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ABSTRACT: Formation of homo-interpenetrating poly-
mer networks (homo-IPNs) of poly(2-hydroxyethyl
methacrylate) (PHEMA) and their capacity for calcification
are investigated. A sequential method is established to
generate IPNs of rank I and II, containing two or three
crosslinked networks. Although the networks are chemi-
cally identical, thermo-mechanical analysis (DSC, DMA)
suggests some phase separation. Calcification of PHEMA
hydrogels, thought to be controlled by the free volume
pathways accessible to calcium ions, is investigated by
positron annihilation lifetime spectroscopy (PALS) and
experimental calcium deposition. While calcium uptake is

reduced in IPNs, the size of the free volume elements esti-
mated by PALS remain constant at radii of 2.6 Å (dry)
and 2.9 Å (hydrated), both in PHEMA and IPNs. The
reduction of calcium uptake cannot be therefore associated
with the size reduction of the angstrom-size free volume
elements detectable by PALS, and is attributed to the
effect of chain packing on pores too large to be detected
by PALS. VC 2012 Wiley Periodicals, Inc. J Appl Polym Sci 000:
000–000, 2012

Key words: interpenetrating networks (IPN); hydrogels;
PHEMA; glass transition; PALS; calcification

INTRODUCTION

There is no ambiguity in the definition of an inter-
penetrating polymer network (IPN), or a sequential
IPN, or a homo-IPN.1–6 Briefly, an IPN is a combina-
tion of two polymeric networks, where at least one
network (designated as network II) was generated
and/or crosslinked in the presence of the other net-
work (network I), while a sequential IPN results
when the crosslinked network I is swollen to an

equilibrium with monomer II, which is subsequently
polymerized (with or without a crosslinking agent)
to generate network II. If the networks I and II are
identical, the resulting IPN is known as a sequential
homo-IPN. If the diffusion of monomer II into net-
work I does not proceed to completion, the result is
a gradient IPN, where obviously the composition or
crosslink density varies according to location
throughout the polymer mass. An IPN can be made,
in theory, from an unlimited number of networks
generated in succession.
Materials that in today’s terminology would be

qualified as IPNs or sequential IPNs have been
actually reported prior to Hermann Staudinger’s rev-
olutionary (and correct) hypothesis7–9 on the true
nature of polymers. Such compositions have been
claimed by Aylsworth in a patent application10

(lodged in 1910 and published in 1914), where
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networks I and II were, respectively, vulcanized rub-
ber and phenol-formaldehyde resins. Later, sequential
homo-IPNs of polystyrene11 and poly(methyl methac-
rylate)12 have been reported, but it is not clear whether
any of the networks were crosslinked. The first to
describe true sequential homo-IPNs was Johann Stau-
dinger in a series of patents,13–15 where the crosslinked
networks were polystyrene or poly(methyl methacry-
late). (According to some sources,3,4 Johann Staudinger
was Hermann’s son, an assumption we were unable
to confirm). The aim of these patents was to produce
strain- and void-free polymeric materials, and a careful
examination reveals that some of the disclosed homo-
IPNs consisted of multiple networks resulting from up
to five successive swelling/polymerization cycles.

Millar’s seminal study16 in 1960 on homo-IPNs of
polystyrene crosslinked with divinylbenzene is im-
portant for at least two reasons: it not only intro-
duced the term IPN as such, but also marked a
more scientific approach to the investigation of the
homo-IPNs (which are still known alternatively as
‘‘Millar IPNs’’). It was followed, over the next two
decades, by only three notable articles17–19 dedicated
also to the homo-IPNs based on polystyrene, and
the results of these studies have been thoroughly an-
alyzed by Sperling.1 Against the intuitive, but naive,
opinion that the sequential homo-IPNs are homoge-
neous materials where network I is indistinguishable
from network II or any other successive networks,
and consequently the properties of the IPNs should
be the same as those of the parent network, these
studies demonstrated the contrary. Generally, the net-
work I had the lowest density and tensile or shear
moduli, which all increased as the number of the suc-
cessive networks increased, while the swelling behav-
iour followed an opposite trend. Despite some dis-
crepancy between results, this was attributed to the
existence of internetwork entanglements (additional
physical entanglements, in fact) and to the predomi-
nance of network I due to its greater continuity in
space as compared to the subsequent networks.

We are investigating sequential homo-IPNs
of poly(2-hydroxyethyl methacrylate), henceforth
PHEMA, a hydrogel used as a biomedical polymer
in ophthalmology. At the present time, there are two
ocular implants made from PHEMA available on the
medical market: an artificial cornea,20,21 and an
orbital enucleation implant.22,23 In both devices, the
salient feature is a joint between two constitutive
elements—a transparent PHEMA hydrogel and a
PHEMA sponge—through the formation of gradient
homo-IPNs. However, to generate sequential homo-
IPNs of PHEMA is challenging because PHEMA
does not swell in its own monomer, 2-hydroxyethyl
methacrylate (HEMA). Therefore, compounds that
are miscible with HEMA and also can function as
swelling agents for PHEMA must be used in the

preparation of monomer mixtures, to enable penetra-
tion into the parent network. In the case of
PHEMA/HEMA system, water and certain alcohols
are obviously the main candidates to fulfil such
requirements. Indeed, water has been the medium of
choice in the manufacture of the devices mentioned
above.24,25 Long durations must be allowed for the
diffusion of the HEMA monomer mixture into the
PHEMA parent network, otherwise the level of
interpenetration of network II into network I is too
low for practical purposes.26

