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ABSTRACT: The chemical modifications induced by several types of radiation on aromatic poly(ether sul-
fone) [poly(oxy-1,4-phenylenesulfonyi-1,4-phenylene)] have been studied by ESCA. In particular, the effects
of soft X-rays (Mg Ko radiation at 1253.6 eV), 1.1-keV electrons, and 1-keV Ar* and N;* ions are compared.
The following compositional effects are observed: the depletion of sulfur and oxygen with respect to carbon,
and the reduction of SO, groups to S. This is apparently the first time that the latter process has been observed
in high-energy irradiation experiments. The relative importance of these two processes depends on the nature
of the projectiles employed. In the case of ion bombardment both processes are enhanced. During ion
bombardment the O/S ratio decreases more quickly, and the gradual destruction of the phenyl rings is also
observed. On the contrary, when photon or electron beams are used, the oxygen is lost more slowly and the
phenyl rings remain almost intact. A reaction mechanism for the radiation-induced reduction of the sul-

fonyl group is proposed on the basis of the ESCA data.

Introduction

The interaction of “traditional” (y-rays, energetic
electrons and protons) or “nontraditional” (heavy ions of
keV or MeV energy) ionizing radiation with polymers is
a topic of wide interest for both fundamental and
technological reasons.

As to the interest for basic phenomena, we may mention
the interest in the peculiar chemistry induced by radiation.
The radiation chemistry has been mainly discussed in
terms of degradation reactions involving the loss of gaseous
products and the irreversible change of the stoichiometry.l
However, more recent results showed that polymers
irradiated with radiation depositing a high density of
energy (typically beams of heavy ions) may be characterized
as highly reactive systems in which many simple chemical
reactions may occur in competition with each other,
producing the modification of the functional groups,
modification of the polymer backbone, cross-linking, chain
scission, etc.?

As to the technological importance, we may recall that
many of the relevant applications of polymeric materials,
as, for instance, applications in aerospace equipment, in
fusion reactors, or as resist materials in microelectronics,
involve the exposure of these polymers to various ionizing
environments. Therefore, it is important to test their
response to various types of radiation. On the other hand,
according to more recent results, the relevant physical and
chemical properties of a polymeric material may be
selectively modified by radiation processing. In particular,
while photons, electrons, or protons may meaningfully
affect the rheological or mechanical properties of polymers,3
recent work has shown that ion bombardment in the keV
or MeV range is particularly effective to induce new
electrical, optical, and chemical properties of technological
polymers like polyimides, PMMA, PAN, PPO, PPS, etc.1?

Polysulfones are materials of great technological interest
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due to their applications as polymeric membranes, resists
for microelectronics, heat-resistant materials in aerospace
applications, matrices for composites, etc. Accordingly,
studies have been undertaken on their response to
“conventional” radiations like y-rays, energetic electrons,
or MeV protons with the aim of controlling their radiation
resistance* or the modifications induced in their rheo-
logical and mechanical properties.”® Furthermore, it has
been also shown that ion-beam treatments (in the keV
energy range) are very suitable to modify other relevant
properties of polysulfones like electrical conductivity or
solubility.%10

Problems concerning the use of different types of
radiation have been primarily addressed, with the aim of
understanding the differences and similarities of the
chemical processes induced. This approach has been
chosen for the reason that it is more and more evident that
different types of radiation may produce different chemical
and physical modifications, since the energy deposition
mechanisms and in turn the radiation-induced chemical
reactions change with the nature and energy of the
projectiles.?

In particular, in the present paper we compare the
chemical modifications induced by soft X-rays, electrons,
and ions having energies of the order of keV on a model
compound, the aromatic poly(ether sulfone), poly(oxy-
1,4-phenylenesulfonyl-1,4-phenylene). X-ray photoelec-
tron spectroscopy (ESCA or XPS) has been used to
characterize the composition and the chemical state of the
surfaces irradiated in situ. The observed phenomena are
discussed in the light of the existing reports on classical
radiolysis, and an additional reaction mechanism is
proposed.

Further papers will address the relationship between the

nature of chemical modifications and the related physical
property changes.

