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Abstract

Fundamental aspects of the selectivity of radiation-induced events in polymers and polymeric
systems were considered: (1) The grounds of selectivity of the primary events were analyzed on the basis
of the results of studies of model compounds (molecular aspect). Basic results were obtained for
hydrocarbon molecules irradiated in low-temperature matrices. The effects of selective localization of the
primary events on the radical formation were examined for several polymers irradiated at low and super-
low temperatures (77 and 15 K). A remarkable correlation between the properties of prototype ionized
molecules (radical cations) and selectivity of the primary bond rupture in the corresponding polymers
were found for polyethylene, polystyrene and some other hydrocarbon polymers. The first direct
indication of selective localization of primary events at conformational defects was obtained for oriented
high-crystalline polyethylene irradiated at 15 K. The significance of dimeric ring association was proved
for the radiation chemistry of polystyrene. Specific mechanisms of low-temperature radiation-induced
degradation were also analyzed for polycarbonate and poly(alkylene terephthalates). (2) Specific features
of the localization of primary radiation-induced events in microheterogeneous polymeric systems were
investigated (microstructural aspect). It was found that the interphase processes played an important
role in the radiation chemistry of such systems. The interphase electron migration may result in both
positive and negative non-additive effects in the formation of radiolysis products. The effects of
component diffusion and chemical reactions on the radiation-induced processes in microheterogeneous
polymeric systems were studied with the example of polycarbonate - poly(alkylene terephthalate) blends.
(3) The effects of restricted molecular motion on the development of the radiation-chemical processes in
polymers were investigated (dynamic aspect). In particular, it was found that kinetics of radical decay
was affected strongly by local molecular dynamics of polymeric chains in specific microphases. These
features are especially important at low temperatures and for "well-organized" polymeric systems, such
as highly oriented and highly crystalline polymers or microheterogeneous bicomponent systems. The
results obtained show that the radiation-induced chemical events in solid polymers are far more selective
than it might be expected from formal energetic reasons. The localization of primary events is controlled
by conformation, weak molecular interactions, and microstructure of polymeric system. Some important
mechanisms of this selectivity could be understood taking into account the properties of prototype
ionized molecules. Significance of the concept of "selective radiation chemistry" for prediction and
improvement of the radiation resistance of polymers and polymeric materials is discussed.
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1. INTRODUCTION

The problem of selectivity of the radiation-induced events in solid polymers is basically
important for prediction and improvement of the radiation stability of polymeric materials as well
as for radiation-chemical modification of polymers. Generally speaking, it is this factor that
determines efficiency of the use of radiation energy for specific transformations of the material.
The primary radiation-induced chemical events (e. g., bond rupture) are often treated as non-
selective; this implies that any heterogeneity in the radiation-induced damage of the material
results from secondary processes, such as microscopic and macroscopic diffusion of the radiolysis
products. This concept is rather intuitive than physical. It originates from a simple idea that the
energy of ionizing radiation is too high, so the differences between the energies of specific
chemical bonds and even more "subtle" structural differences (e. g., resulting from conformation,
weak interactions etc.) become unimportant. Actually, it is known for a long time that the model
of random primary bond rupture does not work well (one illustrative example is that main chain
scission is negligible in the radiolysis of n-alkanes and polyethylene, whereas the yield of C-H bond
rupture is rather large, see, e. g., [1]). Nevertheless, this point of view is still wide-spread,
especially in applied researches.

An alternative approach is concerned with the concept of "weak bonds". This implies
simply that the weakest bond in the molecule is favorably ruptured in radiolysis, like that in
conventional thermal processes. This approach provides reasonable description of the distribution
of final radiolysis products of some liquid hydrocarbons [2], which may be partially due to rapid
secondary thermal radical reactions; however, it is at least questionable for primary events in solid
polymers.

A common problem of both of these concepts results from the fact that they ignore physical
mechanisms of the degradation of energy of ionizing radiation in the condensed phase, that is, the
properties of ionized and excited macromolecules are not taken into account. Furthermore,
previous studies of primary radiation-induced events often disregarded real microstructure of the
polymers used, which may be very important in terms of defects, microdomain sizes etc. Several
years ago we started extensive experimental studies in order to obtain direct information
concerning basic factors determining selectivity of radiation-induced events in hydrocarbons,
polymers and organized polymeric systems. These studies [3 - 5] revealed remarkable selectivity of
primary events, which could not be explained in the frame of simple intuitive concepts mentioned
above. The present report describes some basic results and tentative interpretation, and analyzes
possible consequences of the selective radiation-chemical effects for practical applications.

2. EXPERIMENTAL APPROACHES

In the course of our studies, we used several techniques for evaluation of the radiation-
induced effects in polymeric systems (ESR, IR-spectroscopy, sol-gel analysis, mechanical testing,
X-ray scattering). Meanwhile, the most important feature of our approach is concerned with using
a combination of ESR and ER. spectroscopy at low and super-low temperatures (down to 10 K) for
analysis of the localization of primary radiation-induced events in model hydrocarbons, polymers
and organized polymeric systems.
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Application of spectroscopic techniques is very useful since we are interested in the precise
nature of the primary radiation-induced defects and their spatial distribution. ESR and IR
spectroscopy are very informative tools for determining the chemical nature of radiolysis products;
moreover, both ESR and IR spectra are sensitive to the local environment of the radiation-induced
defects. These methods are intersupplementary. ESR spectroscopy provides unique information
concerning structure and distribution of paramagnetic species (radicals, radical ions), which is of
primary significance to determine the selectivity of bond rupture at early stages. IR spectroscopy
makes it possible to study the radiolysis products regardless of their magnetic properties. In
particular, this method allows one to reveal unambiguously the formation of many common
degradation products (e. g., unsaturated bonds, methane, carbon monoxide, carbon dioxide, etc.)
promptly after irradiation of solid samples at low temperature.

On the other hand, identification of the IR spectra of primary species is often not
straightforward, and in some cases ESR spectroscopy may serve as a reference tool. It should be
noted that the approach based on combination of low-temperature ESR and IR spectroscopy, in
spite of its great potential, is still not widely used to probe the radiation chemistry of organic and
polymeric materials. We believe that this is partially due to technical difficulties, which were
overcame in our laboratory.