In light of further applications of PHEMA as an
ophthalmic biomaterial, we have previously pro-
posed that excessive chain packing may occur in its
homo-IPNs, leading to a reduction of the free vol-
ume available for the penetration of the calcium ion
and its partner anions (phosphate, carbonate), and
our preliminary results27 appeared to support this
hypothesis. The reduction of calcium uptake by
hydrogels is not a trivial matter, as their calcification
can be a serious drawback in the ophthalmic applica-
tions. There is considerable clinical evidence that spo-
liation of hydrogels, both on the surface and inter-
nally, with deposits comprised from calcium salts
(frequently accompanied by lipids and proteins) leads
to loss of transparency of contact lenses,28 artificial in-
traocular lenses,29 and artificial corneas,30 and to pos-
sible pathological complications.
In the present study, we investigated sequential

homo-IPNs of PHEMA generated from two and,
respectively, three networks. A methodology to gen-
erate these IPNs was established, and the products
were characterized by physical methods, including
positron annihilation lifetime spectroscopy (PALS),
differential scanning calorimetry (DSC), and dynamic
mechanical analysis (DMA). The calcium uptake was
also comparatively measured in the homopolymer
PHEMA and its two IPNs.

OBSERVATIONS ON NOMENCLATURE

The nomenclature of the IPNs, especially of those
containing more than two networks, has been gener-
ally arbitrary and diverse, and consensus in usage
was met only incidentally. Millar16 used the term
‘‘primary polymer’’ for the network I, and ‘‘second-
ary intermeshed copolymer’’ and ‘‘tertiary inter-
meshed copolymer’’ for the IPN containing two and
three networks, respectively. Other authors31–34 used
the terms ‘‘two-component’’ or ‘‘three-component’’
IPNs to denote the number of chemically different
polymers incorporated in an IPN, rather than the
number of successively generated networks. Accord-
ingly, the homo-IPNs are ‘‘one-component’’ IPNs
regardless of how many successive networks they
may comprise. Unaware of this, we have used the
same terminology to describe homo-IPNs of PHEMA
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comprising a number of successive networks;35 for
instance, a ‘‘three-component’’ IPN was made by
swelling the parent network in HEMA, polymerizing,
then swelling the resulting material in HEMA, and
again polymerizing. It contains three networks but
only one chemically identifiable polymer (PHEMA).

We propose now the term ‘‘IPN of rank N’’ to be
used for naming the sequential IPNs, where N repre-
sents the number of networks generated onto the
parent network through successive swelling/
polymerization cycles. An IPN of rank I (henceforth
IPN-I) will consist of two networks (parent network
I and network II), rank II (henceforth IPN-II) of three
networks, and so on. Scheme 1 illustrates this con-
cept and also shows its correlation to some of the
nomenclature styles employed for IPNs.

EXPERIMENTAL

Materials

2-Hydroxyethyl methacrylate (HEMA) and ethylene
dimethacrylate (EDMA) were supplied by Bimax
Chemicals, USA, with certified purities of 99.3% and
99.9%, respectively, and used as received. The initia-
tors 2,20-azo-bis(2,4-dimethyl valeronitrile) (V-65) and
2,20-azo-bis(2-methylpropionamide) dihydrochloride
(V-50) were supplied by Wako Chemical Industries,
Japan, the latter being a water-soluble cationic initia-
tor. Sodium chloride, potassium chloride, dipotas-
sium hydrogen orthophosphate, hydrochloric acid
32%, and petroleum spirit (b. r. 40–60�C) were all
supplied as UNIVAR analytical reagents by Ajax
Finechem, Australia. Calcium chloride dihydrate,
dichloromethane, absolute methanol, and tris(hy-

droxymethyl)aminomethane (TRIS) were supplied
by Sigma-Aldrich, USA. Calcium carbonate was sup-
plied as an analytical reagent by Chem-Supply, Aus-
tralia. A ready-made aqueous solution of 70% nitric
acid was supplied by Labscan Asia, Thailand, as
Lab-ScanTM analytical reagent. Water used in all
experiments was supplied by Merck KGaA, Ger-
many, as water for chromatography (LichrosolvV

R

).
Throughout this report, all percentage concentration
or composition values were expressed by weight
(w/w), unless otherwise specified.

Preparation of IPNs

Parent network (PHEMA)

Network I was produced by thermally initiated bulk
homopolymerization of HEMA. A mixture of mono-
mer, 0.5% EDMA and 0.1% V-65 was placed in poly-
propylene moulds fitted in the cavities of a specially
designed two-piece aluminium moulding unit. After
evacuating the air with a laboratory water-jet pump
and replacing it with nitrogen, the sealed unit was
placed in a controlled-temperature water bath and
maintained for 50 h while a temperature program
was run from 30 to 70�C. After cooling the mould, the
PHEMA cylindrical buttons were removed and condi-
tioned at 110�C for 12 h in an oven. The buttons were
further lathe-machined into disks of approximately 7
mm in diameter and 2 mm in thickness, which were
then polished with the polishing diamond compound
grade 1-KD-C1 (Kemet International, UK). The pol-
ished disks were ultrasonicated in a bath in petroleum
spirit for 10 min and dichloromethane for 5 min, thor-
oughly rinsed in petroleum spirit again, and dried in
an oven at 80�C for 8 h. The disks were extracted with
water in a Soxhlet apparatus for 70 h, and then dried,
first in an oven at 110�C for 8 h, followed by 24 h at
50�C in a vacuum oven. They were each weighed on
an analytical balance and stored in individually
labelled screw-capped glass containers. About one
hundred disks were produced for this study.

