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ABSTRACT: Radiation-initiated graft copolymerization of 4-vinylpyridine (4VP) onto
low-density polyethylene (LDPE) and polytetrafluoroethylene (PTFE) films was car-
ried out by g-rays from 60Co source in nitrogen atmosphere. The direct method of
multiple grafting was used, connected with posteffect taking place at irradiation doses
from 1 to 35 kGy. Thus the monomer diffused into the polymer matrix together with
the stepwise generation of free radicals to reduce the thickness of the nongrafted layer.
The grafting proceeds in the amorphous phase of the polymers which is further amor-
phized by the irradiation. Copolymers with grafting degree (P ) from 17 to 75% for
LDPE and from 0.7 to 13% for PTFE were obtained. The dependence of the degree of
grafting of 4VP on irradiation dose was established. The spectral and thermodynamic
properties of the synthesized copolymers were studied. The degree of crystallinity was
found to decrease and a two-stage mechanism of thermooxidative destruction was ob-
served. The synthesized copolymers contain pyridine groups determining their anion-
exchange properties. The initial pyridine groups in the grafted copolymers were quater-
nized. Some of the basic characteristics, such as water content and specific electric
resistance of anion-exchange membranes (AEM) were studied depending on the graft-
ing degree of 4VP. The ionomers studied possess high transport number (tV 0 Ç 0.8–
0.9), good diffusion characteristics (9.2 1 1008–1.7 1 1007 cm2/s) , and suitable tensile
properties. The AEM obtained, combined with the cation exchange membranes we have
synthesized earlier on the same polymeric basis, can be used successfully in various
electrodialysis processes. q 1997 John Wiley & Sons, Inc. J Appl Polym Sci 64: 1469–1475,
1997
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INTRODUCTION gen-containing monomers onto polymer films to
obtain ionomers for versatile applications.1–6

They are used as anion-exchange membranes inRadiation-induced grafting is a well-known
electrodialysis processes, water desalination,7

method for introduction of functional groups into
carriers for immobilization of medical products,8

different polymer matrices by specially selected
separators in alkaline batteries,9 etc.monomers. A number of papers were published

The grafting of 4-vinylpiridine (4VP) onto low-on radiation graft copolymerization of polar nitro-
density polyethylene (LDPE) and polytetrafluo-
roethylene (PTFE) films by irradiation from 60Co
g-source or high energy electron beam (from anCorrespondence to: G. K. Kostov.

q 1997 John Wiley & Sons, Inc. CCC 0021-8995/97/081469-07 accelerator) is a promising method for prepara-
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1470 KOSTOV AND TURMANOVA

tion of anion-exchange membranes (AEM) com- was purged with N2 for 10 to 15 min, the two
stopcocks were closed, and the reactors werebining the valuable properties of the initial poly-

mers (mechanical strength, thermal and chemical placed in the g-irradiator.
The direct method of multiple grafting wasresistance) with the ion-exchange properties of

the grafted poly-4VP (P4VP). Kabanov and col- used within the interval of doses from 1 to 35
kGy (at dose rate of 3.5 kGy/h) at 288 K. Post-leagues3 carried out radiation graft copolymeriza-

tion (by ionic mechanism) of 4VP onto LDPE, high polymerization time was 2 h after each irradiation
period at the same temperature. The number ofdensity polyethylene, PTFE, and poly(vinyl chlo-

ride) films, discussing the possibility for simulta- irradiation periods (multiple irradiation) was de-
termined by the integral dose. After irradiationneous ionic and radical copolymerization. Other

authors7,10 studied the effect of monomer concen- the films were washed several times with metha-
nol to remove the unreacted 4VP and homopoly-tration on the grafting rate of 4VP and N-vinyl-

pyrrolidone onto PTFE. Kaur and coworkers11,12 mer P4VP. The grafted copolymers were dried at
333 K in a vacuum oven to constant mass.investigated the radiation grafting of 4VP and bi-

nary mixture of 4VP and acrylonitrile onto isotac- Infrared (IR) spectra of sample films were
taken by using a Specord IR 75 spectrophotometertic polypropylene films and powders. Radiation

grafting of 4VP onto polypropylene fibers and (Jena, Germany). The thermal and thermody-
namic properties of the grafted copolymers syn-their functionalization with chromium trioxide

has also been reported.13 However, no systematic thesized were determined on a derivatograph type
OD-102, system F. Paulik–J. Paulik–L. Erdeyresearch has been reported either on radiation

synthesis of the copolymers or on the phase com- (MOM, Budapest, Hungary) and scanning calo-
rimeter DSC-111 (Setaram, Lyon, France). Theposition of the copolymers. The effect of the hydro-

philic phase of the grafted P4VP on the whole melting and crystallization temperatures (Tm and
Tc , respectively) were determined by differentialcomplex of properties of the copolymers and their

fields of application are still under discussion. scanning calorimetry curves (exo- and endo-
peaks) with the necessary temperature correc-In this respect, the aim of the present work is

to study the synthesis, the structure, and some of tions.
The X-ray analysis was performed on TUR M62the basic properties of the copolymers based on

