Polymer (Korea) Vol. 17, No. 4, pp 433 —440 (1993)

Lo 23t A Zejoid @ g E o Vinyl Benzyl Trimethyl
Ammonium Chloride(VBTAC) ¢} Hydroxyethyl Methacrylate2]
A 2Rz E $

% o #-T. Sugo® - K, Macuuchi* - 2 & 3}
PRAAAATL BANLEATA, *YRAGAAT L
(19934 49 279 H %)

Radiation-Induced Co-Grafting of Vinyl Benzyl Trimethyl
Ammonium Chloride and Hydroxyethyl Methacrylate onto Polyethylene
in the Pressence of Solvents

Y. C. Nho, T. Sugo*, K. Macuuchi*, and J. H. Jin
Korea Atomic Energy Research Institute, P. O. Box 7, Daeduk Danji, Taejon 305-606, Korea
* Japan Atomic Energy Research Institute, Takasaki Radiation Chemistry Research Institute,
Takasaki, Gunma 379-1, Japan
(Received April 27, 1993)

8 oF: gel7A ] Sl E RSt A A zAPY © & vinyl benzyl trimethyl ammonium chloride(VB-
TAC)$} hydroxyethyl methacrylate(HEMA)E &E33te] Zajolgall B WAL BT EAF
ok, oo WAM g ZE g W XE o] 3ty 2AMEIA Y. F 1S ZES A 1 TE F
A o] VBTAC/HEMA A& A1 &3 &vje TR 24 &34t VBTAC/HEMA £%
Ao 1YRZELL HED So|lsaFd/Ed THLEWE AL 4 7HE 2T BEA
ZELE ALY S AS TEEAY VBTAC &3 §718ME 839 & Wrd 75 &4
3hol| A o] & 38}¥ vinyl benzyl trimethyl ammonium ions®] 7§ A X 7|3 whdEo] 2&3kA ¥ o
BT ESo] ol A}

Abstract : By pre-irradiation grafting technique the high density polyethylene film was graft-copoly-
merized with the binary mixture of vinyl benzyl trimethyl ammonium chloride(VBTAC) and hydrox-
yethyl methacrylate(HEMA) in the presence of various solvents. The effect of solvent on the degree
of grafting was examined. The total degree of grafting and the composition of VBTAC/HEMA in the
grafted copolymer depended on the solvent or the mixture of solvents used. It was found that the
degree of grafting of the binary mixture of VBTAC and HEMA was higher in the co-solvent of tetrah-
ydrofuran and methanol than those in other solvents.”As the reaction time was increased, the compo-
sition of VBTAC in the grafted copolymer was increased gradually. The copolymer obtained in water
was much lower on VBTAC than the copolymer obtained in organic solvents owing to the repulsion
between highly ionized cationic vinyl benzyl trimethyl ammonium ions.
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INTRODUCTION

Radiation-induced graft copolymerization is one
of the valuable techniques to impart membrane
properties onto various commercial polymers since
it is possible to make uniform active sites for ini-
tiating grafting throughout the polymer substrates.
Thus, if the diffusion of monomer into polymer is
large enough to come to the inside of matrix, ho-
mogeneous and uniform grafting can be carried
out throughout the whole polymer matrix. lon ex-
change membrane synthesized by grafting acrylic
acid onto the polyethylene film using pre-irradia-
tion method is commercially useful for a battery
separator.' ~?

In the present study, an attempt was made to
synthesize strong anion exchange membrane
which is important for electrodialysis. It has been
reported that an indirect method to introduce
anion exchange group such as quaternary amine
could be carried out by grafting of styrene onto
polymer matrix, followed by chloromethylation and
amination with tertiary amine.” The present article
involves an attempt to examine the effect of sol-
vent in the graft copolymerization of binary mix-
ture of vinyl benzyl trimethyl ammonium chloride
(VBTAC) and 2-hydroxyethyl methacrylate
(HEMA) onto the polyethylene film. It has been
reported that the use of solvent in the grafting
media influences the radiation induced-graft poly-
merization." ™7 Odian et al®~® reported the accele-
ration of radiation-induced graft polymerization by
solvent in the systems of polyethylene-styrene and
nylon-styrene. Wilson'’ developed a new theoreti-
cal approach to the rate of radiation of vinyl mono-
mer on the polymer matrix based on Hildebrand
solubility parameter. The use of suitable solvent
has a pronounced accelerating effect on the graf-
ting yield, but the effect of solvent on the grafting
yield may depend on the grafting system, the type
of monomer and polymer substrates.
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EXPERIMENT

Material. Commercial high density polyethylene
films of 25um, 50 um and 75um(Asahi Chemicals
Co. Ltd.) were used as polymer substrate. Unless
otherwise indicated, the polyethylene films of 25
um was used. VBTAC(Semi Chemical Co. Ltd.)
and HEMA(Kishida Chemical Co. Ltd.) were used
without further treatment. Other chemicals were
reagent grade.

