = 57.10 kg mol~1) M,,
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Table 3. F—S Constants for Ncsp Parameters

polymer LLDPE LLDPE LLDPE i-PP 2400
(1v) (1a) (2a) (3a)

conditions in vacuo in CoH, in CoH, in CoH,

M o/kg mol—1 22.05 22.05 30.50 57.10

My, o/kg mol—t 106 106 138 471

fw 7550 7550 9839 11214

(Ncs,p)max = Ncsp, 2.8 9.4 3.4 2.0

n order of decrease 2.65 2.83 2.45 2.18
decrease rate kn/Gy 1.20 x 1075 5.60 x 1076 1.18 x 107° 7.72 x 10°°

= 471 kg mol~%, hence f, = 11214. These values are
summarized in Table 3.

The gel fraction (g) is calculated as a function of p
using the method described previously.’® Consistent
with F—S statistics, the gel point is defined as the point
at which a covalently linked network first occurs, giving
the extent of reaction at gel (py) as

_ 1
T 6D 4o

Thus, the gel fraction is zero up to the gel point and
then increases to a limiting value of 1 at complete
reaction, at which point all the starting molecules are
cross-linked to form a single, infinite “gel-molecule”.
However, the molecular structures of the cross-linked
networks cannot be defined precisely, and g must be
found theoretically, by calculating the complementary
guantity, the unit fraction of sol (s), using the expression

g=1-s (15)
s is found by summing over all the finite (defined)

molecular species

S= u

X=

(16)

X

where uy is the unit fraction of the species with degree
of polymerization x. For an RAs polymerization, uy is
given by

fx(f — )]
[x(f —2) + 2]' x!

_x(1 - p)?
X p

where f = f,, and

B* 17

B=pa-p? (18)

The combinatorial factor in eq 17 accounts for the
number of distinct isomers of molecular species with
defined structures of x units, i.e., those with [x(f — 2) +
2] unreacted sites. Performing the summation in eq 16
yields the final expression for s, for an RA; polymeri-
zation

S = w
(L - p*%p
where p* is the lowest value of p which satisfies eq 18
for a given value of 3. The factor [ describes the
relationship between the distributions of finite molec-
ular species pre- and post-gel. p*, 5, s, and g are
evaluated for different values of p and the known values
of fw. Importantly, g is obtainable as a function of p
through egs 15 and 19. Hence, for given values of g and
p, Des can be calculated using eq 12.
2.2. Correlation of Gel Fraction Curves. Values
of g were first converted to p and then Dgs using eqs

(19)
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Figure 4. Gel-fraction vs dose for LLDPE (2a) (M, = 9839)
in acetylene, showing (1) the experimental data, (2) the F—S
curve for f, = 9839, produced via eqs 12 and 19, and (3) the
“shifted F—S curve” produced using a constant factor Ncsp,
(eq 21) applied to the entire dose range via eq 20.
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Figure 5. Gel-fraction vs dose plots for i-PP (3a) showing (1)
the experimental data, (2) the F—S curve for f, = 11214,
produced via egs 12, 15, and 19, and (3) the “shifted F—S
curve” produced using constant Ncsp, (eq 21) applied to the
entire dose range via eq 20.

15, 19, and 12. The resulting curves of gel fraction vs
Des for LLDPE (fy, = 9839) and i-PP (fy = 11214) are
shown as curves 2 in Figures 4 and 5, together with the
respective experimental gel fraction data (points 1). As
shown previously,® for the results on LLDPE (1) in
vacuo and in acetylene, the gel—Dgs curves are shifted
in a positive direction along the dose axis, compared to
the initial portion of the respective experimental data.
Thus, because of the presence of the chain reactions,
the G(R*) values used in the F—S analysis (the same as
those quoted in the atomistic analysis earlier) predict
that gelation requires a higher dose than observed
experimentally. This being the case, the experimental
dose for a given gel fraction can be described in terms
of p and the equivalent number of “gel-effective” chain
steps per initiating radical (Ncsp) by modifying eq 12
as follows:

