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Abstract

Poly(vinyl chloride), PVC + plasticizer (DEHP, TOTM) films were pulse irradiated using electron accelerator and the transient species generated
in these matrices were analysed. The absorption spectra of plasticizers ions (anion and cation type) were identified in PVC system using as a model
2-propanol and sec-butyl chloride solutions of respective plasticizers. The mechanism of reactions is proposed and discussed.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Commercial polymers contain different type of additives
which allow to modify their properties. The poly(vinyl chlo-
ride), PVC, itself is a stiff and inflexible material. In order to
change these properties, i.e. to make flexible and elastic prod-
uct, PVC has to be plasticized. Plasticized PVC usually contains
between 40 and 70 parts of plasticizer for every 100 parts of
PVC. The plasticizers are mainly phthalic esters, of which bis(2-
ethylhexyl)phthalate (DEHP) is the most common, commercial
additive in PVC formulation for production of food packages
and medical as well as pharmaceutical devices [1]. To ensure
the absence of microorganisms in the above mentioned prod-
ucts the technique of sterilization by ionizing radiation has been
applied as a international standard.

The effect of ionizing radiation on PVC has been extensively
studied. It is generally assumed that the radiation induced degra-
dation of PVC proceeds through the radical mechanism leading
to the hydrogen chloride (HCI) production and polyene chains
formation as the end products. The short review of the available
data can be found in our recent paper [2]. We proposed novel
mechanism of radiation induced decomposition of PVC where
the contribution of ionic processes was underlined and proved
[2]. Many authors have studied the effect of different plasticizers
on gamma-irradiated PVC [3-17]. The main aim of those inves-
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tigations was related to the influence of plasticizers on physical,
chemical and biological properties of the system.

Nobody has been interested in the detailed mechanism of
reactions contributed to the observed effects. According to the
recent interpretation during irradiation of PVC plasticized films
the degradation by chain scissions is mostly observed [17]. In
other opinion the plasticizers: DEHP and epoxidised soybean oil
are effective in stabilizing the radiolytic abstraction of HCl from
PVC [13]. The improvement of radiation stability of plasticized
PVC was found to be possible by application of the multicom-
ponent, synergistic system [14] protected by patent [18].

The main aim of this study is to show the ionic reaction
mechanism involved in the radiation induced transformations
of PVC in the presence of typical plasticizers, i.e. DEHP and
tris(2-ethylhexyl)trimelitate (TOTM). Taking into account the
structure of plasticizer molecules, an important component of
PVC composition, one can guess that such compounds may
interfere into primary ionic steps of PVC radiolysis influenc-
ing the HCl yield, undesired final product of PVC degradation.
Using pulse radiolysis technique we hope to present date con-
cerning the reactivity of these additivies against electrons and
positive ions produced in irradiated polymeric matrix.

2. Experimental details
2.1. Materials

Poly(vinyl chloride), for medical application, S-70 SM prod-
uct of Anwil SA (Poland) was used as received. Tetrahydrofuran
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(THF) HPLC grade, inhibitor free (Aldrich, product no. 27038-
5) was used as a solvent for PVC film preparation; 2-propanol,
spectroscopic grade (Merck) and sec-butyl chloride, G.C 99 + %
(Aldrich) were used as received. All liquid solutions were deoxy-
genated by bubbling argon or nitrogen gas for ca. 30 min.

Two type of plasticizers, i.e. bis(2-ethylhexyl)phthalate, 99%
(Aldrich, prod. 52515-4) and tris(2-ethylhexyl)trimelitate, 99%
(Aldrich, prod. 53814-0) both manufactured by Eastman Chem-
ical Comp., were used as received.

PVC + plasticizer films were cast from the THF solution. The
solvent was removed from the sample by evaporation at room
temperature and at the end in vacuum (ca. 10~* mmHg) for at
least 10 h.

2.2. Methods

The pulse radiolysis measurements were carried out using a
linear electron accelerator ELU-6 (USSR made) which delivered
17 ns (dose ca. 50 Gy), 1 ps (dose ca. 200 Gy) and 4 s (dose
ca. 500 Gy) pulses. The home-made styrofoam-copper cryostate
through which cold nitrogen was passed enabled experiments at
temperatures down to 100 K. The Hamamatsu R-928 photomul-
tiplier was used as a light detector. The signals were recorded on
digitizing scopes either Philips PH 3320 or Tectronix TDS 540
and transferred via interface to IBM-PC computer for storage
and analysis. More details concerning detection system and the
accelerator can be found elsewhere [19].