Using low temperatures is basically important in our spectroscopic studies. In terms of the
radiation chemistry of organic solids and polymers, low temperature means, first of all, restriction
of molecular motion, which reduces the probability of secondary reactions. This makes it possible
to analyze not only chemical identity of primary radiolysis products, but also their initial
distribution. A typical low-temperature experiment in radiation chemistry is carried out at liquid
nitrogen temperature (77 K). However, it was shown [6 - 9] that some local processes in polymers
(e. g., radical site migration) may occur even below 77 K. For this reason, in some cases it is
necessary to use super-low, or "helium-range" temperatures (4-77 K). In our studies we used an
original homemade complex of continuos-flow helium cryostats for spectroscopic studies of
electron-irradiated samples at 8-300 K. The complex consists of three cryostats: (1) cryostat for
ESR spectroscopic studies of film polymeric samples (including oriented films) irradiated in cold
helium flow at 8-20 K; (2) cryostat with vacuum resonator cavity for ESR spectroscopic studies of
matrix deposited samples irradiated in vacuum at 8-20 K; (3) cryostat for IR spectroscopic studies
of polymeric and deposited samples irradiated in vacuum at 10-20 K (the latter cryostat is also
suitable for UV/visible optical spectroscopic studies of irradiated samples). In all cases, irradiation
with fast electrons is carried out through thin aluminum foil windows in the cryostats
(a commercial EG-2.5 Van-de-Graf accelerator was used; electron energy was typically
1-1.5 MeV; dose rate 20-150 Gy/s). The spectra were measured in the same cryostats without
intermediate heating; it was possible to follow the post-irradiation processes occurring upon
annealing the samples at any temperature up to 300 K. More detailed description and schemes of
the cryostats are given in a recent review [10]. To the best of our knowledge, no other research
group in the world possess such a complex of equipment for the low-temperature radiation-
chemical studies. It appears that, in addition to basic mechanistic significance, the studies of
radiation-induced effects in organic and polymeric materials at super-low temperatures are
important for some specific applications.
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The experiments at 77 K were carried out with commercial and homemade [10] cryostat
equipment. Both fast electron irradiation (see above) and 60Co y-ray irradiation (dose rate
8-16 Gy/s) were used in this case.

The polymeric samples used were characterized by various techniques (IR spectroscopy, X-
ray scattering, DSC, HPLC). Detailed description of the materials used and sample preparation is
given elsewhere [4, 11-16].

3. RADIOLYSIS OF HYDROCARBONS IN LOW-TEMPERATURE MATRICES

First of all, we have investigated the molecular aspect of the problem. This implies analysis
of the selectivity of primary chemical events (e. g., chemical bond rupture) in ionized and excited
macromolecules. Special attention was paid to the elucidation of the structure and reactivity of
ionized molecules since ionization appears to be the most important primary process in the
radiation chemistry of molecular materials in condensed phases. In general, our studies revealed
the very important role of primary ionic species in the radiolysis of most hydrocarbon polymers.

Actually, in many cases it is not possible to follow the fate of primary ionization and
excitation at the molecular level in real solid polymers. For this reason, it is necessary to use model
systems. The primary ionized aliphatic molecules are highly reactive, so they are not trapped in
pure organic substances even at super-low temperatures (down to 4 K). Since at this stage we are
interested in the basic properties of isolated ionized molecules it is relevant to use the matrix
isolation technique, which implies irradiation of organic molecules in rigid inert environment at
low temperatures.

Recent progress in the studies of ionized hydrocarbon molecules in low-temperature
matrices is associated with two main approaches. The first approach, rather simple and elegant,
deals with the so-called "Freon matrix technique" [17, 18] using frozen dilute solutions of
hydrocarbons in specific halocarbons (Freons). Trapping of ionized organic molecules (radical
cations) in Freon matrices is efficient because of the high electron affinity of the matrix, which
scavenges electrons resulting from radiolysis. The application of Freon matrices made it possible
to get unique information about the properties of reactive ionized molecules. In particular, the
ESR studies in Freon matrices revealed remarkable selectivity of bond rupture in ionized
hydrocarbon molecules, which was determined by their electronic structure and geometry.
We used the Freon matrix technique for the studies of selective reactivity of the radical cations of
alkenes [19] and aromatic hydrocarbons [20]. The limitations of this approach result from rather
strong cation-matrix interactions and unknown matrix micro structure in most cases.

The second approach was introduced by us very recently [10]. It is concerned with using
solid rare gas matrices (argon and xenon), which seems to be more rigorous from the point of
view of the classic formulation of matrix isolation. The advantages of this approach are due to
inertness, low polarizability and optical transparence of solid rare gas matrices; the latter factor
makes it possible to carry out not only ESR, but also IR spectroscopic studies in the same
environment. The main difficulty is concerned with technical problems of designing the complex
apparatus for radiation-chemical studies at super-low temperatures required for using solid rare
gas matrices; our way of solving these problems is described in the previous section of the report.
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We present here some details of the most recent studies of hydrocarbon radiolysis in solid rare
gas matrices.

The experiments were carried out with linear alkanes (butane - heptane); longer alkanes are
less suitable for these studies because of low volatility. Heptane appears to be an appropriate
model molecule to probe the selectivity of the rupture of various C-H and C-C bonds in ionized
and excited alkanes. Irradiation of heptane in solid rare gas matrices doped with electron
scavengers allows us to obtain the information concerning trapping and degradation of primary
ionized molecules. On the other hand, experiments with heptane/matrix systems without electron
scavengers shed light on the primary mode of degradation of excited molecules resulting from ion-
electron recombination. Variations of the matrix nature makes it possible to follow "low-energy"
or "high-energy" paths of the reactions of primary ions. Indeed, using a xenon matrix (ionization
potential 12.13 eV) results in predominant formation of ground-state alkane cations, whereas
using an argon matrix (ionization potential 15.75 eV) leads to formation of excited alkane cations
because of highly exothermic positive hole transfer [11].

Fig. 1 a shows the ESR spectra of irradiated heptane/xenon systems. The multiplet signal
with a characteristic splitting of ca. 2.2 mT is due to secondary heptyl radicals. In addition, intense
signals from trapped hydrogen atoms (a doublet with the splitting of 51.0 mT and well-defined
superhyperfine structure due to interaction with xenon magnetic isotope nuclei) are observed [10].

