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Abstract

EPR spectroscopy has been employed to detect directly radicals formed from a variety of polyolefins (PE, PP and EPM) during reaction with

peroxide-derived alkoxyl radicals generated by thermolysis. Conditions have been chosen to reflect those employed in polyolefin grafting,

degradation and cross-linking. Radical assignment is assisted, in particular, by the recognition of the effects of chirality on the b-proton hyperfine

splittings. Quantitative analysis provides information on the selectivity of the initial attack (e.g. methine protonsOmethylene protons for PP);

notable differences in selectivity between alternating EPM and other EPM samples are discussed. The detection of longer-lived allyl radicals

detected for PE is explained in terms of alkyl radical disproportionation with subsequent reaction of the product alkene.

q 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Melt processing of polyolefins in the presence of free-

radical initiators has found widespread industrial application

[1–3]. For example, free-radical grafting of unsaturated

monomers is among the most attractive ways for the chemical

modification of polymers such as polyethene (PE); elastomers

such as ethene/propene rubber (EPM) and ethene/propene/

diene rubber (EPDM) can be readily cross-linked by organic

peroxides [3]. Polypropene (PP) can be degraded in a

controlled fashion using peroxides [2,4–7]. However, the

reaction mechanisms of radical processing are still a matter of

debate.

Peroxide cross-linking of polymers, for example, PE, is

believed to be achieved via a free-radical mechanism, which

involves three key steps: (i) the generation of radicals by

thermal decomposition of the peroxide, (ii) radical attack on

the polymer chain via hydrogen abstraction to generate

polymer radicals and (iii) the combination of two polymer

radicals to form carbon–carbon cross-links (see Scheme 1).
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Additional reactions may be important: for example, Yamazaki

and Seguchi [8,9] have reported EPR studies on the chemical

cross-linking mechanism of PE using peroxides at elevated

temperatures and have identified both alkyl radicals (1) and

allyl radicals (2), the latter, apparently, formed via dispro-

portionation of two polymer radicals and further reaction (see

later and also Ref. [10]).

�

PP experiences mainly chain scission reactions during

peroxide modification, which causes the original molecular

weight of the polymer to decrease, though cross-linking of PP

can be achieved at high peroxide concentrations [4–7]. Since,

combination is a second-order process and fragmentation is a

first-order reaction, an increase in the concentration of

macroradicals in the reaction mixture leads to a decrease in

the proportion of the macroradical fragmentation, resulting in a

higher cross-linking efficiency [4]. Other factors, such as the

reactivity of the primary radicals derived from the decompo-

sition of the peroxide (and their diffusion rates) and the

temperature, are also believed to be important [4]. For

example, Zhu and co-workers [11] have proposed that PP
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Scheme 1. Cross-linking reaction scheme for PE in the presence of peroxide.
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mainly experiences b-scission of tertiary radicals during

peroxide modification at high temperature, leading to the

formation of a vinylidene group and a secondary radical (see

Scheme 2), on the basis of assignment of EPR spectra to a

mixture of the tertiary radical (3) and the secondary radicals

(4). In contrast, Yamazaki and Seguchi [12] reported that only

the tertiary radical (3) is detected under similar conditions.

Many attempts have been made to study the mechanisms

involved in the reaction of EPM co-polymers and EPDM ter-

polymers with peroxides [12–15], for example, cross-linking

and grafting of maleic anhydride [13]. However, the details of

these processes, and the effect of the composition of the

polymers on cross-linking and grafting are still a matter of

speculation.

We have previously employed EPR spectroscopy to study

directly the selectivity of hydrogen-atom abstraction by some

alkoxyl radicals from a variety of linear and branched alkanes,

as well as linear alkenes, chosen as low-molecular-weight

models for polyolefins [16]. In situ thermal and photolytic

approaches, as well as spin-trapping, provided information

relating to a wide temperature range (233–453 K), which

mimics the conditions relevant to processing of polyolefins in

the melt. The selectivity of hydrogen abstraction was found to

be largely governed by enthalpic effects (i.e. tertiary C–H most

reactive), but entropy considerations are believed to underlie

the relative lack of reactivity of secondary and tertiary C–H

bonds in 2,4-dimethylpentane and 2,4,6-trimethylheptane,

models for PP (see also Ref. [17]).

The main aim of the work to be described here was to extend

our previous study to high-molecular-weight polymer systems

and to explore the selectivity of radical formation and reaction

of polyolefin chains in the presence of oxygen-centred radicals.