© 1991 American Chemical Society
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Figure 1. Characteristic photoelectron peaks of the starting PES sample.

Experimental Section

Aromatic poly(ether sulfone) [poly(oxy-1,4-phenylenesulfonyl-
1,4-phenylene)] (hereinafter denoted as PES) received from ICI
(Victrex 100P) was studied in the form of foils or films cast from
N-methylpyrrolidone onto a 6 X 8 mm sample holder made of
gold. Exposure to beams of X-rays, Ar* ions, or No* ions and
the related XPS analysis were performed in situ using a Kratos
XSAM 800 electron spectrometer equipped with a Kratos Mac-
robeam ion gun system. The electron irradiation treatments as
well as the related XPS analysis were also performed in situ in
a Kratos ES 300 electron spectrometer, equipped with a Kratos
electron gun, operating with 50-5000-eV electron beams at variable
currents (between 100 nA and 100 xA). The beams were ras-
tered over the sample area to ensure the whole of the specimen
was uniformly treated with ions or electrons. The absence of the
N 1s peak in the spectra reflected lack of residual solvent in the
films studied.

The XPS spectra were referenced to the main component of
the C 1s peak of PES at 284.8 eV of binding energy (BE). After
the irradiation treatments, in which the BE of the most reduced
hydrocarbon-like component is expected to be slightly shifted
toward lower values, the referencing was performed assuming that
the S 2p component pertaining to the sulfone group (at 168.0 eV
of BE) was not shifted. The irradiation treatments generally
resulted in a small shift of all the peaks (up to ca. 0.6 eV) toward
higher KEs, implying an increased conductivity of the modified
surfaces.

For studying the X-ray beam effects, Mg Ka radiation (1253.6
eV) was used with an estimated fluence of 1 X 102 photons cm™2
s'L1! The electron irradiation was performed by using an electron
beam of 1.1 keV with a current density of 0.7 uA cm™ (i.e., 4 X
1012 electrons cm=2s!), During the ion bombardments 1-keV Ar*
or Nt beams were employed, with current densities of 1.1 or 1.4
#A cm2, respectively (i.e., 7 X 102 or 9 X 1012 jons cm™2 s71),

Data acquisition and data processing were performed partly
by using the Kratos DS 300 data system running on a DEC LSI
11/23 computer and partly by using routine programs on a HP-
1000 computer. The Shirley-type nonlinear background
subtraction was used. The overlapping peaks were resolved by
the peak synthesis method based on Gaussian peaks.!?

Results

The O 1s, C 1s, and S 2p peaks of PES are shown in
Figure 1. The peak synthesis and the assignment of the
components have been performed according to literature
data.!317 The reported spectra refer to low exposure to
X-rays, for which the atomic ratios obtained from the XPS
peaks reflect quite well the stoichiometry of the repeat unit

O

with monomer stoichiometry C;203S.

In particular, the O 1s peak can be resolved into a
component at lower BE (532.1 eV) assigned to the oxygen
present in the SO; groups and a component at 533.8 eV
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assigned to the ether-type oxygen. The ratio of the two
components is slightly different from that expected (2.4:1
instead of 2:1). This may be diagnostic of some H20
adsorption on the PES surface. Also the C/S atomic ratio
is slightly higher than that expected for the ideal stoi-
chiometry (13.2:1 instead of 12:1), this being diagnostic
of the presence of some hydrocarbon contamination on the
polymer surfaces. However, at variance with previous
reports concerning PES and other polysulfone systems,!5
no traces of reduced sulfur were observed on the surfaces
studied under the conditions of low exposure to X-rays.
(The two components shown in Figure 1 are assignable to
the S 2py/2 and the S 2p;;; levels.)

The irradiation of PES samples with X-rays, energetic
electrons, or ion beams in the vacuum environment of the
XPS apparatus is found to damage severely the chemical
structure of PES. The nature of the chemical modifica-
tions induced by irradiation depends qualitatively and
quantitatively on the type of irradiation applied.