IPN-I

HEMA was mixed with 0.35% EDMA to generate
component ‘‘A’’. Component ‘‘B’’ was prepared by
dissolving V-50 (0.1% to monomer) in a mixture of
water and methanol. Components ‘‘A’’ and ‘‘B’’ were
then mixed thoroughly, assuring that the final
weight proportion of HEMA/water/methanol was
70/20/10, and portions of 5 to 7 mL were added to
the individual containers in order to submerge each
of the disks selected to fulfil the role of network I in
the IPN. The containers were kept in a refrigerator
for 3 to 4 weeks, until the disks became fully swol-
len. This can be easily seen by visual examination,

Scheme 1 Proposed naming of the IPNs comprising suc-
cessive networks, and integration with various styles of
nomenclature. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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as the swelling front advanced towards the centres of
the disks. The swollen disks were gently blotted with
lint-free tissue, placed on aluminium foil and kept in
an oven at 70�C for 24 h, and then at 100�C for 3 h.
Further processing followed the protocol described
for PHEMA (the parent network), including extrac-
tion, drying in two stages, weighing and storing in
capped labelled containers. The IPN-I and IPN-II
disks were not subjected to lathe-cutting or polishing.

IPN-II

The penetrating monomer solution for generating
IPN-II was the same as that described above for
IPN-I, with the difference that the weight proportion
of HEMA/water/methanol was 75/20/5. The result-
ing disks were processed according to a protocol
identical to that for the IPN-I disks.

Weight gain

The weight gain was calculated as the ratio of the
dry weight acquired by a sample after the formation
of IPN (i.e., the sum of network I and IPN-I or,
respectively, of network I, IPN-I and IPN-II) to the
initial dry weight of the same sample prior to its
incorporation into IPNs as the network I. Equation
(1) and (2) were used, where Wd,H is the dry weight
of the homopolymer specimen prior to further swel-
ling and polymerization; Wd,I is the dry weight of
the IPN-I specimen; and Wd,II is the dry weight of
the IPN-II specimen, both IPNs starting from the
same homopolymer.

ðwt: gainÞI ¼ Wd;I=Wd;H (1)

ðwt: gainÞII ¼ Wd;II=Wd;H (2)

We have measured the weight gain in IPN-I for 30
samples, and the weight gain in IPN-II for 15 samples.

Equilibrium water content

Three samples of each PHEMA, IPN-I, and IPN-II,
all dried and weighed according to the protocols
described above, were submerged in water in their
respective containers. The samples were kept in
water for 18 days. Throughout this period, the water
was replaced four times with fresh water. During
the last 3 days, the constancy of weight was checked
by repeated weighing. The equilibrium water con-
tent (EWC) was calculated with the classic formula:

EWC ¼ ðWw �WdÞ=Wx � 100 ð%Þ (3)

where Ww and Wd are the weights of a fully
hydrated (wet) disk and, respectively, of the same
disk before hydration (dry).

Density

Density of the dry polymer samples was measured
using a gas displacement pycnometer (Accupyc
1330, Micromeritics, USA). The mass of each sample
was measured on a four-digit microbalance (Sarto-
rius R160P, Germany). The average density and pop-
ulation standard deviations were calculated from
five measurements made at 22�C using helium to
determine the sample volume.

Differential scanning calorimetry

The analysis was performed using a Mettler Toledo
DSC1 STARe System (Mettler Toledo, USA & Swit-
zerland) calorimeter. The samples were sealed in
aluminium pans, and the measurements were per-
formed under continuous purge of high-purity nitro-
gen. To measure the reversible thermal transitions,
the samples were subjected to a thermal cycle con-
sisting of first heating from room temperature up to
100�C, then cooling down to �100�C, followed by
heating up to 160�C, both at a rate of 10�C/min. The
glass transition temperature was taken as the mid-
point of the slop change in the heat flow versus tem-
perature plot.

Dynamic mechanical analysis

The analysis was performed using a Mettler Toledo
DMA/STDA861e STARe System (Mettler Toledo,
USA & Switzerland) dynamic mechanical analyzer,
from �100 to 160�C at various frequencies and a
heating rate of 3�C/min. The measurements were
carried out in the shear mode for cylindrical samples
with a geometry factor of 22.7 m–1. The shear moduli
and the loss tangent (dissipation factor) were meas-
ured as a function of temperature.