Our approach has employed thermal conditions involving

temperatures over 430 K, similar to those used for polyolefin

processing in the melt.
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Scheme 2. Proposed mechanism for the b
Experiments involved an extension of the in situ high-

resolution EPR spectroscopic studies, using decomposition of

dicumyl peroxide (5) (DCP) and 2,5-bis-(tert-butylperoxy)-

2,5-dimethylhexane (6) (BPDH) to generate alkoxyl radicals

under steady state conditions. In situ thermolysis experiments,

involving the decomposition of peroxides in the presence of a

variety of polyolefins, including PE wax, high density PE

(HDPE), PP with different tacticity (isotactic, syndiotactic and

atactic) and a variety of random EPM co-polymers with %

(w/w) propene varying from 22 to 95%. This approach has

allowed us to obtain relative rates of attack of alkoxyl radicals

on C–H bonds in a range of different polyolefins. EPR

spectroscopy allows us to distinguish between radicals derived

from different sequences of monomers, the recognition of the

importance of the effect of chirality being vital in the

interpretation of results. Factors governing the selectivity of

reaction, such as the peroxide concentration and the

distribution of the CH and CH2 groups along the polymer

chain are reported. Other approaches including kinetic

modelling have been employed in order to support mechanistic

interpretations.
2. Experimental

2.1. Sample preparation

For some experiments, the peroxide was incorporated into

the sample by mixing in a 50 cc Brabender batch mixer. A

second procedure, melt-mixing in a stirred vessel, was

exclusively applied to the sample of low-molecular-weight
CH2 CCH CH2

CH3CH3

CH

CH3

CH2

CH2

+

+ RO·
-  ROH

·
(4)

-scission of tertiary radicals in PP.11
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PE wax. Because of the low melting point of the wax

(w60 8C), the peroxide could be mixed in by melting the wax

at temperatures at which the peroxide would not yet show any

detectable decomposition. In other experiments, polymer

samples had peroxide incorporated by a solvent-based

procedure, which involved dissolving the polymer in a

refluxing solvent (e.g. hexane or xylene), cooling the mix to

room temperature, addition of the peroxide and finally removal

of the solvent by evaporation at ambient temperature and

pressure.

The peroxides, DCP (5) and BPDH (6) were obtained from

Aldrich. The half-lives of the peroxides were calculated from

their reported activation parameters; for example, at 443 K

the calculated half lives are 99 s for (5) and 117 s for (6) [18].

The PE, PP, and EPM samples were provided by DSM.

2.2. EPR spectroscopy

Polymer samples containing peroxides were typically

heated to ca. 443 K in the cavity of the EPR spectrometer, in

order to produce a flux of oxygen-centred radicals for reaction

with the polymers. Spectra of the resulting substrate-derived

radicals were typically recorded via repeated rapid scans

starting almost immediately (ca. 40 s) after insertion of the

sample and continued over a period of ca. 12 min.

EPR spectra were recorded on a Bruker ESP300 EPR

spectrometer equipped with an X-band microwave bridge and

TE102 cavity. Temperature control was achieved using a

Bruker ER-4111 variable-temperature controller, calibrated

using an independently calibrated thermocouple. The polymer

substrate mixed with the peroxide was placed in a borosilicate

sample tube (o.d. 5.0 mm). The EPR cavity was pre-heated to

the required temperature (typically 453 K) and once achieved,

the sample was placed in the cavity. The sample subsequently

reached the required temperature within 50 s; the heating

profile of a sample placed in the pre-heated cavity had been

determined previously using a separate thermocouple placed in

a sample tube filled with eicosane. A number of spectra were

then recorded, typically with a scan time of 40 s, modulation

amplitude 0.16 mT, microwave frequency w9.35 GHz and

microwave power 10 mW. Absolute radical concentrations

were determined by comparison of the double integrals of

experimental EPR spectra with that of a standard weak pitch

sample under identical spectrometer conditions. The pitch

sample was calibrated by comparison, at room temperature,

with the spectrum obtained from a solution of the stable

nitroxide 4-hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl

(TEMPOL) with a known concentration. Direct comparison

of the TEMPOL and experimental spectra at high temperatures

was not possible, because of thermal degradation of TEMPOL.

Isotropic spectra were simulated using a program, which

allows the simulation of up to ten different radical species and

allows variation in g-values, splittings (aH), concentrations and

line-widths as well as the incorporation of second-order effects.

The computer program, WinEPR (Bruker Spectroscopy), was

used to convert the output from the EPR spectrometer into a

suitable format for manipulation, especially baseline
correction. Kinetic simulations were performed using the

Simula program originally written by Dr T.M.F. Salmon and

kindly provided by Shell Global Solutions PLC.

2.3. GC–MS studies of model compounds

DCP [(5), 1–10 wt%] was dissolved in decane, in alkenes

(1-octene, 4-octene) or decane/alkene mixtures (10:1; w/w).

These solutions were heated for 30 min at 433 K in a nitrogen

atmosphere. Subsequently, samples were analysed using gas

chromatography (HP 6890 GC with a 30 m long, 0.25 mm

internal diameter, CP SIL 8 CB column; temperature

programmed from 30 to 255 8C) with mass spectrometry

detection (HP 5973 MSD).

