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Ionic transient species in irradiated poly(vinyl chloride) film
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Abstract

The studies of transient species in irradiated poly(vinyl chloride) (PVC) film have been carried out with the main aim of investigating the
charge trapping in a pure system. In PVC, pulse radiolysis gives electron-positive hole pairs. The electron can generate a matrix anion due to
the presence of chlorine atom in the PVC macromolecules followed by Cl− detachment. The positive hole may be stabilized as a short-lived
matrix cation characterized by visible absorption band with wide maximum in the 350–650 nm range. The positive holes can be scavenged
by additives like pyrene, Py and respective radical-ions of Py can be detected. The rate of Py radical cations decay at∼450 nm was found to
be temperature dependent. Two linear parts of the Arrhenius plot were observed which intersected in the 200–240 K range, which is close to
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he mechanical loss peak connected with theβ relaxation in PVC matrix. The activation energies calculated for two parts of Arrheniu
ere equal to 0.40 kJ mol−1 for T < 200 K and 52.6 kJ mol−1 for T > 240 K. The novel mechanism of the ionic and radical reactions in PV
roposed and discussed.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Poly(vinyl chloride), PVC, after modification due to dif-
erent type of additives is one of the most used polymer
ystem in the world. Among many applications plasticized
VC is used in the production of disposable medical devices
hich have to be sterile. The “killing” of microorganisms can
e done by exposure to ionizing radiation (e.g. gamma rays,
lectron beams) although the irradiation can also stimulate

he degradation processes in PVC.
The sensitivity of the PVC towards heat, light, aging and

adiation can be illustrated by the formation of hydrogen chlo-
ide, discoloration, changes in the mechanical properties and
olecular weight.
It is generally assumed that the degradation of PVC pro-

eeds through the radical mechanism.
The general characteristics of radiation chemistry of PVC

ave been described in few, rather old, monographs[1–3]. A
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number of research studies have been made on the rad
induced degradation of PVC[4–14].

The radiation effects on PVC are very complex si
many reactions take place simultaneously resulting m
in hydrogen chloride evolution and polyene chains for
tion as the end products. It was proved by ESR techn
that polyenyl radicals as well as allyl ones are the main i
mediates formed as a result of irradiation.

However, the primary processes taking place in irradi
PVC have not yet been fully elucidated. Torikai et al.[15–17]
found some evidences and suggested that the precurs
the free radicals can be the ionic species. They observe
formation of additive radical cations during the gamma i
diation of PVC film at liquid nitrogen temperature and t
proposed the mechanism involved.

In this paper, we decided for the first time, to inve
gate the primary ionic reactions taking place in irradia
PVC pure and in the presence of scavengers in the
perature range down to 77 K. Due to their transparency
PVC film – samples can be examined using pulse rad
sis technique and hence we hope to generate the origina
010-6030/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2005.05.024
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concerning the short-lived species produced there by ionizing
radiation.

In addition, the PVC results we intend to compare with
other polymeric systems, e.g. polyethylene[18,19], poly-
propylene[20,25], poly(methyl methacrylate)[21], poly(di-
methylsiloxane) [22], nafion [23] and poly(ethylene
terephthalate)[24] investigated so far in our laboratory.

2. Experimental details

2.1. Materials

Three types of poly(vinyl chloride), PVC as a powder
have been used in our experiments. PVC for medical appli-
cation, S-70 SM product of Anwil SA (Poland) was used as
received. The PVC, secondary standard, (Aldrich, product
no. 28,262-1, molecular weights as determined by Aldrich
using light scattering and gel permeation chromatography
methods equaled 77,300 and 87,000, respectively) was used
as received and for comparison some experiments were done
using PVC (Aldrich, product no. 189588,Mw = 62,000) for
R&D only.

Tetrahydrofuran, THF, HPLC grade, inhibitor free
(Aldrich, product no. 27038-5) was used as a solvent. In some
experiments THF containing inhibitor, butylated hydroxy-
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tion system and the accelerator can be found elsewhere
[26].

The low temperature steady-state radiolysis products were
examined at 77 K and at higher temperatures using Carry 5
spectrophotometer (Varian) and CF 1204 (Oxford Instr. Ltd.)
continuous flow cryostate.

