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initiated radical polymerization of the second network prepared from 2-hydroxyethyl 
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and deformation responses of the IPN hydrogels and their constituent network 
hydrogels were tested by various techniques. The microstructure of the first 
poly(HEMA) network was found sensitive to polymerization conditions. A novel 
route for one-step synthesis of double-porous poly(HEMA) cryogel was proposed. 
The formation of the second poly(GMA) network in the environment of non-porous 
and macroporous poly(HEMA) parent networks was quantitatively studied using the 
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scattering of irradiation generated by the microstructure of parent network 
considerably enhanced the polymerization rate. This acceleration effect was 
quantified by careful optical analysis. The gelation point of the second poly(GMA) 
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Chapter 1. Theoretical part 

1. Interpenetrating polymer networks 

1.1. Classification of IPNs 

“Interpenetrating polymer networks” comprise two or more networks that are 

at least partially interlaced on a molecular scale but not covalently bonded to each 

other and cannot be separated unless chemical bonds are broken
1
 (IUPAC definition 

of IPN). From a synthetic standpoint, IPNs can be classified as “simultaneous” or 

“sequential” depending on the way of their preparation (Figure 1). Simultaneous 

IPNs are prepared by mixing the precursors of both networks followed by 

simultaneous independent polymerization reactions. Sequential IPNs are prepared by 

swelling of a pre-formed single network by a reaction mixture of the second network 

followed by its polymerization. 

 

 

Figure 1. Scheme of IPNs formation. 

If the second polymer is crosslinked, a “full-IPN” is formed. Otherwise, a 

linear second polymer incorporated into the first network results in “semi-IPN” 

(Figure 2).  
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Full-IPN Semi-IPN 

Figure 2. Scheme of full-IPN and semi-IPN. 

When the IPN consists of identical networks, it is called “homo-IPN”. When 

the networks are chemically different, the IPN is called “hetero-IPN”. In terms of 

grafting of the second network to the first network, one can distinguish “pseudo-

IPN”, when the grafting takes place, or “true-IPN”, when two networks are not 

chemically connected. 

1.2. Remarks on terminology 

The first known person who invented in 1914 the IPNs based on phenol 

formaldehyde, natural rubber and sulfur was Jonas Aylsworth.
2
 He attempted to 

obtain tough material to make phonograph records, but he never called this material 

an IPN. Since that period, the idea of interpenetrating polymer networks was 

forgotten and reinvented several times. In 1946, Tobolsky
3
 used a term “two 

networks” for dual molecular network of vulcanized natural and synthetic rubbers, in 

which one network was in its relaxed (unstretched) state, while the other was in 

stretched state. The term “interpenetrating polymer networks” was coined by Millar
4
 

in 1960. He described homo-IPNs (also called “Millar IPNs”) prepared by sequential 

polymerization of styrene and divinylbenzene. Early academic laboratories interested 

in IPNs include the groups of Frisch, Klempner, Sperling, and Lipatov. Their early 

works were published, for example, here.
5,6,7

 Recently, the term “double network” 

(DN) hydrogels has been coined by the group of Gong.
8
 Double network hydrogels 

are just a special case of interpenetrating networks consisting of two chemically 

different networks and revealing a high toughness and a special energy dissipation 

mechanism when undergoing the deformation. 
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2. Interpenetrating polymer network hydrogels 

The concept of IPNs was extended towards hydrogels and can be a route to 

materials with new and tunable properties due to manifold varieties of networks 

combination. Moreover, the embedding of networks sensitive to external stimuli such 

as temperature, pH, ionic strength of the aqueous medium, light (UV, visible or near 

infrared), oscillating magnetic or electric fields, into the IPNs structure can modify 

the responsiveness of the latter. Hydrogels with IPNs architecture are 

interpenetrating networks swollen in aqueous media, and, therefore can be 

considered as three-component systems (network 1, network 2 and solvent). 

In this part of the thesis, various types of IPN hydrogels such as chemically 

homogeneous IPNs, chemically heterogeneous IPNs, special double networks, and 

multiple networks will be discussed. 

2.1.  Chemically homogeneous IPN hydrogels 

In this thesis, the term “chemically homogeneous IPN hydrogels” (also called 

homo-IPNs) is attributed to the case, when the first and the second networks were 

made of the same monomer. The whole term “chemically homogeneous IPN 

hydrogels” does not carry information on networks structure or morphology of IPN 

hydrogels. Whereas the separate utilization of terms “homogeneous” or 

“heterogeneous” further may be attributed to networks structure as well as to 

morphology of gels depending on the context. 

There are not so many reports on synthesis of chemically homogeneous IPN 

hydrogels. Those that exist are devoted to IPN hydrogels based on poly(2-

hydroxyethyl methacrylate) (PHEMA), poly(acrylic acid) (PAA), polyacrylamide 

(PAAm) full-IPNs and PAAm semi-IPNs. Usually, the homo-IPN hydrogels are 

prepared sequentially, i.e., the first network after it is formed swells in the reaction 

mixture of monomers and the second network is formed by its polymerization. 

Depending on the interactions between segments of the first and the second networks 

and several other parameters, the formed double networks can be homogeneous or 

phase separated. The topological independence of homogeneous sequential 

interpenetrating networks can be questioned, e.g., because of grafting.
9
 

One of the rare examples of PHEMA-PHEMA homo-IPNs was described in 

reports
10,11,12,13

 in terms of their ophthalmological application. In designing a new 

type of artificial cornea consisting of transparent homogeneous PHEMA optical core 
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and porous PHEMA skirt, the transparent cornea core was bonded to the porous skirt 

by monomer penetration and subsequent polymerization.
10

 Both parts of artificial 

cornea were modified by IPN concept to reduce the ability of transparent core to 

uptake calcium ions
11,12

 and to improve the mechanical properties of porous skirt.
13

 

The PAA-PAA and PAAm-PAAm homo-IPNs were examined to assess only the 

effect of physical entanglements of the polymer chains on their structure and 

properties, while avoiding the chemical interactions between moieties of chemically 

different networks. The effective network chain length and equilibrium water content 

are governed by the density of physical entanglements increasing with the 

concentration of monomer. The IPNs and corresponding single networks have 

similar compressive moduli, but different strains, – lower in case of IPNs due to the 

lower effective chain length and therefore increased brittleness.
14

 Synthesis of 

chemically homogeneous semi-IPN hydrogels based on crosslinked and linear 

PAAm resulted in materials with altering swelling properties.
15

 Shrinkage response 

in acetone/water mixture was faster when linear PAAm was introduced into the 

matrix of crosslinked PAAm forming a semi-IPN hydrogel compared to shrinkage of 

single PAAm network. Semi-IPNs containing the first crosslinked PAAm network 

and the second and the third linear PAAm revealed a fracture stress of up to 5.7 MPa 

and 10 MPa, respectively, which were significantly higher than a fracture stress of a 

single PAAm network (0.15 MPa).
16

 Enhanced mechanical properties of semi-IPNs 

were explained by the inhomogeneous (wide mesh size distribution) structure of the 

first crosslinked PAAm network estimated by static light scattering technique. Larger 

degree of inhomogeneity, as a result – better mechanical properties, can be achieved 

by changing the N,N’-methylene-bis-(acrylamide) (BAAm) crosslinker to 

poly(ethylene glycol) dimethacrylate (PEG-DM). 