3. Results and discussion

3.1. Polyethene

3.1.1. EPR spectra of radicals detected from low-molecular-

weight PE wax

Initial thermolysis experiments were performed with PE

wax, chosen to bridge the gap between the studies of low-

molecular-weight hydrocarbons such as eicosane (C20H42) and

tetracontane (C40H82), studied previously [16], and the high-

molecular-weight polymers (see later). Experiments involved

thermolysis of a mixture of the polymer and the peroxide in the

EPR cavity. Thermolysis (443 K) of samples of the polymer,

mixed with DCP (5) at a concentration range of 2–8% via

dissolution (see Section 2) or 2% using a batch mixer or 10%

w/w melt-mixed with the wax, gave rise to (weak) EPR signals

with hyperfine splittings aH 2.12, aH4 2.40 mT and g 2.0026,

assigned to the alkyl radical (1) formed by hydrogen-

abstraction from the PE backbone; no other radicals, e.g. the

allyl radical (2), were observed. The optimum EPR signals

were obtained at 443 K, at other temperatures (both higher and

lower) either weak signals or no signals were observed.

In further experiments with the PE wax and BPDH (6), it

was found that both melt-mixing and solvent mixing (peroxide

concentration from 6 to 30% w/w) led to the detection of the

alkyl radical (1). The observation of only alkyl radicals for

samples with the peroxide mixed with the substrate is fully

consistent with the results obtained previously [16] for

eicosane (predominantly secondary alkyl radicals) and tetra-

contane (only secondary alkyl radicals).

On the other hand, experiments, which involved simply

pouring the peroxide, BPDH (6), onto the wax (30% w/w)

without any mixing, revealed both alkyl (1) and also a second

radical with hyperfine splittings aH 0.44, a6H 1.37 mT and g

2.0026, characteristic [8] of the allyl radical (2) (similar to

those observed for HDPE, see Fig. 1). Initially, only the

spectrum from the alkyl radical was observed, but with time

the intensity of the alkyl radical signals decreased, whereas the

signals arising from the allyl radical (2) appeared and increased

(see below). At lower peroxide concentrations, e.g. 10% w/w

of either (5) or (6), no allyl radicals were observed. These

observations suggest that high local peroxide concentrations,



Table 1

Number of alkene groups (per 105 carbons) in HDPE samples prior to

thermolysis as determined by FT-IR spectroscopy

Sample Terminal trans Pendant vinyl

1 1 7 2

2 4 2 23

3 19 5 28

NB. Identical EPR spectra were obtained from all samples, see text.

2 mT

t = 39 s

t = 58 s

t =100 s

t =135 s

t =215 s

t =420 s

Fig. 1. ESR spectra of HDPE/30% w/w BPDH (6) recorded at different stages

of the reaction at ca. 443 K, showing signals from the alkyl radical (1, &) and

allyl radical (2, P); t is the time after mixing that the scan was started.
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Fig. 2. Variation in concentration of alkyl (1, &) and allyl (2, C) radicals

detected by EPR with time for a sample of HDPE containing 30% w/w of

peroxide (6) at 443 K.

S. Camara et al. / Polymer 47 (2006) 4683–46934686
due to inhomogeneous mixing, induce the formation of allyl

radicals (see later).
3.1.2. EPR spectra of radicals detected from HDPE

Experiments with HDPE and 30% BPDH (6), mixed using

the dissolution method, gave rise initially to considerably

stronger signals of the alkyl radical (1) and also to signals from

the allyl radicals (2) (Fig. 1). The alkyl signal first increased, and

then decreased as a function of time (see Fig. 2). A maximum

alkyl radical concentration of ca. 4!10K6 mol dmK3 was

achieved after ca. 80 s and a maximum allyl radical

concentration of ca. 1.7!10K6 mol dmK3 after ca. 400 s.

Experiments with a range of peroxide concentrations revealed

that more intense signals were observed at higher peroxide

concentrations and that a minimum peroxide concentration of

15% was required to obtain signals. Similar behaviour was

noted with DCP (5). It was notable that in these experiments

total peroxide dissolution was not achieved and it is therefore

unlikely that the peroxide is homogeneously distributed.

In order to establish whether or not the allyl radicals

detected derive from unsaturation already present in the

polymer, three HDPE samples containing different types
(and amounts) of alkenes groups (terminal, trans and pendant,

see Table 1) were studied. Identical EPR signals were obtained

from all samples, attributed to alkyl and allyl radicals

(with hyperfine splittings as above, see Fig. 1). No signals

were obtained, which could be attributed to (allyl) radicals

from terminal alkenes or pendant vinyl alkenes already present.

Thus, the allyl radicals directly detected for PE are derived

from unsaturation formed upon reaction with peroxide, rather

than those initially present.
3.1.3. IR studies of unsaturation in PE samples

To investigate further why allyl radicals are detected in the

HDPE-derived EPR spectra (in contrast to the behaviour of PE

wax and the model compounds, eicosane and tetracontane

[16]), the PE/peroxide mixtures, which had been studied by

EPR at 443 K were quantitatively analysed for alkene content

by FT-IR spectroscopy. These samples contained different

concentrations of peroxide (6) (10, 20 and 30% w/w) in which

a solvent mixing-procedure was used to incorporate the

peroxide in the samples; a peroxide-free HDPE sample was

also analysed for comparison. The IR data allowed quantifi-

cation of the bands at 908 cmK1 for terminal unsaturation and

965 cmK1 for trans unsaturation in each sample (see Table 2).