3. Results and discussion

Fig. 1 shows UV-VIS absorption spectra of pulse irradi-
ated, deareated PVC film containing DEHP (58.6% by weight)
measured at ca. room temperature and ~100K. In general,
the absorption increasing towards shorter wavelengths were
detected for PVC-DEHP samples in the temperature range under
consideration. The weak maxima at 340 and 425nm can be
observed for samples at low temperature, i.e. ~100 K. The value

0,06
0,05+

um!\

0,03

absorbance

0,02

0,01

Ll B e N

.
oool— 1 . 92000%  000a®0%.% o o o1
300 350 400 450 500 550 600 650 700 750

wavelength, nm

Fig. 1. Transient absorption spectra of pulse irradiated, deareated PVC film
(1.0 mm thickness) containing 58.6% DEHP measured at ca.100K (O, O) and
295K (M, @) taken 5 ps (CJ, W) and 500 ps (O, @) after the 1 ps electron pulse.
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Fig. 2. Transient absorption spectra of pulse irradiated, deareated PVC film
(1.0 mm thickness) containing 32.6% TOTM measured at ca.130K (bottom)
and 293K (top), taken 10 s (H), 50 ps (@), 100 s (A), 500 s (¥) and 1 ms
(#) after the 4 s electron pulse.

of this transient absorption is DEHP concentration dependent
(tested in the range 31.5-58.6%).

The absorption spectra of pulse irradiated PVC sample con-
taining the another plasticizer—TOTM are shown in Fig. 2.
In this case, apart from the UV maxima (~360nm), the well
defined bands were detected in the visible range of the spec-
trum. The transient absorptions in the range 425-560 nm with
two maxima (at 470 and 520 nm) were found at room temper-
ature. In the time range 10 us — 1 ms the red wing maximum
(~520 nm) decayed much faster comparing with the 470 nm one.
At lower temperature, i.e. 130K the visible band is character-
ized by two maxima (~510 and 540 nm) and whole absorption
band decayed similarly suggesting that only one transient inter-
mediate is responsible for this absorption. The decay of UV
absorption band (~360nm) seems to follow the behaviour of
visible absorption in particular at low temperature. The transient
signals connected with TOTM intermediates were also detected
for PVC samples containing small amount of TOTM, i.e. 0.34%.

In order to identify the origin of the species under discussion
the following hypothesis has to be taken into account. Since
the content of both plasticizers in the polymer matrix has been
rather high (30-60% by weight) we have to consider the pos-
sibility of the electron scavenging by the additive molecules
despite of the fact that the main component of the matrix—PVC
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Fig. 3. The transient absorption spectra of pulse irradiated 2-propanol containing
DEHP (1072 mol dm~?) measured at room temperature, taken 5 s (H), 10 ps
(@), 50 ps (d), 100 s (O), 500 ws (A), 1 ms (V), and 5ms () after the 1 ps
electron pulse. Inset: the dependence of 1st order rate constants of e |, + DEHP
reaction vs. DEHP concentration, 17 ns pulse experiments.

is known as the well scavenger of the negative charges [2]. The
positive charge scavenging in plasticized PVC has to be taken
into account too.

Using 2-propanol as a solvent, the rate constants of e, reac-
tion with DEHP and TOTM were found to be equal to 2.2 x 10°
and 3.4 x 10° mol~!dm?s~!, respectively (Figs. 3 and 4,
insets). These values are much higher than the rate constant of e,

with vinylchloride, i.e. 2.5 x 108 mol~! dm3 s~! [20]. The cor-
responding value of e, reaction with PVC itself has not been
found because of bad solubility of PVC in common solvents.

Following the above hypothesis the transient spectra of DEHP
and TOTM radical anions were measured in 10~2 mol dm™3
solutions of these plasticizers in 2-propanol at room tempera-
ture using pulse radiolysis technique (Figs. 3 and 4).

Pulse radiolysis spectra of 2-propanol-DEHP solution
detected in the time scale 5 ps—5 ms are shown in Fig. 3. One can
find strong UV band with maximum at ca. 360 nm and very broad
absorption tail in the range 450-560 nm. The resemblance of the
above spectra with that one shown in Fig. 1 is rather poor if any.

In the case of the 2-propanol-TOTM system the results
(Fig. 4) seem to be more promising. The absorption spectra of
TOTM anionic species in s time scale (5 ps—1 ms, Fig. 4 bot-
tom) are very similar to the transient spectra of PVC-TOTM
system at 293K (Fig. 2). In both cases the ~360nm max-
ima were detected as well as the visible bands in the range
425 nm—560 nm. The fast time scale (100 ns—2 us) spectra of
2-propanol-TOTM system (maxima at 510 and 540 nm, Fig. 4
top) are very similar to the transient absorptions measured for
pulse irradiated PVC-TOTM matrix at 130K (Fig. 2). These
observations are in good agreement with the common interpre-
tation that at lower temperatures one can slow down the fast time
events (nanosecond scale) to the ms—s time range.