2.2. Chemically heterogeneous IPN hydrogels 

A great majority of IPN hydrogels are made by combining chemically 

different networks, so called “chemically heterogeneous IPN hydrogels”. The 

constituent networks can be natural or synthetic polymers, hydrophilic or 

hydrophobic, stimuli-responsive, or of different morphology. Moreover, each 

component can be either a covalently crosslinked network or a linear polymer. The 

general idea is that the networks are combined in a way of producing an advanced 

multicomponent system with a new profile. The most commonly used networks are 
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hydrophilic natural or synthetic polymers with hydrophilic functional groups such as 

–COOH, –OH, –CONH2, –SO3H, –NR2 and –R4N
+
, and –OR.

17
  

The morphology of the IPN hydrogels (non-porous or porous) plays a crucial 

role when considering their potential application. In biological applications, the 

presence or absence of porosity affecting the cells proliferation and viability can be a 

decisive factor of integration of the artificial material into the body. The majority of 

the vast literature on the IPN hydrogels involves non-porous gels. If the pre-formed 

first network is non-porous or porous, and the synthesis of the second network is not 

accompanied by the phase separation, then the formation of non-porous IPN 

hydrogel is likely. As an example, the formation of hydrophilic poly(2-hydroxyethyl 

acrylate) (PHEA) network inside the macroporous hydrophobic poly(methyl 

methacrylate) (PMMA) or poly(ethyl acrylate) (PEA) networks in the absence of any 

diluents resulted in non-porous IPN hydrogels.
18

 The hydrophobic macroporous first 

network matrix imparts the mechanical strength to the IPN, while the hydrophilic 

second network is responsible for the swelling characteristics. In this example, at 

room temperature, the hydrophobic first PMMA and PEA networks were glassy and 

rubbery, respectively. Therefore, the swelling of the IPN hydrogel driven by the 

hydrophilic PHEA network is better when PHEA is incorporated into the rubbery 

PEA network. 

There are also reports devoted to porous IPN hydrogels
13,18,19,20,21

. Addition 

of a diluent into the reaction mixture of the second network may cause the phase 

separation leading to the formation of porous IPN hydrogel
18

. Another interesting 

example of porous IPN hydrogel based on methacrylated hyaluronan HA (PHA) and 

N,N’-dimethylacrylamide (DAAm) was studied by Weng and coworkers.
19

 Both 

networks were photocrosslinked sequentially and the IPN hydrogel after the 

lyophilization revealed macroporous structure of pore size ranging from 10 to 20 µm. 

Indeed, such macroporous structure of the hydrogel causes a very high swelling (up 

to 90 %), while the fracture stress is also increased up to 5.2 MPa due to the IPN 

approach. “Squeeze-soak-squeeze” repetitive technique, when the reaction 

monomers are expelled from the pores of the first network but remained in the 

polymer matrix, is another approach for preparation of macroporous IPN hydrogels 

with enhanced mechanical properties.
13

 Utilization of templates serving as porogens 

during the IPN gels formation allows to control the size and shape of pores and 

obtain the materials with narrow distribution of pore size.
20

 On the other hand, the 
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spatial distribution of template particles is usually stochastic, and therefore the 

preparation of high volume of communicating pores is unlikely. A cryogelation 

implying the polymerization at temperatures below zero, which is accompanied by 

freezing of diluent and, thus, formation of pores, was used to prepare independently 

crosslinked PAAm/chitosan full-IPN hydrogel with interconnected pores and high 

sorption capacity.
21

 The crosslinking under cryo-conditions of the first PAAm 

network with trapped chitosan molecules was followed with crosslinking of the 

chitosan with epichlorohydrin under alkaline conditions.
21

 

There is a quite wide field of IPN hydrogels responsive to multiple 

environmental stimuli. Incorporation of natural polymers and their derivatives into 

stimuli-responsive IPN hydrogels may improve the biocompatibility of IPNs. For 

instance, to obtain the hydrogel responsive to both pH and temperature, it is enough 

to incorporate into the IPN structure ionizable and thermosensitive functional groups. 

Hydrogels responding to both pH and temperature are usually represented by 

copolymers with pH responsive moieties such as N,N’-diethylaminopropyl 

methacrylamide or acrylic acid and temperature responsive moieties such as N-

isopropylacrylamide (NIPAAm).
22

 The permeability of PNIPAAm/PMA IPNs for 

the purpose of membrane or drug release application can be controlled by both pH 

and temperature.
23

 Sometimes unique properties that are unattainable by single 

constituent networks can be achieved when these constituent networks are 

incorporated into the IPN structure. For instance, poly(vinyl alcohol) (PVA) network 

interpenetrated with PAAm network becomes responsive to temperature in the range 

from 40 to 50 °C, whereas neither polymer exhibits temperature responsiveness in 

this range.
24

 

2.3. Double networks as a special case of IPNs 

Certain class of tough IPN hydrogels are called “double network” (DN) 

hydrogels. This term promoted by Gong
8
 et al. implies a subset of interpenetrating 

polymer networks, where the first network is always a tightly cross-linked 

polyelectrolyte and the second network is always a loosely crosslinked or 

uncrosslinked neutral polymer. Mechanically weak ionized poly(2-acrylamido-2-

methyl-1-propanesulfonic acid) (PAMPS) reinforced with mechanically weak neutral 

polyacrylamide (PAAm) exhibits nonlinear enhancement of mechanical strength. 

