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Summary

Grafted copolymer of poly(vinyl chloride) (PVC) with N-isopropylacrylamide
(NIPAAm) was prepared by radiation-grafting method using y-ray source. NIPAAm
was graft polymerized from its aqueous solution onto PVC tubes by preirradiation
method, all samples were exposed in the presence of air at room temperature to “Co.
Conditions for achieving maximum grafting yield were observed between 0.5 and
1 moldm™ of monomer concentration, pre-irradiation dose of PVC from 5 to 110 kGy,
and reaction temperature of 323 and 333 K. Characterization of the grafted copolymer
was conducted by various methods: FTIR-ATR, TGA, and SEM. The temperature-
responsive behavior of grafted copolymer was studied by swelling at various
temperatures and pH 6.8.

Introduction

In industry, technology, biology and medicine, it is often necessary to change and/or
to improve some of the polymeric surface properties without modifying the bulk
properties of the material [1]. Poly(vinyl chloride) (PVC) is one of the most widely
used polymers in the world, because it exhibits a good price / performance balance
that allows penetration into many applications such as pipes, cable insulation,
packaging foils, and medical products [2]. PVC has many applications due to its
attractive physical characteristics such as flexibility, softness, and transparency. Some
of its surface characteristics such as morphology, wettability, adhesion, and
biocompatibility within biological environments can be modified by different
methods [3]. Patients undergoing medical procedures such as blood transfusion,
hemodialysis or nutritional support may be exposed to plasticizers, such as di(2-
ethylhexyl) phthalate (DEHP), from PVC medical devices. In 2001, the US Food and
Drug Admistration published the results of the safety assessment of DEHP released
from PVC medical devices [4]. Furthermore, in direct contact with blood, these
polymers are prone to initiate the formation of clots; platelets and other components
of the blood coagulation system are activated. It is well known that the formation of a
thrombus depends on the behavior of platelets at or near the surface of an artificial
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material and on the protein-based coagulation cascade. Recently, flexible PVC
materials have also been used in neurosurgical implants [5, 6]. In these applications,
it is necessary to use materials having morphological, chemical, and physical surface
properties which exhibit minimal adverse reactions in biological environments, and
are, additionally, stable in time [7]. Over the past few years a class of polymers that
have shown promise in dynamic control of surface properties in a variety of
biological applications have been the so called “smart” or stimuli responsive
polymers. One important and well studied class of “smart” or ‘intelligent’ polymers
are water soluble polymers and hydrogels that exhibit relatively large changes in their
chemical and physical properties in response to small changes on environmental
stimuli [8]. One of the most well-known thermo-responsive polymers is poly(N-
isopropylacrylamide) (PNIPAAm), which exhibits a lower critical solution
temperature (LCST) at around 32°C in an aqueous solution [9, 10]. Graft
polymerization is one of the most effective methods to produce environment-sensitive
composite materials or membranes, and has been used for example, in applications
where a thermo-responsive polymer is capable of controlled drug release upon slight
temperature change (an example of an intelligent biomaterial) [11]. Recently, new
NIPAAm derivatives were designed with the goals of effectively controlling the
phase transition of temperature by adding hydrophilic or hydrophobic comonomers.
Additionally, some new stimuli responsive properties were also developed in
NIPAAm derivatives around the critical temperature [12]. Radiation grafting of PVC
with different monomers has some advantages compared to conventional grafting
methods and has been a well-known process for many years [13, 14]. In this paper,
we investigate, for the first time, grafting of NIPAAm onto the surfaces of small
diameter PVC tubes by a pre-irradiation method using gamma rays. We examine the
effects of irradiation time, dose and characterized the grafted tubes by infrared
spectroscopy, thermogravimetric analysis, scanning electron microscopy and water
swelling measurement as a function of temperature.

Experimental

Materials

Flexible, colorless, poly(vinyl chloride) tubes (PVC) with phthalate as additive were
kindly supplied by Spectra Hardware Inc. (inner diameter of 2.54 mm and thickness of
0.9 mm) and used as received. N-isopropylacrylamide supplied by Aldrich Co, USA
(NIPAAm) was recrystallized from hexane/toluene 50/50 vol. hexane and toluene
from Baker were used as received.