IR spectra of the same irradiated system show a rather large radiation-chemical yield of the
total degradation of parent alkane molecules (> 1.4 molecule per 100 eV [11]), which
demonstrates high efficiency of energy transfer from matrix to isolated molecules. The most
intense new absorptions resulting from irradiation of the sample at 15 K are due to fram-vinylene
olefins and some unidentified intermediates (probably, radicals). The intensity of the absorption
bands of methane and vinyl olefins are lower. Thus, both ESR and IR spectroscopic data show
that C-H bond rupture is the most important primary process for excited isolated alkane molecules
resulting from ion-electron recombination. The efficiency of the C(l)-C(2) bond rupture is lower,
whereas other processes of C-C bond rupture were not detected [11].

Irradiation of heptane/xenon systems containing an electron scavenger results in trapping of
primary ionized heptane molecules (radical cations). The intensity of the signals from trapped
hydrogen atoms drops dramatically because of ceasing ion-electron recombination. The ESR
spectrum of the radical cations (Fig. lb) is a characteristic triplet with a coupling constant of
a(2H) = 3.1 mT due to the interaction of the unpaired electron with two in-plane chain-end
protons [21] (the spectrum is similar to those observed earlier in halocarbon and related matrices
[22, 23]). The spectrum corresponds to the extended-chain conformer (planar zigzag) of ionized
heptane molecules. It should be noted that the spectra of gauche conformers of the radical cations
are remarkably different, which also results in different site-selective reactivity of these species
[24 - 26]; this peculiarity is very important when considering the selectivity of reactions of ionized
macromolecules (see discussion below). IR spectra of the irradiated systems
heptane/xenon/electron scavenger show a low-frequency-shifted feature in the C-H stretching
region (maximum at ca. 2770 cm*1) [11]. This feature may be due to selectively weakened specific
C-H bonds in the radical cations; this appears to be the first indication of the vibrational spectra of
such species. Further studies are necessary to prove the identification.

45



5.0 mT

FIG. 1. ESR spectra of the products of heptane radiolysis in xenon and argon matrices at
15 K: (a) heptane/xenon = 1/400; (b) heptane/xenon/Freon-113 = 1/400/2; (c)
heptane/argon/Freon-113 = 1/400/2. The signals from methyl radicals are marked with
asterisks.
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The isolated radical cations of alkanes are quite stable in inert matrices at low temperatures.
However, they react with parent neutral molecules to yield alkyl radicals at elevated temperatures
or at higher alkane concentrations [3, 24-26]. In the cases of neat alkanes or polymers, such ion-
molecule reactions may occur even at super-low temperatures [27]. This reaction has proved to be
proton transfer of the type

RH+* + RH >RH2
+ + R* (1)

An important feature of proton transfer is its selectivity, which correlates with the spin
density distribution in the radical cations. The proton transfer occurs from the maximum spin
density site, i. e., the protons showing the largest coupling constants in the ESR spectra are the
most "acidic" (weakly bound). Thus, for extended-chain conformers, primary deprotonation
occurs at the chain-end position yielding terminal alkyl radicals, whereas for gauche conformers
deprotonation may occur from the gauche position [25-27]. This is the reason for conformational
selectivity of the bond rupture in ionized alkane molecules and related macromolecules. Although
the correlation between spin density distribution and selective reactivity of the radical cations was
known for several years [25-27], the theoretical grounds of this rule were not completely clear.
Our IR spectroscopic observations of bond weakening in the radical cations in a xenon matrix
appear to shed light on this issue.

Generally speaking, experiments in xenon matrices show that C-H bond rupture is the most
important primary process for both ionized and excited isolated alkane molecules, and this process
is site-selective in the case of ionized molecules. The C(l)-C(2) bond rupture also occurs for
excited molecules, but the yield of this process is smaller.

As stated above, the studies in an argon matrix allow us to follow the fate of excited primary
radical cations ("high-energy pathway") resulting from the large gap in ionization potentials
between argon and hydrocarbons. Actually, it is not known whether such "high-energy pathway"
is essential for the radiolysis of neat solid hydrocarbons. It depends on the energy degradation
spectrum (not well defined at relatively low electron energies) and the efficiency of deactivation
of excited ions in condensed phase. Nevertheless, it seems to be of interest to use this unique
possibility to get some information concerning the properties of excited ions in a solid matrix.

Fig. lc shows the ESR spectra of irradiated heptane/argon systems in the presence of an
electron scavenger. The most important difference between xenon and argon matrices results from
the fact that the excited radical cations undergo rapid fragmentation in argon; these species are not
trapped in the presence of electron scavengers. Instead of this, rather large yields of methyl
radicals (a quartet signal with coupling of 2.3 mT) are observed, independent of the presence of
scavengers, which indicates the primary significance of the C(l)-C(2) bond rupture for excited
radical cations. This result is in general accord of our IR spectroscopic observations [11]
exhibiting favorable formation of methane and vinyl-type olefins in the radiolysis of the
heptane/argon solid system at 15 K. The yields of the products of the C-H bond rupture
(secondary heptyl radicals, fraws-vinylene olefins) are relatively smaller than those observed in a
xenon matrix. In addition, the products of deeper destruction (such as terminal allyl-type radicals)
are observed in argon at relatively high doses, probably due to secondary processes. Detailed
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analysis of the products of heptane degradation in argon and the tentative radiolysis scheme are
presented in [11].

Thus, the results of our studies of alkane radiolysis in solid rare-gas matrices, show that the
primary degradation of isolated alkane molecules occurs mainly via C-H bond rupture, and, to a
certain extent via C(l)-C(2) bond rupture. No evidence for alkane chain scission at other positions
was obtained so far. These results contradict both "random scission" and "weak bonds" concepts;
however, they match well the experimental results on the radiolysis of neat alkanes and
polyethylene. We may conclude that it is the electronic structure of primary ionized and excited
molecules that determines the mode of primary bond rupture, and the weakest bonds in these
species may be not the same as in parent neutral molecules. In particular, the spin density
distribution in the ionized molecules is very important.