The IR data show a significant decrease in terminal

unsaturation and a slight increase of trans unsaturation with

increase of peroxide concentration in the sample. The extent of



Table 2

Number of alkene groups (per 105 carbons) in samples of HDPE and peroxide

(6) thermolysed for ca. 12 min at 443 K as determined by FT-IR spectroscopy

% Peroxide (w/w) trans Terminal

0 3 115

10 8 28

20 11 9

30 14 9

CH2 CH CH2CH2 CH CH2
·

CH2 CH CH2

CH2CH CH2

+
·

Scheme 3. Addition of secondary alkyl radical to terminal unsaturation of PE.
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unsaturation formed after the thermolysis process is broadly

similar to the extent of unsaturation in the samples described

previously (Table 1).

The decrease in terminal unsaturation is consistent with the

predominant addition of secondary macroradicals formed in

the PE chain onto the terminal alkene (see Scheme 3) as a result

of the more rapid attack on terminal alkenes compared to mid-

chain double bonds (cf. Refs. [19,20]).

The increase of trans unsaturation observed would be

consistent with the occurrence of a disproportionation reaction

(see Scheme 4 and later), which is second-order in radical

concentration and thus strongly favoured by high local

concentrations of peroxide in the sample (due to inhomo-

geneous mixing of the peroxide within the polymer) and hence

the high local radical concentrations. The observation that the

formation of trans unsaturation is clearly dependent on the

peroxide concentration is in agreement with the findings of

Smedberg et al. [21] and is in contradiction with the

mechanism proposed by Bremner [20], which implies the

conversion of terminal into trans unsaturation.
3.1.4. GC–MS analysis of reaction products from model

compounds

GC–MS results obtained from a set of model experiments

provide support for the occurrence of dimerization and

disproportionation reactions and the radical addition reaction

shown in Scheme 3 (see Table 3). They involved the

decomposition of DCP (5) in the presence of low-molecular-

weight hydrocarbons at high temperature (ca. 433 K). For

decane, saturated dimers were mainly formed, as a result of

decyl radical combination, together with a smaller amount of

unsaturated products (i.e. decenes). For 1-octene and 3-octene,

mainly dimers were formed as a result of allyl radical

combination. For 1-octene, some mono-alkene dimers were

formed by addition of the allyl radical onto the double bond of

1-octene. When mixtures of decane and 1-octene were studied

(in a volume ratio 10:1), saturated products were obtained as a

result, presumably, of the addition reaction of alkyl radicals to
CH2 CH CH2
•

CH2 CH CH2
•

+

Scheme 4. Disproportionatio
the terminal double bound. For a mixture of decane and

3-octene (an alkene with internal unsaturation) both mono and

di-unsaturated products, but no saturated products, were

identified indicating that combination of radicals has occurred

rather than radical addition to the double bond.

3.1.5. Kinetic modelling of allyl radical formation

Our initial aim was to develop a prototype kinetic model,

which simulates the concentration profiles of alkyl and allyl

radicals observed during the thermolysis at ca. 443 K of

HDPE/30% w/w BPDH (6) (Fig. 2) and accounts, in particular,

for the formation and apparent longevity of the allyl species.

The initial model (see Scheme 5) incorporates reactions (1)–

(7), which involve decomposition of the peroxide [reaction (I)]

to generate alkoxyl radicals, hydrogen abstraction from the

polymer chain by alkoxyl radicals to give alkyl (P%) radicals

[reaction (II)]. Termination reactions included combination of

two alkyl, two allyl, or one alkyl and one allyl radical,

[reactions (III), (VI) and (VII), respectively], all of which give

cross-linking. We propose that the allyl radical arises from

radical attack upon an alkene [reaction (V)], itself formed via

an additional termination reaction, i.e. disproportionation of

two alkyl radicals [reaction (IV)] as described earlier.

The concentration of CH2 groups in HDPE was taken as

44.64 mol dmK3 and for the peroxide 0.94 mol dmK3 [to

mimic the experimental conditions of a sample of HDPE with a

density of 0.9 g cmK3 and 30% w/w of BPDH (6)]. The rate

constant for the decomposition of the peroxide [reaction (I), k

7.7!10K3 sK1] was calculated taking into account the values

of A (Arrhenius frequency), Ea (activation energy) [18] and a

temperature of 443 K. Predicted values of A and Ea for the

abstraction reactions (II) and (V) were obtained from a

compilation by Howard et al. [22] from which rate constants

for these reactions were calculated as 1.6!106 and 1.0!
107 dm3 molK1 sK1, respectively. Rate constants and concen-

trations have been expressed on a per CH2 basis.

The rate constants for reactions (III), (IV), (VI) and (VII)

were then varied systematically over limited but realistic ranges

and the effects on the predicted radical concentrations was

studied. Most of the calculations clearly failed to reproduce the

growth of the allyl concentration and, in particular, its delayed

appearance. However, for certain combinations of rate

constants, it is possible to obtain reasonable agreement between

observed and predicted profiles of both the alkyl and allyl

radicals. These sets of calculations had two major character-

istics: firstly, a very low rate of termination of allyl radicals (e.g.

kVI ca. 5!103 dm3 molK1 sK1) and, secondly, a ratio of the rate

constants for combination to disproportionation for the alkyl

radicals of kIII:kIV ca. 105:1. The former feature is believed to

largely reflect an (observed) prolonged lifetime of the allyl

radicals (and hence their detection), which itself may be related

to the increasing viscosity of the polymer matrix. The second

feature reflects a (predicted) relatively slow build-up of alkene
CH2 CH2 CH2 CH2 CH CH+

n of secondary radicals.



