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INTRODUCTION

Radiation-induced graft polymerization of styrene onto poly-
(ethylene terephthalate) (PETP} has been studied in a number of
papers. As a rule, for this purpose it was used direct method of
grafting in which the polymer is dipped either in a pure monomer
cr in a monomer solution and the system is irradiated [1 - 8)]. An
equilibrium radical! concentration in irradiated PETP is about 1017
radicals per gram [9]. So small concentration of paramagnetic

sites must lead to insufficient activity of PETP in the grafting

process. Indeed, in early works on graft polymerization PETP
mattix differ from others by both the small rate of grafting and
the small limit grafting yield [10]}.

However, subsequent works led to the results indicating a
pussibility of obtaining of the grafting yield reaching some
tens percent. In the direct grafting method, considerable portion
of radicals can be introduced into the PETP substrate from without
[2). The radicals formed in a monomer and solution surroundi;g
polymeric matrix diffuse into the PETP volume where they initiate
polymerization of monomer. Macromolecules formed +this a way have
not chemical bonds with the matrix but owing to molecular
engagement they are retained firmly in the bulk of the polymeric
matrix.

We know only two papers partly dedicated to the grafting of
styrene onto PETP by using the method of preirradiation in

vacuum (1,11}], but we have not information on the grafting in this

system with the methm‘r
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In the method of preirradiation in air, concentration of the

peroxides in PETP is proportional to dose up to 50 - 100 kGy

{12,13]. A further dose increase leads either to saturation con-

nected with a dissociation of peroxides and/or hydroperoxides as a

result of their radiolysis or to relationship between the grafting

rate and the dose with a maximum [14].
aApplication of both the grafting methods in concrete polymer/

monomer system will be successful in that case if the radicals and

the peroxides generated during irradiation will be stable during
sample storage after irradiation. For that matter, PETP is cha-

racterized by a long lifetime of the radicals [15,16] and by &

formation of the stable at the ambient temperature substances with

oxygen to oxygen bond in their molecules which are the peroxides

and the ozonides [17] and/or hydroperoxides [18).

In this work grafting of styrene onto the PETP nuclear membra-

nes and films with the methods of preirradiation in a vacuum or in

atmosphere contained oxygen has been studied. The relationships

between the grafting yield and the dose vate, the preirradiation

dose, and the storage time of the samples after a completion of

irradiation have been obtained.

EXPERIMENTAL
Materials
known method on the

Nuclear membranes were obtained with a

basis of PETP film {lavsan made in the U.S.S.R. in accordance with

State Standard 24234-80) of 10 #m thick (designated as L-10 in

Table 1) [19). Nuclear membranes characteristics are shown in

Table 1. Membranes and film were not subject to additional

purification. Styrene is cleaned from inhibitor by means of

rinsing in an alkali with a following double vacuum distillation.

T s
able 1. Some characteristics of membranes and film used f
or

graft polymerization

Sample Pore de i 1 ! i
nsity, db’ dg, Thickness, Porosity,z L
-2 ’
code cm Hm Hm Hm % M
R n
0.05-F 9
2%10 - 0.05 9.9%.3 a.0%0.5 0.25
_ B .
0.1-F 3.2%10 0.095 - 10.1%0.2 8.1%0.7 0.67
1-F 6 .
5%10 0.93 - 8.6%0.2 7.7%0.2 5.1
L-10 - - 1
- o) -
1 a d .
p' dg are pore sizes obtained by a "bulb" and gas dynami
Cc

method i ; i
ods respectively; porosity has been obtained by gravimetric

method.
Methods

Graft polymerization was carried out by the method described

earli
ariier [20]. Nuclear membranes and film activated with 7-rays

were stored at the ambi
ent temperature (20 - 30 °C) in vacuum

(1072 torr) or in air, i
ir, in the dark. The grafting yield (Q) is de-~

fined as percentage weight gain of the sample

RESULTS AND DISCUSSION
Dose rate

Tyoi
ypical curves of the grafted polystyrene (PS) accumulation

t
onto PETP nuclear membranes with different pore size and onto
PETP film of 10 um thick are shown in Figure 1. The method of

rei Lo . N
Preirradiation in vacuum is characterized by the high

initial
r . .
ate of graft polymerization. On initial section of the
accu : : s
mulation curve the polymerization has an explosive character

