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Abstract

A series of copolymeric hydrogels based on 2-hydroxyethyl methacrylate (HEMA) and epoxy methacrylate (EMA)
were synthesized by bulk polymerization. Swelling behaviors and tensile properties of hydrogels were studied. Dynamic
swelling behaviors of copolymeric hydrogels indicate that the swelling process of these polymers follows Fickian behav-
ior. The equilibrium water content (EWC) decreased and volume fraction of polymer in hydrogel (¢,) increased with
EMA content increasing due to its hydrophobicity. The increase of ionic strength of swelling medium or temperature
results in a decrease in EWC and an increase in values of ¢,. Young’s modulus and tensile strength of hydrogels, as well
as effective crosslink density (v.), increased as EMA content increased or ionic strength of swelling medium increased,
attributing to increasing interaction between hydrophobic groups and polymer—polymer interaction with an increase in
EMA content or in ionic strength. The polymer—solvent interaction parameter y reflecting thermodynamic interaction
was also studied. As EMA content, ionic strength of swelling medium or temperature increased, the values of y
increased. The values of y and its two components yz and yg varied with increasing 7. The negative values and trend
of the enthalpy and entropy of dilution derived from values of ys and y4, could be explained on the basis of structuring
of water through improved hydrogen bonding and hydrophobic interaction.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction amounts of water. In the polymeric network hydrophilic
groups or domains are present which are hydrated in an

Hydrogels are polymers in three-dimensional net- aqueous environment thereby creating the hydrogel
work arrangement, which could absorb and retain large structure [1]. Polymer hydrogels have been proposed

for many applications such as the controlled delivery
of medicinal drugs, artificial muscles, sensors systems
* Corresponding author. and contact lenses, and they have potential applications
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due to their poor mechanical properties. To produce
hydrogels with high mechanical strength, researchers
have taken many approaches: (1) using special comono-
mers or altering their composition [2,3], changing the
type and concentration of crosslinking agent [4,5], and
optimizing polymerization conditions [6,7]; (2) introduc-
ing interpenetrating polymer networks (IPN) into
hydrogels [8-12]; (3) synthesizing organic/inorganic
nanocomposite hydrogels [13-15]; (4) adopting the
method of material reinforcement [16,17].

Hydrogels based on 2-hydroxyethyl methacrylate
(HEMA) have stronger mechanical properties than oth-
ers, which could be strengthened by the methods such as
bulk polymerization [7], copolymerization with hydro-
phobic monomers [18] or with rigid cyclic monomers
[3,19], introducing IPN [20-22], and fiber reinforcement
[17]. Hydrogels based on HEMA copolymerized with
styrene (St), methyl methacrylate (MMA), N-vinyl-
2-pyrrolidone  (VP),  4-t-butyl-2-hydroxycyclohexyl
methacrylate (TBCM), cis-1, 2-bis(2,3-epoxybutanoyl-
o0xy)-3,5-cyclohexadine (DHCD-EB), n-butyl methacry-
late (BMA), cyclohexyl methacrylate (CHMA),
triethylenglycol  dimethacrylate (TEGDMA), and
poly(ethylene glycol) methacrylate (PEGMA) have been
prepared and studied [3,18,19,23-26]. But introducing a
bisphenol A epoxy resin into hydrogels for strengthen-
ing has never been reported so far, although epoxy resin
is widely applied in material science due to its high
strength. As a particular macromonomer, epoxy meth-
acrylate (EMA) (Fig. 1) obtained from bisphenol A
epoxy resin and methacrylic acid, which has rigid struc-
ture of bisphenol A, could copolymerize with hydro-
philic monomer 2-hydroxyethyl methacrylate (HEMA)
to synthesize hydrogels with high strength. In addition,
the macromonomer EMA also acts as a crosslinker be-
cause of its two methacrylate groups on two ends. We
prepared a series of novel polymers based on EMA
and HEMA by bulk free-radical polymerization, which
were swollen in water to obtain hydrogels.