Grafting Procedure. Irradiation was carried out
by the electron beam accelerator(Dynamitron IEA
300-25-2, Radiation Dynamics, Ltd.) operating at
beam of energy of 1.5 MeV and current of 1 mA
in the circumstance of nitrogen gas. The-irradiated
films were immersed in the monomer solution
which was prepared from 30 wt.% (VBTAC/
HEMA=1/1 wt. raio)/L and various solvents, and
then deaerated by bubbling nitrogen gas. After
grafting reaction, the grafted films were removed
from the monomer solution in glass ampoules and
washed with methanol several times to remove
monomer and homopolymer which can be formed
during the grafting reaction. The films were then
dried in vacuum until a constant weight was rea-
ched and weighed. The degree of grafting( %) was
determined by the increase in weight based on the
original film weight as followings.

7

W’ 0
Degree of grafting( %)= —{‘F——— X100

Q

where W, and W are the weight of the grafted
and the original films, respectively.

Swelling was determined by the increase in
weight between the original film and the swelled
film. The weight of the film swelled with mono-
mer/solvent was measured after quickly blotting
the films between filter papers. Percent swelling
was calculated as followings.

: \Ns’ Wu
Swelling( % ) = vw—‘— X 100

(1)

where W, and W, are the weight of the swelled
film and the original film, respectively. The extent
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of VBTAC grafted onto the polyethylene substrates
was determined by measuring salt-splitting capa-
city of final grafted polyethylene. The grafted pol-
yethylene was immersed into 2N NaOH solution
to convert Cl-form of VBTAC into OH-form, and
then washed with distilled water. The quantity of
NaOH liberated by immersing the grafted polyeth-
ylene film with OH-form in 5% NaCl aqueous so-
lution was calculated by titration with 1/50 N HCL
The content of HEMA grafted onto the polyethy-
lene substrates was determined by subtracting
V.BTAC content in the copolymer from the total
degree of grafting.

X-ray Microanalysis. Graft distribution in the
polymer substrate was observed X-ray microanaly-
ser(JEOL JXA-superprove 773) after the VBTAC/
HEMA-grafted polyethylene film was dried under
reduced pressure. The grafted film was cut perpe-
ndicularly to its surface at liquid nitrogen tempe-
rature and its cross section was observed. X-ray
microanalyzer was operated at accelerating voltage
of 25KV and current of 2.5X 10°A.

RESULTS AND DISCUSSION

VBTAC[CH,=CH(C¢H,)CH,N(CH;);"Cl'] ca-
nnot be directly grafted to polyethylene because it
is assumed that VBTAC monomer with highly io-
nized N(CHy);™ group is hardly compatible with
hydrophobic polyethylene. In this study, the graf-
ting of the binary mixture of VBTAC and HEMA
in various solvents was carried out to introduce
quaternary ammonium salt onto the polyethylene
film effectively.

Fig. 1 shows the effect of solvents on the degree
of VBTAC/HEMA grafting at the reaction tempe-
rature of 50C. Solvents used for the grafting reac-
tions were THF/MeOH(4/1, volume ratio),
DMSO/MeOH(4/1, volume ratio), MeOH and wa-
ter(Table 1). The degree of grafting was greatly
influenced by the nature of solvents. It was found
that the degree of grafting of VBTAC/HEMA in
THF/MeOH solvent was higher than those in
other solvents. The degree of grafting in the graf-
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Fig. 1. Effect of solvent on the degree of grafting. Mo-
nomer concentration : VBTAC/HEMA(1/1 wt. ratio)
30 wt. % /L ; irradiation dose ! 200kGy : reaction
temp. : 50C.