and i i
its ratg depends on the kinetics of the monomer sorption by the



matrix. In time the grafting rate decreases and takes the constant
value. On the film L-10 the rate of grafting approximates to =zero
but on the membranes 1-F and O.1-F it takes some value
different from zero. This form of the accumulation curves is
apparently explained by the fact that with an increase of the
average distance between the pore axes L (see Table 1) and with
its approaching to film thickness the reaction of a radical recom-
bination in the crystalline phase of PETP under conditions of
the graft polymerization begins to compete successfully with the
reaction of graft chains initiation by the radicals. It ought to
point out that in the amorphous regions the radicals are
accessible'for monomer molecules already on the initial stage of
grafting [11,15]1, and recombination of the radicals is more pro-
bable in the thick substrate where an access of monomer to initia-

ting sites is more difficult.

o L-10
a 1-F
oQ1-F

Gratting yield (%%}

1} 8 16 24
Grafting time (hr)

Fig. 1. Curves of PS accumulation on PETP film and nuclear

membranes. 1 - 3 is a preirradiation in air, dose D = 50 kGy; 4 -

- 6 i a preirradiation in vacuum, D = 50 kGy. Grafting

temperature T = 70 0C, dose rate is 0.75 Gy/sec.

Grafting rate in the method of preirradiation in air is consi-

derably lower. Except for initial range an increase of grafting

vield with time is described by a linear dependence.

The dose rate does not affect the polymer activity in the
grafting reaction of styrene in the method of preirradiation in
vacuum ( see Table 2). Grafting yield is practically constant when
the dose rate is changed in 50 times. The fact has good
coincidence with the literature data which have been obtained at
grufting onto other polymeric matrixes [22 - 24).

The analogous picture is seen in the method of preirradiation
in air when irradiation is carried out in oxygen. If PETP activa-
tion is carried out in o*ygen the grafting yield has some
dependence on the dose rate (Table 2). But in our opinion this
dependence is defined by the reaction of oxygen radiolysis
products with PETP matrix than by effect of the dose rate on
radiolysis of PETP, This follows from that at low dose rate (0.015
Gy/sec) oxygen concentration in a gas phase does not affect grafting

yield whereas at its rise to 0.75 Gy/sec the influence has place.

Table 2. Yields of grafted PS (in %) on nuclear membranes and
film irradiated under conditions of the different dose rate and

the different gas atmosphere

Preirradiation in Preirradiation in air,

vacuum, t = 6.5 hr t = 8.2 hr, D = 50 kGy

Dose rate is Dose rate is

D = 50 kGy D = 25 kGy

Sample B 0.015 Gy/sec 0.75 Gy/sec
code Dose rate (Gy/sec): Preirradiation in:
0.015 0.75 0.75.0.08 air oxygen air oxygen
0.05-F - - - - 0.4 0.3 1.2%0.8 2.3
0.1-F 29 29%2 19 21 3.7 4.8 1.5%1 8.4
1-F 39 38%3 20 30 10.3 10.4 10.8%0.3  14.3
L-10 58 603 33 38 11.9 11.3 132 18,1




Similar phenomenon was observed in [25) at radiolysis of polyeth:-
lene dnd was explained by influence of the ions O; formed in gas
phase during irradiation on polymer. It is known that concent-
ration of ozone and of oXxygen ions increases during oxygen radio-
lysis with a rise of its concentration and with the dose rate. Be-
sides, an interaction of ozone with organic compounds occurs

already at room temperature [261].

Preirradiation dose

In both grafting methods, a dependence of grafting yield on

preirradiation dose has a form of prominent curve an incline of
which decreases with dose., On these plots grafting yield at
constant dose increases at grafting on the samples placed in a
series: 0.1-F < 1-F < L-10 (Figures 2 and 3).

From that fact some conclusions can be done. In accord with a
radical polymerization theory at increasing of the dose rate more
and more higher number of the growing macroradicals is "terminated
on free radicals from PETP. For this reason at a sufficiently high
dose rate the rate of polymerizalion is not a function of the dose

rate [27, p.219). Analogous picture is seen in the case of graft

o
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o

Grafting yield (%)
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2 25
tg D (kGy)

Fig. 2. Effect of preirradiation dose on PS grafting vyield.