P4VP grafted onto LDPE and PTFE films. apparatus (Jena, Germany) under the following
conditions: CoKa radiation, 32 kV, Fe filter, angle
u range from 5 to 307. The degree of crystallinity
a and crystallite size Lu (Å) were calculated byEXPERIMENTAL
fitting of the Gauss and Lorentz theoretical func-
tions to the experimental X-ray patterns:Films of LDPE RopotenT (product of Neftochim

Co., Bourgas, Bulgaria) and PTFE (ONPO Plast-
polymer, St. Peterburg, Russia), both 40 mm

a Å Sc

Sc / Sa
1 100%thick, were used as matrices for the grafting of

the vacuum-distilled 4VP (product of Aldrich
Chemical Co., Ltd., Gillingham, England). All

where Sc and Sa are the areas of the crystallineother reagents used (methyliodide, methyl alco-
peak and amorphous halo, respectively;hol, nitromethane, etc.) were of analytical grade.

The polymer films (sized 150 1 200 mm) were
cast with acetone and dried to constant mass at

Lu Å
kl

b cos u
333 K in a vacuum oven.

The graft copolymerization was carried out at
288 K in an inert (N2) atmosphere by 60Co g-
source in Pyrex glass reactors equipped with vac- where l is the wave length (Å) for Co anode; b

is the difference between the half-widths of theuum stopcocks at both ends. The polymer films
were placed on a gauze filter plate at the bottom diffraction maxima of the copolymer analyzed and

the standard (rad); and k is the constant, equalof the reactor, above the lower stopcock. With the
lower stopcock closed, the reactors with films to 0.9 for polymers.

The quaternization of the initial pyridinetherein were evacuated to 1003–1004 mmHg.
Then 240 cm3 40 mass % methanol solution of groups in the grafted copolymers into pyridinium

was carried out by treatment with excess CH3I in4VP (purged in advance with N2) was introduced
through the lower stopcock. The whole system methanol medium (nitromethane at 315 K for 40
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4VP COPOLYMERIZATION ONTO PE AND PTFE 1471

h). The AEM were swelled prior to the quaterni-
zation in a nitromethane/methanol medium.14,15

The grafting degree (P, %), water content (W,
%), specific electric resistance (R, ohm cm), and
transport number (tV_) were determined by tech-
niques described in previous works.16–18 The diffu-
sion coefficient (cm2/s) was measured in 0.5M HCl
and 0.5M HNO3 at 298 K.19 The thermal stability
was determined at 343 K in air for a 48-h period of
treatment.20 The physicomechanical characteristics
of wet AEM samples were measured on an Instron
4203 testing machine at 298 K at speeds of 5 and 100
mm/min (for PTFE) and 50 mm/min (for LDPE).

RESULTS AND DISCUSSION

By varying the reaction conditions of the radiation
copolymerization, grafted copolymers were ob-
tained with degrees of grafting (P ) from 17.1 to

Figure 2 Infrared spectra of nongrafted LDPE (I),74.5% for LDPE and from 0.7 to 13.4% for PTFE.
LDPE-g-P4VP (II) and LDPE-g-P4VP-CH3I (III) withThe method of multiple grafting used, involving
grafting degree of 74.5%.postpolymerization effect, provides a possibility

for the monomer to penetrate into the polymer
matrix together with the stepwise generation of

nPTFE Å 2.1. It means that the irradiation exertsfree radicals. As a result, the grafting proceeds
stronger effect on the grafting onto PTFE com-within the polymer matrix, thus reducing the
pared with that onto LDPE, which is connectedthickness of the nongrafted layer. This is crucial
with the lower radiation resistance of C{F com-for the properties of the AEM obtained.
pared with C{H bonds.Figure 1 shows the dependence of the grafting

