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Abstract

To evaluate the influence of specific parameteesenergy sink concentration and excitons
and/or radical migration, on the mechanisms underlying the formation of double bonds in
aliphatic polymers, materials with energy sinks in the chain were synthesized. By following
the radiation-induced modifications in ethylene/styrene random copolymers, as a function of
the styrene content and of the irradiation temperature, we were able to understand the
formation mechanisms dfans-vinylenes,trans-trans-dienes, allyl radicals and vinyls. The
irradiation temperature allows the discrimination between energy transfers (at 11 K and at
room temperature, RT) and of radical migration (at RT). Irradiations were performed using
swift heavy ions, and we could show that track overlapping has also an influence on the
studied chemical group concentrations. For instamcms-vinylenes are influenced by
excitation transfer and radical migration: their formation decreases in presence of styrene
aromatic rings, whatever the dose range and the irradiation temperature. On the opposite,
vinyls are formed only at high ionizing density and are not influenced by excitation transfer;

however, their concentration is influenced by radical migration.
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1. Introduction

The hypothesis of energy transfers in organic mdéscunder irradiation was proposed
during the early work of Schoepfle & Fellows [1]havstudied gaseous products emitted from
different linear, cyclic and aromatic liquid hydesbons, irradiated under vacuum using X-
rays. These authors have evidenced that a mixtéirbenzene and cyclohexane has a
hydrogen radiation chemical yield lower than the ealculated from the law of averages.

Excitation and/or radical transfers have also k&tadied in different kind of polymers to
evaluate their efficiency as a function of the laadion of the acceptor and donor sites, but
also as a function of their kind of migration: amrhainvs inter-chains. This kind of studies
began thanks to the pioneering works of Charle&pypd Dole [3]. They deduced from the
observations that transfers from one unit to anoéine efficient in random copolymers but
not in block copolymers [3], which was attributeda migration distance of a few repetition
units. In a parallel way, migration was evidencedopolymers but not in physical mixtures
[4] which would indicate that migration only occual®ng covalent bonds.

In the early 70’s, a model of these transfers wealized by Partridge [5]. In this
model,excitation transfers are very efficient: Béreated an excitation migration distance in a
polyethylene of the order of 150 nm towards addgiv (triphenylamine and
triphenylmethanol) [6]. At the end of the 70’s sfireviews devoted to these energy transfers
were published, describing more precisely the phrema embedded in the mechanisms, as
for instance those of Forster and Dexter [7]. Mgeently, we have initiated a systematic
study of the impact of excitons and/or radical rigm [8-11] on the radiation behavior of
polymers and solid hydrocarbons. The term energysters used in this work is wide and
includes the mass or reactive species transpoetufimg radicals and ions), lone charge
transfers (electrons and holes), and electronidtagian transfers. In the following, we will
not differentiate electronic excitation transfersldone charge transfers: they will be referred
as excitation transfers. Mass or reactive specissport will be summarized as radical
migration.

The energy sinks concentration is obviously a kmrameter. The lower the
concentration, the higher the effect per protectioit and the faster their degradation. We
have already shown in a previous article [8], bydrating ethylene/styrene copolymers at
different temperatures, that the presence of stymamtects the ethylene moiety, at room
temperature (RT) but also at 11 K. At 11 K, it leen supposed that almost all radicals are

frozen and cannot migrate. By evaluating, toans-vinylene formation, the effect of the



irradiation temperature and of the styrene conterd, showed that radiation protection
phenomena are due to both types of transfers at irathe case of the formation of this
chemical group. Nevertheless, this protection ¢ffeenore efficient at RT, proving that the
radical transfers play also a role. Finally, thenaatic moiety protects the aliphatic one, but at
its expense since the aromatic moiety is consurh2fd [

Among new chemical groups created in polymers witl@teroatom, under low ionizing
radiations and under helium atmosphere, the mashddnt are of the alkene typeans-
vinylene in polyethylene, vinylidenes in polyproegk, or vinyls in polybutene [13]. Under
swift heavy ions, specific new bonds, such as akyor cumulenes, are also observed: these
bonds are formed at low doses above a Linear Ereayysfer (LET) threshold. They are also
formed below the LET threshold provided if matesiare irradiated at very high doses.
Hence, formation mechanism of each specific grogpedds of the ionization density, and
can be differently affected by excitation and/atical transfers.

