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IVAN KRAKOVSKÝ, MIROSLAVA JELÍNKOVÁ, JIŘÍ VACÍK
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ABSTRACT: The elastic and swelling behavior of copolymers of 2-hydroxyethyl methac-
rylate, diethylene glycol methacrylate, and methacrylic acid crosslinked with ethylene
glycol dimethacrylate has been studied. In the range of copolymer composition studied,
Young’s modulus of the swollen networks increases with the content of methacrylic acid,
and its dependence on the content of diethylene glycol methacrylate passes through a
maximum. The concentrations of the elastic network chains determined from Young’s
moduli of swollen networks are much higher than those calculated from stoichiometry.
This effect is attributed to the presence of additional physical crosslinks due to water-
induced ordering of the hydrophobic backbone chains. Both the elastic and swelling
behavior of the polymers mentioned above are decisive for their application in the
preparation of soft contact lenses. q 1997 John Wiley & Sons, Inc. J Appl Polym Sci 64: 2141–
2148, 1997
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INTRODUCTION because 55–70% of water is an appropriate
amount for increased transport of oxygen to cor-
nea as well as for drawing off metabolites as lacticThe crosslinked copolymers of 2-hydroxyethyl
acid and carbon dioxide. We assume ionization ofmethacrylate (HEMA), diethylene glycol methac-
{COONa groups at the physiological pH (7.2) ofrylate (DEGMA), and methacrylic acid (MAA)
the tear film and hence the influence of the nega-proved to be very useful in many biomedical appli-
tive charge of this network on positively chargedcations.1 Mechanical properties of the swollen gels
proteins in the tear film. This is why this materialof these copolymers play an important role. There-
is suitable for disposable contact lenses; theirfore, the understanding of the relation between
cleaning from firmly sorbed proteins is both me-the structure and mechanical behavior of the gels
chanically and enzymatically quite difficult, sois highly desirable.
these lenses are not suitable for long-term wear-A small amount of sodium methacrylate added
ing. The amount of water in the equilibrium swell-to the starting monomers has a significant impact
ing stage of the polymers guarantees an excellenton swelling equilibria of final polymers. These ma-
biocompatibility of this material with the corneaterials are suitable for disposable contact lenses
surface.

Similar homopolymers and copolymers were
studied by various authors. Ilavský and Prins2Correspondence to: I. Krakovský, Department of Polymer

Physics, Faculty of Mathematics and Physics, Charles Univer- and Warren and Prins3 investigated the struc-
sity, V Holešovičkách 2, 180 00 Prague 8, Czech Republic. ture of poly-HEMA networks in dependence onContract grant sponsor: Grant Agency of the Czech Repub-

the crosslinking density, content of the diluentlic; contract grant number: 304/930393.
q 1997 John Wiley & Sons, Inc. CCC 0021-8995/97/112141-08 during network formation and swelling solvent
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by fotoelasticity, calorimetry, and light scatter- 1 8 mm2) of samples, a traveling microscope was
used. The samples were mounted in grips 16 mming. Janáček and Hasa4,5 studied mechanical and

swelling behavior of poly-HEMA and poly- apart and deformed in uniaxial extension at a rate
100% per minute. During the measurement, theDEGMA, as well as the HEMA–DEGMA copoly-

mers. Ilavský et al.6,7 studied the structure and samples were immersed in distilled water and
measured at 257C. Young’s moduli were deter-properties of HEMA–MAA copolymers in depen-

dence on the copolymer composition and degree mined by the least-squares fitting of the stress-
strain dependences in the initial linear region.of ionization.

In this work, the elastic and swelling behavior The stress relaxation of one swollen sample was
also measured in the same arrangement. To de-of copolymers of HEMA, DEGMA, and MAA

crosslinked with ethylene glycol dimethacrylate and termine the densities of dried samples, the flota-
tion method was used. As a flotation medium, aswollen to equilibrium with water was studied.
mixture of chloroform and diethyl ether was used.