First, having X-rays as the excitation beam in the XPS
analysis, we examined the effect of prolonged X-irradiation
on the chemical structure of PES. Figure 2 shows the
modifications observed at increasing times of exposure for
the O 1s and S 2p bands of PES. The main effect is that
a new component is created on the S 2p region by
X-irradiation at the BE of the sulfide group (163.8
eV).13-1517 This component reaches the intensity of ca.
20% of the total S 2p band after a relatively long
irradiation time (ca. 5 h). Simultaneously with the
appearance of this reduced S 2p component, the O 1s
component pertaining to the sulfone groups decreases in
intensity with respect to the ether-type O 1s component.
In addition, the losses of sulfur and oxygen are observed
with respect to carbon. The variations in the concentra-
tions of C, O, and S (expressed in atomic percent) are
reported in Figure 3. The composition after 5 h of
irradiation corresponds to the rough formula Cgg2039S in
contrast to the initial monomer formula.

Similar effects may be detected when the polymer
surfaces are irradiated with electrons of 1.1 keV. The
energy and the dose rate of the electron beam were chosen
to be comparable with the parameters of the X-irradiation
{see Experimental Section). Also in this case, the main
effects consisted in the formation of a reduced sulfur
species at the same BE of that observed during X-irradia-
tion (see bottom part of Figure 4) and in the partial loss
of sulfur and oxygen (Figure 5). The rough formula
corresponding to the highest exposure is Cg504S; i.e., it
is very close to that reported above for the highest
irradiation time with X-ray photons. The comparison of
the structure of the S 2p band for e—-irradiated (Figure
4, 120 min) and for X-irradiated (Figure 2, 140 min)
surfaces suggests that electrons are significantly more
effective than X photons in producing the reduced sulfur
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Figure 3. Surface composition of the X-irradiated PES.

component at 163.8 eV. Indeed, the intensity of this
component reaches ca. 35% of that of the whole S 2p band
for e-irradiated samples versus 20% for the X-irradiated
samples at a similar chemical composition. Accordingly,
the sulfone-type oxygen component in the O 1s band is
reduced in intensity, and at the highest exposure employed
it has about the same intensity as the ether-type component
(Figure 4, 180 min). The reduction of the sulfone groups
seems to be irreversible: on exposure of the electron-
bombarded sample to the atmosphere for 48 h, no reox-
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Figure 4. Effect of electron irradiation.

idation of the sulfide takes place (Figure 4).

Finally, we studied the modifications induced by ion
beams on the PES surfaces. Ar* and Ny* ions at energies
of 1 keV and typical dose rates of (7-9) X 102 ions/cm?
were used in order to have beam parameters roughly
comparable to those used in X-ray and electron irradia-
tions. The main effects are qualitatively similar, but
strikingly different from a quantitative point of view.
Indeed, (1) the sulfide-like component becomes predomi-
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Figure 6. Effect of Ar* ion bombardment.

nant at very low irradiation times (Figure 6), corresponding
to fluences lower than those employed with X-rays or
electrons; (2) the ion-irradiated surfaces are more depleted
in sulfur with respect to carbon (Figure 7) than in the case
of X-rays or electrons); and (3) the total oxygen is
drastically depleted with respect to the case of X-rays or
electrons: the O/S atomic ratio is 1.6 after 10 min of ion
bombardment, while it is respectively 3.9 and 4.0 for X-ray-
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and e~-irradiated surfaces at the steady state. Accordingly,
the sulfidic component of the ion-irradiated samples is ca.
40% of the whole S 2p band with an O/S ratio of 2.6, while
in the case of electron irradiation an O/S ratio of 4
corresponded to a 35% conversion into sulfide.

The rate of decrease of the C 1s shake-up satellite
(reflecting the unsaturation) depends upon the projectile:
in the case of ion irradiation this satellite is quickly
destroyed, while it remains almost constant in intensity
during X-ray and e~ irradiation (Figure 8). The decrease
of this satellite, as it is widely reported in literature,!1,16
indicates a severe alteration of the phenyl rings (e.g.,
destruction or cross-linking). On the other hand, we can
also exclude, in the case of ion irradiation, the formation
of a graphite-like structure which is characterized by a well-
defined 7-plasmon satellite at 7 eV from the C 1s peak.2?
It is noteworthy that the different behavior of the shake-
up satellite occurs at a similar degree of sulfur loss. This
difference in the behavior of the shake-up satellite can be
considered diagnostic of the occurrence of another
degradation mechanism, mainly involving the direct
fragmentation of the phenyl rings due to a large colli-
sional (impulse transfer) energy deposition term.

