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ABSTRACT: The water transport in 2-hydroxyethyl methacrylate copolymer (HEMA
copolymer) irradiated by vy rays in air is investigated. The sorption data of deionized
water transport in HEMA copolymer subjected to various dosages of y-ray irradiation
are in excellent agreement with the theoretical model that accounts for case I, case II,
and anomalous transport. The diffusion coefficient for case I and the velocity for case II
satisfy the Arrhenius equation for all dosage levels. The transport process is exothermic
and the equilibrium—swelling ratio satisfies the van’t Hoff plot. The studies of the glass
transition temperature of the irradiated HEMA copolymer, the pH value of deionized
water after irradiation treatment, and the quantitative determination of water struc-
tures in the HEMA copolymer hydrogel are helpful in analyzing the irradiation effect on
water transport in the HEMA copolymer. The effect of irradiation on the optical
properties of the HEMA copolymer is also analyzed. The transmittance of a standard
specimen with saturated water is lower than that before the water treatment because
of the creation of holes. However, because of the formation of color centers, the color of
the copolymer becomes yellow to brown and the UV cutoff wavelength of the HEMA
copolymer shifts to the longer wavelength side with increasing irradiation dosage. Some
of the color centers can be annihilated after water treatment. The buckled pattern on
the outer surface is observed when the HEMA copolymer irradiated by a y ray in air is
immersed in the water. This phenomenon is explained by the inhomogeneous distribu-
tion of crosslinking density. © 2000 John Wiley & Sons, Inc. J Polym Sci B: Polym Phys 38:
659-671, 2000
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INTRODUCTION

The 2-hydroxyethyl methacrylate (HEMA) copoly-
mers have been widely studied and employed as
biomaterials, including soft contact lenses,'? kid-
ney dialysis systems,®* drug delivery systems®®
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and artificial liver support systems.”® The pres-
ence of a hydroxyl group and a carbonyl group on
each repeated unit makes the polymers compati-
ble with water, and the hydrophobic a-methyl
group and backbone impart hydrolytic stability to
the polymers and support the mechanical
strength of the polymer matrix.®!! The state and
properties of water in crosslinked HEMA gels and
their equilibrium swelling behavior have been in-
vestigated by many laboratories,'? ¢ but most of
the studies have focused on the equilibrium state
instead of transients and kinetics of transport
properties of the solvent in crosslinked HEMA. In
this study we concentrate on the irradiation effect
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on swelling and water transport in the HEMA
network and also on the related optical proper-
ties.

The swelling behavior of crosslinked HEMA
depends upon the balance of hydrophobic and hy-
drophilic interactions between polymer chains
and water molecules.'” The balance of hydropho-
bic and hydrophilic forces in the polymer can be
controlled by the addition of a crosslinking agent
and hydrophobic monomers.'>'821 The hydro-
phobic and hydrophilic components of polymer
chains can also be modified by irradiation such as
crosslink and scission. A radiation-induced reac-
tion in an oxygen atmosphere or in air is signifi-
cantly different from that in an inert atmosphere
or in a vacuum.?>?? Oxygen reacts with radicals
to form peroxide or hydroperoxide so that it pre-
vents the recombination of the radical chain or
crosslinking.?42?5 The oxygen leads to an increase
in the rate of scission process and degradation of
the linear polymer such as poly(tetrafluoroethyl-
ene), poly(vinyl chloride), polypropylene, poly-
(acrylic acid), and so forth.?*?® During irradiation
of polypropylene and poly(acrylic acid), scission
occurs in an oxygen atmosphere whereas cross-
linking occurs in a vacuum.?*?5 However, the rate
of chain scission in poly(methyl methacrylate) is
lower in air than in a vacuum,?® which is opposite
to the above studies.?32* With the energy of y rays
absorbed by polymers it is possible to form free
radicals and unsaturated double bonds, which are
the so-called color centers.?+27?® The color center
could change the optical properties of the poly-
mer. All these issues are important in the appli-
cation of HEMA, especially in the use of HEMA as
contact lens materials. These issues prompted us
to investigate the effect of y-ray irradiation on
water transport in HEMA copolymer with the
presence of oxygen and the related phenomena.