The volume fraction of the polymer in the swol-
len network y2 was calculated from the weight ofEXPERIMENTAL
the dry (vd ) and equilibrium-swollen (vsw ) sam-
ple according to the following equation:Materials

The samples were prepared by the radical poly- 1
y2
Å 1 / Svsw

vd
0 1D ◊d

◊merization of a mixture of HEMA, DEGMA, and
MAA with 0.3 wt % of crosslinking agent (ethyl-
ene glycol dimethacrylate, EGDMA). The poly-

where ◊ is the density of the swelling agent. Inmerization was performed in a square mold
the equation, the additivity of volumes on mixingformed by two aluminium plates, 10 1 10 cm in
is assumed.size, with a polypropylene film on their surface,

and provided with a system of channels for the
heating medium (water) running through. The

RESULTS AND DISCUSSIONplates were separated with a seal made of silicone
rubber and provided with an opening for a syringe

The compositions of the reaction mixtures and theused for insertion of the reaction mixture. The
densities of the dry gels obtained are given in Ta-thickness of the seal corresponded to the required
ble I.thickness of sample sheets. The oxygen dissolved

From these data, the concentrations of the elas-in the polymerization mixture was removed by
tic network chains in the dry (reference) statebubbling with nitrogen for 10 min. The polymer-
were calculated assuming full conversion of theization mixture was filled in by a syringe, and the
crosslinking reaction and the formation of net-whole system was heated to 707C for 8 h. After
work junctions of the same functionality (F Å 4)the polymerization, the sheet was cooled, washed
aswith methanol, methanol–water (1 : 1 v/v), and

water. The sheets were kept in 0.1% solution of
sodium azide, which prevented the growth of mi- y

V 0 Å
F

2
vJ◊d

MJ
(1)croorganisms.

where vJ is the weight fraction of the crosslinkingMethods
agent (EGDMA) of molar mass MJ (Å222 gmol01)
in the reaction mixture, and ◊d is the density ofAs both HEMA and DEGMA contain a small
the gel in dry state.amount of ethylene glycol dimethacrylate as im-

The weight fraction of the crosslinking agentpurity, its contents were determined by chroma-
was calculated bytography as follows: 0.20 wt % (in HEMA) and

0.17 wt % (in DEGMA).
vJ Å vJ ,0 / vHEMAvJ ,HEMA / vDEGMAvJ ,DEGMAElastic properties of the equilibrium-swollen

samples were measured by using an INSTRON
6025 apparatus. Rectangular specimens of about where vJ ,0 is the weight fraction of EGDMA in

the reaction mixture (0.003), and vJ ,1 and vJ ,26 cm in length were cut from the sheets of swollen
copolymers. To determine the cross section (ca 1.5 are the weight fractions of EGDMA as impurity
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Table I Compositions of Reaction Mixtures, Densities of Dry Gels (rd), and Concentrations of the
Elastically Effective Chains, Determined from Experimental Data [n/Vo (exp)], and Calculated
from Stoichiometry [n/Vo (calc)]

n */Vo 1 105 n/Vo 1 105

HEMA DEGMA MAA rd (exp) (calc)
Sample (wt %) (wt %) (wt %) (g/cm03) x (mol/cm03) (mol/cm03)