1 15

Preirradiation in vacuum, T = 70 OC, grafting time t = 6.5 hr.

polymerization. As a preirradiation dose, which in the preirradia-
tion method is in principle an analogue of the dose rate, increa-
ses, the degree and the rate of grafting has &a less and less
dependence on a concentration of the radicals in PETP. This brings
to a decrease of an incline of a relationship between grafting
yield and dose as dose increases. In the method of preirradiation
in vacuum, at dose which corresponds to an achievement of the
constant grafting rate the radical concentration does not still

reach a limit value.
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Fig. 3. Effect of preirradiation dose on PS grafting yield.

Preirradiation in air, T = 70 OC, t = 24 hr.

In the method of preirradiation in vacuum, at a long grafting
time as follows from equation (1) the grafting yield is proportio-

nal to logarithm of the initial radical concentration [R']o [28):
_ -1 .
Q = ki [MMn(k (R ¢), (v

where kp and k= are kinetic constants of chain propagation and

termination, respectively, [M] is a monomer concentration and t is

a grafting time,



In that case when a concentration of the radicals is
proportional to dose, a linear relationship between Q and a loga-
rithm of preirradiation dose will be fulfilled. This
relationship is shown in Figure 2. The linearity is fulfilled wup
to a maximum dose 0.4 MGy which was reached in our work. On the
other hand, as follows from {15,16) at PETP irradiation a linear
dependence of the radical accumulation curve (the dose rate similar
to that used in our work) stretches to the dose which lies in the
range of 0.2 - 0.4 MGy. This coincides with the data shown in
Figure 2.

Grafting of styrene onto the irradiated in air nuclear
membranes, on condition that graft polymerization is carried out
in an inert gas atmosphere, brings to an appearing of the
induction period T, T decreases with preirradiation dose.

The dependence of 7T on reciprocal dose is shown in Figure 4.
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Fig. 4. 1Induction periocd as a function of reciprocal dose.

Preirradiation in air, T = 70 °c.

At low dose (up to about 0.1 MGy) we obtain a linear relationship

between 7 and 1/D. Indeed, in accordance with the data of [29]:
= : . 2
T = l/kt[R ]O (2)

In such a manner, if a concentration of the radicals (or of

oxyradicals as it has place in our case) is proportional to dose,

then a linearity between ¢ and 1/D must be fulfilled. This is
shown in Figure 1. Tt ig interesting to note that a deviation from
the linearits takes place in the same dose range as the curves of

dependence of grafting vield on dose reache a limit value.

Storage after irradiation

A relationship between the grafting yield in the method of
preirradiation in a vacuum and storage time of the samples 1is
shown in Figure 5. All the curves have a maximum. This form of the
dependence can indicate some processes which occur with the
radicals in the PETP matrix in time of its storage in vacuum,
The data shown in Table 3 also indicate these processes. In the
Table a kinetics of an activity decrease for the membranes and
films irradiated in vacuum is compared with the kinetics for
the samples irradiated in air. The curves shown in Figure 6 also
indicate these processes.

A capture of the radicals in the irradiated polymer and their
time stability is a function of the matrix structure and in
particular of its crystallinity. In regular lamelar structure of

the crystaltite the radicals can live over a long period of time.

F
60 0 01-F //////U/——————v~\\\‘\

‘“zﬁ/’r—\\
0 _—— T~

1 10 100 1000
Storage time (hr)
Fig. 5. Yield of grafted PS vg. samples storage time. Storage

Grafting yield (%)

conditions: room temperature, in vacuum, in the dark; grafting
conditions: T = 70 OC, t = 6.5 hr; irradiation conditions: D = 50
Gy, in vacuum.
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Table 3. Yields of grafted PS (in %) onto irradiated PETP nuclear

membranes and film after storage in air

(D = 50 kGy, T = 70 °C, t = 6.5 hr)

Irradia- After storage in air during

Sample tion in

code vacuum 1 hr 150 hr

with a

following irradiation irradiation irradiation irradiation

graftinglin vacuum' in air Iin vacuuml in air
0.1-F 20tz 4.7%.4 2.7%0.3 2.6%0.3 1.3%.2
1-F 32%2 1441 124 9ty gt
L-10 40t3 18%2 1241 9t 10¥1
(Q)L—IO A A

2.0%0.3 3.8%.5 1.86%0.8 3.5%0.8 8t1.5
Qg 1.