We have studied also the selectivity of the reactions of linear alkene radical cations [18, 28].
These investigations were carried out using Freon matrices. It was shown that deprotonation of
ionized alkene molecules occurs predominantly at the maximum spin density site. For this reason,
the conformation of the ionized molecule may also affect the selectivity of the C-H bond rupture
[18]. On the other hand, the presence of p-p associates in alkenes prior to irradiation (rather
weak in neutrals) may result in the formation of dimeric radical cations, which yield dimeric-type
alkyl radicals [28]. In terms of the radiation chemistry of unsaturated polymers, the latter process
can be interpreted as the first step of radical ionic crosslinking [3]. The results obtained show that
both the molecular conformation and weak interactions may control the mode of formation of the
radiolysis products. Furthermore, it was shown that allyl radicals observed in the low-temperature
radiolysis of alkenes (and probably of unsaturated polymers) resulted mainly from primary radical
cations rather than from excited molecules [3, 29].

In the case of aromatic hydrocarbons (benzene and alkyl benzenes), our studies revealed two
basic pathways of the reactions of primary ionized molecules [20]. Benzene radical cations react
with neutral molecules to yield dimeric species:

C6H6
+*+ C6H6 >(C6H6)2

+* (2)

These dimeric radical cations are quite stable in the presence of electron scavengers.
Neutralization of these species with electrons results in the formation of excimers, which mainly
dissipate their energy without formation of any observable products. On the other hand, toluene
and other alkyl benzene radical cations yield benzyl-type radicals as a result of an ion-molecule
reaction :

C6H5 CH3
+* + C6H5 CH3 > C6H5 CH2* + C6H5 CH3(H

+) (3)

Reaction (3) is most likely proton transfer, i. e., a particular case of general scheme (1).

It was suggested [20, 29] that for the molecules containing two or more phenyl rings and
corresponding macromolecules (e. g., polystyrene) both ways were possible depending on
molecular organization (packing of aromatic rings). Thus, the proposed mechanism provides a
basis for the correlation between aromatic ring packing and radiation stability of the corresponding
solid system.
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4. LOCALIZATION OF PRIMARY EVENTS AND THE MECHANISMS OF RADIOLYSIS
OF SOME SPECIFIC POLYMERS

4.1. Polyethylene

In spite of numerous studies of the radiolysis of polyethylene during the past 40 years (see,
e. g., [30]), the mechanisms of early stages of the process are still not completely understood. In
general, it is known that the C-H bond rupture strongly predominates over main chain scission (in
accordance with the properties of ionized and excited molecules of prototype alkanes considered
above). However, up to recently no direct evidences of the site selectivity of the C-H bond rupture
related to structural defects was obtained. As shown in the previous section, deprotonation of
ionized linear alkane molecules is highly selective and correlates with the conformation of these
species. In particular, extended conformers undergo deprotonation at the chain-end position,
whereas gauche conformers exhibit deprotonation at the defect position. Such a selectivity results
in high primary yields of terminal alkyl radicals in alkane crystals (up to C25H52) irradiated at 4 K
[27]. Alkane molecules in the crystals are packed as extended-chain conformers, so this result
implies that the positive hole delocalizes over the extended chain resulting in large spin densities
on the in-plane chain-end protons, which are the most acidic. Similar effects are expected for
polyethylene, however, their direct observation is difficult because of the complex supramolecular
structure of the polymer and the occurrence of secondary local radical site migration even at 77 K.
Thus, in order to clarify this issue, it is necessary to use well-organized high-crystalline samples
with low defect concentrations and to carry out the experiment at super-low temperatures.

Recently we obtained the first direct spectroscopic evidence for selective localization of
primary radiation-induced events at conformational defects in high-crystalline polyethylene
irradiated at 15 K [3, 4], The most illustrative results were obtained for polyethylene with
extended-chain crystals (ECC PE) obtained by high-pressure annealing (538 K, 686 MPa) of linear
polyethylene (<0.05 CH3 per 100 carbon atoms, molecular weight 150000). This sample has a
very high degree of crystallinity (95 - 98%) and large perfect crystallites, so the concentration of
conformational defects (gauche conformers) is extremely small. Nevertheless, the ESR spectrum
of oriented ECC PE irradiated at 15 K (Fig. 2) shows well-defined features of alkyl radicals
localized at gauche conformers (in addition, to "normal" trans-trans conformers of interior alkyl
radicals). The fraction of radicals localized at gauche conformers was estimated to be as large as
ca. 30%; the computer simulated spectrum agrees well with the experimental one [4]. This result
clearly indicates favorable localization of primary bond rupture at conformational defects, which
is consistent with the model of selective deprotonation of the primary ionized macromolecule at
the gauche position (the scheme is shown in Fig. 2). In fact, this means that the delocalization of
the primary positive hole terminates at a conformational defect, that is, gauche conformers act as
"effective chain ends". In this case, actual fraction of radicals resulting from ion-molecule reaction
(1) should be approximately ca 60% of the total radical yield the protonated ion RH2 gives one
more radical upon subsequent neutralization with an electron:

RH2
+ + e ' >R* +H2 (4)

The radical resulting from neutralization is most likely localized at the adjacent polymeric
chain relative to the radical trapped at conformational defects. Indeed, trapping of correlated
radical pairs was observed in high-crystalline polyethylene irradiated at super-low temperatures
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[7, 8]. Thus, the reactions of primary ionized molecules may account for the formation of a major
part of the alkyl radicals trapped in irradiated polyethylene.

- H

3,0 «T

FIG. 2. First direct spectroscopic evidence for a favourable primary localization of
radical site at conformational defects in macromolecules. The spectrum corresponds to
oriented ECC PE (95- 98% crystallinity) irradiated to 36 kGy at 15 K; magnetic field
was applied parallel to draw axis. The signals from alkyl radicals trapped at gauche
conformers are marked with arrows.

