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ABSTRACT: The radiation-induced graft copolymerization of 2-hydroxyethyl methacry-
late (HEMA) onto poly(g-methyl-L-glutamate) membranes was investigated in etha-
nol. The effects of dose, dose rate, concentration of HEMA, and temperature on the
degree of grafting were studied. The initial rate of grafting copolymerization shows the
following functional relationship equation: dG0 /dt Å k[M ]0Dg 0.56 . The average values
of the apparent constants at 27 and 377C for the initial rates of grafting are k1 Å 51
and k2 Å 91 G%h00.44 kGy00.56 mol01 L, respectively. The apparent activation energy
of grafting copolymerization is E Å 10.7 kcal/mol. q 1998 John Wiley & Sons, Inc. J Appl
Polym Sci 68: 1575–1580, 1998
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INTRODUCTION and permeability of a block copolymer membrane
from poly(g-methyl-L-glutamate) (PMLG) and
polyester. He and associates4 studied permeationSynthetic polypeptides are extremely interesting
of anticancer drugs through synthesized polypep-polymers because of the close relationship they
tide membranes. Shi and colleagues5 reported onbear to proteins. Synthetic polypeptides have
the kinetics of radiation-induced graft copolymer-been used widely in material applications for syn-
ization of HEMA onto PMLG membranes. Al-thetic skin analogs, absorbable sutures, and bio-
though biocompatibility of PMLG membrane iscompatible materials. The biocompatibility of
excellent, its hydrophilicity is not good. To developpolymeric materials is very important in medical
PMLG membrane suitable for medical applica-applications.
tions, we studied the radiation-induced graft co-Amudeswari and colleagues1 reported that the
polymerization of HEMA onto PMLG membranesgraft copolymerization of 2-hydroxyethyl methac-
in ethanol solution. This study has not been foundrylate (HEMA), in combination with hydrophobic
in recent papers.monomers, onto soluble collagen was employed in

the synthesis of hydrogels. Elias and associates2

studied the crosslinking of poly(a-amino acids).
EXPERIMENTALShi and coworkers3 reported on the preparation

Preparation of PMLG and Membrane
Correspondence to: Y.-E. Fang.

The PMLG was prepared by polymerization of g-
Journal of Applied Polymer Science, Vol. 68, 1575–1580 (1998)
q 1998 John Wiley & Sons, Inc. CCC 0021-8995/98/101575-06 methyl-L-glutamate-N-carboxy-2-amino acid an-
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Figure 1 Effect of radiation dose on degree of grafting Figure 3 Effect of HEMA concentration on degree of
in ethanol. Grafting conditions: HEMA concentration, grafting in ethanol. Grafting conditions: grafting tem-
1.454 mol/L; grafting temperature, 197C; membrane perature, 207C; membrane thickness, 40 mm; dose rate,
thickness, 38 mm; dose rate, 4.4 kGy/h. 4.4 kGy/h; dose, 1.47 kGy.

Grafting Procedurehydride (MLG-NCA) which was initiated by tri-
ethylamine in 1,2-dichloroethane at room temper- The PMLG membranes were cut, washed with
ature for 24 h. ethanol, and dried at 607C under vacuum (10

The reaction mixture was poured into hot water mmHg) for 7 h; the initial weight, W0 , was then
and PMLG was precipitated. The PMLG was re- measured.
crystallized two or three times in 1,2-dichloro- Ethanol was chosen as solvent. The samples
ethane. Molecular weight of PMLG with Mn Å 1.5 were immersed in the HEMA monomer solution
1 105 was determined by gel permeation chroma- in glass reaction vessels, bubbled with N2 gas
tography. (99.9%) for 20 min to remove O2, then irradiated

The PMLG membranes were cast from 5–8 wt in a 60,000 Ci cobalt-60 source.
% 1,2-dichloroethane solutions on a glass plate by The grafted membranes were extracted with
evaporating the solvent in air at room tempera- ethanol at 607C for several hours to remove mono-
ture for 48 h in a dust-free laminar flow hood. mer and poly-HEMA, then dried, and the dry