Irradiation with No* does not change substantially the
situation with respect to the Ar* irradiation. In this case,
however, a rapid incorporation of chemically bonded
nitrogen is observed, which practically does not affect the
overall compositional trends (Figures 9 and 10). Indeed,
the rough formulas obtained for Ar*- and Ny*-irradiated
samples at steady state are very close, being respectively
C225016S and Cy31016N1.38.

Our results may be summarized as follows:

(a) The SO, group is partially transformed into a sulfide-
like group in each case.

(b) During each type of irradiation a partial loss of sulfur
occurs in competition with its reduction.

(c) Ion beams are much more efficient in producing the
observed effects than X-rays or electrons. In particular,
during ion bombardment the O/S ratio decreases more
quickly.

(d) The phenyl rings are heavily damaged by ion irradia-
tion.
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Discussion

The results are not entirely explainable in terms of the
current knowledge of radiation-induced phenomena in
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Figure 10. Surface composition of the No* ion bombarded PES.

PES. Indeed, the reduction of the sulfone group to a
sulfide-like entity and the extensive damage of the aromatic
rings are not reported in the current literature describing
the effects of v, e”, and proton irradiation on poly(ether
sulfones).*® The main findings reported in the literature
are as follows: (a) radiation-induced degradation occurs
through the loss of SOy; (b) chain cleavage arises at C-S
or C-0 sites, forming few types of related radicals; (c) the
aromatic rings in the chain are suggested as increasing
greatly the radiation resistance of aromatic poly(ether sul-
fones). Also, there is a general agreement than ionizing
radiations like v-rays and energetic electrons act in a very
similar way on aromatic polysulfones. The first chemical
damage step in aromatic polysulfones is agreed to involve
the homolytic cleavage of one of the two C-S bonds present
in the monomer unit of the polymers. Such a process is
proposed to produce two radicals as fragments, the ben-
zenesulfonyl and the residual phenyl radical 8¢ The further
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evolution of the system should lead to the cleavage of the
second C-S bond, with the simultaneous elimination of
the SO; group, which in the particular case of y-irradiation
is the major trapped product.> Another possible degrada-
tion mechanism is proposed to involve the scission of an
ether linkage, yielding a phenoxy radical, which has been
indeed inferred on the basis of ESR measurements.* The
relaxation of the system in this case is suggested to occur
through the H abstraction from a phenyl ring producing
a final OH group. Finally, a third process involving the
attachment of “hot” hydrogen atoms to a phenyl ring has
been proposed based on the ESR evidence for cyclohexa-
dienyl radical.*

Also the effects induced by 3-MeV protons were found
to be consistent with the above results and their interpreta-
tion. Furthermore, several direct experimental indications
are reported on the formation of phenoxy radicals
(responsible for the formation of OH groups) and aryl-
sulfonyl radicals.?

The processes summarized above, and in particular those
reported for SO loss, are also proposed to explain the
products of thermal degradation.!®

None of the cited papers reports the reduction of SO,.

In a somewhat different case, the reduction of the sul-
fone group to a sulfide-like group has been reported for
UV-irradiated bisphenol A polysulfone.l” According to
these authors, not only a partial reduction is detected
together with a moderate loss of the total sulfur but also
the phenyl rings are observed to be stable to irradiation,
at variance with the drastic destruction observed when the
UV irradiation of bisphenol A polysulfone is performed
in oxygen.!? No mechanism is proposed to explain the sul-
fone reduction.

Comparing our results with the published data, we
suggest that the reaction mechanism proposed so far for
v, e, and proton irradiation experiments is basically valid
also for the chemical changes observed for X or e-
irradiation in the present work. Our experimental findings
indicate, however, that, in the radiation-induced chemistry
of aromatic polysulfones, the decomposition route involving
the SO, elimination occurs in competition with at least
another main reaction channel, consisting of the reduction
of the sulfone groups to sulfide ones. Consequently, a
satisfactory mechanism should be proposed to explain this
entirely new process. Some further routes in the modifica-
tion mechanism should also be considered to account for
the fact that the aromatic system is destroyed with high
efficiency in the case of ion bombardment.