Previously, Huglin’s group has studied hydrogel sys-
tems VP/HEMA, PVP, MMA/VP and n-butyl acrylate/
N-vinyl-2-pyrrolidon (BA/VP) [2,23,27,28], and the lat-

(0)

ter two are hydrophobic/hydrophilic monomer pairs.
In this paper, we would study the hydrogels with hydro-
phobic/hydrophilic monomer pair EMA/HEMA. The
objectives of this work are: (1) to study the swelling
and mechanical properties of hydrogels with various
monomer composition; (2) to study the effect of mono-
mer composition, ionic strength of swelling medium
and temperature on network parameters such as effec-
tive crosslink density (v.) and molar mass per crosslink
(Mc); (3) to study thermodynamic interactions reflected
by polymer—water interaction parameters ().

2. Experimental
2.1. Materials

2-Hydroxyethyl methacrylate (HEMA) was supplied
by Tianjin Research Institute of Chemical Reagents,
China; Epoxy methacrylate (EMA) was supplied by
Wuxi Resin Plant, China; Benzoyl peroxide (BPO) and
N,N-dimethylaniline (DMA) were used as oxidizer and
reducer respectively, obtained from Beijing Chemical
Reagents Co., China. All materials were used as received
without further purification.

2.2. Preparation of polymers

Mixtures of HEMA and EMA were made up gravi-
metrically, 0.10 wt% BPO of monomers was added, bub-
bling with nitrogen for 20 min, and then the same
amount of DMA as BPO was added. The solution was
poured into a Teflon mould with 3 mm deep, sealed
immediately. The whole process was carried out in pro-
tection of N, atmosphere. Then the mould was placed in
an oven at 30 °C for 3 h. The xerogels were obtained
after being removed from moulds. The weight ratio of
EMA to HEMA were adjusted to 0/100, 5/95, 10/90,
15/85, 20/80, 25/75, 30/70. For these samples we
named PHEMA, EMAS/HEMA9S, EMA10/HEMA90,
EMA15/HEMASS, EMA20/HEMAZO, EMA25/
HEMAT75 and EMA30/HEMA70 respectively.
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Fig. 1. Structure of epoxy methacrylate (EMA).
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2.3. Swelling behaviors

Sheet samples about 1.0 cm x 1.0 cm were cut from
each xerogel, weighed myg. The xerogels and sheet sam-
ples were swollen in deionized water for about 2 weeks,
with daily water exchanges, allowing not only for swell-
ing to equilibrium but also for removal of water-soluble
monomers and polymers not crosslinked. Hydrogels
were obtained after xerogels swollen to equilibrium.
Sheet hydrogel samples were weighed m1., and were dried
in vacuum at 80 °C for about 24 h to obtain extracted
xerogels which were weighed my. Gel fraction, equilib-
rium water content (EWC) and volume fraction of poly-
mer in hydrogel (¢,) were calculated according to the
Egs. (1)-(3).

Gel fraction = ¢ x 100% (1)
mo

EWC = ’”m;’”d x 100% )
m

" /b 3)

 ma/pg+ (me — ma)/ Pu,0

To study the dynamic swelling behaviors of xerogels,
each extracted sheet xerogel was immersed in deionized
water at 30 °C. At given times the sheets were removed
from water, blotted with filter paper to eliminate excess
of water and were weighed m,. The water uptake (Sy,)
was calculated as Eq. (4), and S,, is as the exponential
function of time (z) shown in Eq. (4).

my

Sy =M 100% = k" (4)
mgq

2.4. Tensile properties

To measure tensile properties, the hydrogels were
cut into sheets with dimensions of about 4 cm x 1 cm x
0.3 cm in their equilibrium swollen state. Using Uni-
versal Materials Testing Machine Instron 6002, the
energy to break, percentage elongation at break, modu-
lus and tensile strength (stress at break), were mea-

sured for at least five species. The crosshead speed
was 100 mm min~' and the working length of the central
part was 17 mm.

3. Results and discussion

3.1. Gel fraction, equilibrium water content (EWC),
density of gels and volume fraction of polymer in
hydrogel (¢,)

Xerogels with various EMA content were synthesized
by bulk free-radical copolymerization. Their gel frac-
tion, densities of polymer gels in dry and swollen state,
EWC of hydrogels and volume fraction of polymer in
hydrogel (¢,) were determined and shown in Table 1.

As shown in Table 1, the higher is the content of
EMA in the xerogel, the higher the gel fraction and
the value of ¢, are, but the lower is EWC. Due to the
hydrophobicity of macromonomer EMA, the introduc-
tion of which into polymers would decrease their hydro-
philicity, so EWC of hydrogels decreased and the value
of ¢, increased accordingly. Because of the decreasing
EWC of hydrogels with EMA content increasing, the
densities of hydrogels increased as EMA content in-
creased. But the densities of xerogels ranged from 1.2
to 1.3 g/em? in spite of the EMA content ranging from
0 to 30 wt%.