This article is a complement to a previous papgrTBe objective is now to evaluate on
unsaturated groups other th@ans-vinylenes, the effect of the presence of aromatigsrin
the polymer. The effect of the irradiation temperatand of the styrene concentration in the
polymer is here evaluated on four different cheingraups:trans-vinylenes (as a recall of
the former article), allyl radicaldrans-trans-dienes and vinyls. The first three bonds are
representative of the aliphatic moiety, whereas dhse of vinyl is more ambiguous. As
already presented, irradiations were performedlaKla temperature sufficiently low to
suppose that only excitation transfers operate, @nRT, where excitation and radical
migrations are allowed. We will show that the iefhce of transfers on C=C formation are
function of chemical structure of the polymer, bé tirradiation temperature and of the dose

deposited in the material.

2. Experimental section

2.1. Ethylene/styrene random copolymer samples. PES

Polyethylene chosen was a commercial PE from Atoc(feE ATO). Materials based on
ethylene-styrene random copolymers have been spbjifsynthesized. The experimental
procedure used to prepare and characterize thelyvops was fully explained in our

previous article [8]. Summary of the different sdengharacterizations are given in Table 1.



PE PES 2.2 PES 7.0 PES 19.0
Styrene molar content (%) - 2.2 7.0 19.0
Ethylene molar content (%) 100 97.4 93.0 81.1
Crystallinity (%) 88.0 43.2 19.9 2.9
Melting temperature f (°C) 131 115 84 54
Glass transition temperaturg FC) -128 -133 -145 -155
Density (g.cri?) 0.950  0.944 + 0.0040.955 + 0.007 1.012 + 0.011

Table 1: Polymer samples characteristics. " Ty is estimated.

To estimate the glass transition temperatusewe used the empirical relation (1) issued
from the work of Lee and Knight [14], temperatubesng expressed in Kelvin (K).

T, =036"Ty, ®

This simple empirical relation allows only a rouggtimation of T, but the objective here
was only to evaluate the state, glassy or rubbery, of our materials at RT. Itlivious that
all polymers are in the glassy state at 11 K, hatgolymer’s behavior at RT &priori far
less evident. Using relation (1), we can assedsdahambient temperature, the non-crystalline
phase of all polymers are in the rubbery states Itleduced that the chain mobility is
somehow similar for all materials irradiated at saene temperature.

Densities were determined by putting one polymien fh a solvent which has a specific
mass higher than the one estimated for the matender consideration. Then, another
solvent, with a specific mass lower than the edthaone, is added until the polymer is
floating on the fence. At this point, the solvenixmare and the polymer have the same
specific mass, this last being determined usingtict (2), with 1 and 2 indexes as reference
to the two solvents.
my +m, m; +m,
Vi+V, B my/p1+my/p,
In these equationsy; is the mass of solvent i added inVgjs the volume i added in ém

@)

Ppolymer =

and p; is density of the solvent | added in g:&nmiThe underlying hypotheses of this
experiment are that the two solvents are totallgcmie relative to each other, and that none
of them solubilizes or even swells the polymer. ¥tieose dichloromethane (Sigma-Aldrich
reference 32222p,=1.325 g.cri) and hexane (Sigma-Aldrich reference 3228350.659
g.cm?). Each determination was triplicated and the ebar is defined as one (standard

deviation) of the triplicate. In the case of PEnsley was given by the supplier.



2.2. Irradiation conditions

Systems were irradiated usifitNe Swift Heavy lon (SHI) beams. lon beam irradiasio
were performed using the medium energy line facitif the GANIL accelerator, Caen,
France. Irradiations were performed either at RTabrll K, under vacuum, at normal
incidence. A x-, y-scanned beam was used to ershmmogeneous irradiation field over the
sample surfaces (typically 0.75 E)mThe fluxes (Table 2) were chosen in order tatlittme
power deposition on the sample to 0.5 mW?enthus avoiding any significant sample
heating. The energy loss was calculated with SRIidéed on the TRIM code [15].

Polyethylene was purchased under the form of flimthe case of PES, samples were
prepared by high pressure molding using a laboygboess. In any sample, the projectile
range was by far much larger than the sample tbkiie). Elsewhere the beam energy was
high enough to ensure a relatively constant LETr thhe sample thicknesses. In most cases,
the relative decrease of the projectile energhénsample was well below 20 %.

Materials studied are random copolymers of ethykeme styrene; there is thus an intimate
mixture of both monomers moieties. As the ion beased in this study are of high energy
(> 10 MeV.A"), secondary electrons ranges are larger than tmomers units. Considering
different absorbed doses in both moieties doesnadie sense. Consequently for the absorbed
dose calculation, the LET value used here is a mahre, taking into account the copolymer
as a whole.

Errors on the values have been estimated. Staligticors, which are for a given sample
and for a single beam condition, are small. We estimate that statistical errors of defect
concentration are at most a few %. The systematarsare higher and are mainly due to

sample thickness and dose errors. It is estimatbd equal to 10%.