For this, they were protected not only from an oxidation but also
from a monomer access. In this way, the radicals cannot initiate
polymerization. But results obtained at radiolysis of polyethylene
[30] and in the process of grafting on a number of irradiated
polymeric matrices indicate a possibility of a radical migration
from the bulk of crystallites to their surface with a subsequent
initiating of grafting {31 - 33].

Graft polymerization proceeds both in the amorphous regions
and on the surface of crystallites. At a storage of the irradiated
PETP a migration of the active centers from the bulk of the
crystallites to their surface has place. This migration can
apparently be conditioned by a different radical concentration in

crystalline and amorphous phases [16].

10

Since a radical stability in PETP at room temperature is
high [17], one can suppose that paramagnetic sites migrated from
the crystallites take part in initiation of the graft reaction. The
fact brings to a grafting yield increase with time of storage
(Figure 5). Later on with a damping of the migration process and
because of the loss of part of all generated radicals grafting
vield begins to decrease slowly.

An access of oxygen to the PETP samples irradiated in
vacuum leads to oxidation of the radicals which are placed in the
amorphous phase. Thus, in {15,34] it is used a short contact of
the PETP irradiated in a vacuum with an air to obtain good
precision and to remove the background in the ESR spectra. The
authors are believed that oxygen destroys the macroradicals which
are localized in the amorphous regions retaining ones which locali-
zed in the crystallites. Then, if grafting would be initiated by on-
ly the products of peroxjdes dissociation a rise of contact time of
irradiated PETP with oxygen would increase grafting yield. But as
follows from Table 3 and Figure 6 an opposite phenomenon has place
that is the grafting yield decreases with a time ¢f sample storage
in air. Even after 1 hr storage in air the samples irradiated in a
vacuum show higher activity in the initiation of grafting than
PETP irradiated in air. Since a decrease of average distance
between the pores leads to an acceleration of radical oxidation so
a relationship between the grafting yields on L-10 and O.1-F is
increased with storage time in air ( the lower line in Table 3).
These observations confirm an assumption made earlier in {21]
about the participation in grafting carri®d out by the method of
preirradiation in air of the radicals migrated from a crystalline
phase of PETP.

More detailed idea about an effect of oxygen on behaviour of

irradiated sample with storage time can be obtained from Figure 6.
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For any matrix storage in a vacuum decreases the grafting yield to

a less degree than its storage under conditions of free oxygen ac-

cess. This fact indicates that the radicals migrated during storage

from crystalline regions to amorphous ones in first case become
the initiators of graft polymerization and in the second one they
convert into the peroxides. The latter process decreases the rate

of grafting carrying out at 70 °c.

12aa1L-10
0 3ufao)1-F
2 2genlor-A
=15 M
2
D
2
g7 3
B 5 A
S
0 81
1 10 100 1000

Storage time (hr)
Fig. 6. Yield of grafted PS vs. samples storage time. Storag:«
conditions: room temperature, in the dark; grafting conditions: 7 =
= 70 0C, t = 8.2 hr; irradiation conditions: D = 175 kGy, in air.
Open symbols are storage in air, closed ounecs are storage in

vacuum.

CONCLUS1ONS

In the grafting of styrene by the methods of preirradiation in
air and in vacuum onto PETP nuclear membranes and film the dose
rate of y-irradiation within the region of 0.015 ~ 0.75 Gy/sec
does not affect the grafting rate. In the method of preirradiation
in vacuum, the grafting yield is proportional to logarithm of
dose. Grafting yield passes through the maximum (at constant

grafting time) as a storage time of the irradiated samples

12

increases. In the method of preirradiation in air, storage of ir-
radiated samples in air has greater influence on a decrease of
grafting vield than their storage in vacuum. Obtained results
confirm the idea on participation in the initiation of grafting in
both the grafting methods of the radicals migrated from

crystalline phase of PETP.
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tor of the lLaboratory of Nuclear Reactions, and V.I.Kuznetsov,
Chief of department, for their careful guidance, continuous interest,

and encouragement throughout this work.

N 'l(‘]’f‘l]("(‘ﬁ
. 1.Sakurada, Y. iinda and T.hawnhara, J. Polym. Sci.: DPolym. Chem.
Fd. 1, 2329 (1473,
2. Y.Avny, L.Rebenfeld and Hl.-b.Weigmann, J. Abpl. Polym., Sci. 22,

125 (1978).