Positron annihilation lifetime spectroscopy

The PALS measurements on both dry and hydrated
samples were conducted in an automated EG&G
Ortec Fast-Fast Coincidence System (USA). The
measurements were performed at ambient tempera-
ture with a timing resolution of 240 ps. A thin
(2.54 lm), sealed MylarV

R

envelope containing radio-
active isotope 22Na was used as the positron source.
The envelope was sandwiched between two PHEMA
(or two IPNs) samples (as disks). To dissipate the
electronic charge build-up from ionization of the
material, the disks-source sandwich was wrapped in
aluminium foil. At least five spectra of 106 integrated
counts were collected for each sample and analyzed
using the LT9 program.36 This program is based on
a finite-term model and fits positron and positro-
nium (Ps) lifetime data to a sum of three decaying
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exponential components (i.e., three lifetimes). The
shortest and intermediate lifetimes are characteristic
of para-positronium (p-Ps) self-annihilation and of
free and trapped positron annihilations, respectively.
The p-Ps self-annihilation lifetime is fixed at
0.125 ns, and the free and trapped positron annihila-
tion lifetimes are between 0.35 and 0.45 ns. The lon-
gest lifetime (soPs) is attributed to ortho-positronium
(o-Ps) and used to characterize the free volume of
samples.37

Calcification assay

To prepare the calcifying medium, a TRIS buffer so-
lution (0.05M) was first prepared by dissolving 8 g
NaCl, 0.2 g KCl and 6 g TRIS base in 800 mL water,
adjusting the pH to 7.4 by the addition of HCl, and
then adding water to make 1 L solution. In this
amount of buffer solution, 1.135 g (7.72 mmol)
CaCl2�2H2O were dissolved to obtain solution A.
Separately, 0.8047 g (4.62 mmol) K2HPO4 were dis-
solved in another litre of TRIS buffer to obtain solu-
tion B. Just before starting the calcification experi-
ments, equal volumes of solutions A and B were
mixed together to provide enough amount for sub-
merging completely all samples in their individually
labelled containers.

Four samples of each PHEMA, IPN-I, and IPN-II
were hydrated to equilibrium according to the proto-
col described above. After discarding the water used
for hydration, about 5 mL of calcifying medium was
added to each container. The containers were
mounted on a shaker (Multi Reax, Heidolph Instru-
ments GmbH, Germany) and shaken at 800 rpm for
5 weeks at room temperature. On the second and
fourth week, the existing medium was replaced in
each container with fresh calcifying medium.

Each calcified disk was removed from its con-
tainer, gently and uniformly rinsed in a slow stream
of water, and placed in a silica crucible. All twelve
crucibles were placed in a temperature-program-
mable furnace (Modutemp Furnaces, Australia),
slowly heated to 500�C, ashed at 700�C for 1 h, and
then allowed to cool down overnight. The white res-
idues on the bottom of the crucibles were dissolved
by adding 10 mL HNO3 70% in each crucible and
the resulting solutions were transferred to individual
25-mL volumetric flasks and diluted to mark with
water. These solutions were then analyzed by induc-
tively coupled plasma emission spectroscopy (ICP-
OES) in a Varian VISTA-MPX CCD Simultaneous
ICP-OES instrument, using the Ca emission line at
317.933 nm, a plasma power of 1.25 kW and a
plasma argon flow of 13.5 L/min. For calibration,
solutions were prepared by dissolving precisely
weighed amounts of CaCO3 in 10 mL HNO3 70%
and diluting to 25 mL in volumetric flasks. The

background medium was also analyzed as a solution
of 10 mL HNO3 70% diluted to 25 mL, and this sig-
nal was subtracted from the analyte signals.
The results of the ICP analysis were processed by

the one-way analysis of variance (ANOVA) in con-
junction with the Tukey’s Post Hoc multiple compar-
ison test, using the SPSS 16.0 software.

RESULTS AND DISCUSSION

Synthesis of IPNs

We established a general method to obtain sequen-
tial homo-IPNs of PHEMA, which differs to some
extent from the methods we have reported in a pre-
vious study.27 The penetration of monomer into net-
work I and again into the IPN-I was assured by
using as solvent a mixture of water and methanol. It
was critical to allow the complete swelling of the
networks at a low temperature (refrigerator);
although it took considerable time, this stage was
necessary to avoid premature polymerization. To
establish the ideal HEMA/water/methanol propor-
tions, a number of trials were needed to find a com-
promise where the water amount did not prevent
the full dissolution of the hydrophobic crosslinking
agent (EDMA) but was sufficient to ensure that the
swelling process would not require a too long dura-
tion, since unexpected polymerization may take
place even in refrigerating conditions if an initiator
is present. The ideal amount of methanol, necessary
to accelerate the swelling process and to enhance the
solubility of EDMA, had also to be found by trial,
considering that too much methanol can cause
cracks in the material upon swelling.

Weight gain and EWC

The obtained experimental values (Table I) for these
two parameters clearly suggested the formation of
IPNs. As additional networks were packed into the
parent network, the weight gain increased while
the EWC decreased. The trend in the evolution of
EWC is identical to that found by Millar for the
‘‘toluene regain’’ in the polystyrene and its IPNs of
rank I and II.16

TABLE I
Weight Gain and Equilibrium Water Content in the

Parent Network (PHEMA) and the Homo-IPNs

Sample Weight gaina EWC (%)

PHEMA 1 36.90 6 0.27 (N ¼ 3)
IPN-I 1.87 6 0.09 (N ¼ 30) 35.15 6 0.35 (N ¼ 3)
IPN-II 3.36 6 0.16 (N ¼ 15) 32.52 6 0.43 (N ¼ 3)

a The results are given as mean values 6 SD, rounded
to two decimal places.
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Density

The measured densities are given in Table II, includ-
ing the population standard deviations. The IPNs
have a higher density than the parent network; how-
ever, an increase in the rank of the IPNs, i. e. addi-
tional chain packing, had no effect on the density of
the polymers in a dry state. The finding is in partial
disagreement with Millar’s results,16 where the den-
sity increased monotonically with the rank of poly-
styrene IPNs.