2.3. Set-up

The results presented here correspond to a Fouiremsform Infrared spectroscopy
(FTIR) analysis of the radiation-induced modificais. FTIR spectra were acquired using a
Nicolet® Magna 750 spectrometer, equipped with alMCdetector. They were acquired in
the transmission mode, at a resolution of 2'cand with 128 accumulations to improve the
signal to noise ratio. Interference fringes wer@ided by recording the spectra in the
presence of a polarized light, at Brewster andgi€)(5

To record the in-film modifications, a specific de allowed us to irradiate and to record

the FTIR spectra without removing the sample fréwa ¢ell [16]. Consequently, the contact



between the polymer and air, as well as the sulesggheating after low temperature
irradiation, were avoided; the post-irradiation dation did not occur and no annealing
precedes the sample analysis. This device is egdippth a cryogenerator, which allows a
gradual temperature lowering down to 11 K. The dam@mperature is controlled by two
sensors, a carbon resistance and a CLTS (CompounedrLThermal Sensor). This sample
irradiation temperature can vary from 11 K to R®r Hirect comparison purposes, whatever
the irradiation temperature, all FTIR spectra weorded at 11 K.

Irradiations at 11 Kare performed under vacuum, at pressures belo{wriltar. Under these
conditions, only the residual,&@ molecules present in the irradiation cell tendcéndense
and accumulate on the sample surface. Characten$tared bands of water ices are found
around 3400 cfh, 1600 crit and 600 cril. Nevertheless, they do not interfere with bands
used through the present study. They can be matteatharemoved by spectra subtractions
without any incidence on the resulting spectra bsedhe ice is on top of the sample, without

any influence in terms of Van der Walls interaction



Name g(t)):]rtzr:]etz Irradiation Proiectile Ei Eo LET e Flux Fluence Maximum
(molar o) | lemPperature Ky (MeV.A™Y) | (MeV.A™Y) | (MeV.mg*.cn?) (Lm) A cmt.s?) | (10%cnf) | dose (MGy)
PE 0 13.2 3.9 22 51 18.3 11.3
PES 2.2 2.2 0 13.0 3.9 45 51 10.9 6.8
11 Ne 13.6
PES 7.0 7.0 12.5 3.9 60 51 11.0 6.8
PES 19.0 19.0 12.6 3.8 55 5.2 11.2 6.8
PE 0 13.1 3.9 20 51 7.3 4.5
PES 2.2 2.2 20 12.7 3.9 50 51 7.3 4.5
300 Ne 13.6
PES 7.0 7.0 12.5 3.9 61 51 18.3 11.3
PES 19.0 19.0 12.5 3.8 61 5.2 7.5 5.6

Table 2: Irradiation conditions (E; and E, are the energies of the projectiles at the entrance and at the exit of the films respectively; LET isthe
Linear Energy Transfer; e is the sample thickness). PE: polyethylene and PES X: ethylene/styrene copolymers, with X the molar styrene content

in the copolymer.




2.4. Data analysis

The radiation-induced modifications appear in tiéRFspectra in two different ways. In
the first one, infrared bands initially presentpristine samples, decrease or increase in
intensity, with eventually tenuous changes in widiid position. The second radiation-
induced modification is the emergence of new bands.

In this article, we focus on different new bondnf@ation: allyl radicals at 942 chtrans-
vinylenes at 967 ci transtrans-dienes at 985 cthand vinyls at 1640 cth Strictly
speaking, the band at 1640 tmefers to all asymmetric alkenes, that is to \8nyiut also to
vinylidenes andcis-vinylenes. In this study, we observed neither ht@ignes norcis
vinylenes, these last bands being ruled out becaiuge absence of the corresponding.
(wagging) absorption bands at 890tand in the 730 - 650 chregion, respectively. On the
contrary, vinyl bonds are observed without any ddqab990 crit and 909 cril), explaining
why we assimilated the 1640 &nband to vinyls. On the one hand, this band hascavk
extinction molar coefficient, and, on the other hand, we could neither useébéimel at 990
cm* because of overlapping with the onetns-trans-dienes at 985 crhnor the band at
909 cni' because of its overlapping with the,(B,) band of pristine polystyrene repetition
units (see Figure S1 of the Supplementary Inforomdi
Since all spectra are collected at 11 K and siacds function of the temperature, the
knowledge ofe at 11 K for the vibrations under study is mandatdiheir determination was
already presented in the previous article [8]. Tamynevertheless recalled in Table 3. For the
allyl radical (band at 942 cf), to our best knowledge, there is no estimatioa &o, instead
of C, we report Ale, that is €.A being the absorbance. ForeGve use the term “relative
concentration” and as we express e in ¢cthen Ce is expressed in chy’. All
concentrations and €for the allyl radical case are rescaled to thphaliic moiety fraction.
We are in fact supposing that all the chemical gsoiollowed here are formed in the
aliphatic moiety.