3. I.Vlagiu and V.Stannett, Rev. Roumaine Chiﬁ‘ 17, 379 (1972).

4. A.I.RKurilenko, L.V.Smetanina, L.B.Alexandrova and V.L.Karpov,
Vysokomolek. soed. (USSR) 7, 1935 (1965).

5, I.Vlagiu and V.Stannett, J. Macromol. Sci.- Chem. A7, 1677 (1973).

6. I.Sakurada, Y.Ikada and T.Kawahara, Annual Report No 3, JAERI
5026, 150 (1970).-

7. Y.Suzuki and T.Okada, Annual Report No 2, JAERI 5022, 89 (1969).

8. A.Hebeish, S.E.Shalaby and A.M.Bayazeed, J. Appl. Polym. Sci. 27,
3683 (1982).

9. A.I.Kurilenko, L.B.Alexandrova and L.V.Smetanina, Vysokomolek.

soed. (U.S.S.R.) 8, 1164 (1966).

13



‘ 10.
\ 1t.
| 12.
‘ 13.
‘ 14.
15.
‘ 16.
17.
| 18.
‘ 19.
‘ 20.
21.
22.
23.
24,
25.
26.

27.

28.

29.

A.A.Armstrong and H.A.Rutherford, Text.Res.J. 33, 264 (1963).
T.Memetea and V.T.Stannett, Polymer 20, 465 (L979).
A.M,Robalewski and L.W.Stolarczyk, Nukleonika 185, 55 (1970).

E. Jaworska and W. Zielinski, Polimery 9, 284 (1969).
A.Hebeish, S.E.Shalaby and A.M.Bayazeed, J. Appl. Polym. Sci.
22, 3335 (1978).

D.Campbell, L.K.Monteith and D.T.Turner, J. Polym. Scti.: Part
A-1 8, 2703 (1970).

T.Memetea and V.T.Stannett, Polymer 20, 469 (1979;.
A.M.Robalewski and L.V.Stolarczyk, Nukleonika 15, 623 (1970).
S.Nishide and H.Shimizu, Text. Res. J. 45, 591 (1975).
G.N.Flerov, Vestnik AN SSSR (U.S.S.R.) NO 4, 35 (1984).
N.I.Zhitariuk, P.A.Zagorets and V.I.Kuznetsov, Preprint JINR
E18-89-91, Dubna, JINR (1989).

N.I.Zhitariuk, P.A.Zagorets and V.I.Kuznetsov, Preprint JINR
18-89-48, Dubna, JINR (1989).

E.-S.A.Hegazy, I.Ishigaki, A.M.Dessouki, A.Rabie and J.Okamoto,
J. Appl. Polym. Sci. 27, 535 (1982).

Xu Zhi-li, Wang Gen-hua, Wang Han-ing, Cian Gin and Ni Min-hua,
Radiat. Phys. Chem. 22, 939 (1983).

D.Vierkotten and G.Ellinghorst, Angew. Makromol. Chem. 113, 153
(1983).

S.-I.0hnishi, S.-1.Sugimoto, I.Nitta, J. Polym. Sci.: Part A t,
605 (1963).

S.Ya.Pshezhetskij, M.T.Dmitriev, Radiatsionnie fisiko-chimitche-
skie protsessi v vosdushnoj srede, Atomizdat, Moskva (1978).
A.K.Pikaev, Sovremennaya radiatsionnaya chimiya. Tverdoe telo i
polimeri. Prikladnie aspekti, Nauka, Moskva, (1987).

K.Hayakawa and K.Kawase, J. Polym. Sci.: Part A-1 5, 439 (1967).
J.Dobo, A.Somogyi and T.Czvikovszky, J. Poiym. Sci.: Part C

No 4, 1173 {19631).

14

30.

31.

32.

33.

34.

M.Dole, C.D.Keeling and D.G.Rose, J. Amer. Chem. Soc. 76, 4304

(1954).

A.Furuhashi, H.Mukozaka and H.Matsuo, J. Appl. Polym. Sci. 12,

2201 (1968).

Y.Haruvy and L.A.Rajbenbach, J. Appl. Polym. Seci. 27, 2711 (1982).

V.K.Milintchuk, E.R.Klinshpont, S.Ya.Pshegetski Makroradikali,

Chimiya, Moskva (1980).

D.Campbell and D.T.Turner, J. Polym. Sci.: Part B 6, 1 (1968).

Received by Publishing Departiment
in October 19, 1983.

15