4.2. Polystyrene

The radiolysis of polystyrene has been studied extensively from both mechanistic and
practical viewpoints. Nevertheless, we failed to find in the available literature even a crude self-
consistent scheme of the radiolysis mechanism, which met the balance requirements. Our studies
made it possible to formulate such a scheme on the basis of an ionic mechanism of radical
formation [14, 20, 29]. The basic significance of the reactions of primary ionic species in the
radiolysis of polystyrene is illustrated well by the effect of electron scavengers on the yield of
paramagnetic species trapped in polystyrene irradiated at 77 K [20]. Indeed, addition of even a
small amount of chloroform (ca. 0.1%) results in considerable increase in the yield of
paramagnetic species (Fig. 3). This result is explained by electron scavenging and a corresponding
increase in the yield of chemical reactions of primary cations. It should be noted that the
remarkable effect of trace amounts of electron scavengers on the radiolysis implies formally very
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large radius of capture that means that electrons may travel rather long distances (several
nanometers).

As mentioned in section 2 of this report, primary positive ions in polystyrene may appear as
monomeric or dimeric aromatic radical cations. Monomeric radical cations react to yield benzyl-
type radicals via proton transfer to polystyrene matrix ("toluene-like behavior"). Dimeric radical
cations are stable in the presence of chloroform at low temperatures.

species per 100 eV

ELECTRON FRACTION OF CHLOROFORM

FIG. 3. The effect of chloroform on the formation of paramagnetic species in the
radiolysis of polystyrene at 77 K.

This may be referred to as "benzene-like behaviour". Aromatic excimers are formed upon
neutralization of these dimeric radical cations; these species probably do not yield radicals because
of their efficient deactivation (both light emission and radiationless relaxation). Thus, the aromatic
ring association in polystyrene and related systems may become a factor controlling their radiation
stability.

Another important feature of the proposed scheme is that the RH2 ions resulted from ion-
molecule reaction yield cyclohexadienyl-type radicals (products of H-addition to benzene ring)
upon neutralization. These radicals are clearly observed in the ESR spectra. The overall scheme of
the radical formation in the radiolysis of polystyrene may be presented as follows [1, 16]:
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RH - W \ - > R H + ' , ( R H ) 2
+ > , e ' (5)

e" > e ' t r (6)

+ + RH > RH2
+ + R* b e n z y l (7)

RH2
+ +e" > R J V c h d (8)

Here RH represents polystyrene unit, e"tr is the trapped electron, R* benzyl anc* RH2 ' chd a r e

benzyl-type and cyclohexadienyl-type radicals, respectively.

This scheme meets balance requirements and accounts for the observed dose dependence of
the radical formation and effects of electron scavengers.

One more practical aspect of our studies of the radiolysis of polystyrene was concerned with
the radiation stability of the polystyrene-based plastic scintillators. It was found that even small
amounts of secondary luminophores added to polystyrene have considerable effect on the
formation of macroradicals in irradiated polystyrene. One possible explanation is concerned with
electron and hole scavenging by the additives. For this reason, degradation of luminophores may
be significant even at small irradiation doses. On the other hand, accumulation of macroradicals is
accompanied by degradation of the optical characteristics of scintillators. The presence of oxygen
results in increase in the radiation stability of the scintillators. The ways of improvement of the
characteristics of polystyrene-based scintillators may include both a search for more stable
luminophore additives and modification of the matrix in order to enhance the oxygen permeability.

4.3. Other Hydrocarbon Polymers

Although other hydrocarbon polymers were not examined systematically in our studies, we
have obtained some preliminary data, which indicate that the reactions of primary ionized
molecules are basically significant for these systems too. In particular, addition of electron
scavengers results in a noticeable increase in the radical yield in the radiolysis of polybutadiene.
This also appears to be valid for other unsaturated polymers. The distribution of the radiation-
induced events in these polymers may be controlled, at least partially, by formation of weak double
bond associates, which affect the positive hole localization.

Generally speaking, we believe that the correlation between the properties of primary
ionized molecules of prototype hydrocarbons and localization of primary radiation-induced events
in corresponding polymers is obvious. From the fundamental point of view, this means that the
knowledge about the features of chemical bonding in ionized hydrocarbon molecules may help us
to predict the distribution of primary bond ruptures in real polymers. From the practical point of
view, this implies that addition of positive hole scavengers (rather than quenchers of excited
states) may represent the most efficient way to increase the radiation stability of hydrocarbon
polymers. Another possibility is concerned with the variations in supramolecular organization, in
particular, with changes in the degree of association.
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4. 4. Polycarbonate

The polymers considered above show only negligible main chain scission. In contrast with
these systems, bisphenol-A based polycarbonate (PC) is a typical destructible polymer, which
exhibits favourable main chain scission. The radiation resistance of PC was studied in numerous
works; however, the primary localization of the radiation damage cannot be deduced from these
experiments. We have examined the radiation chemistry of PC irradiated at low temperature
(77 K) using our combined spectroscopic approach [15, 16]. This method was found to be very
suitable for PC because main paramagnetic (radical pairs) and diamagnetic (carbon monoxide and
carbon dioxide) can be well characterized by the spectroscopic techniques used.

The IR spectrum of PC irradiated at 77 K shows rather intense new absorptions due to CO
and CO2 trapped in the polymer matrix [15, 30]. The maximum position and the shape of these
bands exhibit clear dependence of their local environment (in particular, this allowed us to
discriminate easily between atmospheric and radiolytically produced CO2).

0.40

0.00
2200 2100 200.0

WAVENUMBER, cm'1

FIG. 4. The IR spectra of PC irradiated at 77 K up to the doses (1) O.I and (2) 2.0 MGy;
the spectrum (3) was taken after annealing the sample at 200 K. All the spectra were
measured at 77 K.

Fig. 4 demonstrates the fragment of the IR spectrum of irradiated PC corresponding to the
CO absorption. A well-defined doublet structure of the absorption band was attributed to "non-
perturbed" CO molecules (high-frequency component) and to CO molecules trapped in the vicinity
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of radiolytically produced negative ions [15, 30]. The assignment is based on the analysis of dose
dependence and annealing behaviour of this complex band; it is also supported by theoretical
consideration of the effect of local ionic field on band position [30]. The probability of electron
trapping in the proximity of CO is sensitive to the polymer structure (it decreases with increasing
the sample crystallinity).