A1-0 95 5 0 1.277 0.816 8.44 { 0.34 6.45
A1-05 94.5 5 0.5 1.279 0.746 9.00 { 0.17 6.43
A1-1 94 5 1 1.285 0.668 9.28 { 0.67 6.42
A1-2 93 5 2 1.280 0.620 11.1 { 0.40 6.39
A1-3 92 5 3 1.282 0.575 12.7 { 0.91 6.37
A2-0 90 10 0 1.277 0.802 9.18 { 0.26 6.43
A2-05 89.5 10 0.5 0.702 1.278 10.4 { 0.16 6.41
A2-1 89 10 1 1.278 0.663 10.4 { 0.51 6.40
A2-2 88 10 2 1.279 0.593 12.4 { 0.62 6.37
A2-3 87 10 3 1.279 0.572 12.7 { 0.22 6.35
A3-0 80 20 0 1.274 0.771 9.62 { 0.51 6.39
A3-05 79.5 20 0.5 1.276 0.701 11.0 { 0.26 6.37
A3-1 79 20 1 1.278 0.648 12.3 { 0.19 6.36
A3-2 78 20 2 1.278 0.583 13.1 { 0.79 6.34
A3-3 77 20 3 1.279 0.572 13.4 { 0.47 6.31
A4-0 70 30 0 1.271 0.749 8.54 { 0.44 6.35
A4-05 69.5 30 0.5 1.274 0.680 10.1 { 0.23 6.34
A4-1 69 30 1 1.280 0.631 9.79 { 0.50 6.32
A4-2 68 30 2 1.280 0.579 11.8 { 0.26 6.30
A4-3 67 30 3 1.277 0.559 11.4 { 0.40 6.27

in HEMA and DEGMA (0.002 and 0.0017), re- ter), K Å 0 for the network with free junction
spectively. vHEMA and vDEGMA are the weight frac- fluctuations (phantom network), and K Å y2/3

2 for
tions of HEMA and DEGMA in the reaction mix- the network with fully suppressed junction fluc-
ture. The calculated concentrations of elastic net- tuations (affine network). However, because the
work chains are given in Table I. concentration of elastic network chains is small

In Figures 1 and 2, the dependences of the vol- in the system studied, the value of the interaction
ume fraction of the polymer in swollen network parameter is given mainly by first two terms in
y2 on the weight fraction of MAA and DEGMA in the denominator in eq. (2). The values calculated
the reaction mixture are shown. As the solvent are given in Table I. It can be seen that the inter-
used was distilled water and due to low ionization action parameter of the copolymer with water also
constant of MAA, the networks studied in these decreases with increasing amount of both MAA
conditions are in the nonionized state. and DEGMA. This effect is more pronounced in

The presence of either MAA or DEGMA in the the case of MAA due to higher polarity of the car-
copolymer chain is manifested by the decrease in boxyl group. The dependence of the interaction
the value of y2 ( increase in the degree of swelling). parameter on the copolymer composition (in the
From these results, the interaction parameter of region studied) was found to be described success-
the copolymers with water was calculated using fully by the following equation:
the equation8 describing the swelling equilibrium
of the polymer network according to the Flory con-

x Å 0.808 0 0.17vDEGMA 0 15.1vMAA / 270v2
MAAstraint junction model9:

where vMAA is the weight fraction of MAA. The
constants of the above expression were found byx Å 0

ln(1 0 y2) / y2

/ V1(y /V 0)y1/3
2 (1 0 K (y2)

y2
2

(2)
the least-squares polynomial regression. The
value of the interaction parameter of HEMA with
water found by extrapolation (x Å 0.808) corre-where V1 is the molar volume of the solvent (wa-
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Figure 1 Dependence of the polymer volume fraction in swollen samples y2 on the
weight fraction of MAA in the reaction mixture.

Figure 2 Dependence of the polymer volume fraction in swollen samples y2 on the
weight fraction of DEGMA in the reaction mixture.
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Figure 3 Dependence of the Young’s moduli of swollen samples Esw on the weight
fraction of MAA in the reaction mixture.

sponds well to the value found by other authors ence between the concentrations of elastic net-
(see, e.g., Janáček and Hasa4). work chains determined experimentally [y* /V 0 ,