3.2. Swelling behaviors

Fig. 2 presents the dynamic swelling behaviors of
polymers with various EMA content at 30 °C. The
dependence of water uptake in polymer gels on time fol-
lows Eq. (4). In Eq. (4), k is a constant related to the
structure of network and » is a number indicative of
the type of diffusion [29], and the value of n equal to
0.5 indicates that the water uptake follows Fickian
behavior. Since the values of k and » should be evalu-
ated by the first 60% of the water uptake [30], the first
5 data points in plots of Fig. 2 were used to fit curves
for every polymer sample, and the values of k and n were

Table 1

The EWC, gel fraction, density of gels and ¢, with different composition

Sample Gel fraction (wt%) p (g/em?) EWC (wt%) o
Xerogel Hydrogel

PHEMA 83.3 1.260 1.154 41.4 0.5286

EMAS/HEMAO9S 84.2 1.250 1.184 353 0.5940

EMA10/HEMA90 88.0 1.274 1.191 31.2 0.6420

EMAI15/HEMASS 88.9 1.254 1.202 28.8 0.6889

EMA20/HEMAS0 91.3 1.256 1.214 26.5 0.7292

EMA25/HEMAT7S 93.7 1.260 1.227 234 0.7769

EMA30/HEMA70 95.9 1.250 1.227 21.8 0.7980
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Fig. 2. Dynamic swelling behaviors of hydrogels with different
composition.

obtained, and listed in Table 2. Their values both basi-
cally decreased with the increase in EMA content, prob-
ably because of the hydrophobicity of EMA. And the
values of n in Table 2 are all near to 0.5, meaning that
the swelling properties of EMA/HEMA polymers follow
Fickian behavior.

The effect of ionic strength of swelling medium on
swelling properties was also studied. The extracted xero-
gel EMA25/HEMAT75 was swollen in aqueous solutions
with various NaCl concentrations, and the EWC and ¢,
were determined. Fig. 3 shows the variation of EWC and
¢, with different ionic strength for hydrogel EMA25/
HEMAT7S5. As ionic strength (NaCl concentration) of
swelling medium increased, EWC of hydrogel decreased
and the value of ¢, increased accordingly. Increasing
ionic strength would enhance polarity of swelling
medium, strengthening hydrophobic bonding, and poly-
mer—polymer interaction also got improved. Conse-
quently effective crosslink density (v,) would be raised.
The increase of effective crosslink density could result
in a decrease of EWC and an increase of ¢».

Table 3 and Fig. 4 show temperature dependence of
swelling properties for polymers with various EMA con-
tent. For four hydrogels with EMA content from

Table 2
Values of k and n in Eq. (4) for hydrogels with different
composition

Sample k n

PHEMA 0.096 £ 0.004 0.49 £0.02
EMAS/HEMA95 0.094 £ 0.001 0.43 £0.02
EMA10/HEMA90 0.094 £ 0.001 0.37£0.04
EMA15/HEMASS 0.082 £ 0.003 0.40 £0.02
EMA20/HEMAS0 0.060 £ 0.002 0.42£0.02
EMA25/HEMA75 0.067 £ 0.002 0.39 £0.01
EMA30/HEMA70 0.063 £ 0.003 0.37£0.03
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Fig. 3. Variation of EWC and ¢, with ionic strength for
hydrogel EMA25/HEMATS.

15 wt% to 30 wt%, EWC decreased and ¢, increased
with temperature rising (in Table 3). In order to more
deeply understand the effect of temperature on swelling
properties, the logarithm of equilibrium water uptake
(S.) is plotted against the reciprocal of swelling temper-
ature in Fig. 4. The relationship between In(S,.) and 1/T
follows the Gibbs—Helmholtz equation [31].

dIn(S.)  AH,
d(1/Ty — R )

where S, is equilibrium water uptake at temperature 7,
AH,, is the enthalpy of mixing between polymer and
water, and R is the gas constant (8.314 J K~ ! mol™}).
It could be seen that the data points are fitted well to
straight line in Fig. 4. AH,, of every sample was ob-
tained according to the slope of each line, listed in Table
4. The negative values of AH,, indicate that the swelling
process of EMA/HEMA copolymers is exothermic. And
the value of AH,, is dependent on copolymer composi-
tion, namely, the absolute value of AH,, decreases with
EMA content increasing due to its hydrophobicity.