Figure 4 Effect of grafting temperature on degree ofFigure 2 Effect of dose rate on degree of grafting in
ethanol. Grafting conditions: HEMA concentration, grafting in ethanol. Grafting conditions: HEMA concen-

tration, 0.915 mol/L; membrane thickness, 35 mm; dose1.454 mol/L; grafting temperature, 217C; membrane
thickness, 39 mm; grafting dose, 3 kGy. rate, 4.4 kGy/h; dose, 1.1 kGy.
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Table I Initial Rate and Apparent Rate
Constant of Graft Copolymerization of 277C
for 1.862 kGy/h

Apparent Rate
Initial Initial Rate Constant k1

Concentration of Grafting (G%h00.44 kGy00.56

[M]0 (mol/L) dG0/dt (G%/h) mol01 L)

0.412 28.80 49
0.823 60.00 51
1.235 83.40 48
1.646 131.70 57

(Average value 51)

Figure 5 Rate of grafting at varying HEMA concen-
grafting regions and to greater monomer avail-trations in ethanol for PMLG membrane. HEMA con-
ability within the surrounding solution. Thereforecentrations (mol/L): (a) 0.412; (b) 0.823; (c) 1.235; (d)
it is apparent that ethanol permits attainment of1.646. Dose rate, 1.862 kGy/h; membrane thickness, 38
much higher grafting levels as dose increases. Themm, grafting temperature, 277C.
curve in Figure 1 is typical of a reaction becoming
monomer diffusion-controlled.

grafted membranes (Wg ) were weighed. The de-
gree of grafting (G%) was obtained according to
the following equation: Effect of Dose Rate

Figure 2 indicates the effect of dose rate on degreeG (%) Å (Wg 0 W0) /W0 1 100
of grafting. It can be seen that the dose rate in-
creases with decreasing degree of grafting. At

Characterization higher rates, short grafted branches were formed
during the copolymerization. At lower dose rates,The spectra of the PMLG and the PMLG-g-HEMA
HEMA diffused into the surface zone of the PMLGpolymers were measured with a Nicolet 170 SX

Fourier Transform Infrared Photoacoustic Spec-
troscope (PA-FTIR). The morphologies of the
polymer membranes were observed with a Hitachi
X-650 Scanning Electron Microscope (SEM).

RESULTS AND DISCUSSION

Influence of Dose

Figure 1 shows the effect of dose on the direct
graft of HEMA onto PMLG membranes in ethanol
solution. The grafting was carried out in the dose
range of 1.4 to 10.3 kGy; other conditions were
kept constant. From Figure 1, it can be observed
that the degree of grafting increases gradually
with increasing dose. Ethanol has two major ef-
fects on the grafting reaction: (1) homopolymers Figure 6 Degree of grafting at different dose rates in
of HEMA and grafted polymer chains were dis- ethanol for PMLG membrane. Dose rate (kGy/h): (a)
solved in ethanol, and (2) the PMLG membrane 1.340; (b) 1.862; (c) 3.567; (d) 7.300; HEMA concentra-
is swelled in ethanol.6 These two effects lead both tion, 0.412 mol/L; membrane thickness, 35 mm; graft-

ing temperature, 377C.to greater monomer concentration within the
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Table II Initial Rate and Apparent Rate PMLG membranes. The results show that the ini-
Constant of Graft Copolymerization at 377C tial rates are linear with time. As is clear from
for [M]0 Å 0.412 mol/L these results, the initial rates of grafting in-

creases with increasing concentrations of HEMA
Apparent Rate for PMLG membranes. The initial rates of graft-

Initial Rate Constant k2 ing, dG0 /dt , obtained graphically, are shown inDose Rate of Grafting (G%h00.44 kGy00.56

Table I.Dg (kGy/h) dG0/dt (G%/h) mol01 L)

Dose Rate1.340 44.4 91
1.862 52.8 90 Figure 6 shows the initial rate of grafting at differ-
3.567 77.4 92 ent dose rates for grafting of HEMA onto PMLG7.300 113.4 90

membranes. The results show that initial rates(Average value 91)
are linear with time and that the initial rate of
grafting increases with dose rate.