Alfrey et al.?° categorized the mass transport
in the polymer as case I (concentration-gradient
controlled), case II (stress-relaxation controlled),
and anomalous diffusion (mixed case I with case
II). The solutions of case I diffusion with different
boundary conditions were collected by Crank.>°
The theory of case II diffusion was studied by
Thomas and Windle,?! Govindjee and Simo,>2 and
Hui and Wu.?33* The theoretical model of anom-
alous diffusion, which is a combination of case I
and case II diffusion, was proposed by Wang et
al.?5739 to analyze the semiinfinite specimen and
modified by Harmon et al.*>*! to analyze a spec-
imen of finite size. We use this combined model
for our water transport analysis in this report.
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Figure 1. The chemical structure of (a) HEMA, (b)
MAA, and (¢) EDGMA.

We describe the experimental procedure. This
is followed by the description of the determination
of pH values of water used to immerse the irradi-
ated HEMA copolymer and the water structure in
the irradiated HEMA hydrogel that reveals the
influence of the damage induced by irradiation on
the HEMA samples. The radiation effect on the
optical properties of the HEMA copolymer is also
studied. A summary of findings obtained in this
investigation is presented.

EXPERIMENTAL

The HEMA copolymer soft contact lens blanks
were obtained from Canadian Contact Lens Lab-
oratories Ltd. (Montreal, Canada). The composi-
tions of HEMA copolymer consisted of HEMA,
ethylene glycol dimethacrylate (EGDMA), and
methacrylic acid (MAA); the chemical structures
are listed in Figure 1. This copolymer contains the
hydroxyl group, which is hydrophilic, the methyl
group, which supports the hydrolytic stability,
and the carboxyl group, which is highly ionizable.
They were a standard 12.8-mm diameter and
6.0-mm thickness. These blanks were mounted on
a bench lathe and thinned to 1.5 mm. The speci-
mens were ground on 600 and 1200 grit emery
papers and then polished with 1.0- and 0.05-um
aluminum slurries. The final thickness was 1.44
mm. They were annealed for 1 week in a vacuum
chamber at 60 °C and furnace cooled to 25 °C. The
purpose of annealing was to release residual
stresses in the specimen induced by machining.
In addition to the standard sample, which is
the sample not subjected to y-ray irradiation, the
specimens were irradiated in air at 25 °C by a
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Figure 2. The water sorption in HEMA copolymer irradiated by vy rays in air: ¢ = (a)
0, (b) 160, (c) 227, (d) 397, (d) 468, and (e) 546 kGy.

30,000 Ci cobalt-60 source (Isotope Center of Na-
tional Tsing Hua University) at the dosage rate of
7.1 kGy/h. The specimens were exposed for differ-
ent periods to reach dosages of 160, 227, 397, 468,
and 546 kGy.

For the absorption study the specimen was pre-
weighed, preheated to the elevated temperature
of the water transport study, and immersed in a
deionized water filled glass bottle in a thermo-
statted water bath at the same temperature. The
specimen was taken out periodically for measure-
ments. Its surfaces were blotted and its mass was
measured using an Ohaus Analytical Plus digital
balance. After weighing the specimen was imme-
diately returned to the water bath until the next
measurement. The pH measurement of the sol-
vent was conducted using a Jenco Electronics dig-
ital pH meter at 25 °C after the absorption exper-
iment. The residue that leached out of the HEMA
copolymer 400-kGy irradiated specimen into the
water was analyzed using a Bruker DMX-600
NMR spectrometer.

The irradiated specimens were also cut into
pieces of 2.5-3.5 mg and then immersed into
deionized water at 40 °C until saturation. Each
water-saturated specimen was enclosed in an alu-
minum pan and moved into a Seiko SSC I1-5200H
differential scanning calorimeter (DSC) for mea-
surement. The temperature was increased from
25 to 100 °C with a heating rate of 5 °C/min and
a nitrogen flow of 40 mL/min. For the study of the

water structure, the specimens immersed in wa-
ter for different periods at 35-55 °C were cooled
from 25 to —40 °C with a cooling rate of 5 °C/min,
held at —40 °C for 20 min, and then heated from
—40 to 30 °C with a heating rate of 5 °C/min. The
heat flow of the system was recorded.