3. Results and discussion

Fig. 1 shows UV–vis absorption spectra of pulse irradi-
ated, deareated PVC film (S-70 SM, Anwil SA) measured
at ca. 100 K, taken 10�s and 1.75 ms after the 4�s electron
pulse. In general, the absorbance increased towards shorter
wavelengths but no characteristic maxima were observed in
UV–vis spectral range (down to 300 nm). It is clearly seen
in the next picture (Fig. 2), where the absorbances which
disappeared during the first 100�s (A0–A100) and 1.5 ms
(A0–A1.5) were shown for pulse irradiated PVC film (Aldrich,
secondary standard). These absorption bands start to be negli-
gible for wavelengths higher than 750 nm. The faster decay of
red wing of the spectrum is shown (inset,Fig. 2). The absorp-
tion band under consideration was influenced by TEA (Fig. 1,
insert) suggesting that intermediates responsible for such
absorption have been generated via positive charge transfer.

So far nothing is known about the ionic species pro-
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oluene (BHT) was also used.
Pyrene, Py, (Sigma, product no. P-2146) after the cry

ization from ethanol was additionally purified by sublim
ion. Triethylamine (TEA) 99% (Lancaster Synthesis)
ethanol, pure pro analysis (POCh, Poland) were us

eceived.
PVC films were cast from the THF solution. Solvent w

emoved from the film by evaporation at room tempera
nd finally in vacuum (ca. 10−4 mmHg for at least 10 h
y was dissolved in THF solution of PVC and polyme
lm containing an additive was obtained by the descr
ethod. TEA were added by soaking the deareated PVC

n this chemical then the sample was washed using meth
en pieces of PVC film (ca. 0.1 mm thickness each) ca
onveniently introduced into pulse radiolysis sample ho

.2. Methods

The pulse radiolysis measurements were carried out
linear electron accelerator ELU-6 (USSR made) w

elivered 17 ns (dose ca. 50 Gy), 1�s (dose ca. 200 G
nd 4�s (dose ca. 500 Gy) pulses. The accelerator was
sed in certain experiments as a stationary irradiation so
he home-made styrofoam-copper cryostate through w
old nitrogen was passed enabled experiments at tem
ures down to 100 K. The Hamamatsu R-928 photomulti
as used as a light detector. The signals were reco
n digitizing scopes either Philips PH 3320 or Tectro
DS 540 and transferred via interface to IBM-PC comp

or storage and analysis. More details concerning d
uced during the irradiation of pure PVC. The mechan
f radiation-induced reaction in PVC has been explaine
adical mechanism. The radicals, probably alkyl ones ma
esponsible for the UV absorption (<350 nm).

Following the steady-state irradiation of PVC film at ro
emperature, UV–vis absorption spectra of polymeric sa
re characterized by a distinctive shape (Fig. 3) which is con-
ected with polyenyl radicals[8]. The post-irradiation storag
t 353 K resulted in a series of weak absorption peaks
esponding to a polyene formation which are superimp

ig. 1. Transient absorption spectra of pulse irradiated, deareated PV
Anwil S-70 SM) measured at ca. 100 K, taken 10�s (�) and 1.75 ms (�)
fter the 4�s electron pulse. Inset: 10�s spectra of pulse irradiated PV
lm pure (�) and in the presence of TEA (�).
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Fig. 2. Part A: transient absorption spectra of pulse irradiated, deareated
PVC film (Aldrich, secondary standard) measured at ca. 100 K, taken 10�s
(�) and 1.5 ms (�) after the 4�s electron pulse. Inset: oscilloscope traces of
absorbance time profiles measured at 400 and 500 nm. Part B: the spectral
distribution of the absorbance which disappeared during the first 100�s (©)
and 1.5 ms (�) for deareated PVC film. Data taken from Part A.

Fig. 3. The absorption spectra of PVC irradiated with dose ca. 4 kGy (a) and
29 kGy (b,c) at room temperature. The curve c represents absorption spec-
trum of PVC after storage of the irradiated sample during 2 h at temperature
353 K.

Fig. 4. The transient absorption spectra of PVC containing Py
(10−1 mol dm−3) pulse irradiated at 100 K taken 10�s (�), 50�s (©),
500�s (�) and 1.75 ms (�) after the 4�s pulse.

upon a band absorption maximum (Fig. 3) as it was observed
previously[7].

In order to find more evidences concerning the formation
of ionic species in PVC in the short time scale the pulse
radiolysis of PVC in the presence of Py was performed. The
use of Py as an intrinsic probe to investigate polymer systems
behaviour has been an interesting subject of research for some
time.

The concentration of Py added as a charge scavenger was
in the range from 10−3 to 10−1 mol dm−3. Solovey et al.[8]
had found that free radical species were very sensitive even
to the traces of reactive additives occluded in the PVC solid
polymer.

The absorption spectra of pulse irradiated PVC doped with
Py at 100 K are shown inFig. 4. The assignment of the absorp-
tion band centered at 450 nm to the Py radical cation (Py•+)
seems to be consistent with the spectra of these species in
the other polymeric systems[19–23]and in PVC–Py system
gamma-irradiated at 77 K and observed at higher tempera-
tures up to 233 K in the steady-state conditions[16].

