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INTRODUCTION °*

Temperature dependence of the grafting yield is characterized
- by a curve with a maximum. It is wusually compared the 1limit
grafting yields (Qli-) which are obtained at long grafting times
when all the radicals and/or oxyradicals are spent in grafting pro-
cess. Temperature dependence with a maximum is observed during
grafting by the method of preirradiation in va;uu- (MPV) {Sundar-
di, 1979; Haruvy and Rajbenbach, 1981; Vierkotten and Ellinghorst,
1983), by the method of preirradiation in air (MPA) {Hebeish et
al., 1978) as well as by the direct method {(Schamberg and Hoigne,
1970; Vlagiu and Stannett, 1972; Faterpekar and Potnis, 1979). -
Such relationship is fulfilled on grafting onto a number of poly-
meric substrates: pély(ethylene terephthalate) (PETP) (Schamberg
and Hoigne, 1970; Vliagiu and Stannett, 1972; Hebeish et al., 1978;
Faterpekar and Potnis, 1979; Sundardi, 1979; Zhitariuk et al.,
‘88), nylon (Haruvy and Rajbenbach, 1981), and polypropylene
(gcha-berg and Hoigne, 1970).
in MPV, extreme dependence is due to different influence on
the grafting reaction, on the one hand, of the monomer diffusion
rate and, on the other hand, of reactional ability and radical
lifetime. Maximum on this relationship lies, in accordance to the
one data, in the region of glass—ﬂransition temperature of polymer
(Schamberg and Hoigne, 1970; Vliagiu and Stannett, 1972; Faterpekar
and .Potnis, 1979) and, according to the others, in the region of
glass-transition temperature of the poly-erynono-er (or monomer

solution) system (Kudryavtsev et al., 1981; Zhitariuk et al., 1988).




Arrhenius plot of grafting rate is described by a linear
function with a break. A place of the break point concurs as a
rule with the glass-transition temperature of the polymer/monomer
system. This dependence is observed during grafting carrying out
by different methods: MPA (Kaji, 1985a), MPV (Chapiro et al.,
1969; Hegazy et al., 1981), and direct method {Bonnefis and Puig,
1971; Kaji et al., 1973; Kaji, 1985b). Only the latter method is
used for grafting of a number of monomers onto PETP.

The overall activation energy of radiation-induced grafting de-~
creases as temperature passes over glass-transition region of poly-
mer/monomer system from glass to high-elasticity state. Thisvdepen—
dence takes probably place due to change of the rate limit stage of
grafting as temperature raises. At temperature which is lower than
glass-transition one graft polymerization is limited either by mo-
nomer diffusion or by radical migration in the bulk of irradiated
polymer, In PETP, both the processes have relatively high activa-
tion energies (Illers and Breuer, 1963), At temperature which is
higher than glass-transition point when monomer diffusion and ra-
dical migration in the grafting system essentially accelerate, the
overall activation energy depends on kinetic parameters of graft
polymerization process.

Change of temperature, when system is in high-elasticity state,

affects differently the @ and the initial grafting rate

lim
(Vi)' In MPV and in a number of works which deal with grafting by
MPA, Qlim decreases but Vi increases with temperature. Vi depends
on concentration of the radicals obtained during irradiation or

decomposition of peroxides and on their accessibility for monomer

diffused into the volume of substrate, whereas Qlim is mainly de-

termined by the change of the chain termination rate with tempera-
ture. In spite of that the recombination rate of the radicals ini-
tiating grafting has a small increase with temperature in semicry-
stalline PETP (Campbell et al., 1970) Qlim decreases as a result
of a grafted chains molecular weight decreasing with temperature.
One of the features of graft polymerization is a sharp
increasing of <chain termination activation energy (Et) in
compaqison with its value at liquid-phase monomer polymerization.
For example, for polymerization of styrene in the bulk Et is from
6.3 to 8.4 kJ/mole (Odian, 1970). Grafting of styrene onto diffe-
rent polymeric substrates gives Et from 50 to 110 kJ/mole (Dobo and
Somogyi, 1962). Such increasing‘of Et during grafting process ref-

lects the viscosity of the swelled polymer to be 1()7 - 1010

times
higher in comparison with that of monomer. As a result the growing
grafted chain ends have too low diffusion coefficients in the bulk
of polymer and process of their termination is sharply restrained.
Therefore the grafting system is very sensitive to the smallest
temperature change. High Et value brings to negative value of the
difference between activation energy of chain propagation (Ep) and
Et {Chandler et al., 1962; Dobo and Somogyi, 1962; Bartl and
Wuckel, 1976). Sundardi, 1979, carrying out the grafting of a
number of monomers onto PETP, come to the conclusion that Et
depends on the nature of the substrate but not of the monomer.