The ESR spectra of PC irradiated under similar conditions exhibit signals from ionic species
(most likely, trapped electrons) and neutral radicals of phenyl and phenoxyl types. An important
feature of primary radical formation in PC is that most radicals are trapped in the form of
correlated radical pairs, which show doublet with a characteristic dipolar splitting that correspond
to a specific interspin distance. The radical pairs are separated by a CO molecule. The interspin
distance in the radical pairs was found to be quite sensitive to the polymer structure; in particular,
it changes from 0.573 nm for the amorphous sample to 0.538 nm for the sample with 64% degree
of crystallinity [30]. This implies that measuring the dipolar splitting for radical pairs (which can be
easily converted to the interspin distance) can be an informative test for the local environment of
radiation damage in PC-based systems. In addition to the dipolar splitting of the signal
corresponding to allowed transition (AMs = 1), we also observed the ESR signal corresponding
to forbidden transition (AMs = 2), which is characteristic of close radical pairs. Measurement of
relative intensity of these signals allowed us to estimate the fraction of the radical pairs, which was
as large as ca. 60% of the total amount of trapped radicals. Thus, the formation of CO and
corresponding radical pairs appears to be the most important primary process in the radiolysis of
PC. The formation of carbon dioxide and the corresponding radical pairs was also observed;
however, the yield of this process was smaller [15]. The shape of the IR band of carbon dioxide
was found to be sensitive to the phase state of the polymer.

More detailed analysis of the spectroscopic parameters of paramagnetic and diamagnetic
products of the radiolysis of PC is given in Ref. [30].

The results obtained can be rationalized in the form of the following scheme.

[-C(CH3)2-Ph-O-C(O)-O-Ph-]*^ > [-C(CH3)2-Ph0' + CO + *O-Ph-] (9)
[-C(CH3)2-Ph-O-C(O)-O-Ph-] > [-C(CH3)2-Ph- + CO2 + 'O-Ph-] (10)
[-C(CH3)2-Ph0- + CO + -O-Ph-] + e' > [-C(CH3)2-Ph0' + CO + 'O-Ph-] (11)

It should be noted that our studies revealed that CO and CO2 resulted from different
precursors, probably from two distinct excited states, which show different quenching behaviour.
Reaction (11) becomes more significant at higher doses.

Therefore, the radiation-induced destruction of PC may be understood in terms of reactions
of neutral excited states rather than those of ionic species. The problem of stabilization of this
polymer can be solved by the choice of appropriate quenchers (mainly aromatic carbonyl
compounds with lower excitation levels).
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4. 5. Poly(Alkylene Terephthalates)

The radiation chemistry of poly(ethylene terephthalate) (PETP) attracted considerable
attention mainly for practical reasons. The basic mechanisms of primary effects were not studied in
detail. Generally speaking, PETP shows rather high radiation stability. Previous ESR studies [31 ]
revealed formation of paramagnetic ions (disappearing completely at room temperature) and alkyl-
type radicals. In contrast with other aromatic polymers, no evidence for formation of the
cyclohexadienyl-type radicals was reported. The yields of destruction products measured at room
temperature are typically low; the data concerning formation of stable products at low
temperatures are unavailable. The radiolysis of other poly(alkylene terephthalates) was not studied
systematically. In the frame of this work, we have investigated the radiolysis of PETP and
poly(butylene terephthalate) (PBTP) at 77 K by ESR and ER. spectroscopy. IR spectroscopic
studies show that the yield of CO2 in both phthalates is relatively low (as compared to PC), and
the formation of CO is negligible.

The most important result of the ESR studies is the first detection of the cyclohexadienyl-
type radicals in the radiolysis of PETP and PBTP [32]. This result is illustrated by Fig. 5. The
cyclohexadienyl-type radicals represent a considerable fraction of the primary radicals in both
polymers studied. Thus, the earlier conclusion [31] that the cyclohexadienyl-type radicals are not
formed in PETP because of peculiarities of its chemical structure appears to be wrong. The
structure of various types of radiolytically produced alkyl-type radicals was determined for PBTP
[32]. It was shown that the decay of both cyclohexadienyl and alkyl-type radicals at room
temperature is described by the second-order kinetics. This may be an evidence of radical
combination reaction yielding crosslinks, which makes it possible to revise the radiolysis
mechanism of this polymer. Although the mechanism of formation of these radicals is not known,
we may tentatively suggest significance of the ionic pathway similar to reaction (8) occurring in
polystyrene.

.1.9

26

I

FIG. 5. The ESR spectra of polyfethylene terephthalate) irradiated up to 185 kGy at 77
K: (I) immediately after irradiation; (b) after annealing the sample for 7 min at room
temperature. The signals from cyclohexadienyl-type radicals are marked.
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5. NON-ADDITIVE EFFECTS IN THE RADIOLYSIS OF MICROHETEROGENEOUS
BICOMPONENT POLYMERIC SYSTEMS

Chemical and structural inhomogeneity is a typical feature of real polymeric systems.
Meanwhile, a specific interest is concerned with the peculiarities of the distribution of radiation-
induced events in bicomponent microheterogeneous systems (e. g., block copolymers and polymer
blends). The systems of this kind are regarded as promising new polymeric materials. The
radiation chemistry of these systems was virtually not investigated up to recently. The
corresponding studies are of both fundamental and practical interest. In particular, if a
microdomain size is comparable with the typical scale of primary radiation-induced processes
(i. e., electron transfer, positive hole and excitation transfer), one may expect non-additive effects
even at early stages of radiolysis. As a result, irradiation may cause selective modification of the
microphases and specific changes in the material properties. We may define this problem as the
microstructural aspect of the selectivity of radiation-induced events.

In the course of the present studies, we have examined the possibility of non-additive effects
for several kinds of microheterogeneous systems irradiated at low temperatures.

5.1. Styrene-Butadiene Block Copolymers

Styrene-butadiene block copolymers are well-characterized microheterogeneous systems
with microdomain size of ca. 10 ran and variable microdomain morphology. These copolymers
attract considerable attention from the viewpoint of various applications. We have investigated the
formation of paramagnetic species in styrene-butadiene block copolymers of various composition
and morphology [13]. Fig. 6a shows the yields of paramagnetic species plotted versus electron
fraction of polystyrene component. A negative deviation from the additive rule in the formation of
paramagnetic species is clearly observed for the systems with a large content of polystyrene
component. This deviation is not due to transfer of positive hole or excitation from polybutadiene
to polystyrene via contact mechanism [33], because the fraction of contacted units of different
components is not large for segregated microheterogeneous block copolymers. Detailed analysis
of the ESR spectra [13] revealed that the effect was most likely due to interphase electron
migration. The electrons generated in polystyrene microdomains migrate to polybutadiene
microphases and react with allyl radicals to yield diamagnetic species. As a result, the
concentration of paramagnetic species decreases in both microphases. This may be interpreted, at
least formally, as mutual protection. We should note that the possibility of long-range electron
migration in polystyrene was proved in the experiments with electron scavengers described in
section 4.2 of this report.