For the transmittance study the irradiated
specimens were immersed in deionized water at
different temperatures until saturation. All spec-
imens were dehydrated in air at 25 °C. The trans-
mittance was measured using a Hitachi U-3210/
U-3240 Spectrometer ranging from 240 to 800 nm
in air.

The surface morphology of irradiated speci-
mens treated with water was observed using an
Olympus BH-2 optical microscope.

RESULTS

Water Transport: Effect of y-Ray Irradiation

Considering that the irradiated HEMA copolymer
with half of the thickness [/ is immersed in deion-
ized water, the data for deionized water transport
in the irradiated HEMA copolymer at 35-55 °C
are shown in Figure 2. These data can be ana-
lyzed by a mass transport model proposed by Har-
mon et al.*%*! Their model, which accounts for
case I, case II, and anomalous transport, was
successfully applied to several solvent—polymer
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systems.*>~** In our case the water transport in

irradiated HEMA copolymer can also be success-
fully analyzed by Harmon et al.’s model as shown
below. This means that the water transport in the
HEMA copolymer is anomalous transport behav-
ior, which is a mixture of case I and case II trans-
port and is controlled by both the chemical poten-
tial gradient and stress relaxation. From the
curve fitting the characteristic parameters D and
v corresponding to the diffusion coefficient of case
I and the velocity of case II, respectively, can be
obtained. The HEMA copolymer is initially as-
sumed to be free of water, and the concentration
of water is maintained constant on both outer
surfaces at all times. The weight gain of water
uptake, M,, based on the 1-dimensional model is*°

221 = 2 cos A exp| 2
M, w A cos A.exp| —575
——=1-2 >

- 2D
n=1 Bi( 1- ol cos? )\n)

<

where

v¥?

and A, is the nth root of the following equation:

vl

)

tan A,. 3)

The M., is the final equilibrium-swelling ratio of
water. The roots of eq. (3) (A, withn =1,2,3,...)
were used in eqs. (1) and (2). The solid lines in
Figure 2 were plotted using eq. (1). We found that
the theoretical model is in excellent agreement
with the experimental data. The values of D and
v obtained from Figure 2 are plotted in Figure
3(a,b), respectively. The D and v both increase
with increasing temperature for a given dosage
(¢) and decrease with an increasing dosage for a
given temperature. The water transport based on
case I and case II move from the outer surface to
the center. The D and v both satisfy the Arrhenius
equation and their activation energies were cal-
culated and are tabulated in Table I. The activa-
tion energy of case I is increased with increasing
dosage, but the trend for case II is in an opposite

direction. Case I diffusion is controlled by the
chemical potential gradient, and case II transport
is due to the stress relaxation of polymer chains.
The above two mechanisms are influenced by the
destruction of chemical bonds, crosslinks, and
scission induced by irradiation.

The equilibrium—swelling ratio of water, S, is
determined by the weight ratio of saturated water
to the dry polymer. The data of S at different
temperatures with various dosages are plotted in
Figure 3(c). For a given dosage the value of S
decreases with increasing temperature. The equi-
librium—swelling ratios are curve fitted by the
van’t Hoff equation, S = Syexp(—AH/RT), where
Sy, AH, R, and T are the preexponent factor, heat
of mixing, gas constant, and temperature (K), re-
spectively. The heats of mixing obtained for dif-
ferent dosages from Figure 3(c) are listed in Table
I. The negative sign of the heat of mixing indi-
cates that the mass transport is an exothermic
process. The heat of mixing increases to a maxi-
mum at ¢ = 160 kGy and then decreases with
increasing dosage. For a given temperature, the
value of S decreases with increasing dosage.

pH Value

The pH value was measured of the solvent with
residual impurities leached out from the HEMA
sample after mass transport at different temper-
atures. These data are tabulated in Table II. The
pH value of deionized water at 25 °C is 6.1. For
the standard HEMA sample, the water-induced
hydrolysis of an ionizable carboxyl group and
acidic products of the polymer are dissolved back
into the solvent so that the pH value of the sol-
vent after the mass transport experiment is low-
ered. The pH value decreases with increasing
temperature. Because the concentration of the
hydrogen ion is proportional to the exponential
value of the negative pH value, the hydrogen ion
concentration can be easily obtained from the pH
values. The hydrogen ion increment is deter-
mined by the ratio of the difference of H* concen-
trations after and before the mass transport ex-
periment to the H' concentration in the solvent
before the mass transport experiment. The curve
of the logarithmic hydrogen ion increment
(A[H™]) in the solvent versus the reciprocal of the
mass transport temperature is plotted in Figure
4. The reaction heat obtained from the slope is
equal to 19.657 kcal/mol. The hydrolysis process
is endothermic for the standard specimen. The pH
value of the solvent immersed with the irradiated
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Figure 3. Arrhenius plots of (a) the diffusion coefficient, D, for case I, (b) velocity, v,
for case II, and (c) the van’t Hoff plot of the equilibrium—swelling ratio, S, for different