It is further interesting to note some features of monomer
diffusion in PETP. This polymer has a low degree of swelling in
the majority of monomers. Therefore it is wused the monomer
mixture with organic solvents (Avny et al., 1978; Memetea and

Stannett, 1979; Kaji, 1985b). As follows from Memetea and Stannett,



1979, Qlim increases about one order of value at styrene grafting
onto preirradiated PETP in that case if instead of pure styrene is
used its solution in methylene chloride.

The aim of our work is to investigate temperature influence on
kinetics of radiation-induced graft polymerization of styrene onto
PETP nuclear membranes with the different pore diameter and the
different average distance between the pores as well as onto films

of different thickness.

EXPERIMENTAL

Materials

It is used biaxially oriented PETP films of 1.5, 10, and 20 um
thick (Table 1) manufactured in the USSR t(lavsan film prepared in
accordance with State Standard 24234-80). Draw ratio is 3. The ftilms
were filled with 0.2 wt. % of kaolin. Hostaphan films of Kalle,
West Germany, of 3 and 5 #m thick were also used (see Table 1).
Films and membranes were not subjected to additional cleaning.
Technical grade styrene made in the USSR was purified by double
distillation under vacuum and was stored at -12 °C not longer than
one month. Toluene of "chemical pure" grade was used without puri-

fication.
Methods

Irradiation of the PETP film with accelerated heavy ions

132xe8+

was carried out in ecyclotron U-300 at JINR. For
sensibilization of heavy ions tracks the PETP film is irradiated by

UV light. Etching of tracks was carried out on etching plant in

sodium hydroxide solution., The film of 320 mm width passed

successively through the bathes: etching, preliminary washing,
neutralization of alkali residua, final washing, drying with hot

air. The characteristics of membranes prepared are shown in Table 1

Table 1. Characteristics of membranes and films used for

graft polymerization

Nuclear membranes

1 1

Sample Pore den- db, dg’ Thickness Porosi- Average distance
code sity, cm—Z #m Hm 1, ¢m ty,z% between pores,‘jl Hm
9 + + )
0.05-F  2x10 - o0.05 9.9%0.3 s8.00.5 0.25
0.1-F  3.2¢10%° 0.085 - 10.1%0.2 s.1%0.7 0.7
1-F 5x10° 0.93 - s.6%0.2  7.7%0.2 5
Films
sample |
code L-1.5 L-3 L-5 L-10 L-20
Thick- |
ness, #m! 1.6%0.1 2.9%0.1 5.0%0.2  10.2%0.2 20¥2

1 db' dg are pore diameters obtained by "bubble-point"” and gas
dynamic methods, respectively.
Porosity was determined by gravimetric method.
Calculation of average distance between the pores of nuclear
membranes with different pore density was carried out proceeding

from the model of square-nest pore distribution mode on membrane

surface.



Irradiation of the films and nuclear membranes was carried
out. in vacuum and in air with ?-rays (Cs-137) at the dose rate of
0.75 Gy/sec. Temperature in the irradiation chamber was 30 - 35 °c.
Graft polymerization was carried out as described in (Zhitariuk et
al., 1989b). The grafting yield is defined as percentage weight gain
of the sample.

Swelling of polymer was investigated with gravimetric method.
After sample swelling in liquid at suitable conditions the polymer
wags taken out from swelling agent, plenty of 1liquid 1is carefully
removed with filter paper and polymeric sample is quickly weighed.
After liquid removal by means of heating at ~ 60 °C  the sample is

weighed. Degree of swelling was calculated as percentage increasing

in weight.
RESULTS AND DISCUSSION
Swelling of nuclear membranes and films

To determine the monomer concentration in the bulk of PETP su-
bstrate it is elucidated swelling of membranes and films in toluene
which is used as a saturated analog of styrene with the nearest
solubility parameter. Preliminary experiments on swelling of membra-
ne in toluene and in styrene with addition of 0.15 wt. % of sulfur
as inhibitor of ©polymerization showed approximate coincidence of
the degree of swelling in both the liquids. Swelling curves are
shown in Figure 1.