Glass transition

Notwithstanding its importance for characterization
of amorphous and semicrystalline polymers, the
glass transition temperature (Tg) is notoriously diffi-
cult to determine as a true constant for a given poly-
mer.38 This aspect is clearly illustrated in Table III,
which—albeit not comprehensive—presents a rele-
vant compilation of the literature regarding the Tg

values reported for PHEMA39–64 over the last five
decades. The experimental values are sensitive to a
multitude of factors such as the time scale of meas-
urements, imprecise definitions for Tg, presence of
contaminants or crystalline phases, variations in the
synthetic procedure, and—especially—the type of
method used to measure it.

The mobility of main macromolecular chains and
of the shorter side chains in amorphous polymers is
a crucial determinant of their physical proper-
ties.47,65–68 Molecular mobility depends unequivo-
cally upon temperature: the rise in temperature can
trigger certain modes of chain motion, while its
decrease leads to the ‘‘freezing-in’’ of certain
motions. These events, which are related to energy
absorption, are known as ‘‘transitions,’’ ‘‘relaxa-
tions,’’ or ‘‘dispersions.’’ The transition regions
detectable in glass-forming amorphous polymers
through a number of methods—especially dielec-
tric spectroscopy, DMA or DSC—are traditionally
labeled as a, b, c, d, etc. from the higher to the
lower temperature (i.e., Ta > Tb > Tc > Td

> ...).47,65–76 It should be mentioned that transitions
occurring at temperatures lower than Tc have been
seldom reported.

The a-transition is caused by the activation of
micro-Brownian motion of large segments in the
main chain, which acquire significant mobility lead-
ing to large-scale conformational rearrangements,
and is considered a ‘‘primary relaxation.’’ It is
related to the transition from the glassy to the rub-
bery state, and consequently Ta is customarily used
as a measure for Tg. The other transitions, all occur-
ring at lower temperatures, are regarded as ‘‘second-
ary relaxations,’’ for which various underlying
molecular mechanisms have been proposed. Thus,
the b-transition is attributed either to the motion of
short segments of the main chain (in polymers with-
out side chains) or to the rotation of pendant side
groups around the bond linking each of them to the

TABLE II
Density Values of the Parent Network (PHEMA) and the

Homo-IPNs measured in Their Dry State

Sample Density (g/cm3)a

PHEMA 1.221 6 0.002 (N ¼ 5)
IPN-I 1.249 6 0.001 (N ¼ 5)
IPN-II 1.245 6 0.002 (N ¼ 5)

a The results are given as mean values 6 SD, rounded
to three decimal places.

TABLE III
A Literature Survey of the Experimental Tg Values

for PHEMA

Tg (
�C) Method Reference

55 Dilatometry 39
86 Linear expansion and

torsion measurements
40

98 Dilatometry 41
93.5 DMAa 42
88b DMA 43
94c DMA 43
110–111 DMA 44
103 DMAd 45
74 DSCe 46
103 DMA 47
115–126 DSC 48
50.3 Calculated 49
98 DSC 50
87 DSC 51
109 DMA 51
108 DSC 52
70 DSC 53
109 DSC 54
75–110 DSC 55
113–114 DSC 56
105 DMAd 57
133 DMAf 58
56 DSC 58
99 DSC 59
� 102 DSC, DMAf 60
56 DSCg 61
60 DSCh 61
133 DMAf,g 61
145 DMAf,h 61
88.2 DSC 62
110 DSC 63
112 DSC 64
120 DMA 64

a Dynamic mechanical analysis.
b At low crosslinking.
c At high crosslinking.
d From the loss modulus peak.
e Differential scanning calorimetry.
f From the tan d peak.
g Polymer made by photopolymerization.
h Polymer made by thermal polymerization.
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main chain (in substituted polymers). In the case of
poly(alkyl methacrylates), b-transition can be caused
by the rotation of methyl groups or/and by that of
the whole ACOOR groups. The c-transition is due to
motions within the side group itself. In poly(alkyl
methacrylates), for instance, this relaxation can be
generated by the hindered motion of the groups R
within the ACOOR side chains. In the particular
case of PHEMA (homopolymer), various Ta, Tb, and
Tc have been reported, respectively, such as: 110–
111�C, 30�C, and �125�C;44 103�C, 27�C, and
�133�C;47 100�C, 20�C, and �120�C.74 A review of
the transitions in PHEMA is also available.77

In the polymeric multicomponent systems, such as
blends and IPNs, a single Tg is detectable if the com-
ponents are miscible and form one phase. If they are
not miscible, a Tg for each phase will be observed.
Between these two extremes, distinct Tg values will
be observed, but the more miscible the components,
the closer these values.5 The merging of differing Tg

values in IPNs may also be accelerated by increasing
the crosslinking density in either network.78 Another
effect in the multicomponent systems is the broaden-
ing of Tg signal, which was attributed both to a
wide distribution of the segmental motion rates for
each component and to intrinsic differences in the
motional rate between components.79 In brief, the
occurrence of a single Tg in an IPN can be taken as a
proof of the homogeneity of the system; however,
the temperature interval of the a-transition is usually
broad and may even become extremely wide.