Table 3

Examples of dimeric and related structures identified by GC–MS analysis upon thermal decomposition (at ca. 433 K) of peroxide (30%w/w DCP) in low-molecular-

weight substrates

Substrate Product
a

Major Minor

Decane (C10H22) C20H42 dimers, e.g. Decenes (C10H20), e.g.

1-Octene (C8H16) C16H30 dimers, e.g. C16H32 dimers, e.g.

3-Octene (C8H16) C16H30 dimers, e.g.
–

Decane/1-octene (10:1 v/v)
C18H38, e.g.

–

Decane/3-octene (10:1 v/v)
(a) C16H30 dimers, e.g.

(b) C18H36, e.g.

–

a The precise structure of the dimers was not determined.
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and hence delayed appearance of the allyl radical. Because of

the build-up of alkene, we introduced an extra reaction through

which allyl radicals arise from the reaction of alkyl radicals with

the alkene (reaction VIII). A value of 103 dm3 molK1 sK1 led to

a noticeable increase in the calculated concentration of the allyl

radical.

PðalkeneÞCP$/PðallylÞ$CPH (VIII)

Fig. 3 shows the best calculated fit based on the rate constants

given above (reactions I–VIII). Clearly, these calculations only

represent a simplistic approach to a complex set of reactions,

occurring in a medium in which viscosity is steadily changing,

and the system does not take into account the time taken for the

sample to reach 453 K after insertion into the EPR cavity.

Nevertheless, the results appear to offer support to the

conclusion that, as identified in the scheme, the observed allyl

radicals derive from hydrogen abstraction from alkenes, which

build-up via disproportionation of the initial alkyl radicals.
3.2. Polypropene

A variety of PP samples, including those with different

tacticity (isotactic, syndiotactic and atactic) were next

explored.

The EPR spectrum recorded using samples of isotactic PP

(i-PP) with 8% w/w of DCP (5) at 433 K showed signals

derived exclusively from the tertiary radical (3), with hyperfine

splittings a3H 2.27, a2H 1.97 and a2H 1.56 mT with g-value
ROOR   RO· +    RO· 

RO· +     PH   ROH +    P· 

P· +     P· P–P

P· +     P·   PH +    P(alkene

RO· +     P(alkene)   ROH +    P(allyl)·

P(allyl)· +     P(allyl)·   P(allyl)–P(allyl) 

P(allyl)· +     P·   P(allyl)–P 

Scheme
2.0026, characterised by the non-equivalence of the b-protons
(see below, cf. Ref [12]). The sequence of EPR spectra

recorded over time (ca. 4 min) showed a progressive decay in

the intensity of the signals. No other signals were observed.

BPDH (6) was also used as the initiator, in concentrations up to

30% w/w, and similar results, with slightly enhanced resolution

and intensity were obtained. Signals derived from (3) were also

obtained with s-PP and a-PP samples but with a decrease in the

intensity of the signals from i-PP to s-PP to a-PP. This may

reflect a decrease in the viscosity and hence an increase in the

rate constant for termination.

A key observation is the non-equivalence of the b-proton
splittings that reflects the presence of a chiral carbon (in the

g-position) [23], though restricted rotation (hindered motion of

the polymer) may also contribute [24]. Lack of line-width

variation (across the spectrum and as a function of temperature)

strongly suggests that the non-equivalence reflects the chirality

of the g-carbon under these conditions. Analysis of a(b-H)
values employing the expected angular dependence [16] of

b-proton splittings [a(b-H)ZraB cos2q] suggests that the

appropriate average dihedral angles (q) between the non-

equivalent b-protons and the p-orbital of the unpaired electron

are ca. 49.5 and 53.98. There were no detectable signals from

the secondary radical (7); which is in agreement with the

absence of secondary radicals in experiments using 2,4-

dimethylpentane and 2,4,6-trimethylheptane (models for PP)

[16]. This observation may be explained by particularly high

transition-state energy barriers, which reflect unfavourable

entropies of activation, as suggested by DFT calculations [16].
Rate constant Ref

(I) 7.7 × 10 3 s 1 [18] 

(II) 1.6 × 106 dm3 mol 1 s 1 [22]

(III) varied

) (IV) varied

 (V) 1.0 × 107 dm3 mol 1 s 1 [22]

(VI) varied

(VII) varied

5.
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Fig. 3. Variation of simulated radical concentration with time for alkyl (dotted

line) and allyl (solid line) radicals; see text for details.

