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Introduction

Polymeric solids have been widely used as resist,
imaging, coating, and opto-electrical materials in
contemporary industry and our daily life. The perfor-
mance of this category of polymers is essentially deter-
mined by their response to radiation action [25]. High
energy irradiation of polymers leads to efficient produc-
tion of excited states and primary charges: positive holes
and electrons. Primary charges can recombine and
generate excited states of polymer molecules or undergo
stabilization in polymer traps. Commercial polymers
contain different types of additives which allow to modify
their properties. Addition of solutes leads to scavenging
of charges trapped in the polymer matrix and simul-
taneous formation of solute radical ions.

Pulse radiolysis followed by absorption and emission
spectroscopy provides information concerning forma-
tion of excited states and charges in irradiated solid
polymers in a short-time scale, ns-µs [11, 24]. Investi-
gations of the charge trapping in the most popular
polymers: polyethylene (PE), poly(dimethylsiloxane)
(PDMS), poly(methyl methacrylate) (PMMA), and
poly(ethylene terephthalate) (PET), were performed in
our laboratory during recent several years [12−14, 20].

Pulse radiolysis and ESR studies showed that
primary charges can be stabilized in dopant free
polymers in physical traps (PE, [3, 20, 21]) or in chemical
traps (PMMA [6, 8, 9, 13, 22], PET [14]) as radical ions.
Polymer radical anions were produced due to high
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positive electron affinity (EA) of atoms or chromophore
groups in the polymer chain [11]. Charge transfer from
polymer traps to solute molecules depends on chemical
structure and physical state of the polymer matrix [11].
The ionic product reactions occurred according to
diffusion mechanism at temperatures higher than the
glass transition temperature (Tg) [12, 20]. Above Tg,
recombination of solute radical ions generated monomer
and excimer fluorescence of the admixture. At lower
temperatures, below Tg, very small activation energy
of the decay of ionic products (ca. 1−2 kJ.mol−1)
suggested that the tunnelling mechanism was involved
[12−14, 20].

Using the technique of wavelength selected radio-
thermoluminescence (wsRTL) and complementary
absorption spectroscopic measurements we investigated
charge recombination processes in polymers doped with
aromatic molecules [15, 16, 18, 19]. Pyrene, Py, was
chosen as a spectroscopic probe because its radical ions,
radicals, and singlet and triplet excited states are
spectroscopically well characterized. The aim of this
paper was to summarize the results of our studies
[15−19] concerning the features controlling the ionic
reactions in solid polymers in the long-time range
(minutes) after irradiation. Using Py as the molecular
probe in all investigated systems allowed to compare
the ionic events in different polymers.

Sample preparation

The polymer samples were prepared as transparent
films, ca. 0.5÷1 mm thick. The way of the probe
introduction into polymer samples was dependent on
the physical properties of the polymer. Pyrene, Py, was
introduced into polymer films either from the Py vapors
(PE, PDMS) via vacuum sublimation at ambient
temperature or from the Py solution in n-hexane or
methanol (PE, PET) by immersing the polymer film in
the solution. In order to introduce Py into PET film, the
samples were boiled in Py-methanol solution, because
Py molecules did not diffuse into PET film at room
temperature. Afterwards, the polymer films were rinsed
with the appropriate solvent to remove traces of Py
molecules from the film surface and dried in a vacuum
to remove any traces of the solvent as well as oxygen.
In this way, the probe molecules were introduced into
free volume of the polymer amorphous regions. Probe
distribution was non-homogeneous and one can expect
local aggregation of Py molecules depending on the
polymer local free volume. This conclusion arises from
the fact that the temperature dependences of the first
half-life of the Py radical anion decay in the PDMS and
PE matrices were well approximated by the Williams-
Landel-Ferry equation [11, 19]. The free volume theory
has been used successfully to describe diffusion of small
molecules in polymers [23].

The PMMA-Py samples were prepared by the
radiation induced polymerization of deareated methyl
methacrylate solutions containing Py.

The concentration of Py in all polymer films was
determined spectrophotometrically, using the molar
extinction coefficient equal to 11,500 dm3.mol−1.cm−1

at 308 nm. The irradiations were carried out at a tem-
perature of 77 K with a few 4-µs pulses of linear
accelerator (ELU-6, USSR-made). The total dose was
kept within 4−6.5 kGy. More details concerning the
experimental techniques can be found in original papers
[15−19].

Results

The emission and absorption spectra recorded at 77 K
for irradiated (77 K) polymer-Py films are shown in
Fig. 1. The isothermal luminescence (ITL) from PE,
PDMS and PMMA, all doped with Py (concentration
range 5×10−3 ÷ 5×10−2 mol.dm−3), exhibits strong mono-
mer fluorescence of Py with the maximum at 395 nm
and very weak emission in the 600–650 nm range, where
Py phosphorescence was observed (Fig. 1A,B,C). Two
strong absorption bands at λmax ≈ 450 nm and λmax ≈
490−500 nm assigned to Py•+ radical cation and Py•−

radical anion, respectively, were observed in these
systems (Fig. 1A,B,C inserts). Emission of PET doped
with Py (~1.3 × 10−1 mol.dm−3) (Fig. 1D) consists of
a wide band at λmax ≈ 475−500 nm with the shoulder at
ca. 600 nm where phosphorescence bands of PET [7]
and Py, respectively, were observed [18]. The lack of
Py monomer fluorescence can be explained if one takes
into account that for a high solute concentration the
strong local aggregation of Py molecules can be expected.
The Py monomer emission can be replaced by the
excimer fluorescence originated from Py microcrystals
formed at high Py content in PET. The Py excimer
fluorescence band with the maximum at λmax = 475 nm
cannot be observed separately because it is overlapped
by PET phosphorescence.

