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ABSTRACT

y-Irradiation of copolymers of ethylene with propene, 1-butene,
and 1-hexene, containing from 1 to 6 alkyl short chain branches

per 1000 carbon atoms, at 25°C in vacuum, produced small amounts

of n-alkanes with a maximum yield for the alkane corresponding to
the alkyl branch of the a-olefin unit. A multilinear regression ana-
lysis showed a highly significant dependence of G(Cn alkane) on the

frequency of alkyl branches containing n carbon atoms, determined
by '*C-NMR. The corrections to the G(Cn alkane) yields from

other fragmentation processes were substantial but no dependence
for G(Cn alkane) on fragmentation of chain ends or fragmentation
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of the chain following branch elimination could be deduced from
the data. The scission efficiencies = G(alkane) divided by the
branch frequency per 1000 carbon atoms + 95% confidence limits
were (0.7+ 0.7)x107%, (2.7+ 0.8)x 10"%, and (1.5 + 0,3) X 1073,
for methyl, ethyl, and butyl branches, respectively. These factors
can be used to determine the short-chain branch frequencies in
similar polymers from n-alkane yields on y-irradiation.

INTRODUCTION

v -Irradiation of polymers in the solid state produces chain scission
and/or cross-linking, modification of the structure of the polymer, and
evolution of molecules of low molecular weight.

Hydrogen is the major volatile product from hydrocarbon polymers;
this is attributed to the high proportion of C—H bonds and the ease of
diffusion of H atoms away from the site of bond scission. Several in-
vestigations have shown that minor amounts of volatile alkanes and
alkenes are also formed, and the yields of alkanes have been corre-
lated with the nature and frequency of alkyl short-chain branches.

Radiolysis studies of low-density polyethylene by Harlen et al. [1],
Willbourn [2], Boyle et al. [3], and Kamath and Barlow [4] have all
found that ethane and butane are the main alkanes formed, with ethane
predominating. This appeared to confirm the IR studies of Willbourn,
who obtained a ratio of ethyl:butyl branches of 2:1.

More recent '*C-NMR determinations of branch frequencies by
Dorman et al. {51, Randall [6], Bovey et al. [7], and Axelson et al. [9]
have indicated that the branches are predominantly butyl, although the
butyl:ethyl ratio varies with the polymerization conditions.

Boyle et al. [3] deduced from a study of the volatile hydrocarbon
products from branched polymethylenes and ethylene-a-olefin copoly-
mers that ethyl branches were eliminated approximately twice as ef-
ficiently as butyl branches, but Kamath and Barlow [4] obtained the
same scission efficiencies for all short branches.

We have previously investigated the apparent contradiction between
the radiolysis and **C-NMR results by studying the same low-density
polyethylene samples by both methods [9]. The ethane and butane
yields were similar, but the '*C-NMR spectra gave a ratio of ethyl:
butyl branches of 1:2. These results could be rationalized with the
different scission efficiencies reported by Boyle et al., but contra-
dicted by Kamath and Barlow,

The present work reports determinations of the scission efficiencies
for methyl, ethyl, and butyl branches from measurements of alkane
yields after y -irradiation, and of branch frequencies, by '*C-NMR,
for a series of copolymers of ethylene with small amounts of propene,
1-butene, and 1-hexene.
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EXPERIMENTAL

Copolymers of ethylene with 0.5 to 2% of propene (Z-N), 1-butene
{Z-N), and 1-hexene (P) prepared using Ziegler-Natta (Z-N) or
Phillips (P) catalysts were kindly provided by Mr O. Delatycki and
Dr F. C. Schilling. Molecular weight distributions were determined
by GPC; M_ and 'M'W/Mn are given in Table 1.

!3C-NMR spectra were obtained with a JEOL JNM-FX100 spec-
trometer using 1,2,4-trichlorobenzene as solvent at 120°C and an in-
ternal 2 mm capillary containing DMSO-d6 for locking, Pulse inter-

x[rals of 20 and 30 s were used to ensure effective nuclear relaxation
8.

Samples (40 mg) of the copolymers were evacuated at 25°C for 24
h at 107 Pa and sealed in thin-walled glass ampules (50 mm X 4 mm
diam). The ampules were irradiated with ®° Co y-rays to doses of 50
to 200 kGy in a Gammacell 220 unit at ~1.5 kGy/h at 25°C,

The volatile products were analyzed by crushing the ampules in a
special injection port in a gas chromatograph using a Chromosorb 102
column with temperature programming from 80 to 200°C, after pre-
heating the samples to 150°C for 10 min as described previously [9].