Wavenumber (cif) Attribution err (L.molt.cm®) | €11k (L.molt.cm?)
1640 Asymmetric alkenes (vinyls 36 [17] 43 [16]
985 Trans-trans-diene 360 [18] 900 [16]
967 Trans-vinylene 169 [19] 260 [16]

Table 3: Molar extinction coefficients € (in L.mol.cm™) at RT and at 11 K, for the main

new double bonds formed polyethylene under irradiation. [17]: average of the values given in



Table 7-6, page 96. [ 18] : determined in liquid phase from 9,11-linoleic acid in CS,. [19]:

determined in solid phase from n-pentatriacontene (CssH7o) in n-hexatriacontane (CsgHza).

Depending on the chemical group considered andhenirtadiation temperature, the
evolution of the concentration as a function ofeaan present different behaviors. If the
curve presents a tendency toward saturation, equél) is used to fit the experimental data.
If the curve is linear, equation (4) is used. Hindbor curve presenting an upward curvature,

equation (5) is used.

C=P +P,(1—exp(—Ps-D)) ©)
C=P,+Ps:D (4)
C=Ps+P, D+ Py D? (5)

In these equations, D is the dose in Gy andi B 1... 8) are free parameters to be
determined during the curve fitting. The use ofrBm (2), B from (3) and Bfrom (4) allows

a supplementary degree of freedom gov&lues.

3. Results

All experimental data presented in this sectionehla@en obtained from the spectra of the
irradiated film, for which the corresponding spaatrof the same film, before irradiation, has
been subtracted.

It can be recalled here that, at 11 K, only exigtatransfers are effective, whereas at RT,
radical migration has also to be taken into acc@8ntResults will be presented separately at
these two temperatures, to evaluate separatelgftbets of excitation transfers in presence
and in absence of mass transfers. Difference aalretween the results allows extracting
the radical transfer ratio, assuming that excitatransfers are not temperature dependent.

It is generally considered that alkyl radicals #e first species to be formed in polymers
irradiated under inert atmosphere: following thaslical should have been very interesting.
Nevertheless, the characteristic infrared bandhisfradical lies at 3017 chi16], too close to
thev’,(A,) (see Figure S1 of the Supplementary Informatiar)cbof polystyrene at 3025

cm’ to be exploitable. Hence, this radical will notfbBowed in this article.

3.1. Trans-vinylenes
Trans-vinylenes results and comparison between the tvaaliation temperatures were

the subject of the previous article [8]. Hence, fipere is not given in the main text of this



article, but for sake of clarity, it is recalled figure S2 of the Supplementary Information.
This band is observed whatever the irradiation enempire, and a decrease in its formation is
observed at both 11 K and RT when the aromatic exnation increases in the copolymers.
This observation implies that excitation transfiessn the aliphatic to the aromatic moiety are
very efficient at low temperature, but that reaetispecies transport, when irradiation is

performed at RT, participates to the radiation isitiion too.

3.2. Allyl radicals
Figure 1 gathers the relative concentration evmh:ﬂti(incmzlgauphatiC moiet), @S a function
of dose, of allyl radicals from ethylene/styrenedam copolymers and from polyethylene

irradiated under vacuum; irradiations performedllaK on the left and at RT on the right.
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Figure 1. Allyl radical relative concentration evolutions (in cmzlga“phaﬂC moiety) 1N the
aliphatic moiety of the ethylene/styrene random copolymers, irradiated at 11 K on the left
(insert: zoom on the low dose area) and at RT on theright. All infrared spectra are recorded
at 11 K.

10



Whatever the aromatic content in the copolymer, dhelution of the concentration of
allyl radicals as a function of dose presentsghslipward curvature at 11 K while it presents
a tendency towards saturation at RT.

Moreover, for a given irradiation temperature, {resence of aromatic rings in the
copolymer contributes to an important decreaséisfradical concentration. In fact, whatever
the dose in the dose range studied, allyl concemtralecreases when styrene concentration
increases in the polymer. It can be observed thRiTathe formation of this radical is almost
suppressed in the case of PES 19.0% styrene. 8iecdecrease in the formation of this
radical is effective at low temperature and low ednsit can be concluded that the
radioprotection of the aliphatic component by tle@zene rings is also effective at 11 K for
this chemical group.