3.3. Tensile properties

Tensile properties of hydrogels with different compo-
sition were determined, shown in Table 5. With EMA
content increasing, Young’s modulus, tensile strength
and energy to break of hydrogels increased, but elonga-
tion at break showed the peak values at 15 wt% and
20 wt% of EMA content. As a hydrophobic rigid
macromonomer, EMA played a very important role in
mechanical properties. The increasing of EMA content
decreased the water content of hydrogel, enhanced its
stiffness, and also strengthened polymer—polymer inter-
action and hydrophobic bonding within hydrogel, lead-
ing to the increase in Young’s modulus, tensile strength
and energy to break. Elongation at break may be influ-
enced by water and EMA content in hydrogel, the large
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Table 3
Dependence of EWC and ¢, of hydrogels on temperature
Temperature (K) EMA15/HEMASS EMA20/HEMAS80 EMA25/HEMAT7S EMA30/HEMA70
EWC (Wt%) s EWC (Wt%) s EWC (Wt%) ¢ EWC (Wt%) s
278.15 27.7 0.6791 242 0.7141 21.7 0.7426 19.5 0.7668
283.15 26.9 0.6838 23.9 0.7177 21.4 0.7451 19.4 0.7685
288.15 26.4 0.6893 23.5 0.7213 21.1 0.7484 19.1 0.7711
293.65 26.1 0.6923 233 0.7242 20.9 0.7508 18.9 0.7727
298.15 25.8 0.6962 22.9 0.7277 20.7 0.7531 18.6 0.7771
303.15 25.3 0.7009 22.6 0.7312 20.3 0.7569 18.3 0.7796
308.15 25.2 0.7023 22.5 0.7315 20.1 0.7584 18.3 0.7802
313.15 24.9 0.7044 22.3 0.7337 20.0 0.7593 18.0 0.7827
amount of water may decrease the interaction between
or EMA15/HEMASS polymer chains and make them stretched within hydro-
gel at lower EMA content, while much EMA will en-
e hance the brittleness of hydrogel, so the highest
I elongation at break appears at 15-20 wt% of EMA
42  EMA20/HEMASO

In(S )

1.3+
EMA25/HEMA75
1.4
F EMA30/HEMA70 n
15k

1 1 1 1 1
32 3.3 3.4 35 3.6

1T x10%K™)

Fig. 4. Temperature dependence of equilibrium water uptake
for various polymers.

Table 4
Values of the enthalpy of mixing (AH,,) for various polymers

Sample AH,, (kI mol™ )
EMAI15/HEMAS5 —-2.65
EMA20/HEMAS80 —2.25
EMA25/HEMA75 -2.16
EMA30/HEMA70 -2.10

Table 5

Tensile properties of different samples

content.

For hydrogels obtained from xerogel EMA25/
HEMAT75 swollen in aqueous solutions with various
NaCl concentrations, tensile experiments were carried
out, and the results are shown in Fig. 5. As ionic
strength of swelling medium increased, both Young’s

N
T

S)
T

Young's modulus

strength, modulus (MPa)
©
T

o
T

tensile strength

0 1 2 3 4 5
NaCl concentration (wt%)

Fig. 5. Effect of ionic strength on tensile properties for hydrogel
EMA25/HEMATYS.

Sample Young’s modulus (MPa) Tensile strength (MPa)  Elongation at break (%) Energy to break (J)
PHEMA 0.29 0.15 71 0.03
EMAS5S/HEMA9S 0.32 0.31 69 0.06
EMA10/HEMA90 0.76 0.51 77 0.17
EMA15/HEMASS 1.70 1.21 118 0.40
EMA20/HEMAZS80 2.39 2.12 116 0.57
EMA25/HEMAT75 5.05 3.73 108 1.01
EMA30/HEMA70 10.97 5.69 70 1.05
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modulus and tensile strength increased. Increasing ionic
strength of swelling medium enhanced hydrophobic
bonding and polymer—polymer interaction within hydro-
gel, consequently EWC decreased and effective crosslink
density (v.) increased, resulting in Young’s modulus, ten-
sile strength increasing.