D
D= P - =3 FS (20)
NCS,Dg(R Mgy cs.D

The F—S gel fraction vs Dgs curves were shifted by a
factor back along the dose axis, so that the predicted
doses at the F—S gel points (Drsg) coincide with the
experimental dose to incipient gelation (Dg). This was
achieved by using a constant factor (Ncs p,), the number
of “gel-effective” chain steps at the gel point, obtained
by substituting Dg for D and pg for p in eq 20, over the
entire dose range, giving

Macromolecules, Vol. 33, No. 20, 2000

— pg =DFS,g
® DGR)Mg, Dy

(21)

NCS,D

As shown previously? for the LLDPE (1), the resulting
shifted plots of gel fraction vs Drsgy (Figures 4 and 5
(curves 3)) do not fit the experimental data, because of
the decay in Ncsp from the gel point onward. The values
of Ncsp required to reproduce the experimental gel-
fraction vs dose data were determined by rearranging
eq 20 to give

Des
Nesp = D (22)

The results are shown in Figure 6, for all the results
from the LLDPE (1v and la), LLDPE (2a), and i-PP
(3a) samples, where N¢sp is expressed as a function of
D'. In all cases, the maximum value of N¢sp occurs at
the gel-point (D' = 0, Ncsp = Ncsp,), and these values
of Ncsp, are given in Table 3.

It can be seen from Figure 6 and Table 3, that, for
the experiments performed in acetylene, the Ncs p, value
at D' = 0 decreases as My increases from LLDPE (1a)
to i-PP (3a). These trends are consistent with those from
the atomistic analysis and with the smaller shifts in
Figures 4 and 5 for LLDPE(2a) and i-PP (3a) compared
with those for LLDPE (1a).!

At radiation doses beyond the gel point, the decrease
in the number of chain-steps can be analyzed kinetically
as a function of dose. If Ncsp is assumed to follow an
nth-order decay after the gel-point, then

{Ncs o} n
- % = kq{ Ncs,D} (23)

where Kk, is the nth order rate constant with respect to
D'. Integrating eq 23 with respect to D', from Ncs p, over
the range of Ncsp, yields an expression for D':

k

nD' = ﬁ{ Ncs,Dl - NCS,Dgl "} (24)
In Figure 6, the decay curves shown were fitted using
a least-squares method applied to eq 24, and the values
of ky and n obtained are listed in Table 3. The curves
for LLDPE (1v) in vacuo, LLDPE (2a), in acetylene and
i-PP (3a) in acetylene provide good representations of
the results over the whole range of D'. Deviations are,
however, observed at the higher doses for LLDPE (1a)
irradiated in acetylene.

Finally, Ncsp and Ncsp, in eq 24 can be replaced by
(Drs/D) and (Drs,¢/Dg) using eqgs 21 and 22. Then, for
given gel fractions (g) and, hence, Dgs, values of D' (or
D) can be calculated. This procedure essentially scales
curves 2 in Figures 4 and 5 onto the experimental g vs
D curves using the values of N¢csp shown in Figure 6.
The resulting curves for LLDPE (1v, 1a), LLDPE (2a),
and i-PP (3a) are shown in Figure 7. They are seen to
provide reasonable approximations to the experimental
data, as they should because of the self-consistent
procedure used. Again, the curve for the points from
LLDPE (1a) irradiated in acetylene, show deviations at
higher doses as a result of departure of N¢sp from nth-
order kinetics with respect to D' (eq 24).

The relationship between g and the number of cross-
links per molecule can be derived starting from the F—S
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Figure 7. Experimental gel-fraction data fitted to eq 24 for
LLDPE (1v) (fw = 7550) in vacuo, LLDPE (1a) (f, = 7550) in
acetylene, LLDPE (2a) (f» = 9839) in acetylene, and mi-
croporous i-PP (3a) (f, = 11214) in acetylene.

gel-point condition eq 24, which for f, > 1 may be
rewritten

pgfy=1 (25)

Generally, pfy is the number of “gel-effective” cross-
linked units per weight-average molecule. Equation 25
shows this is equal to 1 at the gel point. Given that Nxes
is the total number of units cross-linked over the initial
Nwm molecules, then, at any value of p = pg

NXeff)
—| =pf 26
( NM s p w ( )

Through egs 15 and 19 and fy, g is known as a function
of p. Thus, in Figure 8, the universal theoretical curve
of g as a function of (Nxes/Nm)rs is plotted using eq 26
to evaluate (Nxer/NMm)rs. For the experimental data,
using eqgs 12, 13, and 20 for p, g and Dgs gives

NXeff _ . _ o
( Ny, )FS = DesG(R)My, = DG(R)Ncs pMy (27)
The experimental values of g are plotted in Figure 8 vs
(Nxeri/Nm)es evaluated using eq 27. It can be seen that
all of the experimental data points lie on or close to the
“universal” curve, with LLDPE (1a) points again show-
ing some deviation. The universal behavior is consistent
with similar observations from the atomistic analysis.