dosages.

specimen is lower than that immersed with the
standard specimen. This implies that some bond
breakage happened during irradiation, which
caused the formation and leaching of the acid
group into the solvent. On the other hand, for a
given irradiation dosage, the pH value does not
increase with decreasing temperature. The max-

imum pH value is at 50 °C for ¢ = 160 kGy and 45
°C for ¢ = 227 kGy. At higher temperatures the
hydrolysis is more active whereas at lower tem-
peratures the hydrolysis reaction probability is
raised because of the higher water content in the
hydrogel. Both cases are favorable to acidify the
solvent and give a probable explanation of the

Table I. Activation Energies of Case I, E,,, and Case II, E,, and Heat of Mixing AH

¢ (kGy) 0 160 397 468 546
E, (kcal/mol) 6.84 = 0.15 6.87 = 0.12 6.92 + 0.13 7.24 = 0.06 7.43 = 0.16 7.69 = 0.08
E, (kcal/mol) 7.53 * 0.13 7.06 = 0.14 6.37 = 0.15 6.03 = 0.16 521+ 0.11 4.51 £ 0.15
AH (kcal/mol) -0.79 £0.06 —0.52+0.03 —0.56+0.05 —0.63+0.03 —0.66=*0.02 —0.70* 0.05
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Table II. pH Values of Deionized Water after Immersion of HEMA Copolymer at 25 °C

¢ (kGy)
Mass Transport
Temp. (K) 0 160 227 397 468 546
328 5.23 = 0.01 4.41 = 0.02 4.44 *= 0.03 4.17 = 0.04 4.14 = 0.01 4.08 = 0.02
323 5.41 = 0.02 4.43 = 0.03 4.51 = 0.03 4.28 = 0.02 4.25 = 0.03 4.18 = 0.03
318 5.60 = 0.01 4.36 = 0.01 4.56 = 0.01 4.32 + 0.02 4.30 = 0.02 4.27 = 0.01
313 5.71 = 0.02 4.25 = 0.02 4.50 = 0.02 4.30 = 0.03 4.26 = 0.01 4.20 = 0.02
308 5.82 = 0.01 4.10 = 0.01 4.47 = 0.03 4.20 = 0.01 4.14 = 0.03 4.10 = 0.04

maximum pH value at an intermediate tempera-
ture.

The NMR study of the residues in water pro-
vides evidence of the formation of acidic group.
The 'H NMR spectra of residues of the 400-kGy
HEMA copolymer in water are shown in Figure 5.
According to the NMR spectrum handbook of or-
ganic chemicals,*® the compositions of the resi-
dues are ethanol and ethylene glycol. The bond
between oxygen and the ethyl group in the side
chains of HEMA and EGDMA were broken by vy
rays, so that the carboxyl group appeared and
acidified the water—-HEMA copolymer system.
Based on the above analysis, some of the hydro-
philic side chains of the HEMA copolymer were
destroyed by +vy-ray irradiation, so the equilib-
rium—swelling ratio of the irradiated specimen
was lowered.
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Figure 4. The plot of the logarithmic hydrogen ion
increment (A[H™]) in the deionized water after immer-
sion of HEMA copolymer versus the reciprocal of mass
transport temperature.