As would be expected only traces of Py radical anion
(Py•−) absorption were detected in 490–500 nm range
(Fig. 4). The weak maximum at 420 nm represents the same
kinetic decay as it is found for Py•+ radical cation absorp-
tion. The absorption spectra of Py species in PVC matrix
containing lower Py concentration (3.5× 10−3 mol dm−3) at
1
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30 K are, in general, similar to the results shown inFig. 4.
t room temperature, the decay of Py radical ions (in

icular Py•+) is faster comparing to low temperature res
Fig. 5). Again, the decay of 420 nm absorption band se
o be similar to the Py radical ions absorption behav
n the same time a new peak havingλmax at∼410 nm grows
Fig. 5). The absorption peak at 409 nm was found in gam
rradiated PVC–Py system and Torikai et al.[16] assigned thi

aximum to the cyclohexadienyl type Py radical. It was s
ested that such radical might be produced from Py•+ as a
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Fig. 5. The transient absorption spectra of PVC containing Py
(10−1 mol dm−3) pulse irradiated at room temperature taken 10�s (�), 50�s
(©), 500�s (�) and 1.75 ms (�) after the 4�s pulse. Inset: oscilloscope
traces of absorbance measured at 410, 420, 450 and 500 nm.

precursor[16]. As it was earlier mentioned some pulse radi-
olysis experiments had been done for PVC containing traces
of 2,6-di-tert-butyl-4-methylphenol, BHT used as a com-
mon antioxidant preventing oxidation of THF. The absorption
spectra of BHT–PVC system at 100 K are shown inFig. 6.
The absorption band at 410 nm may be tentatively attributed
to the radical cation of BHT generated by positive charge
transfer from PVC matrix primary cation.

Since the decay of Py•+ radical ions has been very
sensitive to the temperature changes it was possible to
investigate the structural transitions of PVC matrix in the
temperature range 100–290 K. The Arrhenius dependence
for Py•+ radical cation decay in PVC measured at 450 nm
is shown inFig. 7. Two linear parts of the Arrhenius plots
were found which intersected in the temperature range
200–240 K, which is close to the mechanical loss peak
(210–230 K, at 1–10 Hz)[27]. The exact nature of theβ
relaxation in PVC is not clear[27]. The activation energies
calculated from two linear regions of the Arrhenius plot

F irra-
d

Fig. 7. The Arrhenius dependence for Py•+ radical cation decay in PVC
containing 10−1 mol dm−3 Py measured at 450 nm after 1�s pulse. Thek
values were calculated as a reciprocal of the first half-life of Py•+ decay.

(Fig. 7) were equal to 0.40 kJ mol−1 for temperatures below
200 K and 52.6 kJ mol−1 for temperatures higher than 240 K.
In the latter case one may expect that diffusion contributes
to the charge recombination, whereas at temperatures below
200 K, tunneling is probably involved.

The pulse irradiated pure PVC did not generate short time
scale emission. The 17 ns pulse irradiated PVC–Py system
(Py concentration: 10−1 mol dm−3) generated solute lumi-
nescence.Fig. 8 shows the emission spectra of Py doped
PVC measured at room temperature and 100 K. Both spectra
represent the well known Py monomer fluorescence peak-
ing at 390 nm. No excimer emission band at ca. 475 nm was
detected. The change of temperature from room one to 100 K
has no appreciable influence on the intensities of fluores-
cence bands taken at 50 ns time scale. Distinct temperature
effect can be seen in the 300 ns time scale. The lifetimes of

F
i s
( s of
e

ig. 6. The transient absorption spectra of PVC containing BHT pulse
iated at 100 K taken 10�s (�) and 1 ms (�) after the 4�s pulse.
ig. 8. The emission spectra of PVC containing Py (10−1 mol dm−3) pulse
rradiated at room temperature (�, �) and at 100 K (�, ©) taken 50 n
�,�) and 300 ns (�,©) after the 17 ns pulse. Inset: oscilloscope trace
mission measured at 395 nm in room temperature and 100 K.
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Py fluorescence detected after the 17 ns pulse were found to
be equal to 165 and 232 ns at room and 100 K temperatures,
respectively. Similar effect of temperature on Py fluorescence
lifetime was observed in other polymeric matrices[20–23].
The lifetime of Py fluorescence was calculated asτ = 1/k,
wherek represents the first-order rate constant estimated from
typical decay curve approximated by exponential function.
The increase of fluorescence lifetime at low temperature is
attributed to temperature sensitive internal conversion and
intersystem crossing[28,29].