Such combination of networks resulted in IPN hydrogel containing 60-90 % of water 
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and possessing high both hardness and toughness. The effect is achieved due to the 

ductile second network holding the brittle first network and preventing it from 

damage.
25

 The proposed structure of the PAMPS-PAAm DN hydrogel is shown in 

Figure 3.
26,27

 It is suggested that the PAMPS hydrogel has inhomogeneous network 

structure and consists of large “voids”. According to Wu
28,29,30

 et al., large “voids” 

can be formed when: (a) the rate of growing of polymer “clusters” is significantly 

higher than their relaxation rate (diffusion) and (b) the voids between polymer 

“clusters” (microgels) are larger than the mesh size between crosslinked chains 

inside the microgels. The PAAm second network occupies these “voids” and acts as 

a “molecular crack stopper” preventing the growing of crack to a macroscopic 

level.
26

 The second PAAm network not only interpenetrated to the PAMPS network, 

but also forms a soft continuous network due to the physical entanglements.
27

 The 

mechanical strength of DN hydrogels is affected by structural parameters such as 

molar ratio of the first network to the second and crosslinking density of both 

networks. Formation of DN hydrogels with extraordinary mechanical performances 

requires that both the swelling capacity and the cross-link density of the first network 

must be high.
8
 

 

Figure 3. Inhomogeneous structure of tightly crosslinked ionized PAMPS/loosely 

crosslinked neutral PAAm double network hydrogel.
27

 

Inspired by the work of Gong and co-workers, Frank and co-workers 

proposed another way to design IPNs with enhanced modulus and fracture strength 

for an artificial cornea application.
31,32,33,34

 The general idea is changing the synthesis 

order of ionized and neutral networks and, thus, obtaining double network hydrogels 

that are “inverse” of the double networks prepared by Gong et al. A tightly 

crosslinked poly(ethylene glycol) (PEG) network is interpenetrated with a loosely 
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crosslinked ionizable second poly(acrylic acid) (PAA) network. Each of these single 

networks is mechanically weak and fragile. However, their combination causes the 

increase in compressive modulus and fracture strength of IPNs over 3 times 

compared to that of single PEG network with the same polymer volume fraction.
34

 

 

Figure 4. Inhomogeneous structure of “inverted” double network hydrogel – tightly 

crosslinked neutral PEG/loosely crosslinked ionized PAA: (a) single PEG network, 

(b) PEG/PAA IPN at low pH 3.0, (c) PEG/PAA IPN at high pH 7.4.
34

 

PEG network itself has flexible rod-like crosslink junctions of high 

functionality, which resemble “molecular bottle-brush” morphology (Figure 4a).
35

 It 

is known that PEG and PAA networks tend to complexation;
36,37,38

 the extent of 

complexation is in consistent with the swelling and depends on pH. At low pH 3, the 

volume of the entire IPN hydrogel slightly increases, but the weakly ordered 

structure of the PEG network remains (Figure 4b).
34

 The total volume fraction of 

polymers gets high due to the hydrophobic interpolymer hydrogen-bonding 

complexation between PEG and PAA. At high pH 7.4, two networks in the frame of 

the DN hydrogel completely dissociate from one another and the hydrogel exhibits 

extensive swelling. However, the constraints in the IPN do not allow PAA network 

to dissociate from the PEG on a large scale. Therefore, there is a separation on a 

nanoscale level – between the PEG-rich high functionality crosslink joints and the 

PAA network within the IPN (Figure 4c).
34

 Moreover, such a high value of pH 

causing the swelling of PAA network disrupts the weak ordering of domains in PEG 

network. The improvement of the modulus of PEG/PAA IPN hydrogel is caused by 

the non-Gaussian conformation and the finite extensibility of the PEG network 

chains within the first tightly crosslinked network. 

Thus, in both cases: (a) one network is neutral while the other network is 

ionized, and (b) one network is tightly crosslinked while the other network is loosely 
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crosslinked. The crucial difference is in the order of networks incorporation into the 

IPN structure. DN hydrogels based on tightly crosslinked ionized first network and 

loosely crosslinked neutral second network prepared by Gong’s group reveal high-

tear-strength properties. The improvement of mechanical properties was achieved by 

the neutral second network suppressing the propagation of cracks during the 

deformation of the DN hydrogel. Whereas the IPN hydrogels prepared by Frank’s 

group were synthesized in an opposite way. High swelling degree of the loosely 

crosslinked ionized second network causes high extension of the neutral first 

network. But since its extensibility is finite, the first network prevents the IPN 

hydrogel from rupture. Such combination of networks results in IPN hydrogels with 

enhanced modulus and fracture strength rather than an enhanced tear strength.
34

 

DN hydrogels with extraordinary mechanical properties confined only to 

polyelectrolytes are limited in their widespread application. In this connection, Okay 

and co-workers have studied nonionic DN hydrogels based on polyacrylamide 

(PAAm) and poly(N,N’-dimethylacrylamide) (PDMA) networks.
16

 The first network 

was always crosslinked (PAAm or PDMA), while the second network was linear. 

Obtained hydrogels exhibited improved mechanical strength. Despite remarkable 

increase of fracture stress and compressive modulus (MPa range) of eventual 

multinetwork hydrogel, the content of water remains high – about 90 %. Shams Es-

haghi
39

 et al. also prepared nonionic PAAm/PAAm DN hydrogel, the both networks 

of which are crosslinked loosely. High extensibility and high stress in this hydrogel 

is caused by the increase of an average crosslink density of the resulting structure 

due to the fact, that networks not only interpenetrate each other, but also are 

chemically crosslinked (black chains in Figure 5.). 

 

Figure 5. Double network hydrogel comprised of loosely crosslinked PAAm neutral 

networks.
39

 Red and blue chains represent two networks; black chains represent the 
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grafted links between two networks. 

The networks in DNs as well as in all IPN hydrogels can be crosslinked not 

only by chemical covalent bonds but also by physical bonds. Generally, chemically 

crosslinked single polymer networks are mechanically stronger compared to 

physically crosslinked single networks. However, due to irreversible bond breaking, 

chemically crosslinked networks do not reveal self-healing, self-recovery and fatigue 

resistance properties. To take advantage of both chemical and physical crosslinks, the 

differently crosslinked polymer networks can be combined into the DN structure. For 

instance, the physically crosslinked Agar network interlocked with the chemically 

crosslinked polyacrylamide (PAAm) network results in unique hybrid-linked 

Agar/PAAm DN gel, which has the fracture energy similar to fully chemically  

crosslinked PAMPS/PAAm gels (10
2
-10

3
 J/m

2
) and can be recovered to some extent 

after damage or fatigue.
40

 Combination of two physically crosslinked networks 

(Agar/hydrophobically associated linear PAAm) also results in strong DN gel, the 

mechanical properties of which are comparable with those of fully chemically linked 

DN gels and hybrid-linked DN gels; moreover, fully physically crosslinked DN gels 

reveal rapid self-recovery and self-healing properties without any external stimuli at 

room temperature.
41

  