(b)

2 mT

t = 40 s

t = 90 s

t = 135 s

t = 195 s

(a)

(c) CH 2 CH CH 2 CH 2CH 2

•

(9)
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The absence of the primary radical (8) may reflect its lack of

formation or the occurrence of rapid (1,6) intra-molecular

hydrogen-transfer from a primary to a more stable tertiary

radical. It is particularly notable that no signals were observed

from (4), claimed by Zhu and co-workers [11] to be formed by

b-scission. This is not surprising: if we employ values of A

(1014.1) and Ea (134 kJ molK1) reported for b-scission of C–C

bonds in small molecules the rate constant is calculated to be

ca. 7!10K3 sK1 at 433 K [6], i.e. far too slow to give a

detectable signal under these conditions.

These results, obtained at very high peroxide concentration,

evidently reflect conditions, which lead to a high concentration

of tertiary alkyl radicals. Therefore, under these conditions,

cross-linking will be favoured over fragmentation, which

would be expected to cause a lowering of the molecular weight

of the polymer, expected at low peroxide concentration

(usually !1 wt%) [4,6].
CH 2 C CH 2 CH 2CH 2

CH 3

•

CH2 CH CH CH2CH2

CH3

•

(10)

(11)

(12)

CH CH CH CH 2CH 2

•

3.3. Ethene/propene co-polymers (EPM)

A series of EPM co-polymers was next studied in which the

concentration of propene ranged from 22 to 95% (w/w).We note

that inEPMco-polymerswith propene levels up to ca. 60% (w/w)

there is a strong tendency towards isolated propene units (i.e.

–EPE– sequences dominate) because the Ziegler-Natta catalysts

do not favour propene propagation. In addition, a sample of

alternating EPM, prepared by hydrogenation of natural rubber,

was also studied. In all cases, experiments involved mixture with

DCP (5) (10% w/w) and thermolysis at ca. 443 K.
Fig. 4. EPR spectra of a mixture of radicals (9), (10), (11) and (12) obtained

with a sample of EPM (22% w/w propene) containing 30% w/w of BPDH (6) at

443 K. t is the time after mixing that the scan was started. (a) Experimental

spectra; (b) simulation of spectra based on hyperfine splittings (see Table 4) and

proportions (see Fig. 5); (c) individual components, which contribute to the

simulations shown in (b).
3.3.1. EPM with 22 and 27% w/w of propene

Complex EPR patterns were obtained, which are believed,

on the basis of detailed spectrum simulation and the changes of

signal intensities over time, to be composed at least of four

radicals (see Fig. 4); one of which is more clearly seen after
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Fig. 5. Variation of relative concentration as a function of time for radicals (9,

&), (10, %), (11,:) and (12,C) detected in the EPR spectra obtained with a

sample of EPM (22% propene) w/w containing 30%w/w of BPDH (6) at 443 K.

Table 4

Hyperfine splittings for radicals detected in EPM co-polymers together with

predicted ethene/propene sequences along the co-polymer chain based on the

radical observed

Radical Splitting constants (mT)
a

Sequence of

ethene/propene

a b

(9) 2.16 (1H) 2.38 (4H) –EEE–

(10) – 2.27 (3H) –EPE–

1.82 (4H)

(11) 2.18 (1H) 1.77 (1H) –EPE–

2.30 (2H)

(12) 0.44 (1H)

1.37 (2H) 1.37 (4H) –EEE–

(13) – 2.27 (3H) –PPP–

1.97 (2H)

1.56 (2H)

(15) – 2.27 (3H) –EPE–

1.82(4H)

(16) 2.16 (1H) 2.38 (2H) –PEP–

2.30 (2H)

(17) 2.18 (1H) 1.92 (1H) –PEP–

2.34 (2H)

a Estimated as ca. G0.005.
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a period of time. In the first spectrum (recorded after 40 s)

signals from three radicals can be clearly characterised. The

dominant pattern is a doublet of quintets with hyperfine

splittings aH 2.16 and a4H 2.38 mT and g-value 2.0026,

assigned to the mid-chain polyethene-type radical (9) (see
Table 5

Relative concentration (%) as a function of time for radicals (9)–(12) derived from E

443 K

Radical Ratio (%)
a

40 s 90

(9) 56 37

(10)
34 20

(11)
10 7

(12) 0 36

a Estimated as ca. G2.5.
Table 4). The expected tertiary radical (10), derived from a

propene monomer located between two ethene monomers (i.e.

EPE) can also be identified with hyperfine splittings a4H 1.82

and a3H 2.27 mT and g-value 2.0026. The third radical has aH
2.18 (assigned to an a proton), ab-1H 1.77 and a2H 2.30 mT and

g-value 2.0026 consistent with abstraction of a hydrogen from

a methylene group next to a methine group to give a secondary

radical [see (11)], again due to EPE sequences. The assign-

ments to (10) and (11) are based on the equivalence of the

b-protons observed in these species, which indicates the

presence of a non-chiral carbon in the g-position and, hence,

implies the presence of ethene moieties adjacent to the propene

monomer. The initial relative concentrations (expressed as a

percentage) for radicals (9), (10) and (11) are 56, 34 and 10%,

respectively (see Fig. 5).