Thermal Analysis

The glass transition temperature of the irradi-
ated HEMA copolymer with dosages less than 546
kGy is maintained at 327 K before being im-
mersed in water. This implies that the effect of a
sole y ray on the glass transition temperature is
insignificant. However, after water saturation the
glass transition temperatures of dry specimens
(after dehydration) irradiated by y rays with a
dosage range of 0-546 kGy were changed from
289 to 284 K. This implies that the chain scission
affected by the y ray on the copolymer is slightly
greater than the crosslinking. However, the effect
on the glass transition point became apparent
only when the detached chains were dissolved in
the solvent, and the HEMA network was dehy-
drated and dried again. This implies that the local
chain configuration is statistically different from
that before the irradiation—hydration—dehydra-
tion process, resulting in different glass transi-
tion temperatures.

-CH,-CH,-
2.18

-CH,-CH,

Intensity(arbitrary unit)

1.27 1.12

40 35 30 25 20 15 10 05 00
ppm
Figure 5. The 'H NMR spectra of the residues of

HEMA copolymer irradiated with 400 kGy in 50 °C
water.
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Figure 6. The endotherms of water—HEMA hydro-
gels with different dosages.

A further investigation of the effect of irradia-
tion on polymer chains was made by the DSC
analysis of the water structure in the hydrogel.
The water structure in the hydrogel is generally
categorized as the nonfreezing (bound) water and
the freezing (free) water.?*6-%® This means that
the total content of water S, is the summation of
the contents of the freezing water S; and the
nonfreezing water S, ¢

S.= 8¢+ S 4)

The molecule of nonfreezing water is hydrogen
bonded to the hydrophilic groups: the content of
nonfreezing water is proportional to the amount
of hydrophilic groups in the polymer. On the other
hand, the freezing water is in a state of pure
water independent of the polymeric structure.
The content of freezing water is affected by the
chain mobility or crosslink density of the poly-
mer.'?1* Thus, the determination of two types of
water in the hydrogel is helpful to understand the
crosslink and scission effect or the destruction of
the hydrophilic group induced by vy rays. During
the heating process of the DSC analysis, an endo-
thermic melting peak appeared in the freezing
water at 0 °C, but not in the nonfreezing water.
Thus, both types of water in the hydrogel can be
determined by the DSC analysis.'?144° The en-
dothermic melting peaks of freezing water at 0 °C
for the saturated hydrogel are shown in Figure 6.
The peak area covered for the melting of freezing
water is calculated (AH g eeping water)> then the con-
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tent of freezing water (S can be obtained by the
following equation*®:

Wfreezin
g water
Si=— > (5)

Wpolymer

where W eesing water a0d W00, are the weights
of freezing water and dry polymer, respectively,
and

A}Ifreezing water

Wfreezing water T . (6)

In eq. (6) the AH ¢, cqing water 18 the enthalpy in the
reaction and Ah,,, is the effective specific fusion
heat of water in the hydrogel.**—>! Substituting
eqgs. (6) and (4) into eq. (5) one can obtain

AI{freezing water

Sf:St_Snf: AL W )
em 'Y polymer

(7

At a given temperature the value of S, ; in the
hydrogel with various S; is fixed. Thus, from eq.
(7) the relationship between S; and AH¢, e ying water
is linear. The Ak, and S, ¢ can be obtained from
the linear regression of eq. (7). The data of the
DSC analysis are listed in Table III. For a given
dosage, the content of freezing water follows the
van’t Hoff equation as shown in Figure 7 and the
transport process is endothermic. From Figure 7
we also obtain the heat of mixing for various
dosages, and the data are tabulated in Table III.
The heat of mixing for freezing water is main-
tained at 2.98 = 0.05 kcal/mol below ¢ = 300 kGy
and then decreases to 2.49 kcal/mol for ¢ = 400
kGy. This implies that more network chains are
destroyed for ¢ = 400 kGy than for ¢ = 300 kGy.
For a given temperature the content of freezing
water in the hydrogel has a minimum at ¢ = 160
kGy and then increases with increasing dosage.
This also implies that more crosslinks are in-
duced than the network chains that are destroyed
with a low dosage of irradiation and vice versa
with a high irradiation dosage above the critical
value (>300 kGy). On the other hand, the content
of nonfreezing water also follows the van’t Hoff
equation as shown in Figure 7. The transport
process of nonfreezing water is exothermic and its
heat of mixing (AH ;) has a minimum at ¢ = 160
kGy. The change of AH  is related to the struc-
tural variation of side chains and acidification of
the solvent—polymer system. The content of non-
freezing water decreases monotonically with in-
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Table III.