5.2. Interpolymers Of Polystyrene And Polytrichlorobutadiene

It seems to be of special interest to test the significance of long-range electron transfer in the
radiation chemistry of microheterogeneous polystyrene-based systems for a system containing
electron-scavenging units. For this purpose, we have investigated the radiolysis of interpolymers of
polystyrene with 1,1,2-polytrichlorobutadiene (PTCB) at 77 K [34]. Interpolymers are the
products of irreversible reactions between two different macromolecules. In the case of
incompatible components, solid interpolymers exhibit a characteristic microphase separation. The
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micro structure of such systems may vary significantly with the variations in the reaction
conditions. In general, such an approach may allow one to design the materials with specific
valuable properties. The radiation-chemical effects in interpolymers have not been studied.

Fig. 6b exhibits the yields of paramagnetic species in interpolymers of polystyrene and PTCB
of various composition. A specific feature of the systems under consideration results from high
electron affinity of the PTCB units containing three chlorine atoms. The electrons generated in
polystyrene microdomains travel to PTCB microphases and react with the units of this component
via dissociative electron capture to yield chloroallyl radicals [34]. This process is very efficient
even at rather small fractions of PTCB, so the cation-electron recombination in polystyrene is
suppressed. As a result, the yield of benzyl radicals formed in the reactions of primary radical
cations in polystyrene microphases (reaction (7)) increases. This leads to positive non-additivity in
the total yields of paramagnetic species. Such a behaviour can be described as mutual
sensitization.

G (R), radical per 100 eV

0.0
0.0 0.2 0.4 0.6 0.8 1.0 Q o Q 2 Q 4 Q 6 Q 8

ELECTRON FRACTION OF POLYSTYRENE

FIG. 6. Non-additive effects in the yields of paramagnetic species in (a) styrene-
butadiene block copolymers and (b) interpolymers of polystyrene and
polytrichlorobutadiene irradiated at 77 K.

Thus, the studies of the radiolysis of microheterogeneous polystyrene-based systems reveal
both positive and negative non-additive effects due to interphase electron migration. The sign of
the effect is determined by electronic characteristics of the second component, which may result in
either protective or sensitizing effects.
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5.3. Microheterogeneous Systems PC/PoIy(Alkylene Terephthalate)

The materials based on PC/poly(alkylene terephthalate) blends are widely used in modern
industry. The effects of irradiation on these systems were not examined up to recently. From a
scientific point of view, an interesting feature of these compositions is a variability of their
micro structure and chemical composition depending on the processing conditions. In particular,
increasing the blending time or processing temperature results in two principal effects. On the one
hand, partial homogenization of the blends occurs due to component interdiffusion. On the other
hand, chemical reaction of transesterification leads to formation of block copolymers and, finally,
statistic copolymers with essential destruction of the macromolecules. As a result, the properties
of the materials change significantly. Varying the processing conditions (sample pretreatment)
makes it possible to study the effects of chemical structure and degree of heterogeneity on the
radiation-induced processes.

We have studied systematically the yields of the radiolysis products and localization of
primary damage for the systems PC/PBTP irradiated at 77 K by means of low-temperature ESR
and IR spectroscopy [15, 16, 30]. The blends used were prepared by processing PC/PBTP
mixtures (50/50 by wt.) at 533 K for 5 min (sample 1), 1 h (sample 2) and 6 h (sample 3). The
structure of the samples was characterized by DSC and IR spectroscopy. Sample 1 is a
heterogeneous system with a comparatively low degree of component interdiffusion. Sample 2 can
be described as a microheterogeneous system containing a rather large amount of block
copolymer. Sample 3 is a completely soluble statistical copolymer with significant destruction.

The characteristics of the low-temperature radiation-induced damage of the components
were described previously (sections 4.4 and 4.5 of this report). These results allowed us to make a
quantitative analysis of the non-additive effects in the blends. Since PBTP is much more resistant
to low-temperature radiation-induced destruction, formation of both CO and CO2 is mainly due to
main chain scission in the PC units. Addition of PBTP results in suppressing of the formation of
these destruction products; the protective efficiency increases with increasing blending time as
shown in the table. Formation of CO is more sensitive to the presence of PBTP; a similar trend is
observed for CO-separated radical pairs. The results obtained were explained by excitation
transfer from PC to PBTP units. Comparative analysis of these effects in various blends and model
systems provides evidence for both intrachain and interchain transfer. The intrachain transfer is
more efficient for suppressing the destruction process resulting in formation of CO and
corresponding radical pairs.

Analysis of the spectroscopic parameters of radiolysis products shows significant changes in
their localization with changing the system structure. In particular, the interspin distance in the
CO-separated radical pairs (shown in the table) decreases with increasing blending time. The shape
of the IR absorption band corresponding to CO2 and the probability of localization of CO
molecules in the vicinity of negative ions (see above) are also sensitive to the sample
microstructure [30]. These features may be used for diagnostics of the localization of the primary
radiation-induced damage.
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RELATIVE CONCENTRATIONS AND MICROSCOPIC CHARACTERISTICS OF THE
PRODUCTS OF THE RADIATION-INDUCED DESTRUCTION OF PC IN THE PC/PBTP
BLENDS AT 77 K

[CO], [CO2], [Radical pair], Interspin
Sample rel.units3 rel. units3 rel. unitsb'c distance, nm

PC (amorph.)
Blend 1 (5min)
Blend 2 (1 h)
Blend 3 (6 h)

1.0
0.94
0.61
0.34

1.0
0.93
0.76
0.73

1.0
0.87
0.73
0.17

0.573
0.571
0.557
0.545

3 Irradiation dose 1.0 MGy.
b Irradiation dose 150 kGy.
c Calculated from the integrated intensity of the signal corresponding to AMs = 2.