3.4. Effective crosslink density (v.) and molar mass per
crosslink (M¢c)

According to the theory of rubber elasticity, referred
to literatures [28,32], effective crosslink density (v.) and
molar mass per crosslink (M¢) could be obtained from
following equations.

T =RTuegy (2 —27) (6)
“=3 —T;:Z - g ™
Mc = ”— 9)

In Egs. (6)—(9), 7 is the applied force per unit area, / is
the extension ratio, G is shear modulus, £ is Young’s
modulus, ¢, is volume fraction of polymer in hydrogel,
R s gas constant (8.314 J K~' mol '), T'is the tempera-
ture in Kelvin, and p4 is density of xerogel.

From Fig. 6, we could see that v, in hydrogels
increases and accordingly Mc decreases with EMA
content increasing. The increasing of hydrophobic
macromonomer EMA content decreased the EWC of
hydrogel, and enhanced polymer—polymer interaction
and hydrophobic interaction in hydrogel, so that the
chemical and physical crosslinks in hydrogel both in-
creased. In hydrogel systems MMA/VP/EDMA, v, also
increased with the content of hydrophobic MMA [2].

v. (10* mol cm™)

e

0 10 20 30
EMA content (wt%)

Fig. 6. The effect of EMA content on v, and Mc of hydrogels.

18 0.22

16
Ho.18
144
{016 =
o

12 =N
0.14 &
A

v_ (10" mol cm™)
1

e

10+ i
0.12 CB_,

) )
0.00 1.25 250 3.75 5.00
NaCl concentration (wt%)

Fig. 7. The effect of ionic strength on v, and Mc of hydrogels.

Fig. 7 shows the change of v, and M with ionic
strength of swelling medium for hydrogel EMA25/
HEMAY7S5 swollen in solutions with various NaCl con-
centrations. As ionic strength of swelling medium in-
creased, the increasing of the polarity of solution
strengthened hydrophobic bonding and polymer—poly-
mer interaction in hydrogels, so v, increased and Mc
decreased.

3.5. Polymer—water interaction parameter (y)

In hydrogels, thermodynamic interaction is reflected
by polymer—solvent interaction parameter (), which
indicates the change of interaction energy when polymer
and solvent mix together. In polymer-water systems, the
higher is the value of y, the weaker is the interaction be-
tween polymer and water, and the stronger is the inter-
action between hydrophobic groups or between
polymer chains. Referred to the literature [2], the value
of y could be calculated from Eq. (10).

In(1 = ¢) + by + 0714y = 24,/ 71)
1== 2 (10)
¢

where 7, means the molar volume of water (18.00 cm®/
mol), f'is functionality of crosslinker. In our study, the
macromonomer EMA has two methacrylates on two
ends, so it also acts as a crosslinker in hydrogel synthe-
sis, and f'=4.

In Fig. 8, it could be seen that the values of y increase
from 0.7986 to 1.2378 as EMA content in hydrogel in-
creases from 0 to 30 wt%. The increasing of EMA con-
tent in hydrogel led to a decrease in interaction
between polymer and water and an increase in interac-
tions between polymer chains and between hydrophobic
groups, and so effective crosslink density in hydrogel
was improved (shown in Fig. 6). It was reported in liter-
ature [2] that the values of v, increased as y increases for
hydrogels VP/MMA/EDMA. Now we use another
hydrophobic/hydrophilic monomer pair EMA/HEMA
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Fig. 8. Dependence of y on EMA content in hydrogel.

instead of MMA/VP, a similar trend for the relationship
between v, and y for hydrogel EMA/HEMA could be
observed.

For hydrogels obtained from xerogel EMA25/
HEMAT75 swollen in solvents with different ionic
strength, the values of y increase with the increasing of
ionic strength of swelling medium (Fig. 9). This means
that the increasing of solvent polarity caused by ionic
strength increasing would be able to enhance the interac-
tions between hydrophobic groups of EMA segments
and polymer—polymer interaction in hydrogel.

The y values as function of temperatures for four
hydrogel samples with EMA content from 15 wt% to
30 wt% are shown in Fig. 10. In calculating y values with
different temperatures for hydrogel samples, v, of every
sample was considered constant over the temperature
range due to the small increase of ¢, with T [27]. The
relationship between y value and T (K) could be fitted
well to polynomials of the second degree [2,27] (Eq.