Grafting

The PVC tubes were gamma irradiated with a °Co Gamma-Beam 651-PT source with
an activity of 9.25 x 10" Bq, in the presence of air by preirradiation method, at room
temperature, dose rate of 1.4 and 3 kGy/h and pre-irradiation dose from 5 to 110 kGy.
The irradiated PVC tubes were placed in glass ampoules which contained aqueous
solutions at two different monomer concentration of NIPAAm (0.5 and 1 moldm™),
and the ampoules were sealed off in vacuum after degassing by repeated freeze/thaw
cycles. Reaction temperatures were 323 and 333 K, at reaction time between 2 and
25h. The ungrafted PNIPAAm formed during the graft copolymerization was
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removed by washing with water for 24h. The grafting yield (Yg) was calculated by the
equation: Yg (%) = 100[(Wg-Wo) / Wo], where Wg and Wo are the weights of the
grafted and initial tubes, respectively.

The radiation effects on PVC are very complex since many reactions take place
simultaneously (Scheme 1).
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Scheme 1. Graft copolymer of N-isopropylacrylamide onto poly(vinyl chloride) by radiation-
grafting method using y-ray source.
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Characterization

FTIR-ATR (attenuated total reflection) spectra of the starting and modified PVC tubes
were analyzed using a Perkin-Elmer PARAGON 500 spectrometer, in the horizontal
attenuated total reflectance mode, a SeZn glass was used as contact with the sample
surface. The decomposition temperatures were determined in nitrogen atmosphere by
thermogravimetric analysis, in a TGA Q50 (TA Instruments, New Castle, DE). The
scanning electron microscopy (SEM) of the cross section of the films was performed
using an apparatus of JEOL model JSM 5200. The low critical solution temperature
(LCST) of the grafted tubes was determined by measuring equilibrium changes of
swelling of the samples immersed in distilled water at different temperatures between
298 and 310 K for 3 h at neutral pH.

The percentage swelling was determined gravimetrically by the following equation:
Swelling (%) = 100[(Ws-Wo) / Wo], where Ws and Wo are weights of the swollen
and initial tube respectively. The thermosensitivity is expressed as T = Mt / Meos;
where Mt is the swelling at 298 K and Mee is the swelling at 310 K (equilibrium).

Results and Discussion

The increase in grafting yield as a function of reaction time for PVC samples by pre-
irradiation method at a dose of 20 kGy and constant monomer concentration is shown
in Figure 1. The general tendency follows the expected increased efficiency of the
grafting process from 2 to 10 h, after this reaction time grafting was constant because
pre-irradiated method conducted in air-saturated tubes results in an efficient
decomposition of all oxidative products, in this case maximum grafting was 18%.

Grafting yield as a function of pre-irradiation dose is shown in Figure 2; the graft
percentage increases with absorbed dose and temperature. High dose allows a high
formation of active centers that were reacting with monomer forming of Poly(N-
isopropylacrylamide) (PNIPAAm) and increasing the graft percentage. The
temperature of 333 K allows an increase the probability of reaction compared to 323 K.
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Figure 1. Grafting yield of poly(NIPAAm) onto pre-irradiated PVC tubes with increasing
reaction time. Monomer concentration of 1 moldm’3, reaction temperature 333 K, dose rate
3 kGy/h, and a pre-irradiation dose of 20 kGy.
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Figure 2. Grafting yield of poly(NIPAAm) onto pre-irradiated PVC tubes with increasing pre-
irradiation dose, at different temperatures 323 and 333 K, monomer concentration 1 moldm>,

reaction time 20h, and dose rate 3 kGy/h.