In the IR spectra of polyethylene-(graft-poly-degree of 4VP onto LDPE and PTFE films on the
4VP) (LDPE-g-P4VP) (Fig. 2) and polytetra-irradiation dose (D ) in logarithmic coordinates.
fluoroethylene-(graft-poly-4VP) (PTFE-g-P4VP)The dependence is linear and can be described by
(Fig. 3), absorption bands can be observed withinthe relationship P } Dn , where nLDPE Å 0.4 and
the interval from 3000 to 3100 cm01 , correspond-
ing to n(|CH) vibrations of the pyridine nucleus.
The absorptions observed at 1595 to 1600 cm01

[corresponding to n(C|C) and n(C{N)] also
prove the presence of the pyridine nucleus. In the
spectra of LDPE-g-P4VP and PTFE-g-P4VP quat-
ernized with CH3I, the bands at 1600 cm01 are
shifted to 1640 cm01 . This is probably connected
with the disturbance of the system of conjugated
double bonds in the pyridinium nucleus. It should
be noted also that the absorptions at 1000 to 1080
cm01 corresponding to the valent vibrations of the

conjugated Sv u

C|C
u v

D bonds in the nucleus

disappear, which means that the electronic
charge is pulled from the iodine atom to disturb
the conjugated system. The doublet at 728 cm01

representing the crystal phase of LDPE turns toFigure 1 Dependence of the grafting degree of 4VP
a singlet, which is probably due to partial amor-onto LDPE (l ) and PTFE (s ) on irradiation dose in

logarithmic coordinates. phization of the polyethylene matrix as a result
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1472 KOSTOV AND TURMANOVA

eliminates the increase in the crystallinity of
nongrafted irradiated PTFE film.

Differential thermal analyses of LDPE-g-P4VP
and PTFE-g-P4VP films showed that thermooxi-
dative destruction occurs in two stages: primary,
of the unstable fragments (grafted chains of
P4VP); and secondary, of the main polymer chain
(Table I) . During the primary oxidative destruc-
tion, the destruction energy (Ed ) decreases with
the increase in the grafting degree. The thermal
stability of the grafted copolymers decreases with
the increase in P because of the increase in the
share of the unstable pyridine groups. During the
second stage, Ed depends on the nature of the ini-
tial polymer matrix and decreases to a higher ex-
tent for LDPE, while for PTFE it remains almost
the same.

The enthalpies of melting and crystallization
of the synthesized graft copolymers decrease with
the increase in the grafting degree of 4VP (TableFigure 3 Infrared spectra of nongrafted PTFE (I),
I) , which is in accordance with the data from spec-PTFE-g-P4VP (II) and PTFE-g-P4VP-CH3I (III) with
tral and X-ray analyses. This, together with thegrafting degree of 13.4%.
slight increase in Tm and decrease in Tc of the
P4VP grafted films, shows that the grafting takes
place mainly in the amorphous phase, without

of the grafting of 4VP. The intensity of this band changing the type of the crystalline structure of
increases with the degree of grafting. the polymer matrix.

Further studies on the structure of the grafted The hydrophilization of the grafted polymer
copolymers were carried out by X-ray analysis. matrices was determined mainly by the concen-
The diffractions from the copolymer film were tration of the functional groups in the grafted co-
measured to investigate in detail the effect of the polymer. The latter stipulate the swelling of the
grafted P4VP on the polymer matrix. membranes in water solutions under working con-

Figure 4 shows the dependence of the degree ditions. Figure 5 shows that the water content
of crystallinity (a ) on the grafting degree; a de- of the AEM obtained increases linearly with the
creases with the increase of P which is due to the grafting degree of 4VP. The anionic polar groups
growth of the amorphous phase of the copolymer were hydrated by water molecules to form associ-
with the increase in the grafted P4VP.

The size of the crystallites Lu also decreased
in proportion to the increase of P (Fig. 4) , as the
defectiveness of the crystallites increased (their
perfection decreased) with the grafting which
takes place probably in the folds of the polymer
chains. It should be noted that sol–gel analysis
of LDPE irradiated with the same doses (1–35
kGy) used for the grafting did not show pro-
cesses of destruction or crosslinking. Therefore,
the amorphization is caused only by the grafting.
However, irradiated nongrafted PTFE films
show higher crystallinity (a Å 50%) compared
with the initial film (a Å 43%) . It could be sug-
gested that the irradiation of PTFE with small
doses induces processes of destruction followed
by recrystallization, resulting in an increased Figure 4 Dependence of the degree of crystallinity a
crystallinity. In PTFE films, as a result of the (%) and crystallite size Lu (Å) on the grafting degree

of 4VP onto LDPE films.grafting, the crystallinity decreases sharply and
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Table I Thermodynamic and Thermal Characteristics of Grafted Copolymers