The composition dependences of Young’s moduli eq. (3)] and those calculated from stoichiometry
of swollen networks (Esw) are given in Figures [y /V 0 , eq. (1)] . The difference increases with the
3(a,d) and 4(a,e). In copolymers with small con- content of MAA, and its dependence on the con-
tents of DEGMA, the modulus increases with the tent of DEGMA passes through a maximum (at
content of MAA [see Fig. 3(a)]. In those with higher ca. 20 wt % of DEGMA, independently of the MAA
contents of DEGMA, the Young’s modulus is almost content). As the experimental concentrations of
constant [at least in the studied range of MAA elastic network chains are always much higher
amounts; Fig. 3(b,c)]; in those with more than 30 than theoretical, an additional contribution to the
wt % of DEGMA, the dependence decreases [Fig. network elasticity has to be considered.
3(d)]. In the dependences of Young’s moduli on the Since the values of Young’s moduli used in the
content of DEGMA, maxima at about 15–20 wt % calculations were measured at constant strain
of DEGMA were found [Fig. 4(a,e)]. rates, a question about their proximity to equilib-

From the results of the elastic and swelling ex- rium values could arise. To estimate the magni-
periments, the concentrations of the elastic net- tude of the difference between the observed and
work chains (in dry state) were determined ac- equilibrium moduli, we measured the stress re-
cording to the following equation: laxation of one representative sample (sample A1-

2; see Fig. 5) for one value of the relative elonga-
tion. It can be seen that the stress after 1 miny*

V 0 Å
Eswy

01/3
2

3RT
(3)

relaxation differs only by about 10% from its equi-
librium value. Therefore, the difference between
the observed and equilibrium moduli of the net-where R is gas constant and T is temperature.

The results given in Table I show a big differ- works should not be large and cannot be the cause
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Figure 4 Dependence of the Young’s moduli of swollen samples Esw on the weight
fraction of DEGMA in the reaction mixture.

of the difference between the experimental and (supported by the rheooptical and light-scattering
measurements) that the increase is caused by thecalculated concentrations of elastic network

chains. solvent-induced ordering of the hydrophobic back-
bone regions, which act as additional physicalIlavský and Prins2 and Warren and Prins3 ob-

served a similar difference between experimental crosslinking. We think that the same phenome-
non is responsible for the behavior of the systemand theoretical concentrations of elastic network

chains in the case of crosslinked HEMA polymers studied here.
The concentration of physical crosslinks growsin water, while it vanished when water was

changed for a less polar solvent (glycol) or temper- with the increasing content of MAA, probably due
to higher polarity of carboxyl group and increas-ature was increased. They came to the conclusion
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Figure 5 The time dependence of the force f in the stress relaxation of the sample
A1-2. The extension ratio used was 20%.

ing swelling of the network with water. Conse- The ordering phenomenon is reduced substan-
tially by ionization of carboxyl groups or by in-quently, the tendency to the ordering of hydropho-

bic backbone parts of network chains also in- creased network density, as shown in Ilavský et
al.6 However, the conclusions stated above needcreases with swelling.

The dependence of the concentration of physi- more experimental evidence for their support.
cal crosslinks on the content of DEGMA can be
explained in the same way for low amounts of
DEMA. Longer hydrophilic side chains of DEGMA

CONCLUSIONSin comparison with those of HEMA increase the
swelling of the network with water. This supports
the ordering of hydrophobic backbone parts. How- The elastic and swelling behavior of the copoly-

mers of HEMA, DEGMA, and MAA crosslinkedever, this increase is not so strong as in the case of
MAA. If the amount of DEGMA increases further, with EGDMA has been studied. A big difference

between the concentrations of elastic networkhydrophilic side chains become an important part
of the swelling ambient, reducing its polarity in chains determined experimentally and those cal-

culated from stoichiometry was observed. The dif-this way. This reduces the ordering tendency in
the system, as manifested by a lower contribution ference increases with the content of MAA, and

its dependence on the content of DEGMA passesof physical crosslinks in poly-DEGMA networks
in comparison with poly-HEMA networks (cf. Ja- through a maximum. This difference is attributed

to the solvent-induced ordering of the hydrophobicnáček and Hasa4). The existence of the maximum
on the dependence of the experimental concentra- backbone chains, which act as additional physical

crosslinks. All materials studied proved to be suit-tion of elastic network chains on DEGMA content
can be explained by an interplay of the two effects. able for application as soft contact lenses.
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