Depending on the average distance between the pores (or film
thickness) the initial swelling rate increases in the order of L-10,

1-F, 0.1-F.All points in Figure 1 are built on the basis of membrane

(o

b

o 0.1-F
aA 1-F

o [ -10
O L-15

~No

o

2 L 5 21
Sorption time (hr)

Fig. 1. Swelling of nuclear membranes and films: open symbols are

U

o

Degree of swelling (%)

swelling in toluene, closed ones are swelling in styrene with addi-

tion of 0.15 wt. % of sulfure. Temperature is 70 °c.

and film weight obtained after removal of sorbed toluene (mé). This
weight is less than the weight of initial membrane (mo). Weight
decreasing can occur as a result of oligomers extraction from PETP
(Hudgins et al., 1978). The relative weight decreasing of nuclear
membranes and film after extraction with water and benzene in Soxlet
apparatus is shown in Table 2.

In case of swelling of membrane sample the relative weight loss
is higher as the average distance between the pores is smaller., It
is remarkable that weight loss of the films L-10 and L-1.5 does not
occur after swelling in toluene and solvent removal. Thickness of
the film L-1.5 is smaller than the average distance between the po-

res of the membrane 1-F. In spite of this, as mentioned above, ext-



Table 2. Weight change of PETP nuclear membranes and film after

Soxlet extraction

| Sample code (1-m!/m_) * 100, %! (1-m’/m_) ¥ 100, %2
|
0.05-F 1.1 2.3%0.3
0.1-F 0.9 1.7%0.2
1-F 0.2 1.2%0.2 ;
L-10 ) )

extraction with water during 9 hr,

extraction with benzene during 36 hr.

raction of oligomers from this film did not occur whereas in case of
membranes that takes place. This indicates the change of PETP struc-
ture during membrane preparation from the film, and more concrete-

ly - presence in the bulk of membrane side by side with cylindrical
channels (pores) of the micropore structure which is fdrmed as a
result of the difference between the etching rates of crystalline and
amorphous regions of PETP (Komaki and Seguchi, 1982}).

It follows from Figure 1 that in spite of accounting of the
weight loss in the course of extraction, an equilibrium degree of
swelling for membrane O0.1-F is lower than that for 1-F, L-1.5, and
L-10. If the solvent induced crystallization of polymer would take
place, it would occur in all the samples irrespective of their
thickness or average distance between the pores. Therefore it is
conceived more reliable ot#er explanation, namely, an increasing of

the swelling agent evaporation rate as the average distance between

the pores (or, in other words, the effective thickness of sample)

decreases.

Grafting temperature

Graft polymerization is begun by the monomer sorption with
irradiated PETP substrate. Arrhenius plot of the swelling rate in
toluene is shown in Figure 2. The activation energy of swelling
ES is equal to 120%20 kJ/mole.

Temperature dependence of the grafting rate is shown in Figure
3 (curves 1 and 2). In MPA, the overall activation energy E0 within
the temperature range from 60 to 100 °C is equal to 91ty kJ/mole.
This value indicates that with raising of temperature the initiati-
on of graft polymerization more and more realizes probably by the ra-
dical products which are formed during dissociation of peroxides and

so the contribution of the trapped radicals to initiation decreases

(Robalewski and Stolarczyk, 1970; Zhitariuk et al., 1989a).

2 a1-F
o L-10

Fig. 2. Temperature

lg V(%/hr)

dependence

of the swelling rate

of PETP samples

3.2 100077 (k™)

in toluene.