The polymers were also examined by DSC; the values of the melting
temperature, Tm (corrected peak maximum), and the enthalpy of melt-

ing, AH_, from the melting curves are given in Table 1.
m

RESULTS AND DISCUSSION

13C-NMR Spectra

Random copolymerizations of the a-olefins with ethylene at these
low a-olefin contents should result in isolated alkyl branches. This
was confirmed from the **C-NMR spectra; no multiple olefin sequences
or other abnormal structures were observed.

Typical **C-NMR spectra are shown in Fig. 1. Saturated chain ends
could be measured readily for the propene and butene copolymers, since
these resonances were separated from those due to methyl and ethyl
groups, respectively. Thus, Fig. 1(a) shows comparable frequencies
of ethyl branches and chain ends in sample EB1. Long branches may
also contribute to the chain-end resonances at 14.1 (CH3), 22.8 (2—CH2)

and 32.4 (3—CH2) ppm. However, the intensity of the 38.5 ppm resonance

(CH branch carbon for C, and longer branches) indicates that any long-

4
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branch content in these polymers is small compared to short branches
and chain ends. The chain ends could also be determined for the hex-
ene copolymers, but less reliably, since the chain-end and butyl-
branch CH3 resonances are superimposed. The numbers of branches

and saturated chain ends per 1000 carbon atoms determined from
13C-NMR are given in Table 1. The total number of chain ends calcu-
lated from Mn values determined by GPC are also given in Table 1.

Volatile Radiolysis Products

The main volatile radiolysis product from all the polymers was H2

with a G value of about 3. Alkanes from methane to hexane were ob-
tained with G values in the range 1072 to 10 ™%, Yields of alkenes were
negligible at 30°C (but increased with increasing irradiation tempera-
ture to be comparable with the alkane yields at 150°C).

The G values for the yields of alkanes from the copolymers and for
typical samples of high-density polyethylene (HDPE) and low-density
polyethylene {LDPE) are given in Table 2. The product distributions
from the copolymers all show maxima corresponding to the alkane
formed by H addition to the alkyl branch.

Yields of alkanes other than from the alkyl branches on the polymers
are significant. Possible sources of these alkanes include (1) fragmen-
tation of existing chain ends, which would show a dependence on chain-
end concentration, i.e., on I/Mn, (2) fragmentation of new chain ends

produced following random chain scission (constant for all copolymers),
(3) fragmentation of the chain following branch elimination (dependent
on branch frequency), and (4) fragmentation of the branches.

In order to derive the absolute scission efficiency for elimination of
each type of branch, the yield of the alkane corresponding to the branch
should be corrected for the yield of this alkane resulting from fragmen-
tation Processes 1-4 above. This can be done by using the yields of
methane, ethane, and butane from the copolymers which do not contain
the selected branch, with allowance for the dependence on the number
of chain ends and the total branch frequency. However, the available
data can be used more effectively by applying multilinear regression
to determine, for all nine copolymers, the dependence of the total yield
for each alkane on the frequency of that alkyl branch in the copolymer
concurrently with its dependence on additional parameters such as
chain-end concentration and branch frequency of any type. Thus, an
equation of the following form would result:

G(Cn alkane) = Gl(branch elimination) + Gz(chain-end fragmenta-~-
tion) + G3(

chain after branch elimination)

random scission) + G 4(fragmentation of

= foxn + fly + f2 + f3z



751

ETHYLENE-o-OLEFIN COPOLYMERS

‘uoryeIUR WS LI} J0] UOT)

-091103 193k HOUuBIq UTBYD-1I0YS [£3[e 0) Suipuodsairod auey[e I0] SaNBA 5 dxe sasayjuaxed ul senfe A,