At the present stage of the study some steps in such a
mechanism may be proposed based on the chemical
information in the ESCA spectra.

A reduction mechanism for the SO; group to S
necessarily involves the cleavage of two S=0 bonds. This
process may be thought to occur in competition or as a
consequence of the C-S bond cleavage, which is proposed
to be the primary event for SO, elimination.®

The first possibility is that the S=O bond cleavage is
promoted by the presence of reducing species produced
during the irradiation. The most probable such species
are e~ and H°*, which are known to be produced in huge
quantites during irradiation. In the first case, an e- may
be trapped in a 7-orbital of the SO; group,?® producing a
charged intermediate that reacts according to Scheme I
Alternatively, an H* radical may react similarly with SO,
producing directly an SOOH" group that is further reacted
according to Scheme IL

A different possibility may be proposed in analogy to
the Fries mechanism for photoinduced degradation of
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polycarbonates.?! This mechanism is based on the primary
formation of a radical site on a phenyl ring adjacent to the
sulfone group and on the subsequent scission-and-
isomerization process reported in Scheme III.

In fact, the following can be inferred from the present
ESCA data:

(a) Intermediate sulfoxide groups may be present in low
concentration. The S 2p peak of this group occupies an
intermediate position between those of sulfone and
sulfide.’® Since no effort was made to cool the samples
during the irradiation, the very low intensity of this peak
component can be explained by the thermal instability and
reactivity of organic sulfoxides.2?

(b) The oxygen coming from the sulfone group is partly
transferred to carbon sites as ether or as OH groups,
reflecting that the reduction of the sulfone group should
not necessarily be followed by a complete elimination of
oxygen or oxygen-containing species, but these species may
react according to a Fries-like mechanism.
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Finally, we note that in the case of ion bombardment
the reduction of the sulfone group may also be promoted
by the destruction of the aromatic backbone, so that it may
proceed by a pathway additional to those depicted in
Schemes I-II1.

The qualitative differences observed between the effects
of X-rays and electrons and those of ions also suggest that
different types of projectiles may induce different chemical
processes with different “damage cross sections”. Low-
keV ions, in particular, are known to produce direct and
random fragmentation of the polymer chains, due to the
so-called “nuclear term” of the energy deposition process
of the ions. On the other hand, the characteristic
modification depths as well as the energies deposited per
unit volume of the different types of projectiles of the same
energy are strongly different. In particular, the mean
projected range of 1-keV Ar* in PES can be estimated to
be 45 A with a mean deposited energy of ca. 35 eV-A-1 (ca.
5 eV-A-! of which is deposited by electronic interaction).23
The mean projected range of 1.2-keV electrons is estimated
to be of the order of 1300 A with a mean deposited energy
of 2.5 eV-A-1, while for 1.25-keV photons the corresponding
estimated values are ca. 50 000 A and 0.05 eV.A-1,24
Therefore, these data account for the strong quantitative
differences (e.g., the rate of reduction of SO;) between the
effects of different types of projectiles, while some
qualitative chemical differences (e.g., destruction of the
phenyl rings) depend upon the energy deposition mecha-
nisms.

Conclusions

The irradiation of aromatic poly(ether sulfone) by
various ionizing beams has been studied by ESCA, and
some of the radiation induced processes have been
identified. In particular, the sulfone groups are dramati-
cally affected by irradiation with low-keV projectiles, which
are shown to produce both the depletion of the SOs and
its reduction to a sulfide-like form. The latter reaction
was previously unknown for irradiation with y-rays,
electrons, and protons.

On the basis of the ESCA data new reaction pathways
additional to those of the known degradation mechanism
are proposed. The available evidence suggests that the
reduction process may occur through the formation of a
sulfoxide intermediate and that oxygen may partially be
transferred from the sulfone groups to the carbon backbone
either directly to the aromatic rings (in the case of X-ray
or electron irradiation) or to the complex network produced
by the destruction of the aromatic rings (in the case of ion
irradiation).
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