‘Table 1. Abbreviation and Solubility Parameter of Sol-

vents

Abbr. &(cal/em?*) 2
Tetrahydrofuran THF 9.1
Dimethylsulfoxide DMSO 12
Methanol MeOH 145
Water H,0 234
Tetrahydrofuran/

Methanol(4/1, vol. ratio)* THF/MeOH 104

Dimethylsulfoxide/
Methanol(4/1, vol. ratio)* DMSO/MeOH 125

4The solubility parameter of solvent mixture was calculated by
Sn= (1824 38,212 8, 8, and 8, are thé solubility parame-
ter of mixture and each solvent( ¢y, ¢,), ¢ and ¢ are volume
fraction of each solvent( ¢y, ¢2)

ting system having water was lower than that in
MeOH at the initial reaction time, reversed after
the reaction time of 3 hour. Fig. 2 shows the deg-
ree of grafting-reaction time curves in various sol-
vents at the reaction temperature of 30C. The ini-
tial ratio of grafting at 30C was low comparing to
that at 50C, but the degree of grafting continued
to increase until 20 hour because the amount of
the trapped radicals decreases slowly with increa-
sing reaction time at low temperature. The effect
of solvent on the degree of grafting had the similar
trend regardless of reaction temperature.

The swelling behavior of the polyethylene film
in solvents such as THF/MeOH, DMSO/MeOH,
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Fig. 2. Effect of solvent on the degree of grafting. Mo-
nomer concentration : VBTAC/HEMA(1/1 wt. ratio)
30 wt. % /L : irradiation dose : 200kGy : reaction
temp. . 30C.

MeOH and water was examined to find out the ef-
fect of solvent on the degree of grafting(Fig. 3).
Percent swelling was high when THF/MeOH mix-
ture was used as a solvent.

The solubility of polymer in a solvent is gover-
ned by the free energy of mixing.

AGm = AHm - TASm

where AG,, AH_ and AS,, are Gibbs free
energy change, enthalpy change and entropy cha-
nge, respectively. Solubility of two substances will
be observed if AG,, on mixing is negative. Since
AS, 1s always positive for dissolution of polymer
by solvent, AG,, is determined by the enthalpy
term AH,.

Hildebrand et al.'! proposed the following for-

mula.

AH

m

v :(51*52)2@1(1)2

where V=volume of the mixture, §=solubility
parameter, and ¢=volume fraction in the mixture.
(8,— 8,)* must be small for the components to be
miscible, since AH,, is proportional to (&, — 62)2.
The solubility parameter of THF/MeOH mixture
was found to be 10.4(cal/cm®)'?
mately close to the solubility parameter of polye-
thylene'! which is 8(cal/cm®)"*(Table 1). Thus,

which is approxi-
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Fig. 3. Effect of time on the percent swelling of the
polyethylene film in various solvents. Monomer con-
centration © VBTAC/HEMA(1/1 wt. ratio) 30 wt./L :
swelling temp. : room temp..

THF/MeOH in the grafting system may be capable
of bringing the monomer as near as possible to po-
lyethylene radicals because THF/MeOH is more
miscible with poly~thylene than other solvents. A
better swelling of the polyethylene film in THF/
MeOH may be one of the reasons that the high
degree of grafting can be obtained.

An accelerating effect on the degree of grafting
of VBTAC/HEMA was observed when MeOH was
mostly replaced by THF, even though THF is har-
dly miscible with VBTAC, PVBTAC and PHEMA.
The behavior may be explained by the polymer
chain entanglement as well as swelling property of
solvent. When MeOH is replaced mostly with
THF, the chain entanglement of PVBTAC and
PHEMA may increase. Therefore, termination rate
is greatly reduced while propagation rate is hardly
affected, so rising to a large increase in the degree
of grafting. Burchill et al'? reported an accelerating
effect of MeOH in the graft polymerization of me-
thyl methacrylate onto the polypropylene film in
benzene which is both a swelling agent of polypro-
pylene and a good solvent for polymethyl methacr-
vlate. The authors attributed this behavior to the
swelling of the film and polymer chain entangle-
ment.