Moreover at 11 K, the higher the dose, the higherradiation protection effect is. The
increase in styrene content induces a modificatiotihe evolution of the concentration with
dose: the upward curvature evolution visible folypthylene is progressively faded by the
introduction of styrene or would occur at dose$hbrghan studied here.
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3.3. Trans-trans-dienes

Figure 2 gathers the relative concentration evohgi(in mol/K@iiphatic moiet), @s a function
of dose, of transtrans-dienes from ethylene/styrene random copolymers #main
polyethylene irradiated under vacuum. Irradiatipesformed at 11 K and RT are on the left
and right sides, respectively.
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Figure 2. Trans-trangdiene concentration evolutions (in mol/KQaiiphatic moiety) 1N the
aliphatic moiety of the ethylene/styrene random copolymers, irradiated at 11 K on the left
(insert: zoom on the low dose area) and at RT on the right. All infrared spectra are recorded
at 11 K.

Because of chemical requirements to fdrams-trans-diene bonds, its creation ability in
PES copolymers should statistically decrease coaapiar PE. In fact, the carbon linked to the
benzene ring is ineffective to form this kind ofnlolp two successive ethyl groups are
required. For instance, if styrene-ethylene-styreseguences are present, ethyl groups
concerned are no longer effective to form an unsubsd trans-trans-diene bond. We
estimated this geometric efficiency loss, by caltinly the number of ethyl groups able to
lead to the formation of unsubstituterdns-trans-diene bond on the total number of ethylene

repetition units in the copolymer. Repartition andomly chosen in accordance with the
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polymer synthesis, which prevents head/head atithilapolymerization of styrene. At the
highest styrene molar percentage presented iratticde, a geometric efficiency loss of less
than 4% is calculated. We will thus neglect ithi following.

In pure PE, we have shown that at low temperatave LET and low dosetrans-trans-
dienes are not formed [20], indicating that longga radical migration is required for the
formation of this chemical group. This is no mohe tase at the LET considered here, as
initial yield is not zero (Figure 2). Hence, atstemperature that is without radical migration,
and at low dose that wsithout pre-existing radical$trans-trans-diene should be created close
to the ion path, because of the higher probabdityraving two radicals very close to each
other: likely an alkyl and an allyl . In PES, thematic rings presence has no or almost no
influence on its formation at low doses. At 11 K lati higher doses, tracks overlap and the
probability of the statistical encounter of the tvaalicals increases. As a result, the overall
concentration evolution dfans-trans-dienes with the dose presents an upward curvafure.
the other hand, when dose increases, the influehtiee aromatic rings begins to be visible:
the concentration dfans-trans-dienes created in the aliphatic component of thEolymers
decreases when the aromatic moiety concentratiainéncopolymer increases. Again, the
upward curvature behavior of the concentration Bladisappears when the styrene content
increases.

At RT, when radicals’ migration is allowettans-trans-dienes concentration decreases
when styrene content increases. As the acceptetianisen implies the encounter of two
radicals, and as the radical concentration decseaken styrene content increases (because
they are less formed due to energy transfers asullacause a great part of the two radicals

will preferentially migrate towards styrene unitlis result was expected.

3.4. Vinyls

Figure 3 gathers the evolution of relative conaatian of vinyls (in mol/kgiphatic moiet) as
a function of dose, from ethylene/styrene randonpoboners and from polyethylene
irradiated under vacuum. Irradiations performedlatK and RT are on the left and right

sides, respectively.
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Figure 3. Vinyl concentration evolutions (in mol/KGajiphatic moiety) 1N the aliphatic moiety of
the ethylene/styrene random copolymers, irradiated at 11 K on the left and at RT on the right.
All infrared spectra arerecorded at 11 K.

In an earlier work [21-23] and in agreement witkrature [24], we have shown that vinyl
formation in polyethylene requires high LET to feetive. In other words, a high density of
reactive species is needed. The yields at RT veened smaller than at 11 K. We suggest that,
as an irradiation temperature of 11 K avoids, deast drastically limits radical migration, the
local density of reactive species should be highietl K than at RT and this could explain
the higher vinyl concentration at 11 K.

It is observed that at 11 K, the vinyl concentmat&volution is linear with dose and it is
almost not influenced by the styrene concentrati@m.the contrary, at RT, its concentration
evolution presents a tendency towards saturatiehaanimportant influence of the styrene
concentration is visible.

Whatever the dose at RT, the concentration of vgrglups in the aliphatic moiety is
higher at higher styrene concentration. If we comapeopolymer PES 19.0% styrene and
polyethylene, it can be concluded that the relatwportance of the different defects is

greatly modified by the presence of aromatic ringéhatever the irradiation temperature,
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trans-vinylenes remain the main radiolysis defeistit at 11 K, vinyls are no longer negligible
and represent about 30% of the unsaturationsSdviGy.