08°0 09°0 0% 600 0S°0 P 09°0 q44d1

€070 £0°0 1170 L0°0 80°0 8%°0 0%°0 AJdH

L0°0 91°0 (¢v°0) SS°0 (A $1°0 8%°0 9%°0 SHHE

€0°0 €0°0 (¢8°0) G6°0 6g°0 ST°0 G20 2€°0 ¢HA

S0°0 (9L.°0) 68°0 8€°0 ¥1°0 9270 82°0 IHA

01°0 12°0 £7°0 610 (og°0) %S0 GF 0 edd

£0°0 €0°0 80°0 01°0 80°0 (¥¥°0) 89°0 080 zdd

00 11°0 04°0 01°0 (9870) 011 1%°0 1949

£0°0 ¥1°0 19°0 81°0 82°0 (s1°0) 8¥%°0 ¢dd

$20°0 £0°0 90°0 $2°0 80°0 81°0 (e20) 9¢°0 2dd
§20°0 80°0 0£°0 010 02°0 (To'0) ¥%&£°0 1d4d

P19, QPN 0l g¥5-u 0Ty¥y 84€5 wmm 5 Yus 1oWAI0g

L1 X onfea-n

pl.50 18 uoyEIpLLI]~A WOy SPIatX duedly ‘g A1dV.L

TT0Z AJtenuer ¥Z Z¥ 6T @I Papeo juwod



19: 42 24 January 2011

Downl oaded At:

752 BOWMER ET AL.

where the dependent variable G(Cn alkane) is the yield of alkane of
length n and where X, Y and z are the independent variables: X, is

the frequency of branches of length n, y is the number of chain ends,
and z is the total number of branch points, regardless of branch
length. The best values of the factors fO’ f,, and {, for each of the

1’ 3
alkane yields (Cl’ C_‘z, and C4) result from the three regression
analyses.

The dependence of G(Cn alkane) on the corresponding branch fre-

quency was significant to a level of >99% for ethane and butane and

>95% for methane. It is possible to test statistically for the depen-

dence of the yields of branch alkane on y and z by extending from a

simple linear regression to multilinear regression and observing

the improvement in the fit as each of the variables is included in turn,
Using this procedure, we have found that including a term for the

dependence of G(Cn alkane) on the number of chain ends provided no

significant improvement in the regression for ethane or butane yields,
and for methane the improvement was significant to a level of 80%. It
was expected that fragmentation of the existing chain ends would be
the main source of the minor alkane yields, and we can only conclude
that the range of molecular weights is too small and the error in the
G(alkane) values too large for a dependence to be proven. Similarly,
no significant dependence of alkane yield on z, the frequency of
branches, could be determined from the available data, That is, a
significant contribution to G(Cn alkane) from fragmentation of the

chain after branch elimination could not be established.
Consequently, the determination of the scission efficiency for each
branch type reverts to a linear regression of G( Cn alkane) against the

frequency of the corresponding branch. For each alkane the correc-
tion to the G(Crl alkane) values is then a constant value, within experi-

mental error, for all copolymers. This suggests that the main source
of minor alkanes is Process 2, viz., fragmentation of new chain ends
produced by random chain scission, a reaction which is probably en-
hanced by excess energy at the scission site.

The scission efficiencies and the corrections to the alkane yields
from fragmentation processes are shown in Table 3. The multilinear
regression results incorporating a term for fragmentation of existing
chain ends are included for comparison.

The corrected G(Cn alkane) values, i.e., G(C“ alkane) - f2 from the

linear regression, are shown in parentheses in Table 2, Corrections
for minor alkane yields from fragmentation are more important for
copolymers in this study than for copolymers with higher short-chain
branch frequencies, or for low-density polyethylenes.

The C 4 alkane comprised both isobutane and n-butane, with iso-
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TABLE 3. Scission Efficiencies (fo) and Correction Factors (f 1 and
fz) for Alkane Yields Determined from (A) linear regression and

(B) multilinear regression:‘1

(A) G(Cn alkane) = foxn +f

2
3 C 3
Cn 10 fO 10 f2
CI—I4 0.70 + 0.7 3.33+£0.8
CZHGb 2.71+ 0.8 2.37 + 1.0
n-C4H10 1.53 + 0.25 1.25+ 0.7
(B) G(Cn alkane) = foxn + fly + f2
3. C 3¢ d 3
Cn 10 fo 10 fl 10 f2
CH4 0.82+ 0,7 0.34 + 0.6 2.41+ 1.0
CZHG 2.73+ 0.9 0.13+ 0.8 2.68 + 1.5
n-quH10 1.56 + 0.3 0.20 + 0.5 0.72 + 0.8

a .
+ Error represents 95% uncertainty.
Using 8 data points only; EH3 disregarded.
CUnits for fo are G(C_)/(no. of branches of length C_ per 1000 C
atoms).
dynits for f1 are G(Cn)/(no. of chain ends per 1000 C atoms).

butane predominating (except for the ethylene-hexene copolymers).
The source of the isobutane is uncertain. Evidence from various
sources suggests that it is not primarily formed by isomerization of
n-butane. Thus, G(isobutane) is small relative to G(n-butane) for low-
density polyethylene and for reduced poly(vinyl chloride), especially
for samples containing residual tri(n-butyl)tin hydride, which gives
enhanced butane yields, The yields of n-butane have been used in the
present study for the determination of scission efficiencies.