The IPNs of PHEMA with synthetic polymers
have been produced previously and investigated
episodically with an aim of improving the properties
of the parent polymer for biomedical applications.
Thus, a number of studies were dedicated to IPNs
of PHEMA where the second components were pol-
yurethanes,58,61,80–84 poly(e-caprolactone) (PCL),85–89

acrylic polymers,90–93 polystyrene,94,95 poly(vinyl
alcohol),96 or other polymers.97–101 The systems
described were all bicomponent, either full IPNs
(sequential or simultaneous) or semi-IPNs (with
PHEMA being either the crosslinked component or
the linear one), and their thermal and/or dynamic me-
chanical behaviour have been investigated in some of
these studies.58,61,81,83–88,90,94,96,98 In general, the forma-
tion of IPNs from PHEMA and hydrophobic polymers
led to phase-separated systems,58,61,81,84,85,87,88,90,94 illus-
trated in excessive broadening of the signals in both
DSC and DMA plots, and/or the existence of two
values for the Tg in the DSC plots and the occur-
rence of two peaks in the tan d (the loss tangent)
plots (DMA). Nevertheless, an apparently miscible
sequential IPN has been reported between PHEMA
and a polyurethane made from modified castor oil
and hexamethylene diisocyanate, which displayed
only a single value for Tg (DSC).83 Also, based on

the occurrence of a single Tg (DSC), phase separation
was discounted in the only reported IPN of PHEMA
with another hydroxyl-bearing hydrophilic polymer,
poly(vinyl alcohol).96

A common feature of all previous studies was the
broad range of the reported Tg values. For instance,
in a semi-IPN of PHEMA (as the uncrosslinked com-
ponent) and a polyurethane, the values of Tg corre-
sponding to PHEMA component were between
48 and 56�C as determined by DSC and between 110
and 133�C as estimated from the tan d plots.58 In a
subsequent report,81 the same system was investi-
gated by combined DSC analysis and laser-interfero-
metric creep rate spectroscopy (CRS). It was found
that, virtually, the Tg of the system ranged from
�60�C to þ160�C. This enormous spread was tenta-
tively attributed to an anomalous dynamic behav-
iour explained by a ‘‘constraining segmental dynam-
ics’’ induced by additional covalent linkages due to
late chemical reaction between residual isocyanate
groups and the hydroxyl groups in the PHEMA
component. This process may have led to the hetero-
geneity of segmental dynamics within each Tg.
In our present study, the DSC analysis revealed

one transition attributable to Tg, situated within a
very broad range (38 to 105�C) (Figure 1), with mid-
point temperatures recorded by the instrument at
61�C (PHEMA), 56�C (IPN-I) and 55�C (IPN-II). No
other transitions were observed. The endothermic
deflection starting around 130�C (and extending
beyond 160�C; not shown in the figure) can be
attributed to the vaporization of the non-freezing
bound water, which could not be removed from sam-
ples by conventional drying. It is known102–104 that
this type of water is strongly bound to the hydrophilic
groups in natural or synthetic polymers and is
retained up to temperatures well beyond 100�C, being
removed completely in the range 130–170�C. This was
confirmed in PHEMA by an endothermic deflection in

Figure 1 DSC thermograms of the parent network
PHEMA (1), IPN-I (2), and IPN-II (3).
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the DSC thermogram extending beyond 120�C,56 and
by the differential thermal analysis (DTA) thermo-
gram indicating that vaporization of bound non-
freezing water takes place between 130 and 175�C,
with a peak around 160�C.105

A single value for the Tg is usually interpreted as
proof of miscibility between the IPN components,
however the shift of Tg to lower values in the IPNs
and the broadness of signals may suggest a certain
level of phase separation.

The DMA analysis revealed a slightly more compli-
cated scenario. The most informative were the plots
tan d versus temperature (Figure 2). No b- or c-transi-
tions could be detected at lower temperatures. While
PHEMA showed an a-transition in the interval 100 to
128�C, with a midpoint value at 115�C, and the IPN
of rank I displayed also a single transition between
115 and 137�C, with a midpoint value at 125�C, the
IPN of rank II showed two very broad signals at
81�C (interval 74 to 92�C) and at 120�C (interval 107
to 134�C), respectively. As the splitting of tan d signal
has been usually considered a proof for phase separa-
tion in multicomponent polymer systems, including
the IPNs based on PHEMA,58,61,90,94 we have to con-
clude that the homogeneity of the PHEMA homo-
IPNs investigated here may be compromised as the
rank of successive networking is increased. Indeed,

we demonstrated previously,20 by using transmission
electron microscopy (TEM), that the gradient homo-
IPNs of PHEMA presented a discontinuous morphol-
ogy due to phase segregation, which was attributed
to the fact that the first network to be synthesized
(the parent network) controls the morphology of the
IPN, and to the existence of microregions differing in
segment and crosslinking density.