2.4. Multiple network gels 

The concept of interpenetrating networks has a great potential in terms of the 

possibility to generate new materials by introducing more and more independent 

networks into the structure of hydrogels. This technique is supposed to improve the 

mechanical properties of single network hydrogels, but sometimes for IPN hydrogels 

of a certain rank, the efficiency of the method become lost and a worsening of 

mechanical properties can be observed.
39

 The combination of three and more 

independent yet interpenetrating networks with well-defined network structure and 

identified functional roles of each network in mechanical behaviors of multiple 

network gels is challenging. Preparation and properties of multiple homo-IPN 

hydrogels (PHEMA-based,
12

 PAAm-based
16,39

 and PDMA-based
16

) and multiple 

hetero-IPN hydrogels (PAMPS/PAAm/PAMPS and PAMPS/PAAm/PAMPS 

(linear),
42

 SAPS/PAAm/PAAm and SAPS/PAAm(linear)/PAAm,
43

 

HA/PDMA/PDMA
44

) were reported. 
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2.4.1.  Multiple homo-IPNs 

Synthesis of a multiple chemically homogeneous PHEMA-PHEMA IPN 

hydrogel was considered as a route for reducing the size of nanodomains existing in 

a single network hydrogel, in which undesirable calcium ions would accumulate.
12

 

Swollen triple network polyacrylamide (PAAm) hydrogel and poly(N,N-

dimethylacrylamide) (PDMA) hydrogel, in which only the first constituent is a 

crosslinked network while the second and third ones are linear polymers, exhibit high 

swelling degree (about 90% for both types of triple networks), high fracture stress 

(up to 10 MPa for PAAm, up to 19 MPa for PDMA), and the Young’s modulus (1-2 

MPa for PDMA).
16

 

A set of multiple PAAm homo-IPN hydrogels (double, triple and quadruple 

networks) was prepared by Shams Es-haghi
39

 et al. Each generation of networks was 

synthesized sequentially by UV-initiated radical polymerization and was loosely 

crosslinked (0.01 mol% of MBAA crosslinker to AAm monomer). Stress-strain 

behavior of multiple networks PAAm hydrogels showed that the stress at break of 

IPN of the next rank increased drastically, while the decrease in strain at break values 

was not significant. Each subsequent polymerization step led to increase of the 

overall crosslink density due to the some grafting of each network to the previous 

one and heterogeneous distribution of crosslinks in the IPN resulting in areas of 

brittle clusters of crosslinks
45

. The tensile deformation of such hydrogel may cause 

the strain localization producing the localized fracture of the cluster structure. Since 

the average crosslink density of area surrounding the cluster structures is lower 

compared to average density of clusters, the fracture of the cluster does not propagate 

and macroscopic gel remains ductile, which explains the increase of stress of the 

triple network and quadruple network hydrogels. 

2.4.2. Multiple hetero-IPNs 

Kaneko
42

 and co-workers, reported on three component 

PAMPS/PAAm/PAMPS hydrogels, the third component of which was either 

crosslinked PAMPS network (triple network) or linear PAMPS polymer (linear 

polymer penetrated the double network). These gels were tested as potential 

materials for human artificial cartilage exhibiting low frictional coefficients. Fracture 

stress and elasticity of both hydrogels were high enough (in MPa range) to withstand 

extremely high pressures exerted on articular cartilage in synovial joints (10
3
-10

5
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Pa). The low frictional coefficients of triple network hydrogel and the hydrogel, in 

which the linear polymer penetrated the double network, also corresponded to the 

real conditions. However, the latter hydrogel revealed an ultra-low-frictional 

coefficient (μ ~ 10
-5

) due to the highly mobile chains of the third linear PAMPS 

component contributing to the reduction of friction. 

Hydrogels constituted of a tightly crosslinked hyaluronic acid (HA) of 

various degrees of methacrylation as a first network and loosely crosslinked PDMA 

as a second and a third networks exhibit superior mechanical properties.
44

 While the 

single network HA hydrogel itself can withstand only 40% of compression strain and 

up to 0.02-0.05 MPa of stress, the HA/PDMA withstands a fracture stress of above 

10 MPa and fracture strain of 96 %, and HA/PDMA/PDMA, in which the ratio of the 

ductile network is enhanced, withstands the compressive stress above 20 MPa. 

The introduction of the loosely crosslinked PAAm network as a third network 

into the structure of 3-sulfopropyl acrylate potassium salt (SAPS)/PAAm (linear or 

crosslinked) semi-IPN and full-IPN hydrogels prevents the typical for those IPNs 

necking upon tensile deformation and leads to strain hardening.
43
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3. Application of IPN hydrogels in biomedicine 

3.1. Scaffolds for tissue engineering 

The IPN concept results in hydrogels of enhanced or controlled mechanical 

properties and swelling that is a good output for designing various scaffolds and 

materials in tissue engineering. High performance IPN hydrogels of suitable 

viscoelasticity, high mechanical strength, low friction, durability, biocompatibility, 

and resistance to wear and to biodegradation within the living body are good 

candidates for artificial cartilage application. Cells sense and respond to mechanical 

stimuli and topography of the microenvironment.
46,47,48,49

 The mechanical properties 

of the artificial hydrogel substrate are supposed to be similar to the real cartilage in 

order to evoke the growth of cells. The mechanical characteristics of real cartilage 

are the following: Young’s modulus
50

 – 0.45-0.8 MPa, tensile strength at break
51

 – 

15-35 MPa, elongation at break
52

 – 80 %, compressive strength
53

 – 14-59 MPa, 

equilibrium compressive aggregate modulus
54

 – 0.1-2 MPa, equilibrium shear 

modulus
55

 – 0.05-0.25 MPa, coefficient of friction (µ)
56,42

 – 10
-1

. 

A general procedure of artificial articular tissue engineering is presented in 

Figure 6.
57

 Three main components are needed to be properly selected for successful 

tissue replacement: cells, biomaterial scaffold and environment including mechanical 

stimuli and bioactive factors (growth factors, oxygen tension, gene, drugs and 

bioreactors). 

 

Figure 6. Articular cartilage tissue engineering procedure.
57

 

Many different IPN hydrogels were tested as potential artificial cartilages in 

terms of their mechanical properties as well as cells viability within the 

microstructured artificial tissue. Some of the examples of IPN hydrogels are 
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summarized in Table 1 and attributed to fully synthetic, fully bio, or hybrid 

synthetic/bio networks. 

Table 1. Examples of IPN hydrogels as potential artificial cartilages. 