The EPR spectra recorded after 90 s showed additional

signals typical of an allyl radical [assigned the structure

(12)], with aH 0.44 and a6H 1.37 mT and g-value 2.0026.

The EPR spectra recorded showed an increase of the allyl

radical concentration over time, whilst the intensity of

the signals derived form the alkyl radicals gradually

decreased. Similar results were obtained with EPM-27%

w/w propene, although the concentration of the tertiary

radical is somewhat higher, which reflects the higher

contribution of propene in the composition of the co-

polymer (Table 5).

3.3.2. EPM with 55% w/w of propene

Complex EPR patterns similar to those obtained with EPM

containing 22 and 27% propene were observed, although

important differences are notable (see Fig. 6). Again, at least

four radicals were detected. The sharp doublet of quintets,

with aH 2.16, a4H 2.38 mT and g-value 2.0026, assigned to the

mid-chain PE type radical (9), is less dominant as might be

anticipated because of the higher propene content. The
PM-22% w/w propene, observed during its reaction with DCP (10% w/w) at ca.

s 135 s 195 s 240 s

20 17 0

15 10 0

5 3 0

60 70 100
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dominant pattern derives from the tertiary radical (10), with

a4H 1.82 and a3H 2.27 mT and g-value 2.0026. The equivalence

of the b-protons again suggests that this signal derives from a

propene monomer between two ethene units (i.e. a part

structure –EPE–). The third radical is a secondary radical

with an adjacent methine group (11) with aa-H 2.18, ab-1H 1.77

and a2H 2.30 mT and g-value 2.0026. The relative concen-

trations of radicals (9), (10) and (11) in this case were 30, 55

and 15%, respectively, in the first spectrum recorded (after

40 s). A gradual decrease for all peaks was observed.

Additional signals derived from an allyl radical (aH 0.44 and

a6H 1.37 mT and g-value 2.0026), attributed to radical (12)

developed with time. The signals from this species are difficult

to observe in the final stages of the reaction, in contrast to

results described for the EPM polymers with lower concen-

trations of propene (see above).

No signals were observed which could be attributed to the

tertiary radicals (13) or (14) (derived from –PPP– and –EPP–

sequences) where the presence of one or more g-chiral centres
2 mT 

t = 40 s

t = 90 s

t = 135 s

(a)

(b)

Fig. 6. EPR spectra obtained with a sample of EPM (55% w/w propene)

containing 30% w/w of peroxide (6) at 443 K; t is the time after mixing that the

scan was started. (a) Experimental spectra; (b) simulation of spectra based on

hyperfine splittings (see Table 4).
would be expected to cause inequivalence of the b-protons (see
below). This may reflect the relatively low concentration of PP

pairs (see above) and/or a relatively low reactivity of tertiary

hydrogens in propene sequences. A similar low reactivity has

been observed for the tertiary position in 2,4-dimethylpentane

compared to the tertiary positions in 3-methylpentane and

4-methylheptane [16].

3.3.3. Alternating EPM (60% w/w of propene)

The EPR obtained from alternating EPM (Fig. 7) is

markedly different from that obtained with EPM-55%

propene described above although the ethene to propene

ratio is approximately the same. The dominant signals are

assigned to the tertiary radical (15) with hyperfine splittings

a3H 2.27 mT and a4H 1.82 mT (i.e. with equivalent

b-protons), g-value 2.0026. A second radical has hyperfine

splittings aH 2.16 mT, a2H 2.38 and a2H 2.30 mT, g-value

2.0026, and is assigned to (16) formed by the abstraction of a

hydrogen from the central methylene group; the non-

equivalence of the b-protons reflects the chirality of the

g-carbons. Similar results were obtained for the model

compound, squalane [16]. The secondary radical (17) was

also observed with aa-H 2.18, ab-1H 1.92 and a2H 2.34 mT,
2 mT
(a)

(b)

Fig. 7. EPR spectra obtained with a sample of alternating EPM containing 30%

w/w of peroxide (6) at 443 K. (a) Experimental spectra of (15), (16) and (17);

(b) simulation of spectra based on hyperfine splittings and proportions in the

text.
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g-value 2.0026. Relative concentrations of (15), (16) and (17)

at the start of the experiment were 67, 20 and 13%,

respectively. No allyl radicals were detected. These results

are broadly comparable with those obtained from squalane

under thermolytic conditions (where relative concentrations

of 65 and 35% for tertiary and secondary alkyl radicals,

respectively). The relatively low selectivity for radical (17)

via attack on a methylene next to a methine group has also

been observed in the model compound 4-methylheptane. A

similar selectivity for methine positions has been observed

for the grafting of maleic anhydride onto alternating EPM

polymers [13].
3.3.4. EPM with 74 and 95% w/w of propene

The initial EPR spectrum from EPM-74% (after 40 s) was

simulated with a combination of a tertiary radical (13), with

hyperfine splittings a3H 2.27, a2H 1.97 and a2H 1.56 mT,

g-value 2.0026, derived from sequences of propene monomers,

as reflected in the non-equivalence of the b-protons and the

mid-chain –EEE– type radical (9) with hyperfine splittings a1H
2.16, a4H 2.38 mT, g-value 2.0026; the relative concentrations

were 86 and 14%, respectively. No allyl radical signals were

observed.