The absorption spectrum of PET containing
~1.3 × 10−1 mol.dm−3 Py (Fig. 1D insert) shows the Py•+

band at 450 nm but the Py•− peak at 490−500 nm is
overlapped by the absorption band in the range
500–530 nm assigned to PET•− radical anion [14]. In
the PET-Py system electron transfer from the matrix
radical anion (PET•−) to Py seems to be unfavourable.
The EA values of solid polymers seem to be unknown.
However, the relative EA values found for different
solutes in the 2-methyltetrahydrofuran glass: 0.14 eV
for methyl methacrylate, 1.24 eV for phthalic anhydride
(model compound for PET) and 0.63 eV for Py [1],
suggest that the electron transfer between PMMA•−

radical anion and Py is probable, but that between PET•−

and Py is rather impossible. One can suppose that
emission observed in the PET-Py system followed the
recombination of Py•+ radical cations and PET•− radical
anions. The luminescence detected at 77K occurs due
to charge recombination via tunnelling [5].

The absorption spectra of irradiated (77 K) polymer-
Py systems detected during warming up the samples to
room temperature are presented in Fig. 2. When
temperature rises up the intensities of absorption bands
of Py radical ions decrease. In PE-Py (Fig. 2A) and
PDMS-Py (Fig. 2B) systems both Py radical ion bands
disappeared completely at temperatures close to Tg of
the polymer matrix [2, 4]. Also, the wsRTL peaks for these
systems were found in the temperature range where
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the polymer glass transitions occurs [15, 19]. In PMMA-
Py (Fig. 2C) and PET-Py (Fig. 2D) systems absorption
bands assigned to negative ionic species disappeared
completely in the examined temperature range, whereas
the Py•+ absorption bands were observed even in room
temperature.

In the PMMA-Py system, a maximum of the wsRTL
for 395 nm was observed at ~150 K, whereas that for
475 nm was shifted towards a higher temperature [16].
The transition temperatures known for PMMA are
150−170 K for the α-methyl group rotation (γ-relaxation)
and 240−250 K for the ester group rotation (β-relaxation)
[10]. One can conclude that such relaxation events can
affect the charge recombination in PMMA.

The study of the spectral composition of radio-
thermoluminescence provides information both about the
polymer matrix itself and about additives dissolved
in it [26].

The spectral distributions of RTL for polymer-Py
systems in the Tg region consisted of three emission
bands assigned to Py singlet, excimer and triplet excited
states. The contribution of these emission bands
depended on the solute concentration and chemical
structure of the polymer matrix [15, 17, 19]. Two
emission bands: monomer and excimer fluorescence,
and only traces of phosphorescence were observed in

the PE-Py system [15]. In PDMS-Py and PMMA-Py
systems all three emission bands were recorded [17, 19].
The ratio of the excimer to monomer fluorescence
intensities was higher for more Py concentrated systems
[15, 17, 19]. One can suppose that for a higher solute
concentration, the distance between Py molecules is
shorter and the excimer configuration is favourable.

The Py phosphorescence generation can be explained
taking into account the probability of formation of
singlet or triplet states which should depend on the
amount of energy released during recombination of
charges. This energy depends on the depth of an electron
stabilization trap. The deeper the trap for the electron
(i.e. the higher EA of atoms or chromophore groups in
the polymer chain), the smaller energy of recombination
will be released and triplet excited state formation will
be favourable.

The investigations of wsRTL of the PE-Py system
[15] suggested the formation of additional anionic
radical traps, R•−, that become mobile in the Tg region
of PE. The neutralization of these species can be
responsible for the traces of Py phosphorescence in
the RTL spectrum recorded for the PE-Py system at
Tg range.

In the PMMA-Py system, the contribution of
phosphorescence band was dependent on the solute

Fig. 1. Spectral distributions of the isothermal luminescence and absorption spectra (inserts) at 77 K of polymer-Py systems
irradiated at 77 K with a dose of 4−6.5 kGy: (A): PE-Py (~10−2 mol.dm−3); (B): PDMS-Py (~5 × 10−3 mol.dm−3); (C): PMMA-
Py (~5 × 10−2 mol.dm−3); (D): PET-Py (~1.3 × 10−1 mol.dm−3). Adapted from: [15]-(A), [19]-(B), [16]-(C), [18]-(D).
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concentration. For Py concentration ~10−2 mol.dm−3 the
RTL spectrum recorded at Tg range consisted of Py
phosphorescence only [17]. This may be explained if
one assumes that for low Py concentration not all
electrons are scavenged by the solute and part of them
reside in PMMA traps. Degradation of PMMA via
main-chain scission reaction leads to the formation of
low molecular weight radical ions CO2

•− [9] that become
mobile and recombine with Py•+ in the Tg range of
PMMA giving the Py triplet states followed by Py
phosphorescence.

The nature of electron traps in PDMS is unknow
up to now [12]. Taking into account the presence of the
phosphorescence band in the RTL spectrum recorded
for the PDMS-Py system at 155 K [19] one can suppose
that in this system the electrons are stabilized as matrix
radical ions.

Conclusions

The efficiency of ionic neutralization in irradiated
polymer systems depends on the solute concentration
and on the polymer matrix properties (relaxation
phenomena).

Long-lived separated ionic pairs: solute radical
cations and polymer radical anions, can exist at room
temperature in the polymers which can form the glassy
state at room temperature (Tg > room temperature;
PMMA, PET).

Total neutralization of charges generated during
irradiation of polymer systems occurs in the Tg range
of the polymer matrix. The recombination of solute
radical ions generates singlet excited states of the
admixture followed by monomer and excimer fluore-
scence (depending on the solute concentration). The
recombination of solute radical cations with polymer
radical anions leads to the formation of solute triplet
excited states followed by phosphorescence.
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