Scission Efficiencies

The G(C n alkane) values have been plotted in Fig. 2 against the

frequencies of the short-chain branches in the copolymers, determined
by ‘*C-NMR,
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102 G(alkane)

1 ul

1 2 3 4 5 6

No. of branches per 1000 C atoms

FIG. 2. Correlation of the G value of the alkane corresponding to
the alkyl branch with the frequency of methyl, ethyl, and butyl branches
in ethylene-a-olefin copolymers. (---) Methane yields (open sym-
bols): (&) EP copolymers, (o) EB copolymers, (o) EH copolymers.
(—.~) Ethane yields (half symbols): (&) EP copolymers, (¢) EB co-
polymers, ( u) EH copolymers. (—) Butane yields (filled symbols):
(a) EP copolymers, {( o) EB copolymers, (u) EH copolymers.

Table 4 shows the scission efficiencies obtained in this work and
also those calculated from the results of Boyle et al. [3] and Kamath
and Barlow [4]. The yields of volatile hydrocarbons were unfortu-
nately only expressed relative to hydrogen by Boyle et al. We have
taken G(Hz) = 2.9 from our own work [9] to derive G values for com-

parison purposes. However, G(Hz) may vary with molecular weight,

nature of end groups, and other factors. We obtain a scission effi-
ciency for ethyl branches which is about twice that of butyl branches
and about four times that for methyl branches. An enhanced scission
efficiency for ethyl branches was reported by Boyle et al., based on

a number of indirect comparisons between different types of polymers,
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TABLE 4. Scission Efficiencies of Alkyl Short-Chain Branches?

a-Olefin Scission efficiency? X 10° Reference® (catalyst)
Propene 0.30 3 (P)
0.62 3 (2-N)
0.73 (0.579) 4 (P)
0.7+ 0.7 e (Z-N)
1-Butene 0.52 3 (P)
1.82 3 (Z-N)
0.73 (0.569) 4 (p)
2.7+ 0.8f € (Z-N)
1-Hexene 1.538 3
0.73 (0.49%) 4 (P)
1.5+ 0.3f e (p)

A1rradiation at 20°C.

bScission efficiency = G value of alkane corresponding to H addi-
tion to branch, corrected for yields from fragmentation processes, and
divided by the number of branches per 1000 C atoms.

CP = Phillips and Z-N = Ziegler-Natta catalyst.

Recalculated with correction for fragmentation processes.

€This work.

+ Error represents 95% uncertainty.

gData from deuterobutyl branched polymethylenes. However, Boyle
et al. [3] have deduced a sensitivity factor ratio of 0.9 for 1-hexene:
propene by intercomparisons involving homopolymers.

but this is in disagreement with the results of Kamath and Barlow, who
obtained similar radiation sensitivities for branches of all sizes.

The absolute scission efficiencies obtained in the present work (at
25°C) are similar to those derived from the results of Boyle et al. for
propene and 1-butene copolymers prepared by Ziegler catalysts and
for deuterobutyl branched polymethylene, but higher than those reported
by Kamath and Barlow., It should be noted that these previous workers
used radiation doses (1 MGy) an order of magnitude greater than the
present work, and a decrease in G(volatile products) is frequently ob-
served at high doses.

The propene and butene copolymers used in this work were pre-
pared with Ziegler-Natta catalyst, but the hexene copolymer with
Phillips catalyst. It is possible that the difference in scission effi-
ciencies for ethyl and butyl branches refiects the difference in the
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polymerization process. The data of Boyle [3] suggest such a possi-
bility. However, no structural differences were apparent in the NMR
spectra. Also, the ethyl and methyl branches in Ziegler-Natta co-
polymers show different scission efficiencies.

Statistical evaluation of a large number of experiments with a
greater variety of adequately characterized samples would be neces-
sary to unambiguously determine effects due to all possible parameters.
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