Arrhenius plot of the initial grafting rate in MPV consist of

10 v 005-F

two ranges (see Figure 4). In low temperature range Eo is 150i20 kJ
/mole (this is the average value for all samples shown in Figure 4).
This value approximately agrees with the activation energy of subs-
trate swelling in toluene. A bending point displaces to higher tem-

perature as thickness of sample increases. Therefore for thicker

PETP substrate the transition from diffusion region of graft poly-

Grafting rate(%/min)

merization to kinetic one takes place at higher temperature.

i
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i 27 2'8 29 30 EX Fig. 4. Arrhenius plot of the initial grafting rate. Grafting by
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Fig. 3. Dependence of styrene grafting rate in MPA (1 and 2 are the el o 0 1-— F
(&) 4
initial rates) and in MPV (3 and 4 are the rates at grafting yield : 0
20 X) on reciprocal temperature. Preirradiation dose is 180 kGy in 0 2 L 6 8
MPA and 50 kGy in MPV. Grﬂft".\g t'me (hr)
Fig. 5. Curves of polystyrene accumulation onto PETP film and nuc-
Time conversion curves of polystyrene grafting (Figure 5) lear membranes. Grafting by MPV, preirradiation dose is 50 kGy,
indicate in particular a diffusion control of grafting reaction at grafting temperature is 55 °C.
10
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55 °c {grafting by MPV). In the initial period of time grafting onto

membrane 0.1-F proceeds more quickly than that onto other substra-
tes, since the average distance between the pores in membrane O.1-F
is lower than that in 1-F and than the thickness of the film L-10
(see Table 1). As the content of grafted polystyrene 1n the bulk of
substrate increases and the grafting front moves towards the middle
part of substrate {(which i1n the case of membrane is equal to a half
of average distance between the pores), polymerization continues to

proceed on the samples with higher effective thickness (1-F and L-10)

while it stops completely on the membrane 0.1-F due to exhaustion all

the active sites in the bulk of this substrate. In contrast to wri-
ting above, at higher temperature ( > 70 °¢ ), as follows from Figu-
re 4, the initial grafting rate increases with the effective PETP
thickness (up to the thickness of 10 um).

The overall activation energy of grafting averaged for all sam-
ples shown in high temperature range of Figure 4 is equal to 25t6
kJ/mole.This value is close to the activation energy of the chain pro-
pagation step (Ep) 23 kJ/mole (the average for Ep from Bagdasar’yan,
1966 ;and Soh and Sundberg, 1982). In such a manner, in the initial
moment of graft polymerization (up to about 300 sec), when the
chain termination does not yet take place 80 long as the average
life time of the polystyril radicals in the grafting process is equ-
al to several thousands of secads Yasukawa et al., 1972; Bhattachary-
ya and Maldas, 1983), the overall activation energy consists of the
activation energy of chain propagation only. As duration of grafting
increases an entanglement of grafted chain takes place, the visco-
sity of the reaction medium increases and as a consequence of this

the activation energy of chain termination raises as compared with

12

that of styrene polymerization in the bulk. As a result Eo acquires
the negative value (—40t4 kJ/mole as can be seen from Figure 3, cu-
rves 3 and 4).

A critical thickness of film substrate is defined as that thic-
kness above which the grafting rate per unit surface area becomes
constant {(or decreases) as film thickness continues to increase. As
follows from (Wilson, 1974), the critical thickness can be expres-

sed by equation:

f8pc )1/%

= vy (n
where D is monomer diffusion coefficient in substrate volume, c, is
stationary monomer concentration in substrate volume, and V is
grafting rate. As follows from equation (1) lC is a function of
temperature since from three variable quantities the two (D and V)
are the function of temperature (as follows from our work c, does
not depend on temperature).

Temperature dependence of critical thickness showing in Figure 6
resembles Arrhenius plot obtained in graft polymerization process
(Figure 4). In the low temperature range when the reaction is cont-
rolled by monomer diffusion in the bulk of PETP El = 147t4 kJ/mole
that coincides with grafting activation energy (150 kJ/mole). In
the high temperature range El = 25 kJ/mole.

The overall activation energy of radiation-induced graft poly-
merization of styrene onto PETP nuclear membranes and films carry-
ing out by the methods of preirradiation in air and in vacuum as
well as the activation energy of PETP swelling in toluene has been

studied. In MPV, the initial rate of grafting in Arrenius plot

consists of two linear ranges with a bending point which 1lies at

13



the higher temperature the thicker sample is. Low temperature range
has Eo which corresponds to monomer diffusion in the bulk of
substrate. Eo in high temperature range 1is determined by kinetic
parameter of grafting. The critical thickness of PETP substrate is
a function of temperature. In Arrhenius plot, this dependence has

a form as that of temperature dependence of the initial grafting

rate.