Thermal

Primary Oxidative Main Chain
Thermodynamic Destruction Destruction

Grafting
Degree, Tm DHm Tc DHc DT Ed DT E

Copolymer P (%) (K) (J/g) (K) (J/g) (K) (kJ/mol) (K) (kJ/mol)

LDPE-g-P4VP 0 377.5 96.0 376.3 78.0 493–646 — 613–778 220
17.1 380.4 95.3 370.2 80.6 500–641 160 641–773 210
32.6 382.4 62.5 370.2 53.5 495–621 124 621–775 184
67.1 381.4 50.0 370.2 51.5 495–627 91 627–774 173
74.5 381.4 46.8 366.2 41.5 494–684 58 684–771 153

PTFE-g-P4VP 0 600.1 58.0 594.6 57.0 — — 763–864
8.9 603.9 46.7 590.6 44.9 522–634 225 634–853 300 { 20

13.4 603.9 44.2 586.6 41.4 548–650 218 650–863

ates with ionic channels. The hydrophobic hydro- of good mechanical and electrochemical properties
or fluorocarbon components and the hydrophilic and high selectivity.
ionic groups are incompatible. Therefore, separa- In order to obtain membranes of certain hydro-
tion of their phases takes place, leading to forma- philicity, the initial membranes were quaternized
tion of internally bonded hydrated ionic clusters by treatment with excess CH3l. The transformation
which determine the electrochemical properties of of the pyridine groups into strong basic pyridinium
the membrane. The hydrophobic phase controls groups increased the polarity of the C{N bond be-
the swelling and does not allow the dissolution cause the tertiary N atom becomes quaternary and
of the ionic phase. The amount of water in the also increases the AEM hydration.
membrane is crucial for selectivity—a very high The thickness of the grafted layer of P4VP affects
swelling decreases the selectivity. Therefore, an the values of the specific electric resistance. The
optimum should be found to obtain a membrane latter decreases with the increase in the amount of

grafted P4VP (Table II) and for ionomers based on
LDPE was found to be from 102 to 103 ohm cm.
Hence, the membranes have low electric resistance
(R° 104 ohm cm)21 and they are suitable for prepa-
ration of AEM. For PTFE, as it is an excellent dielec-
tric, the grafting of 4VP led to a decrease in R from
1019 (P Å 0%) to 105 (P Å 13%) ohm cm, but it
is still high enough. Unfortunately, higher grafting
degrees onto PTFE are very difficult to obtain be-
cause of its low swelling and the low diffusion of
4VP into the PTFE matrix.

We also studied the diffusion of inorganic acids
through the grafted membranes. The diffusion di-
rection in this case was determined by the anions,
since the hydrogen ion has very high diffusion
coefficient due to its small size.19

The diffusion coefficients of the synthesized
membranes, presented in Table II, show that dif-
fusion depends on the grafting degree and varies
from 2.0 1 1008 to 6.6 1 1007 cm2/s for LDPE-g-
P4VP-CH3I and from 6.0 1 1008 to 5.8 1 1007

cm2/s for PTFE-g-P4VP-CH3I. Thus they are suit-Figure 5 Dependence of the water content W (%) of
able for use in electrodialysis processes.19AEM on the grafting degree P (%) of 4VP onto LDPE

(l ) and PTFE (s ) films. Figure 6 shows the dependence of the transport
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Table II Dependence of the Specific Electric Resistance and Diffusion
Coefficients of AEM in Pyridinium Form on the Grafting Degree of 4VP
onto LDPE and PTFE

Diffusion Coefficient
Specific (cm2/s)

Grafting Electric
Degree Resistance HCl HNO3

AEM (%) (ohm cm) (1107) (1108)

LDPE-g-P4VP-CH3I 0 1.0 1 1012 — —
18.2 9.5 1 103 1.7 2.0
35.1 1.9 1 103 2.1 5.8
39.3 1.5 1 103 2.4 7.4
66.2 9.5 1 102 4.4 8.0
69.8 8.0 1 102 6.0 8.3
74.5 7.1 1 102 6.6 9.2

PTFE-g-P4VP-CH3I 0 1.0 1 1019 — —
0.7 6.4 1 108 — —
6.5 9.5 1 107 — —
8.2 7.9 1 105 — —

13.4 1.1 1 105 5.8 6.0

number tV _ of the membranes synthesized in pyri- to mechanical stress, their tensile properties were
studied in both forms. Since AEM are used in waterdinium form on P . It has a maximum (0.92–0.98)

between grafting degrees from 5 and 25%, de- solutions, these characteristics were determined by
using membranes swollen in water to equilibrium.pending on the type of the membranes. Above 25%