Py fluorescence in�s time scale was not detected but may
be the very low intensity of this emission in long time range
would be the reason.

The experimental results presented in this paper can be
explained by assuming that the first primary step of the PVC
matrix radiolysis has to be the ionic one:

(1)

where e− and⊕ denote mobile electrons and positive holes.
The positive hole can be stabilized as a cation structures
∼⊕CH2–CHCl∼ and∼CH2–⊕CHCl∼. The positive holes
can be mobile along the polymer chain. The absorption
band of matrix cation generated in irradiated sec-butyl chlo-
ride at 77 K was found in the visible range (λmax∼ 470 nm)
[22,30]. Sumiyoshi et al.[31] have reported the observa-
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and the neutral complex (I) may decompose with direct
hydrogen chloride, HCl, formation. The quasi-ionic mecha-
nism of one step dehydrochlorination of PVC was discussed
and suggested as a explanation of this polymer thermal degra-
dation[33].

Macroradicals formed in the reaction(3) and(4) as well
as chlorine atoms (reaction(4) followed by neutralization)
and process(5) can be responsible for polyenyl radicals pro-
duction[2,3,6,13]. The sequential loss of hydrogen chloride
molecules can lead to the formation of conjugated polyene
sequences (Fig. 3) [3]. The strong support of our mechanism
of PVC radiolysis including initial ionic species formation
steps can be drawn from Py probing of the irradiated PVC
system.

In the presence of Py molecules, in particular for high Py
concentration (∼10−1mol dm−3), the probe molecules can
directly scavenge primary charges creating Py radical ions
Py•+ and Py•−. Since PVC itself has been a very good scav-
enger of electrons (see reaction(2)) mainly Py•+ radical ions
are generated due to positive charge transfer reaction(6):

⊕ + Py → Py•+ (6)

The absorption band responsible for Py•+ was found as a
peak at∼450 nm[34] (Figs. 4 and 5). Only traces of Py•−
absorption in the range 490–500 nm was found because the
yield of the reaction(7):
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CH2ClCH2Cl•+, CH2ClCH2

+) by means of ps and ns pu
adiolysis methods. These short-lived species were char
zed by absorption bands in the range 400–550 nm. Hase
t al. [32] proved the formation of CH2ClCH2Cl•+ radical
ation using the low temperature ESR analysis. The sp
f cationic species shown inFigs. 1 and 2and attributed t
VC cations were also observed in visible absorption ra
Electrons after termalization can be attached to the m

iving respective anion (reaction(2)):

− + ∼ CH2–CHCl ∼ → ∼ CH2–CHCl�∼ (2)

hereas positive holes can generated free radicals
ntramolecular or intermolecular proton transfer to P

acromolecules (for example reaction(3)):

+ ∼ CH2–CHCl ∼
→ ∼ C•H–CHCl ∼ + ∼ CH2H⊕–CHCl ∼ (3)

he additional source of free radicals can be connected
issociative decomposition of matrix anions formed in re

ion (2):

CH2–CHCl�∼ → ∼ CH2–C•H ∼ + Cl− (4)

he neutralization of Cl− in reactions with matrix cation
ay produce reactive chlorine atoms,•Cl.
The protons may move along polymeric chains and

e attached to matrix anion structure:

CH2H⊕–CHCl ∼ + ∼ CH2–CHCl�∼
→ ∼ CH2–CHCl∼ + ∼ CH2–CHH⊕Cl� ∼ (I) (5)
− + Py → Py•− (7)

ue to PVC reactivity towards e− seems to be not s
igh. The formation of monomer radical cations of Py
een reported during the pulse radiolysis of liquid C4,
HCl3 and CH2Cl2 containing this probe[35]. The deca
f Py•+ band was found to be strongly temperature de
ent in the temperature range 100 K to room tempera
Fig. 7).

The ∼420 nm absorption band found in Py–PVC s
em (Figs. 4 and 5) can be assigned to the Py triplet sta
34] although the maximum is red shifted. The proba
ource of these triplets is connected with intersystem c
ng from Py singlet excited states. The Py singlet exc
tates fluorescence was observed at both temperatu
s interesting to note that having quite high Py concen
ion (∼10−1 mol dm−3) in PVC matrix no excimer fluore
ence at 475 nm was detected even at room temper
VC polymer matrix prevents the aggregation of the p
olecules.
The Py excited states are generated in PVC matri

hotophysical excitation as a result ofČerenkov radiatio
bsorption[29]. Py radical ions recombination as a po
le source of excited states has to be reject because o−
s a negative partner in recombination. No Py emission
bserved in�s time scale. The Py fluorescence was dete