The assumption we made that vinyl groups are aleiatéhe aliphatic moiety might be
qguestioned. As we have already shown that the ttadiprotection effect conferred by the
benzene rings is efficient but at its expense [tZhakes sense to analyze if vinyl formation
comes, at least partially, from the destructionhef styrene units by energy transfers. Results
obtained when irradiating polystyrene, PS, couldegsome insight on the chemical
modifications presumably induced in the aromatidetyoof PES. The major modifications
observed in irradiated PS am@ns-vinylenes, vinylidenes, benzene and alkynes [2%jyl
creation cannot be ruled out [26] but this groufikisly formed at a much lower yield. Hence,
we tried to detect the formation of this chemicabup in atactic polystyrene irradiated
roughly in the same conditions than het¥(ions at a mean LET of 3.4 MeV.fhgnt
irradiated at RT). Because polystyrene presentsymaloration bands at wavenumbers
representative of vinylo(B,) at 980.1 crit for the 990 crit band and,,(B,) at 907.0 cm
! for the 909 cnt band; see Figure S1 of the Supplementary Infoonjtithe detection
sensitivity is not very good. Vinyl creation, if yncould not be quantified in the irradiated
PS. Moreover, a careful inspection of the spedtthairradiated PES did not reveal any clear
presence of vinylidenes. If we would envisage thatgnificant part of the vinyl formation in
PES is related to the destruction of the aromatgst this should imply a complete inversion
of the ratio vinylidene/vinyl between pure PS ané aromatic moiety of PES. This is hard to
conceive. Consequently, it seems wise to conskdentinyl groups are essentially located in
the aliphatic moiety. Besides and irrespectivehhaf tole of energy transfers, the aromatic
groups could eventually induce vinyl groups in giighatic moiety by beta scissions of the
main chain. Under this scenario, it is expectedfind a styrene group in the aromatic
counterpart of the aliphatic vinyl. We could notsebve, in the spectra of irradiated PES the
characteristic bands (1630 ¢nand 1576 ci) of these styrene groups. It makes it unlikely
that the role of the aromatic content on the viogdation originates primarily from beta

scissions.

4. Discussion

' Contrary to what was written in our precedentcigtidouble bonds concentration is given in
m0|/kgaliphatic moietyand not in mOnghole material
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The influence of the styrene concentration in tliESRcopolymers is function of the
irradiation temperature, and, for a given tempeeatis function of the chemical group

formed and of the irradiation dose.

4.1 Irradiationsat 11 K

At 11 K, the creation yields are dose dependent.efiable a clear discussion of the
results, the defect evolution is divided in two eastegories: low doses (< 1.5 MGy) and
high doses (> 1.5 MGy).

Low dose range

In the low dose range and at this temperature,lviayd trans-trans-dienes are not
sensitive to the aromatic rings presence. On tmraxy, allyl radicals andrans-vinylenes
formation decreases when the molar styrene pemgeimahe copolymers increases.

Trans-vinylene bonds can be formed through three mainsg&7]:

PH* > TV + H, @
P°+ H°—>TV + H, ®)
P4+ P° 5TV + Phydrogenated (C)

P is an alkyl radical, TV thdérans-vinylene bond. In reaction (CRyyarogenatea 1S @
hydrogenated polymer. Reaction (a) is generallys®red to be minor in theans-vinylene
creation process [27]. Besides, on the basis ofppevious work [20], this reaction alone
cannot explain the ratio of 0.5 obtained from ptiyéene between radiation chemical yields
at 11 K and at RT. Hence, the creationtr@ins-vinylene is assumed to happen through a
sequential manner along reaction (b) or (c). Ailand at low dosedrans-vinylenes must
be formed in cagei.e. very close to creation of the initiator. As aneeff of styrene
concentration is observed drans-vinylene concentration, and as radical transfeveasy
probably hindered at such a low temperature (T, fof all the copolymers), reduction in the
trans-vinylene creation while increasing the styrene eontimplies a reduction in the
creation of the initial radical P° through excitatitransfers.

Allyl radicals are generally considered to be adathrough the formation or the
migration of an alkyl radical in close vicinity @n alkene ttans-vinylene or vinyl). The
creation of these radicals, at a temperature whadecal migration is highly restricted,
requires that a radical is created nearby an alkEine decrease of the allyl yield induced be

increasing aromatic content is of the order of nitage of the one ofrans-vinylenes (same
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order of magnitude but nevertheless higher by #ofaaf around two). This is expected as
alkyl radical concentration is likely also redud®dthe addition of aromatic groups.