IPN hydrogel: 

Network 1/Network 2 
Parameters Values References 

S
y

n
th

et
ic

 

PAMPS/PAAm
42

 

Elasticity 

Fracture stress 

Fracture strain 

Coefficient of friction 

0.84 MPa 

4.6 MPa 

65 % 

10
-2

 - 10
-1

 

[42] 

PAMPS/PAAm/ 

PAMPS(linear)
42

 

Elasticity 

Fracture stress 

Fracture strain 

Coefficient of friction 

2.1 MPa 

9.2 MPa 

70 % 

10
-5

 

[42] 

PAMPS/ PDMAAm
58

 

Compressive failure 

stress 

Compressive failure 

strain 

Elastic modulus 

3.1 MPa 

73 % 

0.2 MPa 

[58] 

B
io

 

Bacterial cellulose/gelatin
59

 

Fracture stress 

Compressive strain 

3.7 MPa 

30 % 

[59] 

Gellan gum methacrylate 

(GGMA)/gelatin 

methacrylamide (GelMA)
60

 

Compressive failure 

stress 

Compressive failure 

strain 

6.9 MPa 

80 % 

[60] 

S
y
n
th

et
ic

/ 

B
io

 

Oligo(2,2-dimethyltrimethylene 

carbonate)-poly(ethylene 

glycol)-oligo(2,2-

dimethyltrimethylene 

carbonate)-diacrylate/ 
methacrylated hyaluronic acid 

DPD-DA/HA-GMA
61

 

Fracture stress 8.38±0.67 

MPa 

[61] 

B
io

/ 

S
y

n
th

et
ic

 

HA/PDAAm
19

 

Fracture stress 5.2 MPa [19] 

It was shown, that the fully synthetic DN hydrogel composed of poly(2-

acrylamido-2-methylpropanesulfonic acid) (PAMPS) and poly(N,N’-

dimethylacrylamide) (PDMAAm) acting as a plug can induce the spontaneous 



15 

 

regeneration of hyaline-cartilage with large osteochondral defect.
62

 Complete 

regeneration was achieved in 4 weeks. The bonding of natural tendon and cartilage to 

bone is extremely tough (interfacial toughness is around 800 J/m
2
).

63,64
 Therefore, the 

strong adhesion between IPN hydrogels and solid surfaces is important. Kurokawa
65

 

et al. estimated the bonding of PAMPS/PAAm DN hydrogels to porous solid 

substrates (glass, polyethylene and sponge) by peeling test. The highest achieved 

bonding strength was ~1000 J/m
2
. Zhao and co-workers

66
 showed, that tough 

PAAm/alginate IPN hydrogels provide a strong interfacial bonding (strength from 

1200 to 1500 J/m
2
) to various non-porous silanized solid substrates due to the 

chemically anchoring the long-chain networks. 

3.2. Suitability of methacrylate-based gels for ophthalmic application 

Biomedical application of crosslinked hydrophilic single network of PHEMA 

as soft contact lenses was developed in 1960s by Wichterle and Lim.
67

 Since that 

time, PHEMA is commonly used for corneal implants
68

, intraocular lenses
69

, vitreous 

substitutes.
70

 For many of ophthalmic applications, the polymer materials should 

have high water-content, appropriate refractive index and good mechanical 

properties to withstand the intraocular environment. Therefore, to date, PHEMA is 

used in combination with other polymers to create materials with improved 

properties. The input data, which have to be taken into the account when designing a 

new material for ophthalmic application are, for instance, the normal intraocular 

pressures averaging between 12-22 mmHg. The human cornea is optically clear 

(refractive index 1.376)
71

 and nearly 80 % water with tensile strength of several MPa 

(3.81 MPa)
72

. Depending on the age and intraocular pressure, the Young’s modulus 

of human cornea varies in the range from 159-961 kPa.
73

  

In the hydrogel applications, the IPN concept was used especially in 

ophthalmology where the interpenetration serves as a joint between tissue and 

implant.
74,75,76,77

  Although the application of hydrogels in ophthalmology demands 

optically clear gel, translucent or opaque materials also have a great potential in 

ocular implants and devices that do not demand optical clarity. For successful 

biointegration, the artificial cornea should be designed as a “core-and-skirt” system 

with optically clear core (central part) and porous peripheral skirt to improve the 

tissue attachment and diffusion of nutrients for cellular function.
78,10,32,77

 It was 

found, that the strongest attachment between the core and periphery can be achieved 
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by interpenetrating polymer network concept as compared to clamping, screwing or 

gluing of artificial cornea sections.
10

 This concept was used by Chirila
10

 et al. to 

create a new type of artificial cornea made from PHEMA and consisting of 

transparent homogeneous optical PHEMA core, porous PHEMA skirt, and the 

PHEMA/PHEMA IPN interface bounding together the core and skirt (Figure 7a). 

Another example of artificial cornea consisting of transparent PEG/PAA double-

network core with high strength and high water content interpenetrating the created 

by photolithography microperforated PHEA hydrogel skirt was created by Myung
32

 

et al. (Figure 7b). Both components were modified with collagen type I to provide 

the epithelialization. Recently, to control the porosity of the skirt and improve its 

biointegrability via creation of an environment conductive to the ingrowth of stromal 

cell, sintered polystyrene microspheres have been used as templates for the 

PEG/PAA IPN skirt
77

 (Figure 7c). After the polymerization, templates were leached 

from IPN scaffold using methyl ethyl ketone (MEK). The advantage of this 

technique implies the utilization of a specially constructed annular PDMS mold for 

fabricating artificial cornea in a single seamless piece without creation a potentially 

weak interface joints between the core and skirt. The mold is constructed in such a 

way, that only the periphery is templated while the central core remains non 

templated. As a result, the designed artificial core consists of transparent non-porous 

PEG/PAA IPN core and porous PEG/PAA IPN skirt. 

   

a b c 

Figure 7. A few examples of artificial cornea: (a)
10

 non-porous PHEMA optical core 

–PHEMA/PHEMA IPN interface – spongy macroporous PHEMA skirt, (b)
32

 non-

porous PEG/PAA DN optical core – PEG/PAA/PHEA interface – microperforated 

by photolithography PHEA skirt, and (c)
77

 non-porous PEG/PAA optical core – 

templated porous PEG/PAA skirt. 
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The IPN hydrogel design provides the adjustability of gel mechanical 

properties by choosing the constituent polymers, changing the crosslinker 

concentrations in both networks and polymerization mechanisms. Single PHEMA 

network itself has relatively low water content (up to 40 %) and low permeability to 

glucose,
79

 which is a drawback in terms of proper implant epithelialization. This 

issue can be overcome by interpenetration of PHEMA network with other polymer 

networks. For instance, methacrylic anhydride modified gelatin interpenetrated into 

the PHEMA network improved its swelling properties from 30.4 % to 74.4 % of 

water in equilibrium and, hence, created suitable conditions for corneal epithelial cell 

attachment and proliferation.
68

 Biocompatible PHEMA/PAA IPN hydrogels 

containing ZnS nanoparticles are shown to have 60.2 % of water and refractive index 

in swollen state of 1.49.
80

 In the IPN gels, PHEMA network is commonly 

responsible for sample strengthening. Collagen-immobilized PEG/PHEMA IPN 

hydrogels
81

 are shown to be potential biomaterials for artificial cornea. Among the 

studied compositions of IPNs, gels of appropriate transmittance (about 90%) have 

demonstrated tensile strength of 6.3 – 7.5 MPa depending on the amount of 

incorporated PHEMA network. 