10}

lc (um)

0.1 . .
26 28 30 32
1000 /TIK™")

Fig. 6. Critical thickness of PETP substrate as a function of reci-

procal temperature. Grafting by MPV, preirradiation dose is 50 kGy.
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Hutapwk H.W., WraHbko H.W. E18-89-807
Bnuanwe TeMnepaTypbl Ha PaAWaLMOHHYI NPUBWMBOYHYID
nonuMepusaumo cTupona Ha MITO saepHbix MeMBpaHax W rneHke

NccneaoBaHo BNMAHWE TeMmnepaTypol Ha KUHETUKY PAaAWALMCHHOA MNPUBWBOYHOWR ronun-
Mepu3auun CTUpona Ha MonNUaTUNeHTepedTanaTHoie AAepHble MeMBpaHbl C Pa3MMYHbIMA
AWaMeTpamMk Mop W CpeaHWMW MewnOpOBbIMA PACCTOSAHMAMM, A TaKKe Ha MMNeHKU pasnny-
HOA TomuwHLl MeTogdamu M3 wu MOB. MonyyeHo 3HaYeHWA 3IDPEKTMBHOA 3HEPrUv akTwBa-
uuu npouecca pPaauauUcHHONW NPUBABOYHON NonuMepusaunn cTupona Ha NITO saepHbix
mMembpaHax, a TaKkke 3HadeHuWe 3HEPTWN aKTuBauuu npouecca Habyxawms N3ITO B To-
nyone. YCTaHOBAEHO, YTO Ha4anbHas CKOPOCTbL MPUBMBOYHOW MONUMEpPU3aLWM B Koop-
AVHATax AppeHMyca COCTOMT W3 ABYX MNWHERHbIX YYAaCTKOB. JHEprus axkTUBALMM HU3KO-
TeMnepaTypHOro y4acTka COBNajaeT C 3Hepruei akTWBALUMW npouecca HabyxaHua noa-
NOKKW. 3HEpPrus aKTUBALMWA HAa BbICOKOTEMNEpaTypHOM y4yacTke ofipeaenseTcs KuHeTu-
YeCKWMW napaMeTpamMn peaxuuv npueuekvn. OnpeaeneHa 3aBUCUMOCTb KPUTUYECKOW Ton-
umHbl 13T noanomKn B Npouecce NPUBMBKWA OT TemrepaTypsl. YCTAHOBMNEHO, YTo Temre
pPaTypHaa 3aBUCKMOCTb KPUTUYECKOW TONMuMHbL NITO noanomku cuMbaTHa TemnepaTypHoW|
3aBUCUMOCTU CKOPOCTU NPUBWBOYHOA MOAMMEPU3ALNA.
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Influence of Temperature on Radiation-Induced Graft

Polymerization of Styrene onto Poly(ethylene Terephthalate)

Nuclear Membranes and Films

Temperature effect on kinetics of radiation-induced graft polymerization
of styrene onto poly(ethylene terephthalate) {PETP) nuclear membranes with
various parameters (pore diameter, the average distance between the pores)
as well as onto PETP films with different thickness has been studied. Graft
polymerization has been carried out by the methods of preirradiation in air
and in vacuum. The overall activation energy of grafting as well as the ac-
tivation energy of swelling of PETP in toluene has been obtained. It was
found that in the method of preirradiation in vacuum, the initial grafting
rate in Arrhenius plot has two linear ranges. Activation energy in low tem-
perature range correlates with activation energy of PETP swelling. Activa-
tion energy in high temperature range is determined by kinetics of graft
polymerization. In the method of preirradiation in air, Arrhenius plot of
the initial grafting rate gives the activation energy that approximately
corresponds to the initiation of grafting with oxyradicals. Dependence of
PETP matrix critical thickness on temperature has also been obtained. The
form of this dependence is identical to the one of the rate of graft polyme-
rization.

The investigation has been performed at the Laboratory of Nuclear
Reactions, JINR.
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