Trans-trans-dienes are formed, at 11 K and at low doses, atively low concentration.
The generally accepted mechanism is their formabiprstatistical encountering of an allyl
radical and an alkyl radical in regions of highimng densities, which means very close to
the ion path.

These two aforementioned mechanisms are summarastd below, with TTD
representing th#ans-trans-diene bond, and AR?® the allyl radical:

P°+ TV — AR° (d)
P° +AR° > TTD (e)

Vinyls are known to be formed in the track coremoits vicinity, and it can be observed in
this work that this kind of defects are not inflaed by energy transfers.

Hence, the radiation-induced defects can be segghrattwo categories: those which do
not need a high density of ionization and for whistergy transfers are efficient, likeans-
vinylenes and allyl radicals, and those which néednd for which energy transfers are
inefficient, like trans-trans-dienes and vinyls. It is deduced from our restitigt energy
transfers are efficient in the track halo but nothe track core. Under very high excitation
and ionization densities, the radiation protectbibenzene rings is lost. This result is similar
to results obtained on our previous work: when LiBGreasesj.e. when excitation and

ionization density increases, the radiation pradecgiven by the benzene ring is lost [25].

High dose range

In the high dose range, farans-vinylene, allyl, and vinyl groups, the effect ofdalgy
styrene is substantially the same as in the love dasge. Vinyl creation is unaffected by the
styrene addition whatever the doJeans-vinylene and allyl creation show essentially the
same dependence upon styrene concentration as dbkes, even if, for the allyl radical, the
slight upward curvature with dose observed for #Brogressively faded with increasing the
aromatic moiety content. By contrast, the behawefdrans-trans-diene groups is remarkably
different: PE shows a strong upward curvature witise, this non-linearity being almost
suppressed at the highest styrene content. An apwanvature with dose is expected for
trans-trans-diene groups as their formation should occurs waeans-vinylene is created in
the vicinity of a previously created one (withoatyadestruction process, one could guess an
evolution proportional to the square of ttians-vinylene concentration). As increasing the

styrene content decreases tinans-vinylene concentration, the fading of the non-ine
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behavior with dose when increasing the styreneertris not surprising. For allyl radicals, a
similar trend is expected, and in fact observedheas formation requires having an alkene in
the vicinity of an alkyl radical. Why, in the allydase, the observed magnitude is much

smaller than fotrans-trans-diene groups is still an open question.

4.2. Irradiationsat RT

At room temperature, qualitativelirans-vinylenes, allyls andrans-trans-dienes show a
similar behavior as at 11 K: i) a downward curvatwith dose, in other words a tendency
towards saturation, ii) a similar influence of thi@matic content at any doses. the larger
the aromatic moiety content, the lower the yieldgyl groups have a singular behavior: they
show as the three other defects the same dosetiewof{tendency towards saturation) but the
effect of the aromatic content is reversed. Thgdathe aromatic moiety content, the higher
the yields.

At RT, the occurrence of long-range radical mignathas two main consequences: first,
an enhancement of creation because of the recotidrinaf radical-radical or of the reaction
between radical radiation-induced chemical groapsl second an increase of destruction by
radical attack. It is therefore necessary to carsith addition to excitation transfers, a
decrease in the radicals’ concentration in thehalijs moiety, because of the effective radical
migration preferentially occurring towards the eyyesinks,i.e. the aromatic rings. Excitation
and species transfers reduce primary formatioradicals but also their destruction rate by
radical migration. As the styrene content incredasethe copolymer, one may expect less

creation and less destruction because of raditadlat

Trans-vinylenes, allyls antrans-trans-dienes

In PE, for the three defects considered here, asing the temperature to RT induces an
increase of the radiation chemical yield extrapaalaat zero dose. At higher dose in the dose
range studied here, the concentratiottrafis-vinylenes andrans-trans-dienes systematically
overwhelms the concentration at 11 K, which medrat the effect of enhancement of
creation compensates the enhancement of destruction

When increasing the aromatic content, the balaretevden creation and destruction
changes. This creation-to-destruction balance ¢éweolwliffers as a function of the defect
considered. As a single example, for the highesthatic content, in the dose range studied,
the concentrations of allyl radicals andtdns-trans-dienes are systematically lower at RT

than at 11 K. On the contrary, tlleans-vinylenes concentrations are close, except at the
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highest dose where the RT concentration is slighthaller. From a mechanistic point of
view, comparing the results at RT and 11 K is rystesmatically straightforward. Farans-
vinylenes presented in the preceding article [8]digect comparison of the formation
mechanism is possible because mechanisms are fiexedt. Nevertheless, in other cases,
these formation mechanisms can be completely difteait 11 K and at RT. For instance, for
trans-trans-dienes which are almost not formed at low doselat' 1whereas they are formed
almost exclusively by radical migration at RT: direomparison is a non-sense.