Water Contents of Freezing (S;) and Nonfreezing Water (S, ), Effective Specific Heat of Fusion of

Water (AH,,,), and Heat of Mixing of Freezing (AH,) and Nonfreezing Water (AH ;) in

Hydrogel for HEMA Copolymer

b T S, S, Ah,,. AH ., AH,
(kGy) (K) (wt %) (wt %) J/g) (kcal/mol) (keal/mol)
0 328 44.43 + 0.51 9.93 = 0.20 282 —-1.44 = 0.08 3.01 = 0.13
323 46.02 = 0.53 9.32 = 0.19 285
318 47.84 = 0.71 8.61 = 0.13 287
313 49.54 + 0.68 7.97 = 0.14 290
308 51.20 = 0.59 7.40 = 0.16 292
160 328 43.55 + 0.49 7.76 £ 0.22 280 —-1.02 = 0.05 2.98 = 0.09
323 4452 = 0.35 7.26 = 0.18 283
318 45.87 = 0.53 6.63 = 0.17 284
313 47.03 = 0.45 6.24 = 0.20 282
308 48.11 = 0.42 5.78 = 0.21 281
200 328 40.60 = 0.44 8.10 = 0.21 279 -1.12 = 0.06 2.99 = 0.10
323 41.63 = 0.51 7.61 £ 0.16 281
318 42.86 += 0.38 7.09 = 0.18 282
313 44.15 = 0.41 6.53 = 0.13 281
308 45.28 + 0.48 6.04 = 0.15 279
300 328 38.32 = 0.50 8.78 = 0.18 277 —-1.24 = 0.07 2.99 = 0.11
323 39.55 £ 0.37 8.29 + 0.20 280
318 40.91 = 0.46 7.59 £ 0.17 281
313 42.08 = 0.42 7.08 = 0.14 279
308 43.34 = 0.35 6.56 = 0.19 278
400 328 35.81 = 0.48 9.59 = 0.19 273 —-1.71 = 0.06 2.49 = 0.10
323 36.73 + 0.46 9.18 + 0.20 274
318 37.98 + 0.53 8.72 = 0.14 277
313 39.12 = 0.50 8.42 = 0.16 276
308 40.25 = 0.41 7.90 = 0.17 274

creasing dosage. The reduction of nonfreezing wa-
ter is equivalent to the loss of hydrophilic groups
due to the y-ray irradiation.
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Figure 7. The van’t Hoff plots of the equilibrium—
swelling ratio of the freezing water (Sy) and nonfreezing
water (S,,¢) for different dosages.

In summary, the crosslinks induced by y rays
are dominant at a low irradiation dosage, for
which the scission is significant at high dosage,
and the destruction of hydrophilic groups occurs
at all doses. The water absorbed in the hydrogel
can be differentiated by the freezing and non-
freezing water. The AH,  has a minimum at ¢
= 160 kGy, as does the heat of mixing, AH.

Change of Optical Property

The transmittance, I, of specimens with various
dosages before and after the water uptake as a
function of wavelength, A, is plotted in Figure
8(a,b), respectively. In the range of the visible
spectrum (400—-800 nm) we found that the trans-
mittance of the standard specimen after water
treatment was lower than that before water treat-
ment. The penetration of water enlarges the
spaces between the polymer chains. The polymer
chains cannot recover completely after desorp-
tion, so some holes (or voids) remain in the HEMA
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Figure 8. The transmission spectrum of standard
and irradiated HEMA copolymers (a) before water ab-
sorption and (b) after water saturation at 50 °C.