3.3. Other applications 

Antifouling properties: the most commonly used mechanically poor 

poly(ethylene glycol) (PEG)-based hydrogels
82

 and zwitterionic poly(carboxybetaine 

methacrylate) (PCBMA) hydrogels with moderate mechanical properties
83

 reveal 

excellent surface resistance to protein adsorption and cell adhesion. So, they could be 

embedded in the DN structure to obtain antifouling tough materials. Among the 

tough DN hydrogels, those exhibiting also antifouling properties are: (1) 

PAMPS/PCDME (poly(2-acrylamido-2-methylpropanesulfonic acid)/ poly((N-

carboxymethyl)-N,N-dimethyl-2-(methacryloyloxy) ethanaminium, inner salt)),
84

 (2) 

Agar/PAAm,
85

 (3) PNVA/PAAm (poly(N-vinylacetamide)/poly(acrylamide)),
86

 and 

(4) PAMPS/PAAm.
87

 The latter
87

 was tested against barnacles for a long time in the 

real marine environment. The antifouling activity of the PAMPS/PAAm DN 

hydrogel lasted 330 days. 

Drug delivery systems are another group of systems, for which IPN hydrogels 

can be efficient. DN hydrogels with high mechanical strength can serve as stable 

carriers to control the release of drugs or biomolecules
88,89

 and retain the entrapped 
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biomolecules with native or functional conformations.
90,91

 IPN drug delivery 

hydrogels responsive to light,
92

 pH,
93,94

 temperature
95,96

 or both pH/temperature
94,97,23

 

are reported. 

Other applications of PHEMA-based IPNs includes the combination of 

PHEMA network with poly(2-methacryloyloxyethyl phosphorylcholine) for better 

protein adsorption resistance and ion permeability;
98

 with acrylic acid for separation 

of cationic dyes and heavy metal ions;
99

 with PHEMA
12

 for reducing the 

calcification; with PEG,
100

 PVP,
101,102

 PVA
103

 and gelatin
104

 to improve water-

sorption characteristics; with itaconic acid and PVP
105

 to obtain antimicrobial 

materials; with chitosan to reduce the protein adsorption
106

 or to remove metal ions 

from aqueous solutions.
107
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4. Kinetics of IPNs formation 

Control of the kinetics of IPNs formation is important, since it significantly 

affects the morphology and properties of the final IPN products. The formation of 

networks in the IPNs is somewhat different than the formation of individual single 

networks regardless of the way of networks synthesis (sequential or simultaneous). 

In sequential IPNs, where the networks are synthesized one by one, the formation of 

the second network is affected by the presence of the pre-formed first network, 

which acts as a diluent for the second network. In simultaneous IPNs, where the 

networks are supposed to be formed simultaneously, due to the different 

polymerization rates the network formed earlier creates the medium for the formation 

of the second network and serves as a matrix.
108

 

The parameters influencing the reaction kinetics during the individual single 

network formation also influence the kinetics of IPNs formation. Networks in both 

cases are mostly synthesized by free-radical polymerization consisting of initiation, 

propagation and termination steps. The relative rates of each step determine the 

overall rate of polymerization. Moreover, for crosslinked networks, these relative 

rates determine the final structure of the material and its properties.
109

 The 

polymerization is usually initiated by irradiation, temperature, or redox systems. The 

type of initiator, crosslinker and solvent may also affect the rate of polymerization as 

well as gelation time. Before considering the features of polymerization kinetics in 

IPNs, it is important to summarize the general factors affecting the kinetics of single 

networks formation. Therefore, the kinetics of PHEMA-based single networks 

formation will be considered below. 

4.1. Formation of an individual single network 

4.1.1. Bulk polymerization of 2-hydroxyethyl methacrylate 

Bulk polymerization process of 2-hydroxyethyl methacrylate (HEMA) and 

similar monomers can be roughly divided into three regions:
110

 (1) the 

polymerization region without diffusional control, (2) the autoacceleration region 

(Trommsdorff effect) with diffusion-controlled termination but not controlled 

propagation, and (3) the autodeceleration region with reaction-controlled termination 

and propagation. 

Crosslinking photopolymerization of 2-hydroxyethyl methacrylate and 

di(ethylene glycol) dimethacrylate (HEMA/DEGDMA) system reveals similar 
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regions (Figure 8): initial rise of the polymerization rate followed with diffusion 

limited termination (autoacceleration) and diffusion limited propagation 

(autodeceleration).
111

 At the very beginning of the reaction, when propagation and 

termination are not diffusion controlled, the rate of polymerization is almost 

constant. The conversion of monomer to polymer during the polymerization is 

usually accompanied by an increase in viscosity, which in turn leads to a decrease in 

translational and segmental diffusion of the polymer. Once the termination by 

recombination or disproportionation becomes limited by diffusion, the concentration 

of living radicals increases greatly and the propagation due to the mobile unreacted 

double bonds continues. Such situation results in autoacceleration process with great 

increase of the polymerization rate. With further domination of the reaction-

controlled termination mechanism over the propagation mechanism, the reaction 

starts to autodecelerate. 

 

Figure 8. Polymerization rate of HEMA/DEGDMA (99/1 wt%) system vs. 

conversion. Photopolymerization in the presence of Irgacure 651 initiator at I = 4.8 

mW/cm
2
 and T = 25 °C.

111
 

Incomplete conversion of functional groups in crosslinked systems is often 

caused by vitrification effects occurring during the bulk polymerization. The 

mobility of reactive species can be enhanced by polymerization at temperatures 

above the temperature of vitrification. For instance, Huang
112

 et al. reported that 

during the thermally initiated crosslinking bulk polymerization of 2-hydroxyethyl 

methacrylate and ethylene glycol dimethacrylate (HEMA/EGDMA) system the 

conversion of C=C double bonds is complete at curing temperature above 90 °C. The 
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intensity of UV light is another parameter that can provide for high conversions. 

Bowman and co-workers
111

 reported that the increase of UV light intensity from 0.5 

mW/cm
2
 to 13 mW/cm

2
 increases the conversion in HEMA/DEGDMA (99/1 wt.-%) 

system from 86 % to 92 %. Moreover, an increase of UV light intensity and hence, 

initiation rate, causes an increase in polymerization rate. High initiation rate 

increases the concentration of short radicals and makes the termination easier. 