1.26

1.25 i
1.24 i
1.23 i
1221
1211
1.20 i

1.19 ]

1.18 1 s 1 s 1 s 1 s 1 s 1
0 1 2 3 4 5

NaCl concentration (wt%)

Fig. 9. Dependence of y on ionic strength for hydrogel
EMA25/HEMATS.

1.25

1.20 | EMA30/HEMA70
115 EMA25/HEMA75
1.10 EMA20/HEMA80

ool /

oos L 0oy
275 280 285 290 295 300 305 310 315

T(K)

Fig. 10. Change of y with temperature for hydrogels with
different EMA content.

Table 6
Coefficients in polynomial of polymer-water interaction param-
eter as a function of temperature for EMA/HEMA hydrogels

Sample ap ayx 10K~ a, x 109K 2
EMAI5HEMAS5 —0.706 10.32 153
EMA20/HEMAS0 —0.475  9.29 —13.7
EMA25/HEMA75  0.033  6.21 —8.50
EMA30/HEMA70  0.655 220 —1.55

11). The plots and coefficients are shown in Fig. 10
and Table 6 respectively.

r=ap+aT+aT* (11)

The total interaction parameter y is composed of its
enthalpic (yz) and entropic (ys) contributions [2,28],
which could be obtained from following equations.

sy = —T(dy/dT) = —T(a; + 2a,T) (12)

For hydrogel EMA30/HEMA70, the variations of y, yy
and ys with temperature are illustrated together in
Fig. 11. Like hydrogel MMA30/VP70/EDMAL [2] and
BA30/VP70/TPT1 [28] researched by Huglin, the large
positive values of ygs excel the small negative values of
y# in determining the overall value of y and their abso-
lute values increase with increasing 7.

According to the values of y; and yg at various tem-
peratures, the actual partial molar enthalpy of dilution
AH, and partial molar enthalpy of dilution AS, at
different temperature could be obtained by equations
(14) and (15) [2,27,28]. Due to the negative values of
% and positive yg values larger than 0.5, AH, and AS,
values would be negative and their absolute values in-
creased with 7 increasing. It has been reported [28] that
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Fig. 11. Variations of y, yy and yg with temperature for
hydrogel EMA30/HEMAT70.

the decrease in entropy might be in favor of structuring
of water, which becomes more marked upon the solva-
tion of hydrophobic groups, resulting in hydrogen bond-
ing and hydrophobic interaction enhancement. At the
same time, the increase in water structuring induced a
reduced enthalpy via enhanced hydrogen bonding con-
sistent with the negative AH, [28].

AH\ = RT3 1 (14)

AS, = R, (0.5 — x5) (15)

4. Conclusion

Seven copolymers based on 2-hydroxyethyl methac-
rylate (HEMA) and epoxy methacrylate (EMA) were
synthesized by bulk polymerization, which were swollen
in water to obtain hydrogels. Swelling behaviors, tensile
properties and network parameters of hydrogels were
studied.

The equilibrium water content (EWC) decreased and
volume fraction of polymer in hydrogel (¢,) increased
with EMA content increasing due to its hydrophobicity.
Dynamic swelling behavior of copolymeric hydrogels
indicates that the swelling process follows Fickian
behavior. The increase of ionic strength of swelling med-
ium or temperature resulted in a decrease in EWC and
an increase in values of ¢,. The values of enthalpy of
mixing (AH,) between polymer and water were ob-
tained for four hydrogels with different composition,
which were negative and decreased in magnitude with
EMA content increasing.

Young’s modulus and tensile strength of hydrogels,
as well as effective crosslink density, increased as EMA
content increased or ionic strength of swelling medium
increased, attributing to increasing hydrophobic interac-

tion and polymer—polymer interaction with an increase
in EMA content or ionic strength.

Thermodynamic interaction reflected by polymer—
solvent interaction parameter y was studied. The higher
is the value of y, the weaker the interaction between
polymer and water is, and the stronger is the interaction
between hydrophobic groups. As EMA content, ionic
strength of swelling medium or temperature increased,
the value of y increased. The values of y and its two
components yy and yg vary with 7, and the absolute val-
ues of positive y5 and negative y increase with increas-
ing T. The negative values of the enthalpy and entropy
of dilution determined by the values of ys and yg, is
attributed to the fact that there exists structuring of
water in researched hydrogels via improved hydrogen
bonding and hydrophobic interaction [28].
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