The concentration at saturatiois seen to decrease when styrene concentrati®ES
increases. It can be deduced from that observétatn because of radical attack, destruction
is more and more preponderant when the aromatitenbincreases. Moreover, the initial
slope for formation ofrans-trans-dienes,trans-vinylenes and allyl radicals decreases when
the initial styrene molar content in PES increasassone of the reaction path to forntrans-
trans-diene is the recombination of an alkyl radical andallyl radical (reaction (e)) [16], this
observation was expected. It can also be notedhbatddition of aromatic rings has a greater
effect on the formation of allyl radicals than dmetformation oftrans-vinylenes. If we
hypothesize, simplistically, that allyl radicalseaformedvia reaction (d), then it can be

supposed that the presence of styrene decreasksrttaion of alkyl radicals.

Vinyls

Effect of the irradiation on the vinyls formatios very different from the three first
defects, but also as a function of the temperatiseit was already introduced, there is no
influence of the styrene content presence at 1lnkthis chemical group. At RT, vinyl
concentration increases with the styrene concenitrait the PES. We have also concluded in
the results section that the increase of vinyl eotr@tion with the aromatic content is hardly
related to either a creation in the aromatic moatg creation in the aliphatic moiety related
to beta scissions. Then, the best alternative sdentonsider, first, that creation is not
affected by the aromatic addition and, second, thedtruction much decreases when
increasing the styrene concentration. As, at bethperatures, creation of vinyls is induced
only in regions where a high density of radicalsrsated, it is not so surprising that the RT
creation is not affected by the energy or specasster towards aromatic groups. Concerning

destruction, as indicated just above, with styraddition, primary formation of radicals is

' At low LET, trans-trans-dienes are not created at all at 11K.
" Although the dose range is too small to spealqroigsly, of concentration at saturation, it seehwt the
addition of styrene greatly decreases this paramete
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reduced because of excitation transfers. Moreavéras also been evidenced that radical
migration occurs preferentially towards the aromaépetition units instead of towards the

defects formed in the aliphatic moiety.

Conclusion

We have compared the formation of the differentatoh-induced unsaturated groups in
ethylene/styrene random copolymers, as a functibrthe styrene content and of the
irradiation temperature. Irradiating at 11 K andRat allowed us to discriminate energy and
radical migration.

In copolymers, irradiation temperature influencesyvdifferently the formation of the
main defects. It has been proven that at 11 K, atienrings cannot protect the aliphatic
repetition units which are in the track core oitévicinity. In fact, we have shown that there
is no influence of their presence on thans-trans-diene and the vinyl concentration, these
two defects needing high ionizing density to berfed. In the case of chemical groups which
are created whatever the excitation and ionizatiensity, liketrans-vinylenes and allyl
radicals, a decrease in their concentration is rgbdewhen the styrene content increases in
PES. This is a clear indication of the excitatimnsfers efficiency in the track halo.

At RT, where both transfers are allowed, concelatnat present an evolution which is
always influenced by the aromatic rings preseficans-vinylenes, allyl radicals anttans-
trans-dienes see their concentrations decrease whesarongatic moiety content increases in
the copolymer. Vinyls concentration evolution prasea behavior very different from those

of the other defects: it increases with styrendeamn
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Supplementary Information

Wavenumber (cif) Attribution

3099,0 v.5(B,)
3080,8 V,05(B,)
3058,5 V' 20a(A1)
3025,0 v, (A,)
2923,0 v,(CH,)
2851,0 v (CH,)
1601,0 ves(B;)
1582,3 vou(A,)
1492,0 vy6a(A,)
1452,0 ,55(B, ) +5(CH,)
1327,0 v, (B,)
1310,0 v,(B,)
1179,0 vaa(A,)
1155,0 v (B,)
1069,3 (=)
1028,2 viea(A,)
1002,3 v, (A,)
980,1 vs(B,)
965,0 voa(A,)
907,0 v,75(B,)
842,2 vy,(A,)
757.,8 v,05(B,)
700,0 v,(B,)
622,0 ves(B;)
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Figure S1. Polystyrene infrared band attribution [ 28], on the left, according to the notation of Liang
and Krimm [29], on theright.
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Figure S2. Transvinylenes concentration evolutions (in mol/kgajiphatic moiety) 1N the aliphatic
moiety of the ethylene/styrene random copolymers, irradiated at 11 K on the left and at room
temperature on theright. All infrared spectra are recorded at 11 K.
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