Conclusions

This study shows that both the atomistic analysis and
F—S theory are successful in fitting experimental gel-
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Figure 8. Gel-fraction vs number of “gel-effective” reactions
per molecule from eq 27 for LLDPE (1v) (fy, = 7550) in vacuo,
LLDPE (1a) (fx = 7550) in acetylene, LLDPE (2a) (fw = 9839)
in acetylene, and microporous i-PP (3a) (fy = 11214) in
acetylene. The solid curve shows the universal F—S behavior
(eq 26).

fraction data from an irradiated and annealed i-PP (Mo
= 57.10 kg mol~1, My, o = 471 kg mol~?) in acetylene,
when a variable is incorporated which represents the
number of hypothetical “gel-effective” chain steps (Ncsp)
per radical generated at a given radiation dose. The
presence of nonbranching chain reactions was demon-
strated atomistically by the experimental gel fraction
vs dose curve being initially much greater than the
maximum possible gel fraction curve ((gel),..,), compu-
tationally calculated using spatial data from an MSI
amorphous macrocell, to model 2.95 x 108 atoms,
assuming that all radicals underwent immediate ter-
minating cross-linking reactions. These results are in
keeping with two similar previous studies on data from
two different LLDPEs (Mpo = 22.05 kg mol™, My, =
106 kg mol~* and My o = 30.50 kg mol~1, My,0 = 138 kg
mol~1, respectively),’=2 the former of which had been
conducted both in vacuo and in acetylene. Considering
the differences in the approaches of the atomistic and
F—S methods of analyses, they complement each other
well. The maximum numbers of “gel-effective” chain
steps ((Ncs,p)max), derived by the two methods for all the
polymers in all three studies, are in close agreement.
So too are the nth-order decreases of Ncs p, with respect
to dose, with the exception of the LLDPE (1a) (Mno =
22.05 kg mol~1, My o = 106 kg mol™?) irradiated and
annealed in acetylene. The nth-order decrease rate
constants, generated by the two different methods of
analyses, differ by an order of magnitude, again with
the exception of LLDPE (1a) (in acetylene), but follow
the same trends. The F—S nth-order decrease rate
constants are slower, because the F—S technique does
not measure Ncsp prior to the gel-point and uses
relative dose D'. The techniques show that for equiva-
lent conditions in acetylene, (Ncs p)max, and Ncs b, (F—
S), decrease with increasing preirradiated molecular
weight (LLDPE (1a) to i-PP (3a)).

Both the atomistic and F—S analyses of the i-PP 2400
gel fractions in this study, and those of the LLDPEs
from the previously associated studies,2 corroborate the
earlier idea? that gel fraction vs (Nxeft,o/Nm)gel CUIVES
derived from polyalkenes conform to a universal func-
tion, irrespective of the initial degree of polymerization
(above some limiting size) or the irradiation and an-
nealing conditions used to produce them. For the F—S
method, the size of initial preirradiated polymer chains
was described as a weight-average functionality, be-
cause F—S theory relates to the weight-average mol-
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ecule. For the atomistic method, the preirradiated chain
size was described as a number-average functionality.

It can be concluded that both the atomistic and F—S
approaches afford simple and convenient methods of
analysis of radiation-induced gel fractions in polyalk-
enes, providing additional insight as to the composition
of the irradiated polymers. As described earlier, this
work paves the way for the simulation and character-
ization of gel fraction data in terms of “total” numbers
of permanent cross-links and chain scissions. This could
be facilitated by varying the scission probability (p(Sc))
and the numbers of dose-related chain steps required
to simultaneously reproduce both the gel fraction vs
dose curves and the curves of gel fraction vs numbers
of rheologically determined cross-links per initial chain.
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