The crosslinker concentration also influences the rate of polymerization and 

the conversion. The polymerization is faster at higher concentration of crosslinker, 

however when the system becomes sufficiently crosslinked, the diffusion limitation 

of the propagation results in a decrease of the rate. The conversion of vinyl groups as 

well as the polymerization rate increases as the weight ratio of EGDMA crosslinker 

increases in EGDMA/HEMA system.
112

 If one compares the effect of functionality 

of crosslinking monomers, then the trivinyl copolymerization (trimethylolpropane 

trimethacylate, TMPTMA) reacts more rapidly than the divinyl copolymerization 

(diethylene glycol dimethacrylate, DEGDMA) because the increased crosslinking 

results in considerable autoacceleration.
113

  

4.1.2. Polymerization of 2-hydroxyethyl methacrylate in solution 

Formation of polymer network in the presence of a solvent shifts the glass 

transition temperature of network to lower values and prevents the vitrification of the 

system upon crosslinking polymerization. The resulting material after the 

polymerization in solution is elastic, while the one prepared without solvent is 

glassy. 

Free radical polymerization of multifunctional monomers forms 

heterogeneous network structures due to the intramolecular cyclization (primary or 

secondary).
114,115,116

 Crosslinking and formation of cycles are competitive processes. 

The rates of these two processes are controlled by the concentration of radicals in the 

bulk solution and the effective concentration of radicals on the same propagating 

chain as the pendant double bond.
116

 The size of crosslinking agent molecule affects 

the rate of cyclization: smaller the crosslinking molecules, higher the rate of 

formation of primary cycles.
117

 Cyclization causes the formation of more loosely 

crosslinked network. It has been observed that the polymerization in the presence of 

solvent increases the rate of primary cyclization and ends up with less crosslinked 

network of larger mesh size (distance between crosslinks).
117,118

 Dilution of 
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monomers decreases the consumption of monomeric double bonds and the rate of 

pendant crosslinking, and hence, decreases the propagation rate. Increase of solvent 

concentration increases the probability of cyclization rather than intermolecular 

crosslinking. When the solvent content is low, the concentration of double bonds 

surrounding the radical is relatively high, which leads to a faster rate of propagation 

and less opportunity for the radical to cycle by reacting with its own pendant double 

bond (Figure 9a). When the solvent content is high, the concentration of double 

bonds is low as well as the rate of propagation; the probability of cyclization is 

increased (Figure 9b). 

Low solvent concentration (a) High solvent concentration (b) 

 
 

More likely to crosslink More likely to cycle 

Figure 9. Solvent concentration effect on cyclization.
117

 

The quality of solvent is also crucial and affects the parameters such as: 

diffusion of polymer chains, intermolecular termination rate, primary chain length, 

viscosity, gel point, reactivity ratios, and extent of primary and secondary 

cyclization.
119,120,121,122

 If the interaction between polymer and solvent is good, the 

radical on the growing polymer chain prefers to move away from the pendant double 

bond, and the probability to form a cycle is reduced (Figure 10a). Whereas the poor 

interaction between the polymer and solvent causes the coiling of growing polymer 

chain, and the probability to form a primary cycle is high due to the increased 

proximity of the pendant double bond (Figure 10b). 
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Better solvent (a) Poor solvent (b) 

  

Less likely to cycle More likely to cycle 

Figure 10. Conformation of propagating chain in good and poor solvent.
118

 

The effect of water content at network preparation (0 – 60 wt.-%) and the UV 

intensity (0.25 – 40 mW/cm
2
) during the photopolymerization on the polymerization 

rate and gelation of HEMA/DEGDMA hydrogel was studied by Li
123

 et al. The 

increase of the UV intensity enhanced the polymerization rate. However, too high 

intensity of UV had an opposite effect on the rate of polymerization. Dilution at 

preparation reduced the concentration of reactants, hence slowing down the reaction 

rate. The crosslinking polymerization of multifunctional HEMA/DEGDMA 

monomers leads to the formation of pendant double bonds on the growing radicals, 

which can react with propagating radicals through either intra- or intermolecular 

reactions. Intramolecular reactions result in cyclization leading to microgels 

formation, while intermolecular reactions contribute to the formation of network. 

Usually at certain period of time the microgels and network coexist in one 

crosslinking system. The relative rates between these two processes are controlled by 

the composition of the monomers mixture, solvent content and light intensity. The 

gelation of HEMA/DEGDMA was significantly delayed with the more dilution of 

the reaction mixture and irradiation of the reaction mixture with UV of too high 

intensity. The reason is that the dilution of the reaction mixture increases the distance 

between radicals, hence making the intramolecular reactions more preferable. 

Whereas too high UV intensity causes rapid initiation of the reaction, formation of 

more radicals and pendant double bonds in the system leading to the domination of 

the cyclization over the formation of the infinite network. 
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4.2. Formation of IPNs 

4.2.1. Special features of polymerization of the second monomer in the 

presence of the first network 

The kinetics of IPNs formation is affected by the presence of the pre-formed 

first network. First of all, the presence of the preliminary formed networks causes the 

total change in the viscosity of the reaction medium. An increase of viscosity 

accelerates the reaction due to the limitation of termination because it is diffusion 

controlled. Second, the various groups of growing polymer chains of both networks 

may physically interact.
108

 When networks are synthesized simultaneously, one of 

the forming networks may act as a solvent for another network. So, the latter being 

incorporated into the IPN structure may result in higher conversion of functional 

groups compared to conversion achieved during its polymerization alone (“solvent 

effect”).
124

 Immiscibility of polymers often causes the phase separation in IPNs, 

which can be controlled by the kinetics of IPNs formation. Complete miscibility of 

polymers is not always needed, as physical entanglements can effectively prevent the 

phase separation. The extent of phase separation can be arranged as domains of 

micrometer-size (incompatible), of nanometer-size (intermediate) and of no 

resolvable domain structure (completely compatible).
124

 It was found, that more 

homogeneous simultaneous IPNs can be formed, when: (1) the rates of 

polymerization and crosslinking are fast, and (2) processes of both networks 

formation are as simultaneous as possible.
125

 At high reaction rates, there is no 

enough time for diffusion of monomers and subsequent phase separation. After the 

complete crosslinking, the phase separation cannot occur due to topological 

constraints. Phase separation in IPNs begins typically at very low conversions, where 

the rheological changes govern the kinetics of polymerization, propagates with 

increase of conversion and does not influence the kinetics.
126,127

  