Generally speaking, the radiation stability of PC units in blends is higher than in pure
polymer (this is also valid for the PC/PETP system). The most efficient way of stabilization of the
primary radiation-induced destruction in PC is concerned with the introduction of quenching
fragments (e.g., phthalates) into the polymeric chain. Although we cannot determine the distance
of energy transfer for blend systems at this stage, crude estimation shows that this should be of the
order of 1-5 nm (i. e., several elementary units). Some evidence for distant electron migration in
the systems studied was also obtained [30].

6. THE EFFECT OF LOCAL MOLECULAR DYNAMICS ON THE SELECTIVITY OF
RADIATION-INDUCED EVENTS IN SOLID POLYMERS

The localization of radiation-induced events can be changed essentially as a result of the
reactions of primary species, which are determined by inhomogeneous molecular motion in solid
polymers. Informally, this is an analogy with development of a photographic image. The "image"
may remain sharp (the distribution of primary events reproduces the picture of primary
localization) or become vague or even completely disappear (homogenization occurs). In general,
this constitutes the dynamic aspect of the selectivity of the radiation-induced effects in polymers.

This problem was considered in detail in our recent review [3]. Here we shall present an
outline. It is clear that large scale reactions will occur in amorphous polymers above the glass
transition temperature because of large-scale molecular motion, which should induce
homogenization of the radiation-induced events. Thus, the most interesting (and significant for
many applications) situation is concerned with restricted molecular motion. Generally speaking,
this is the case of low matrix temperature (if the temperature is considered as a measure of
molecular motion). This situation was analysed in our studies.

First, we may consider the case of low physical temperature (10-100 K, well below Tg for
all polymers). The molecular mobility is extremely frozen under these conditions. Nevertheless, we
have shown [7-9] that some specific local reactions in polymers irradiated at 10-20 K occur due to
inhomogeneous spatial distribution of primary radiolysis products (e.g., radical pair
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recombination). The reactions may proceed via a tunnel mechanism and are highly selective from a
geometrical viewpoint. The most interesting example is selective intrachain radical pair
recombination via one-dimensional H-transfer (probably tunneling) occurring in highly-crystalline
polyethylene at ca. 65 K [8]. This reaction was monitored by both radical decay (ESR) and
formation of reaction products /ra«5-vinylene double bonds (IR spectroscopy). To our knowledge,
this is the first direct observation of one-dimensional selective radical site migration of this type.
Note that the character of reaction products (i. e., formation of double bonds or crosslinks) may
depend on the irradiation temperature because of the features of the local molecular dynamics.
Indeed, only crosslinking occurs in polyethylene irradiated at 77 K or higher temperatures as a
result of random three-dimensional radical site migration [1].

The second case may be defined as the case of low structural temperatures. This implies
that the chain mobility is extremely restricted because of specific structural features of the
polymer. In particular, this is the case for highly-crystalline and highly-oriented polymers. The
mobility of taut macromolecules may be restricted even at rather high temperatures. The reactions
occur selectively in defect regions, and the radicals localized at the taut macromolecules may be
very stable. Probably, the most illustrative example is unusual temperature dependence of the
radical decay in high-oriented high-modulus polyethylene (draw ratio = 200, E = 150 GPa) studied
in our laboratory [12]. Some radical decay associated tentatively with defect regions occurs at low
temperatures; however, virtually no decay is observed in the temperature range of 200-300 K,
i.e., in the region of the glass transition. This implies that cooperative molecular motions
responsible for the glass transition are completely frozen in the sample under study (in contrast
with other polyethylene samples). Furthermore, a rather large fraction of the radicals survives even
after annealing this sample at high temperatures (373 K). This result should be taken into account
regarding the long-term post-irradiation stability of high-strength materials based on high-modulus
polyethylene.

In addition, a specific situation may be realized for bicomponent microheterogeneous
systems provided that the components exhibit large difference in relaxation behaviour (different
structural temperatures). Upon annealing, the active species may survive in the microphase of a
specific component, even more resistant to radiation from the point of view of primary events. In
particular, this is the case for polystyrene in interpolymers of PS and PTCB. Thus, the post
irradiation stability is determined essentially by the properties of these species, which can be
modified to a certain extent by the effects of interphase boundary.

7. CONCLUSIONS

Our studies reveal that the radiation-induced events in solid polymers, in general, are far
more selective than one might expect from formal energetic reasons. Using low-temperature
experiments of specific design, we have obtained direct experimental evidences for the effects of
macromolecule conformation and weak association on the selectivity of primary bond rupture
upon radiolysis. In the case of hydrocarbons and related polymers, it was shown that the selectivity
of primary chemical events was determined by relative bond strength in ionized molecules rather
than in parent neutral molecules. Thus, it is a strong appeal to both theoreticians and
experimentalists to learn more about the effect of ionization on chemical bonding. This may be the
key issue of predicting the selectivity of primary bond rupture in the radiolysis of a wide class of
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polymers. It seems to be basically important for designing new principal approaches to the
problem of the radiation stability of polymers.

From a more practical point of view, the results show that the positive hole scavengers
(rather than excitation energy scavengers) should be considered as promising stabilizers for most
hydrocarbon polymers. On the other hand, even trace amounts of electron scavengers may
essentially reduce the radiation stability of such polymers (especially, for polystyrene).

The primary radiation-induced damage in polycarbonates (and probably in some other
related polymers) is determined mainly by the properties of excited states. The degradation of PC
depends essentially on the evolution of primary radical pairs, which is sensitive to the polymer
microstructure. The best means of stabilizing such polymers may be with addition of carbonyl
quenching fragments (e. g., phthalates) in the polymer chain.

The studies of microheterogeneous polymer systems show that interphase electron migration
(and probably other transfer processes, such as excitation transfer between carbonyl groups) may
result in essential non-additive effects (both positive and negative). This should be taken into
consideration from the viewpoint of radiation stability and stabilization of such systems, which will
be applied extensively in various fields in the near future. More work should be done to evaluate
the role of the interphase boundary, which may be essential for determining the properties of
irradiated material.

Local molecular dynamics plays an important part in the distribution of radiolysis products in
irradiated polymers. This is especially important for low and super-low temperatures and for
highly organized polymers with low defect concentration.
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