The EPR spectrum for EPM-95% w/w propene was

identical to that obtained for PP, i.e. only the tertiary radical

(13) was observed. No signals from (14) were obtained.
4. Conclusions

The EPR results described here allow us to draw

conclusions firstly about the selectivity of attack on C–H

bonds (tertiary, secondary, primary) in different environments

(in PP and EPM) and secondly about the mechanism and the

relative ease of formation of allyl radicals (in PE and EPM).

We note that in industrial processes for polyolefin cross-

linking, degradation and grafting, peroxide levels are typically

less than 5% w/w. The levels used here (10–30%) were

employed to allow a sufficient rate of radical generation to

allow direct detection by EPR. However, the ratio of radicals

observed is still believed to reflect directly the points of attack

of the polymer chains.

The exclusive detection of tertiary radicals (3) in the

reaction of alkoxyl radicals with PP at ca. 440 K is entirely

consistent with expectations based on enthalpic effects (BDE

CH!CH2!CH3) and the results of both DFT calculations

and EPR observations on model compounds including
2,3-dimethylpentane [16]. Whilst primary radicals (e.g. $CH2-

CHMeCH2CHMe2) are also detectable for the models, this

presumably reflects the higher number of methyl CH bonds in

these compounds. Failure to detect the corresponding radical

from secondary hydrogen abstraction for PP (as with the model

compound) evidently reflects the lack of reactivity of these

(CH2) bonds, attributed to steric hindrance and entropy effects

in the transition-state [16,17].

The results for the alternating EPM (1:1) co-polymer are

also instructive. The values of 67% [for (15)], 20% [for (16)]

and 13% [for (17)] give relative rates of attack, on a per-

hydrogen basis, of 21:3:1, respectively, for tertiary, secondary

ðCH2
_CHCH2Þ and secondary adjacent to the tertiary carbon

ð _CHCHMeÞ, with a ratio of 1:7 for CH2 (central methylene) to

CH. We believe that these figures represent relatively

unhindered methine and methylene groups, though the reduced

value for the methylene next to the tertiary carbon is significant

(cf. the behaviour of the model compound squalane) [16] The

dominant attack on the methine C–H bonds is consistent with

conclusions based on the 13C NMR study of the grafting of

maleic anhydride onto EPM [13].

The result for EPM with relatively low propene content

(22% w/w propene, i.e. 84 mol% ethene, 16 mol% propene),

which gives 34% of the tertiary radical (10) and 56% of the

secondary radical (9) as well as 10% of the secondary radical

(11) allows us to calculate a ratio of 13.6:1.2:1, respectively,

for the per-hydrogen rates of attack [with a ratio of ca. 11:1 for

tertiary (EPE) to secondary (EEE)]. The difference between

this value and that noted above for the alternating co-polymer

may reflect the lower steric hindrance in this case (i.e. for

relatively isolated propene units).

For EPM with a concentration of 55% propene (w/w) (50%

of –EPE– radicals and 30% of –EEE– structures) the results

can be interpreted on a similar basis. The lack of observation of

radicals derived from –PPP– sequences is as expected (see

above). For high propene-content EPM (74% propene w/w) the

observation of radicals derived from –EEE– and –PPP–

sequences suggests that this polymer contains a significant

proportion of PE and PP type segments.

Fig. 8 provides a summary of the selectivity of

H-abstraction from methylene, rather than methine, units for

the whole series of polyolefins from PP (50% CH2 in the

polymer backbone) via EPM to PE (100% CH2). A reasonable

correlation exists, showing a monotonic increase in formation

of secondary radicals with methylene content.

It is also of interest to compare our findings with the results

of a detailed 13C NMR study by Heinen et al. [13] on a similar

series of polyolefins grafted with 13C-labelled maleic anhy-

dride (MA), which has shown that grafting occurs at CH2 units

of PE and ethene-rich EPMs and at CH units for PP and low-

ethene EPMs. The results taken together indicate that

selectivity of grafting is determined chiefly by selectivity of

H-abstraction.

Machado et al. [15] have studied viscosity changes upon melt

processing a similar series of polyolefins in the presence of

peroxide. The results establish that for PE and ethene-rich EPMs

cross-linking occurs, resulting in increased viscosity, whereas for
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PP degradation results in reduced viscosity; for EPMs with

medium ethene-content, branching and degradation may balance

each other leading to as more-or-less constant viscosity. These

observations are also consistent with results described here:

secondary radicals would be expected to react via combination to

give branches and cross-links, whereas, as noted above, tertiary

radicals are prone to b-scission (as noted earlier).
Finally, we note that the formation of allyl radicals is, as

might be anticipated in terms of results for PE, only observed

for those polymers, which contain significant concentrations of

–EEE– chains (i.e. random EPM co-polymers with 22, 27 and

55% w/w propene). These findings also reflect, to some extent,

the high radical concentration obtained here (as a result of high

local radical concentrations) and the enhanced importance of

second-order reactions under EPR conditions.
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