The degree of grafting of only HEMA was also
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Fig. 4. Effect of solvent on the degree of grafting of
HEMA. HEMA concentration : 30 wt %/L ; irradia-
tion dose : 200kGy ; reaction temp. . 50C.

shown to be sensitive to the type of solvent as
shown in Fig. 4. The degree of grafting of HEMA
in THF/MeOH was higher than that with MeOH.
The dilution of HEMA with THF/MeOH leads to
the enhanced access of monomers to the grafting
sites in polyethylene. However, among the solve-
nts, water was the most effective in the grafting of
HEMA. This tendency may be ascribed to the fact
that the organic solvents such as MeOH and THF
can accelerate the chain transfer reaction which
leads to the lower reactivity in the grafting of
HEMA. Water has practically zero chain transfer
constant. Therefore, side reaction induced by chain
transfer is small in the grafting system having wa-
ter. Water does not have swelling function for pol-
yethylene as shown in Table 1. Accordingly, the
effect of water cannot be considered to relate dire-
ctly to the swelling of the polymer substrate. This
effect has been understood as a gel effect.)*~1
The presence of water may produce the increase
in viscosity of grafted polyethylene media, which
causes the increase in the rates of propagation and
chain initiation. In the other hand, the termination
rate is small because the viscosity of the reaction
medium is high and the mobility of the polymer
radical is very small.

The effect of the composition of THF and MeOH
on both ihe total degree of VBTAC/HEMA graf-
ting, and the composition of VBTAC/HEMA in the
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Fig. 5. Effect of solvent composition on the degree of
grafting. Reaction time : 6 hour. Other grafting condi-
tions are the same as in Fig. 1.
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Fig. 6. Weight ratios of VBTAC/HEMA in the copoly-
mer vs. the total degree of VBTAC/HEMA grafting.
Grafting conditions are the same as in Fig. 1.

grafted polymer was shown in Fig. 5.

An accelerating effect on the degree of VBTAC
/HEMA was observed when MeOH was mostly re-
placed by THF. It was found that VBTAC and
HEMA in the copolymer was not affected by the
composition of THF/MeOH.

Fig. 6 shows weight ratios of VBTAC/HEMA in
the copolymer vs. the total degree of VBTAC/
HEMA grafting when VBTAC/HEMA were grafted
onto the polyethylene film as shown in Fig. 1. In
case of the low degree of grafting, the weight ratio
of VBTAC/HEMA was extremely low. However,
weight ratios of VBTAC/HEMA in the copolymer
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increased with increasing the total degree of VB-
TAC/HEMA grafting. This indicates that VBTAC
in the beginning of grafting reaction can be hardly
grafted onto the polyethylene film owing to the ex-
tremely low accessibility of hydrophilic VBTAC
onto hydrophobic polyethylene film, but can be
only grafted to the growing radicals of HEMA
which was already grafted to polyethylene. Thus,
HEMA is mostly grafted to polyethylene in the be-
ginning of grafting reaction, and then VBTAC sta-
rts grafting reaction. The grafting reaction of VB-
TAC/HEMA comonomer onto the pre-irradiated
polyethylene film can be shown as follows :

-CH,-CH,-CH-CH,-CH-CH,-CH,-CH,-
| |
H H

I |
\% H

where H and V denote HEMA[CH,=CCH;
COOCH,CH,0H] and VBTAC[CH,=CH(C;H))
CH,N(CH;), " CI'] monomers, respectively.

It is generally believed that the reactivity in co-
polymerization was unaffected by the reaction me-
dium, except in the case of acidic or basic water-
soluble monomers in aqueous solutions of different
pH or in the case of heterogeneous copolymeriza-
tion.

It was shown that in the free radical grafting of
VBTAC/HEMA comonomer, their reactivities were
strongly influenced by the solvent used in the rea-
ction. The copolymers obtained in water are al-
ways much lower on VBTAC than the copolymers
obtained in THF/MeOH, DMSO/MeOH, MeOH as
shown in Fig. 6. The concentration of VBTAC in
the copolymer against the mole percent of VBTAC
in the monomer feed was plotted in Fig. 7. There
can be seen large differences between reactivities
in each solvent. The reactivities of VBTAC and
HEMA during grafting in organic solvent were
greatly different from the cases in aqueous graf-
ting media. The composition of VBTAC in the co-
polymer increased with increasing VBTAC in feed
up to 70 mole % when THF/MeOH was used as
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Fig. 7. Monomer-copolymer composition curves for
co-grafting of VBTAC and HEMA. Grafting conditions
are the same as in Fig. 5.