The time and temperature dependent spectral changes found
for TOTM radical anions may be explained likewise it was pro-
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Fig.4. The transient absorption spectra of pulse irradiated 2-propanol containing
TOTM (10~2 mol dm—3) measured at room temperature after the 17 ns pulse
(top), taken at 100 ns (H), 200ns (O), 500ns (A), 1 ps (A) and 2 ps (#), and
after the 1 s electron pulse (bottom) taken at 5 s ((J), 10 s (@), 50 s (M),
100 ps (O), 500 ws (A) and 1 ms (A). Inset: the dependence of st order rate

constants of e_; +TOTM reaction vs. TOTM concentration.

posed for poly(ethylene terephthalate) ions [21]. In the first step
TOTM molecules can scavenge electrons producing transient
TOTM*® ™. These species like PET® ™ are thermally unstable and
are observed at low temperature (130 K) in PVC-TOTM system
(Fig. 2) and in ns—ps times in the case of 2-propanol-TOTM
(Fig. 4).

The maxima at 510 and 540 nm might be responsible for
TOTM® ™ primary intermediate. In the next step, the negative
charge, i.e. electron is transferred to the ester group of the
side chain—in position 4 generating ester radical anion with
absorption maximum at 470 nm observed in ps—ms time scale
for PVC-TOTM system at room temperature (Fig. 2) and 2-
propanol-TOTM solution (Fig. 4). The formation of this peak
can be detected as isobestic point (A~470 nm) in fast events data
for the latter system (Fig. 4).

Such ester radical anion seems to be not generated in the case
of side chains in position 1, 2 of TOTM and in DEHP as it was
observed.

Fig. 5 shows the absorption spectra of pulse irradiated sec-
butyl chloride (positive charge donor)—plasticizer samples at
room temperature. In both cases (DEHP, TOTM) the UV bands
with maxima at 340-350 nm were found. In addition for TOTM
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Fig. 5. The transient absorption spectra of sec-butyl chloride containing DEHP
(1072 mol dm—3, bottom) and TOTM (10~2 mol dm 3, top) pulse irradiated at
room temperature taken 5 s (H), 10 s (@), 50 s (A) and 500 s (V) after the
1 ps pulse.

containing system the well defined band with maximum at
~470nm is observed. The transient absorptions under consid-
eration can be attributed to the DEHP** and TOTM®* radical
cations and may contribute to the UV absorption results shown
in Figs. 1 and 2. The ionization potentials (IP) for PVC and
above mentioned plasticizers have not been available. The IP
for vinylchloride was found to be equal to 9.99 +0.02eV [22]
whereas for dimethylphthalate and terephthalic acid equaled
9.64 £ 0.07 and 9.86 0.2 eV, respectively [22]. All these num-
bers are quite similar but taking into account the spectral evi-
dences (Figs. 1,2 and 5) one may suggest thatin PVC—plasticizer
system the formation of DEHP** and TOTM** cations is pos-
sible.

Taking into account the results described above the following,
main reactions may be suggested:

PVC —aAaAnA— & + PVC™

e~ +PVC — PVC*™ )
e~ + Plast. — Plast.*” (DEHP*~, TOTM*®* ") 3)
PVC*' 4+ Plast. — Plast.*T(DEHP*", TOTM**) 4)

where Plast. denotes plasticizer (DEHP or TOTM).

The content of plasticizer in the polymer matrix is quite high.
In such a systems the “direct” effect of irradiation on plasticizer
has to be considered because the system is not totally homoge-
nous. The “direct” effect should result in formation of additional
radical ions generated via radiolysis of plasticizer molecules
themselves.

Following the mechanism (reaction (1)—(3)) one may
expect that, in particular, TOTM should decrease the yield
of HCI formation in the PVC system [2] and ought to influ-
ence the processes leading to the radiation stability of the
matrix.

Hutzler et al. [13] found that common plasticizers like DEHP,
epoxy soybean oil (ESO) prevent the yellowing of the PVC and
the authors concluded that these additives “are effective in sta-
bilizing the radiolytic abstraction of HCI from PVC”. Similar
conclusions can be found in other papers [10,14] although the
evidences include rather indirect results like the changes of UV
absorptions and pH of aqueous extracts obtained after interac-
tion of the aqueous solution with irradiated PVC systems of
different compositions.

4. Conclusions

e In the pulse irradiated PVC—plasticizer systems the primary
ionic reactions involving the charges (electrons and positive
ones) scavenging by plasticizer molecules (DEHP, TOTM)
have to be taken into account.

e These ionic reactions have contributed to the yield of end-
products (i.e. HCI) of PVC matrix radiolysis during steriliza-
tion of respective medical items.
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