The initial rates of grafting, dG0 /dt , obtainedmembrane and longer grafted branches were
graphically, are shown in Table II. According toformed, resulting in a larger degree of grafting.
the data in Table I, Figure 7 shows that a plot of
ln dG0 /dt against ln[M ]0 provides a linear rela-Effect of HEMA Concentration
tionship with a stop of 1; that is, dG0 /dt variesFigure 3 shows that the degree of grafting in-
with the initial HEMA concentration ([M ]0) . Thiscreases with increasing HEMA concentration.
result is expressed by the following relationship:This result suggests that the degree of grafting

is dependent not only on the amount of trapped
dG0 /dt } [M ]0 (1)radicals but also on the diffusibility of HEMA into

PMLG membrane. The diffusibility of HEMA
Figure 8 shows the ln–ln plot of dG0 /dt againstthrough the grafted layer of a PMLG membrane
the dose rate obtained with data in Table II.seems to be enhanced at higher monomer concen-
The linear relationships with a slope of 0.56 intrations, which leads to the increase in degree of
Figure 8 are obtained, i.e., dG0 /dt varies as Dg 0.56 ,grafting.
such as

Effect of Temperature
dG0 /dt } Dg 0.56 (2)

Figure 4 indicates the degree of grafting with the
grafting temperature curve for grafting of HEMA It is found from eqs. (1) and (2) that the initial
onto PMLG membranes. From Figure 4, it can be rate of grafting is proportional to the [M ]0 and
seen that the degree of grafting increases with
grafting temperature. Below 307C the degree of
grafting is rather small and increases slowly with
temperature, but from 307C up it rises much
faster. This may be due to the lower temperature;
HEMA molecules could not diffuse into the PMLG
membranes easily, so a grafting reaction took
place mainly at the membrane surface. At higher
temperatures the PMLG chain can move to some
extent; thus diffusion of HEMA molecules into the
membranes occurs. The higher the temperature,
the easier the diffusion, so the larger degree of
grafting.

Kinetics of Grafting Copolymerization

Rate of Grafting

Figure 5 indicates the initial rates of grafting Figure 7 Effect of HEMA concentration on initial
rate of grafting.(dG0 /dt ) at varying concentrations of HEMA for
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Structure and Morphology of PMLG-g-HEMA
Membrane

PA-FTIR spectra of PMLG and PMLG-g-HEMA
membranes are shown in Figure 9. The band at
3300 cm01 is due to N{H stretching vibration in
the amide CONH in the PMLG chain. When the
PA-FTIR spectra in Figure 9(a–c) are compared,
it is seen that in the spectra of (b) and (c) one new
absorption appears at 3500 cm01 , due to O{H
stretching vibration of the grafted poly(2-hy-
droxyethyl methacrylate) chains with pendant
{CH2CH2OH. These absorption peaks increase
with increasing degree of grafting. This result
proves that HEMA is grafted onto the PMLG ma-

Figure 8 Effect of dose rate on initial rate of grafting. trix membrane.
Figure 10 shows the morphologies of PMLG

and PMLG-g-HEMA membranes observed by
Dg 0.56 . Combination of eqs. (1) and (2) yields, for SEM. When the micrographs in Figure 10(a,b)
radiation graft of HEMA onto PMLG membranes: are compared, it is seen Figure 10(b) had a micro-

phase-separated structure of the constituent
chains. The bright portions of the graft are thedG0 /dt Å k[M ]0Dg 0.56 (3)
island phases dispersed in the dark PMLG matrix
(sea phase) [Fig. 10(b)] .where k is the apparent constant of the initial

rate of graft copolymerization.
According to the data in Tables I and II, k1 and

k2 values were calculated by eq. (3). These values
are listed in Tables I and II, respectively.

Apparent Activation Energy

Integrating Arrhenius equation

d ln k /dT Å E /RT2 (4)

where E is the Arrhenius activation energy, T the
temperature (K), and R the gas constant, yields

ln k Å 0E /RT / C (5)

where C is an indefinite integral constant. The
average values of k1 and k2 in Tables I and II were
obtained at the grafting temperatures of 27 and
377C, respectively. Therefore,

ln(k2 /k1) Å E (T2 0 T1) /RT1T2

ln(91/51) Å E 1 10/1.987 1 300 1 310

that is, EÅ 10.7 kcal/mol, the apparent activation Figure 9 PA-FTIR spectra of PMLG and PMLG-g-
energy of the initial rate for grafting copolymer- HEMA membranes: (a) 0% grafting; (b) 45% grafting;

(c) 93% grafting.ization of HEMA onto PMLG membrane.
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Figure 10 Scanning electron micrographs of PMLG and PMLG-g-HEMA membranes:
(a) 0% grafting; (b) 45% grafting.

CONCLUSIONS 5. The apparent activation energy of graft copoly-
merization is E Å 10.7 kcal/mol.
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