Estimation of free volume size by PALS

The lifetime of o-Ps, soPs, is longer in larger free vol-
ume elements and is used to characterize the free
volume element size.37 In this study, the soPs values
were converted to effective free volume element
sizes using a semiempirical model based on a spher-
ical free volume geometry:106–108

soPs ¼ 1

2
1� R

Rþ DR
þ 1

2p
sin

2pR
Rþ DR

8>: 9>;
� ��1

(4)

where soPs (in ns) is the lifetime of the o-Ps , R is the
free volume element radius (in Å), and DR is the
electron layer thickness, which is set to 1.66 Å.106,109

Table IV gives the PALS measurement data and the
estimated average free volume element radii for
both dry and hydrated polymers. There was no dif-
ference between the free volume measured in the
parent network and that measured in the IPNs. The
free volume size increased due to hydration.

Calcium uptake in hydrogels

Generally, all synthetic polymers can undergo dys-
trophic calcification when in contact with living
tissues. This process is known as biomaterial-
associated calcification and leads to the deposition
of calcium salts phases (commonly phosphates) on
the polymer itself and/or the host tissue. The depos-
its are usually of an apatitic nature. While the poly-
mers that do not have affinity for water are prefer-
entially calcified at the interface, those able to absorb
water and swell to form hydrogels can undergo
calcification both at the interface and inside the
material. As mentioned, the biomaterial-associated

Figure 2 The tan d versus temperature plots of the par-
ent network PHEMA (1), IPN-I (2), and IPN-II (3). The fre-
quency was 5 Hz.

TABLE IV
PALS Data and Free Volume Radii for the Parent Network (PHEMA) and the Homo-IPNs

Sample soPs (ns)
a Dry F.V. radius (Å)b Dry soPs (ns) Hydrated F.V. radius (Å)c Hydrated

PHEMA 1.73 6 0.01 (N ¼ 5) 2.6 2.05 6 0.01 (N ¼ 5) 2.9
IPN-I 1.72 6 0.01 (N ¼ 5) 2.6 2.05 6 0.01 (N ¼ 5) 2.9
IPN-II 1.72 6 0.01 (N ¼ 5) 2.6 2.04 6 0.01 (N ¼ 5) 2.9

a The results for the lifetime of o-Ps are given as mean values 6 SD, rounded to two decimal places.
b F.V., free volume.
c The values derived for the free volume element radii were rounded to one decimal place.
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calcification of hydrogels is a major cause for their
failure as biomaterials for ocular devices.

The contact of hydrogels with living tissues is not
a prerequisite for the calcification of these materials,
which can be easily achieved also in abiogenic con-
ditions by using a variety of metastable calcifying
solutions. The in vitro calcification shows all charac-
teristics of a spontaneous process based on mecha-
nisms yet to be elucidated. Calcification of PHEMA,
a widely used biomaterial, has been rather exten-
sively investigated, but mainly restricted to the
study of the subcutaneous or intramuscular implants
in experimental animals or to the examination of
failed prosthetic devices after their retrieval from
human patients. The in vitro calcification of PHEMA
has been studied to a lesser extent.110–118 Some of
our own previous investigations suggested that
enhanced local supersaturation within the polymer
network due to salting-out solute effects,119 and the
presence of diffusion gradients120 may contribute to
triggering nucleation and crystal growth of calcium
phosphate phases. Consequently, it was implied121

that the abiogenic calcification of synthetic hydrogels
may have, after all, a level of complexity not much
lower that that of the calcification of typical biogenic
substrata, such as collagen. Further, we have found
that the amount of calcium phosphate deposited
in vitro inside PHEMA was reduced in its sequential
homo-IPN of rank I by 58 to 75%.27 This finding was
rationalized then in terms of the reduction of the
size of unoccupied free volume available for pene-
tration and transport of calcium and phosphate ions
due to redundant molecular (chain) packing through
the formation of IPNs.

An aim of the present study was to examine more
closely the above assertion, working in conditions
that differed to some extent from the previous study.
While a calcifying medium resulting from CaCl2 and
Na3PO4 has been used previously,27 in the experi-
ments reported here we used a calcifying metastable
solution122,123 of a composition closer to that of the
physiologic fluids and with a buffering that can be
better controlled. As mentioned before, the method
to generate the IPNs was also different from the
methods described previously.27 We evaluated in
the present study the effect of redundant chain pack-
ing on calcification not only in the sequential homo-
IPN of rank I but also in that of rank II.

The results of the calcification assay are given in
Table V, showing that all samples investigated
underwent calcification when subjected to the condi-
tions in our experimental assay. In each of the IPN-I
and IPN-II there was a statistically significant quan-
titative reduction of the calcium uptake, as com-
pared to the parent network, of about 39 and 43%
respectively. This reduction was less than previously
reported,27 likely a consequence of different experi-

mental conditions. There was no statistically signifi-
cant difference between the amount of calcium
measured in IPN-I and IPN-II, showing that an
increase in the rank of successive networks (which is
equivalent to additional chain packing), does not
reduce further the penetration and uptake of calcium
ions. Clearly, our previous suggestion27 needs reas-
sessment. First, the reduction of the size of accessible
free volume is not the only event that can be
expected when IPNs are generated. After all, such
reduction should not be expected at all, as the size of
the free volume is strictly controlled by the existence
of van der Waals forces and therefore it cannot be
lowered beyond a certain limit, an aspect that we
have overlooked in the previous report.27 Second, an
efficient chain packing may occur in an IPN due to
energetically favoured chain alignments, with the con-
sequence that the concentration, not the size, of the
free volume elements can be reduced. The fewer the
available free volume elements, the fewer the calcium
ions that can globally be accommodated into material.
Our PALS analysis resulted in values for the o-Ps