a solvent. On the other hand, when water was
used in the grafting system, the composition of
VBTAC in the copolymer not only was low, but
decreased drastically along with the decrease in
graft yield at 70 mole % of VBTAC in feed. This
grafting behavior may be explained as following.
The ionization power of organic solvents against
VBTAC may be weak comparing to water. Thus,
organic solvents may not have sufficient ionization
power to free the ions from each other. As a result,
VBTAC may exist in the form of an ion pair of CH
,=CH(C¢H)CH,N*(CH;)3CL. In the grafting
media using water, the power of attraction bet-
ween N* (CH;), and CI” may be weak or a part of
VBTAC may be exist as cation of CH,=CH(CgH,)
CH,N"(CHy);. Therefore, the low degree of VB-
TAC in the copolymer obtained in water can be at-
tributable to the decrease in reactivity by electros-
tatic repulsion between cationic vinyl benzyl tri-
methyl ammonium ions as followings.

CHz-CHe oot CHz=CH
N
i A
| 3
A:\ \ /
\/ AV
CHaN* (CH3 )3 (H3C)3°NHzC

Water was most effective solvent in the grafting
of only HEMA, but poor solvent in the grafting of
the binary mixture of VBTAC/HEMA. It is assu-
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med that this behavior may be caused by the dec-
rease in reactivity of VBTAC in water media.
The effect of film thickness on the degree of
VBTAC/HEMA grafting was examined when va-
rious solvents were used in the grafting system
(Fig. 8, 9 and 10). It appeared from the results
that the degree of grafting was much dependent
on the nature of solvent and the reaction time. The
degree of grafting of thick film was low in the ini-
tial reaction time, and increased continuously up
to the grafting level of thin film when THF/MeOH
or MeOH was used as a solvent. However, when
water as a solvent was used for grafting media,
thick film of 75um had lower degree of grafting
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Degree of grafting(%)
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Fig. 8. Effect of film thickness and solvent on the de-
gree of grafting. Solvent ; THF/MeOH (4/1 vol. ratio).
Other grafting conditions are the same as in Fig. 1.
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Fig. 9. Effect of film thickness and solvent on the de-
gree of grafting. Solvent : MeOH. Other grafting con-
ditions are the same as in Fig. 8.
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than that of thin film until the grafting reaction of
8 hour. The phenomena may be attributable to the
low diffusion of monomers into the polyethylene
film owing to non-swellability of water to polyethy-
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Fig. 10. Effect of film thickness and solvent on the
degree of grafting. Solvent : Water. Other grafting co-
nditions are the same in Fig. 8.
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Fig. 11. XMA photographs of the polyethylene film
grafted with VBTAC/HEMA in THF/MeOH and H,O.
Reaction time : 8hr. Film thickness : 75um. Other
grafting conditions are the same as in Fig. 1. (1) sol-
vent | THF/MeOH, degree of grafting : 639%, (2)
solvent : water, degree of grafting | 154%.
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Fig. 12. XMA profiles of the polyethylene film grafted
with VBTAC/HEMA in (1) THF/MeOH and (2) H.0O.
Grafting conditions are the same as in Fig. 1. (1) : a)
Degree of grafting(D. G) : 30%, reaction time(R. T)
:20min, b) D. G:116%, R. T : 1hr, ¢) D. G : 408
%, R. T 3hr,d) D. G:590%, R. T : 8hr. (2) :a)
D.G:5%, R T:20min, b) D. G:56%, R. T ! 1hr,,
¢)D.G:205%, R. T:3hr,c)D. G:315%, R. T:8
hr.

lene. To examine the distribution of this grafted
layer, the cross section of the grafted film was ob-
served using X-ray microanalyser. As shown in
Fig. 11, the chloride spots were not observed in
the middle of film of 75um when water was used
for the grafting system.

Fig. 12 shows the XMA photographs of the graf-
ted film with various degree of grafting in the pre-
sence of THF/MeOH and water. The non-grafted
layer was observed in the middle of the film at low
degree of grafting. However, as the degree of graf-
ting increased. the non-grafted layer disappeared.
Thus, grafting begins at the surface and then con-
tinue to proceed to the inside of the polymer subs-
trate as a result of stepwise diffusion of HEMA
and VBTAC. The distribution of grafted layer has
the similar trend regardless of the type of solvent

440

when thin film of 25um was used for grafting, ex-
cept the low grafted layer in water media genera-
lly.
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