P exerts only an insignificant effect on tV _. This is Table III shows the tensile strength (s ) and
elongation at break (e ) of the membranes synthe-probably determined by the decrease of the fixed

ions concentration in the membranes obtained sized in both forms. For membranes based on
LDPE (in both forms), s shows a maximum forwith the increase of the concentration of the ion-

exchange groups. grafting degrees from 25 to 40% and e decreases.
The tensile characteristics of AEM based on PTFEThe thermal stability at higher temperature is

an important characteristic of the ion-exchange decrease with the increase of the grafting degree.
This effect is probably caused by processes of radi-membranes, since in a number of cases the electro-

dialysis processes are carried out in a heated elec- ation destruction occurring in the initial polymer
matrix at higher grafting degrees.trolyte. The thermal stability of AEM in pyridine

and pyridinium forms and with different grafting The tensile properties of LDPE-g-P4VP at
grafting degrees from 20 to 40% seem to be suit-degrees is quite good (the weight loss is ° 1.5%).

In order to determine the resistance of the AEM able for application without additional reinforce-
ment. The elasticity of PTFE-g-P4VP membranes
significantly decreases, however, which limits
their use as self-supporting membranes.

CONCLUSION

Grafted copolymers were obtained by radiation
graft copolymerization by using the multiple
grafting of 4VP onto LDPE and PTFE films. The
grafting degree of 4VP can be described by the
relationship P } Dn , where nLDPE Å 0.4 and nPTFE

Å 2.1. The structure of the copolymers obtainedFigure 6 Dependence of the transport number (tV _ ) of
was studied by several physical methods. A two-AEM on the grafting degree P (%) of 4VP onto LDPE

(l ) and PTFE (s ) films. stage thermooxidative destruction was observed,
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Table III Tensile Properties of Aquagels of AEM in Pyridine and
Pyridinium Forms

Grafting Tensile Elongation Tensile Elongation
Degree Strength at Break Strength at Break

(%) (MPa) (%) (MPa) (%)

LDPE-g-P4VP LDPE-g-P4VP-CH3I

0 18 319 — —
18.3 16 297 33 360
39.2 22 286 34 217
69.0 25 267 29 214
74.5 24 204 32 203

PTFE-g-P4VP PTFE-g-P4VP-CH3I

0 25 170 — —
0.7 21 30 17 37
6.5 18 10 15 7
8.2 — — 14 5

12.4 19 7 6 3

7. S. Munari, Adv. Radiat. Res. Phys. Chem., 2, 599as well as a decrease in the degree of crystallinity
(1973).with the increase in the grafting degree.

8. A. Kabanov and I. Astafieva, Biopolymers, 32, 1473Quaternization of AEM synthesized was car-
(1991).ried out and some of their basic properties were

9. I. Ishigaki and S. Takanobu, Japan Atomic Energystudied. The swelling in water depends linearly Research Institute, U.S. Pat. 5075342, 1991.
on the amount of grafted functional monomer. The 10. A. Chapiro, A. M. Jendrichowska-Bonamour, G.
thickness of the grafted layer of P4VP signifi- Morel, and R. Oppelt, Eur. Polym. J., 9, 847 (1973).
cantly affects the electrochemical, thermal, and 11. I. Kaur, R. Barsola, and B. N. Misra, J. Appl.
tensile properties of the grafted membranes ob- Polym. Sci., 56, 1197 (1995).

12. I. Kaur and R. Barsola, J. Appl. Polym. Sci., 41,tained. The membranes possess a good complex
2067 (1990).of properties at grafting degrees from 20 to 50%

13. R. T. Peltonen, K. B. Ekman, and I. H. Nacman,for LDPE-g-P4VP and up to 13% for PTFE-g-
Ind. Eng. Chem. Res., 33, 235 (1994).P4VP. They can be used together with the

14. V. V. Roganov, L. A. Bimendina, R. E. Legkunets,carboxyl-containing cation-exchange membranes and E. A. Bekturov, Docl. Acad. Sci. Kaz. SSR, Ser.
synthesized earlier22 in various electrodialysis Chim., 5, 21 (1974).
processes, for water desalination and purification. 15. E. Y. Kirsh, V. A. Kabanov, and V. A. Kargin, Vyso-

komol. Soed., 2, 349 (1968).
16. E. A. Hegazy, I. Ishigaki, A. Rabie, A. Dessouki,

and J. Okamoto, J. Appl. Polym. Sci., 26, 3871
(1981).
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