n the hundreds ns time scale whereas the decay of Py•+ rad-
cal ions in such short time scale was not found. Compa
ith another polymeric systems[18–24]PVC matrix seem

o behave untypically.
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The assignment of 410 nm absorption peak to Py cyclo-
hexadienyl type radicals in PVC matrix needs some com-
ment. It was proved by Zhang and Thomas[36], that in
pulse irradiated methanol, H atom adduct of pyrene (1-
hydropyrenyl radical) was detected. Following the interpre-
tation of Torikai et al.[16] in our case the precursor of the
410 nm absorption peak seems to be Py•+. Assuming that
such conclusion is right, in order to generate neutral radical
adduct the negative partner is necessary. In the system under
consideration the Cl− ions seem to be available and Py radical
adduct should the chlorine atom adduct.

4. Conclusions

• The pulse radiolysis experiments proved the formation of
PVC matrix cations during the primary step of radioly-
sis. The electrons generated at that time are immediately
scavenged by matrix itself by dissociative mechanism.

• The PVC solid matrix can be used as a good system for
solute (Py, BHT) radical cation generation.

• The β relaxation transition for PVC in 200–240 K range
has been confirmed using Arrhenius plots for Py radical
cation decay.
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[22] M. Szadkowska-Nicze, J. Kulpiński, Z.M. Michalska, J. Mayer, J.

Photochem. Photobiol. A: Chem. 117 (1998) 153.
[23] M. Szadkowska-Nicze, J. Mayer, Radiat. Phys. Chem. 56 (1999)

553.
[ lym.

[
[ ayer

tions.
p. 31.

[ 67)

[ 969)

[ 987)

[
[ em.

[ erkin

[
[ 4137.
[ diat.

[

cknowledgements

This work was supported by KBN contract No. 3T0
49 26. We thank Dr. K. Hodyr for keeping the acceler

aithful and Anvil SA company for supplying the medic
VC samples.

eferences

[1] A. Charlesby, Atomic Radiation and Polymers, Pergamon Press,
don, 1960, p. 312.

[2] A. Chapiro, Radiation Chemistry of Polymeric Systems, Interscie
New York, 1962.

[3] R. Salovey,Poly(vinyl chloride), in: M. Dole (Ed.), The Radiatio
Chemistry of Macromolecules, vol. 2, Academic Press, New Y
1972, p. 37.

[4] A.A. Miller, J. Phys. Chem. 63 (1959) 1755.
[5] Z.S. Egorova, Y.M. Malivsky, A.L. Karpov, A.E. Kalmenson, L.

Blumenfeld, Vysokomol. Soedin. 2 (1960) 891.
24] M. Szadkowska-Nicze, J. Mayer, J. Polym. Sci., Part A: Po
Chem. 37 (1999) 2853.

25] J. Mayer, T. Szreder, Radiat. Phys. Chem. 63 (2002) 161.
26] S. Karolczak, Pulse radiolysis—experimental features, in: J. M

(Ed.), Properties and Reactions of Radiation Induced Transi
Selected Topics, Polish Scient. Publ. PWN, Warszawa, 1999,

27] G. Pezzin, G. Ajroldi, C. Garbuglio, J. Appl. Polym. Sci. 11 (19
2553.

28] J.L. Kropp, W.R. Dawson, M.W. Windsor, J. Phys. Chem. 73 (1
1747.

29] J. Mayer, M. Szadkowska-Nicze, J. Kroh, J. Photochem. 38 (1
385.

30] S. Arai, A. Kira, M. Imamura, J. Phys. Chem. 80 (1976) 1968.
31] T. Sumiyoshi, N. Sugita, K. Watanabe, M. Katayama, Bull. Ch

Soc. Jpn. 61 (1988) 3055.
32] A. Hasegawa, M.C.R. Symons, M. Shiotani, J. Chem. Soc. P

Trans. 2 (1989) 147.
33] W.H. Starnes Jr., Prog. Polym. Sci. 27 (2002) 2145.
34] J.T. Richards, G. West, J.K. Thomas, J. Phys. Chem. 74 (1970)
35] M. Washio, S. Tagawa, K. Furuya, N. Hayashi, Y. Tabata, Ra

Phys. Chem. 34 (1989) 533.
36] G. Zhang, J.K. Thomas, J. Phys. Chem. 98 (1994) 11714.


	Ionic transient species in irradiated poly(vinyl chloride) film
	Introduction
	Experimental details
	Materials
	Methods

	Results and discussion
	Conclusions
	Acknowledgements
	References