lifetimes (free volume element radii) and intensities
(related to the concentration of free volume ele-
ments) which do not significantly differ between the
parent network and IPN-I or IPN-II, when compared
within the dry and, respectively, hydrated states.
This means that the values measured for the range
of free volume that can be probed by the o-Ps cannot
explain the reduction of calcium uptake. Indeed,
there are limits to the probing capability of o-Ps; for
instance, PALS cannot detect free volume elements
that are too small (radius <1.9 Å), or too large (ra-
dius >15 nm), or are oscillating too rapidly.124 The
values of the average free volume radii determined
in the present study indicate that the hydrated Ca2þ

ion (the effective radius of the ion with its first
hydration shell is about 6 Å) would be too large
anyway to penetrate through the free volume ele-
ments of the size detected by PALS, if the ions are
transported through the free volume with their
hydration shell. The hydrated ion transport process
in polymers may depend specifically on a certain

TABLE V
Calcium Content in PHEMA and Homo-IPNs
Determined by ICP Emission Spectroscopy

Sample Calcium content [mg Ca (g polymer)�1]a

PHEMA 2.37 6 0.33 (N ¼ 4)
IPN-I 1.44 6 0.13 (N ¼ 4)
IPN-II 1.34 6 0.28 (N ¼ 4)

a The results are given as mean values 6 SD, rounded
to two decimal places. Tukey’s multiple comparison test in
conjunction with ANOVA indicated statistically significant
differences between PHEMA and IPN-I (P ¼ 0.002) and
between PHEMA and IPN-II (P ¼ 0.001), but no significant
difference between IPN-I and IPN-II (P > 0.5).
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fraction of the unoccupied/accessible volume, and
PALS estimation of the free volume element size is
relevant to the process being investigated only if the
values measured represent the portion of the unoc-
cupied volume which is the controlling factor for
that particular process.109 Obviously, the angstrom-
size free volume elements detected by PALS are not
the controlling factor over the transport of calcium
and phosphate ions in these hydrogels.

It remains that the reduction of calcium uptake in
the IPNs, when compared with that in the parent
polymer network, must be related to the existence of
pores too large to be detected as free volume by
PALS. Indeed, by using nuclear magnetic resonance
(1H-NMR) spectroscopy,125,126 we found previously
in the hydrated PHEMA three distinct ranges of
pore size, as indicated by the three components of
the spin-spin relaxation time (T2), which were situ-
ated in the nanometre and micrometre regions, the
largest corresponding to water pockets and cracks.
Complementary techniques such as PALS54,126 and
129Xe NMR spectroscopy126 have also revealed in
PHEMA pore size ranges in the sub-nanometre
region. Obviously, there are many avenues for extra-
neous ions to penetrate into PHEMA, but most of
these are outside of the probing limits of the o-Ps. A
reduction in the penetration of calcium ions into,
and transport through, the PHEMA networks
(homopolymer or IPNs) appears thus to be related
to the changes in the nanometre and/or micrometre
pores, rather than those in the angstrom-size free
volume elements. The former are the types of pores
that can indeed be affected by the redundant molec-
ular packing due to the formation of IPNs, unlike
the latter, which are stabilized and unchangeable
due to the existence of van der Waals forces.

The total detected porosity will contribute to the
measured density. Although the redundant chain
packing does not affect the sub-nanometre pores, the
densities of IPN-I and IPN-II are greater than that of
the parent network. This result suggests a reduction
in the size of the pores in the nanometre and micro-
metre regions, which are undetectable by PALS. The
similarity between the densities of IPN-I and IPN-II
is in agreement with the measured calcium uptakes.

Our results and conclusions are consistent with
other recent studies on ion and water transport in
hydrogels. Similar conclusions were reached by other
investigators127,128 with respect to the transport of salt
(NaCl) in phase-separated crosslinked poly(ethylene
oxide) hydrogels. These authors indicated that phase-
separated films generally had more open structures
than homogeneous films, and in their case the former
contained large internal pores (from 30 nm to 1 lm),
such that the transport of water and salt in these
pores may be by convective flow. They concluded
that the pore size and density, rather than the free

volume, would primarily control the transport prop-
erties in their phase-separated hydrogels.

CONCLUSIONS

The sequential homo-IPNs of PHEMA are difficult
to make because PHEMA does not absorb, and swell
into, its progenitor monomer HEMA. We demon-
strated that by mixing HEMA with agents (water,
alcohols) able to swell PHEMA, the synthesis of
homo-IPNs is possible.
Although the components in these homo-IPNs are

chemically identical, phase separation occurs to a cer-
tain extent, a finding that confirms previous reports.
The size of free volume elements in the angstrom

range, as measured by PALS, proved to be constant
regardless of the redundant chain packing attained
through successive networking. Therefore, the reduc-
tion of calcium uptake in the IPNs cannot be corre-
lated to the free volume, but with the existence of
nanometre- and micrometre-size pockets, which are
outside of the detection range of PALS. However, we
believe that the generation of IPNs remains a valid
procedure of reducing the calcium deposition on/into
hydrogels, which is of interest when the hydrogels
are used as biomaterials for ophthalmic applications.
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