copolymer as shown in Figure 9. These holes in-
duce light scattering. As a result, the transmit-
tance of the standard specimen is lowered after
water treatment. For irradiated HEMA copoly-
mer, color centers are created in the specimen by
the y-ray irradiation so that the light of the
shorter wavelength is absorbed, as shown in Fig-
ure 8(a). However, these color centers are annihi-
lated by hydrolysis. The elimination of these ob-
stacles generated by irradiation in the optical
path is more pronounced than the creation of
holes after dehydration. Because the thermal sta-
bility of the irradiated samples is lowered after
the water treatment, the observation of holes in
the specimens by SEM was difficult. Therefore,
the transmittance of irradiated HEMA copoly-
mers after desorption is raised, as shown in Fig-
ure 8(b). In the range of the near UV (240-400
nm) spectrum, we also found that light with a
wavelength below 250 nm was completely ab-
sorbed in the standard specimen. The maximum
absorbed wavelength is called the cutoff wave-
length. The cutoff wavelengths of the HEMA co-
polymer before water treatment were 250, 270,
288, 299, 302, and 305 nm for ¢ = 0, 160, 227,
397, 468, and 546 kGy, respectively. The cutoff
wavelength of the copolymer increased with in-
creasing dosage. It results from the unstable fac-
tors such as free radicals,® peroxides, hydroper-
oxides, and other oxygen-containing species pro-
duced by the reaction of radicals and oxygen,?®5*
which absorbs light in this region.’® The cutoff
wavelengths of HEMA copolymer after water
treatment were 240, 245, 248, 258, 270, and 279
nm for ¢ = 0, 160, 227, 397, 468, and 546 kGy,
respectively. For the same dosage the cutoff wave-
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length was smaller for the postwater treatment
than for the prewater treatment. This was be-
cause of the dissolution of chromophores (such as
a carbonyl group) or auxochromes (such as an
hydroxyl group) in the copolymers into water and
the disappearance of some unstable factors re-
sulting from hydration.

Buckled Pattern on Surface

The surface morphology of HEMA copolymers ir-
radiated with 200 kGy before immersion in water
is shown in Figure 10(a). The surface is smooth
with no pattern observed. When this specimen
was immersed in water for 5 min, the surface
showed a buckled pattern [Fig. 10(b)]. The size of
the pattern increased monotonically with increas-
ing immersion time as shown in Figure 10(c—g).
The buckled pattern can be analyzed using the
2-dimensional Fourier transform. Figure 11
shows the Fourier-transformed profiles in the ¢
space corresponding to Figure 10(g) (in the real
space). It can be seen from Figure 11 that an
isotropic ring pattern indicates that there is no
preferred orientation. As a result, the curve of
radial average intensity versus q reveals several
peaks. Figure 12 shows the radial average inten-
sity, A, as a function of ¢ and immersion time
where the unit of A is the intensity index shown
in Figure 11. Neglecting the intensity in the
neighborhood of ¢ = 0, the first and second max-
imum intensities increased to a maximum and
then decreased with increasing immersion time.
The q values corresponding to the first and second
maximum intensities decrease monotonically

Figure 9. The cross section of the standard HEMA
copolymer as observed by SEM after being saturated
with water and then desorbed.
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®

Figure 10. The buckled pattern on the surface of the irradiated (200 kGy) HEMA
copolymer immersed in water at 50 °C that was observed with an optical microscope for
(a) 0, (b) 5, (c) 20, (d) 60, (e) 180, (f) 360, and (g) 630 min; (h) desorption in air for 1
month; and (i) the cross section of HEMA copolymer saturated in water at 40 °C.

with increasing immersion time. Because the ¢
space is the reciprocal space of the buckled pat-
tern, this is an alternative and convenient way to
examine the averaged size and amplitude of the
buckled pattern instead of carrying out a compli-

cated image analysis in the real space. From this
g-space analysis it is obvious that the buckled size
increases with increasing immersion time. When
water is desorbed from the specimen, the buckled
pattern still exists but its size is reduced as shown



(i)

Figure 10. (Continued from the previous page)

in Figure 10(h). This phenomenon disappears in
the specimen with a higher dosage of irradiation
and a longer time of immersion. The buckled pat-
tern is observed in the specimen irradiated by vy
rays in the air atmosphere but not in a vacuum.
The morphology of the cross section of the HEMA
copolymer irradiated by y rays in air and satu-
rated with water at 40 °C is shown in Figure 10(i).
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Figure 11. The Fourier transformed profiles in g
space corresponding to Figure 10(g) for the immersion
time 630 min.