The effect of monomer concentration on the grafting as a function of preirradiation
dose is shown in Figure 3, at reaction time of 20 h, reaction temperature 333 K and
dose rate of 3 kGy/h. Grafting yield increases with monomer concentration from 0.5
to 1 moldm™; concentration of NIPAAm above 1 moldm™ favors the “gel effect”, this
effect results from a slow termination step owing to the lack of mobility of the
growing chains, increasing the yield of grafting.
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Figure 3. Grafting yield of poly(NIPAAm) onto pre-irradiated PVC tubes as a function of pre-
irradiation dose at different monomer concentration, reaction temperature 333 K, reaction time

20h, and dose rate 3 kGy/h.
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Figure 4. Grafting yield of NIPAAm onto PVC tubes as a function of pre-irradiation dose, at
different dose rate, monomer concentration 1 moldm’3, reaction time 20h, and reaction
temperature 333 K.

Figure 4 shows higher yield of NIPAAm grafting onto PVC tubes at dose rate of 3.0
kGy/h as compared with 1.4 kGy/h. The high dose rate increases the formation of
radicals to initiate the grafting process.
The FTIR-ATR of samples, PVC, NIPAAm monomer, and grafted PVC are shown in
Figure 5. The absorption bands of PVC tubes are clear CH, (2925 cm™), and CH-CI
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5. FTIR-ATR spectra of NIPAAm, PVC alone, and PVC-g-NIPAAm (11% graft).
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Figure 6. Thermogravimetric analysis of: PVC tube alone (1), PVC-g-NIPAAm (38% graft) (2),
and PNIPAAm (3).

(1459 and 1267 cm’™). Additionally a band at 1720 cm™ due to phthalate additive is
present. The NIPAAm monomer shows C=0 (1655 cm’™), N-H (3268 and 1542 cm™)
and CH; (2970 cm’") peaks. Graft copolymer samples show peaks characteristic of
both polymers, PVC and poly(NIPAAm). This characterization confirms grafting of
NIPAAm onto the PVC tubes.

The thermal behavior of PVC tubes was characterized by thermogravimetic analysis
in a nitrogen atmosphere from room temperature to 973 K at 10 Kmin™ (10°Cmin™).
The PVC sample showed two decomposition temperatures, the first one attributed to
dehydrochlorination at about 517 K and the second one at 743 K, due to the polymer
decomposition. The decomposition temperature of PNIPAAm occurs to 685 K, and
PVC-g-NIPAAm (38% graft) shows two decomposition temperatures, the fist one due
to dehydrochlorination of PVC and the second one to decomposition of the PNIPAAm
grafted onto the PVC tubes.

Scanning electron microscopy (SEM) of PVC of tubes indicated a flat surface for the
PVC samples (Figure 7a); homogenous grafting in PVC-g-NIPAAm surface (Figure 7b)
and the cross-section of PVC-g-NIPAAm tubes, grafting surface was observed (Figure
7¢). These micrographs were strong evidence of NIPAAm grafted onto PVC tubes. PVC
tubes exhibit a gradual increase of their thickness on NIPAAm grafting at 5.5, 15 and
38 % graft, thickness increased 8.8, 13 and 32 % respectively, and there is not increase in
length. These results indicated that the grafting were obtained mainly in surface.
Equilibrium swelling of PVC-g-NIPAAm tubes in water was found at 3h. Typical
swelling profile of PVC-g-NIPAAm tubes are plotted in Figure 8 and LCST was
measurement for graft contents of 38%; it was observed at 303 K. Termosensitivity
results was 2.23 for 38% graft.
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Figure 7. Scanning electron microscopy micrographs of the poly(NIPAAm)-grafted PVC (38%
yield); PVC alone (a), graft on surface (b), and cross-section of tubes (c). Magnification of

5200X.
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Figure 8. Temperature dependence of the swelling ratio in water as function of temperature for
poly(NIPAAm)-grafted PVC tubes 38% graft.
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Conclusions

Thermosensitive tubes (PVC-g-NIPAAm) were obtained by pre-irradiation method in
air. Factors influencing the degree of grafting such as pre-irradiation dose, dose rate,
monomer concentration, reaction time and reaction temperature, were optimized to
obtain a maximum grafting degree of 38%, at this grafting percentage, the surface of
the tubes were homogeneously covered whit PNIPAAm. The grafted tubes could
respond to environmental temperature changes, and present a sharp volume transition
around the LCST at 303 K (30°C). Thermosensitivity of these films was 2.23 at
grafting of PNIPAAm of 38 %.
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