We found that the saw-tooth shape appearing on
the upper right region corresponds to the buckled
pattern and the other regions are smooth. This
evidence shows that the buckled pattern appears
on the surface facing the air not in the bulk re-
gion. A similar pattern was found in polyvinyl
gels by Tanaka et al.’%*” They proposed that the
occurrence of the buckled pattern resulted from
the mechanical instability between the swollen
outer layer and the fixed inner layer in the pro-
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Figure 12. The radial average intensity, A, as a func-
tion of ¢ and immersion time.
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cess of collective diffusion. In this study the pat-
tern only appeared on the irradiated specimen,
but the surface of the standard specimen re-
mained smooth throughout the entire mass trans-
port process. The swelling in the outer layer of the
specimen irradiated in air was significantly dif-
ferent from that in the bulk region. This was
probably created by the inhomogeneous crosslink-
ing and chain scission in this surface region.

The buckled pattern was not observed on the
surface of HEMA copolymer irradiated by vy rays
in a vacuum immersed in water; it was only on
those irradiated in the air. This is consistent with
the explanation that oxygen is present and also
diffuses into the HEMA copolymer from the outer
surface when the specimen is irradiated in air.
Oxygen will react with radicals and prevent the
radical recombination to form crosslinking. The
crosslinking density increases with increasing
depth from the outer surface. During the water
uptake the outer surface was swollen first, which
is similar to that observed by Tanaka et al.’®>”
This inhomogeneous swollen condition was iden-
tified as the cause by the mechanical instability of
the buckled pattern. The size of the buckled pat-
tern depends on the swelling condition and profile
during water uptake. As seen in Figure 10(h), the
buckled pattern still exists after desorption at 200
kGy. It is an indication that the outer surface still
remains at a higher swollen state than the inner
region. On the other hand, for the case of high
dosages, the chain scission really dominates. The
crosslinking density at the outer surface is either
too low or the difference in crosslinking densities
(inhomogeneity) is insignificant to maintain the
buckled pattern on the outer surface. Therefore,
the final pattern appears very smooth for a
HEMA copolymer with high dosage irradiation
and immersed in water for a long time.

SUMMARY

The water transport in HEMA copolymer irradi-
ated by vy rays in an air atmosphere and associ-
ated phenomena are investigated. The water up-
take data are in excellent agreement with the
theoretical model for all irradiated dosages: the
water transport behavior is an anomalous trans-
port and the diffusion coefficient of case I and the
velocity of case II are obtained from curve fitting.
The diffusion coefficient and the velocity charac-
terized for cases I and II diffusion both satisfy the
Arrhenius equation. The activation energy of case

I increases gradually with an increasing amount
of dosage, but the trend of activation energy of
case II is the opposite. The equilibrium—swelling
ratio satisfies the van’t Hoff plot and the mass
transfer is an exothermic process. The heat of
mixing increases monotonically with increasing
dosage in the range of 160-546 kGy and is lower
than that of the standard (unirradiated) specimen.

The decrease of pH values of the solvent after
the mass transport and the determination of res-
idues in water by NMR show the loss of the hy-
drophilic group from the network. The freezing
and nonfreezing water are analyzed by the endo-
thermic melting peak from the DSC measure-
ment. Freezing and nonfreezing water contents in
the hydrogel decrease with increasing dosage, but
the trend of freezing water content is opposite at
high dosages. This implies that the crosslinking
and scission processes are dominant at low and
high dosages, respectively. The decrease of non-
freezing water content is other evidence of the
destruction of the hydrophilic group. The freezing
and nonfreezing water both satisfy the van’t Hoff
plot. The former is endothermic and the latter is
exothermic. The heat of mixing for nonfreezing
water has a minimum at ¢ = 160 kGy.

The cutoff wavelength of the HEMA copolymer
before and after water treatment at 55 °C in-
creases with increasing dosage. It is smaller for
postwater treatment than for the prewater treat-
ment. The buckled pattern appears on the outer
surface of the HEMA copolymer irradiated with
200 kGy in air and treated with water. The size of
the buckled pattern increases monotonically with
increasing immersion time until it reaches the
equilibrium. This can be analyzed by 2-dimen-
sional Fourier transform (in ¢ space). The ¢ val-
ues corresponding to the first two maximum in-
tensities decrease with increasing immersion
time. This is consistent with the idea that the size
of the buckled pattern increases with increasing
immersion time. A simple model based on the
mechanical instability arising from the inhomo-
geneous distribution of crosslinking density is used
to explain the formation of the buckled pattern.

This work was supported by the National Science
Council, Taiwan, Republic of China.
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