4.2.2.  Gelation of IPNs 

As the polymerization and crosslinking reactions proceed, the molecular 

weight of the macromolecules increases leading to formation of linear and/or 

branched chains and eventually to formation of first infinite network, which become 

bonded together irreversibly in the form of a network. The macroscopic viscosity and 

the molecular weight of the forming network grow to infinity. Such transition from 

soluble system into a partially insoluble one passes through the point called gel 
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point.
128,129,130

 At gel point (critical conversion), the first infinite structure containing 

the elastically active network chains (EANCs) is formed. Only crosslinking reaction 

implying the consumption of pendant vinyl groups by other macroradical is 

responsible for gelation, while the cyclization do not change the degree of 

polymerization of the macroradicals.
115

 

Gel point determination: there are several methods for gel point 

determination. The solubility test implies the visual examination of solution, 

containing the solvent and certain portion of reaction mixture, under mechanical 

agitation in given time.
131,132

 The gel point is the first time, at which insoluble 

fraction is registered. The crossover of storage modulus (G’) and loss modulus (G”) 

is the empirical criterion of the gel point.
133

 According to the Winter-Chambon 

criterion, the gel point is reached when the loss factor (tan δ) becomes frequency 

independent.
134

 

There are not many reports on monitoring the in-situ gelation of IPNs. 

Among existing, mostly the formation of semi-IPN hydrogels
135,136,137

 and 

simultaneous IPN hydrogels
138,139

 was studied, whereas the reports on gelation of the 

second network in the matrix of the pre-formed first network are missing. The 

formation of PHEMA/chitosan semi-IPN was studied in terms of effect of the 

molecular weight of chitosan and the length of the crosslinker on the gel point.
135

 

The gelation time in this report was determined by measuring the time at which the 

dynamic storage modulus (G’) starts to be higher than the dynamic loss modulus 

(G”). Faster gelation of HEMA was observed in the medium of higher molecular 

weight chitosan dissolved in 1 % acetic acid. The latter had a high viscosity caused 

the autoacceleration of the crosslinking polymerization due to the diffusion-

controlled termination. The length of a crosslinker was the other parameter affecting 

the gel point. The gelation of PHEMA/chitosan semi-IPN crosslinked with ethylene 

glycol dimethacrylate (EGDMA) was faster than that of semi-IPN crosslinked with 

poly(ethylene glycol) diacrylate (PEGDA). In viscous medium of chitosan solution, 

the gelation time is determined by the mobility of monomer molecules. The shorter 

EGDMA crosslinker is more mobile compared to the PEGDMA crosslinker, and 

therefore resulted in faster gelation. Jandt
136

 and co-workers followed the gelation of 

PNIPAM in the presence of linear PVA as diluent by rheometer. The gel point was 

achieved very quickly and both moduli reached the plateau region within 12.5 

minutes. Neither the concentration nor the molecular weight of the PVA polymer 
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affected the gelation time. Whereas the increase of the PVA concentration caused the 

delay in gelation of the PAA network when forming PAA/PVA semi-IPN 

hydrogel.
137

 Interpenetrating network hydrogels composed of oxidized dextran and 

thiolated chitosan were formed simultaneously without any small molecule 

crosslinker.
138

 The interpenetrating network structure was created by disulfide bonds 

and Schiff base formations, respectively. It was found that the IPN hydrogel is 

crosslinking first via Schiff base formation and then by disulfide bonding. The 

gelation of IPN was much faster than the self-gelation of thiolated chitosan (60s vs. 

1300s). Fibrinogen/alginate simultaneous IPN crosslinked with thrombin/Ca
2+

 

demonstrated rapid gelation.
139

 The gelation slowed down with the decrease of 

crosslinker concentration. 

4.2.3.  Methods for monitoring the kinetics of IPNs formation 

Here, the common methods used for monitoring the kinetics of 

polymerization and network formation are briefly listed. The Fourier transform 

infrared spectroscopy (FTIR) allows monitoring the conversion of functional groups 

with time. The polymerization rate can be determined from evolution of heat during 

the polymerization reaction monitored by the differential scanning calorimeter 

(DSC). Gravimetric method of determining a sol-gel fraction gives information on 

conversion of functional groups. Choosing an appropriate method for sol extraction 

is very important in terms of correct quantitative determination of sol fraction. 

Dilatometry can be used as an indirect way of following the kinetics of network 

formation via volume changes of sample during the polymerization. This technique 

needs the preliminary calibration using one of the mentioned above methods or other 

in order to relate the volume of sample at a certain time to a proper conversion. The 

gelation of polymer network can be followed by chemorheological measurement of 

dynamic storage (G’) and loss (G”) moduli, and loss factor (tan δ) or by dielectric 

spectroscopy assessing the dielectric constant (ε’), dielectric loss (ε”), and electrical 

constant (M’) and loss moduli (M”). 
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5. Microstructure of IPN hydrogels 

5.1. Phase separation in IPN formation 

Phase separation phenomenon is common in IPNs and depends on the degree 

of polymer miscibility.
124,140

 When highly incompatible polymers are used for IPNs 

synthesis, phase separation may not be prevented due to thermodynamic reasons 

leading to phase separation before the crosslinking can hinder it, while phase 

separation can be completely avoided when polymers are miscible. However, 

complete miscibility is not always a crucial factor to achieve complete phase mixing, 

since the permanent crosslinks can prevent the phase separation. The extent of phase 

separation in IPNs depends on factors such as concentration of each polymer 

component, crosslinking density, ratio between components.
141

 Moreover, the phase 

separation occurs not only in hetero-IPNs, but also in homo-IPNs.
4,142,143,144,145

 To 

understand the mechanisms of phase separation in IPNs, it is important to analyze the 

general principles of phase separation of the reaction mixture during the network 

formation described by Dušek.
146

 A general condition for phase separation was 

formulated as the equality between the maximum swelling of the network in 

equilibrium with the diluent or diluent-monomer mixture (1 – φ2) and the 

instantaneous dilution of the network (1 – φ2
0
), i.e., φ2 = φ2

0
, where φ2 is a volume 

fraction of polymer in the gel swollen to equilibrium and φ2
0
 is a volume fraction of 

all polymerizable substances at preparation. Phase separation occurs due to 

deterioration of solvent power (χ-syneresis) or increase in crosslink density (ν-

syneresis). The -syneresis (micro- and/or macrosyneresis, often combined with -

syneresis) in the crosslinking system
147,148

 causes formation of gels phase-separated 

into microsized domains and leads to generation of discontinuous or continuous 

pores of the size of the order of 10
0
-10

2
 µm, the topology of pores being governed by 

the system composition including volume network/diluent ratio; the shape and pore 

distribution can be affected by surface active agents.
149

 When considering IPNs, we 

have similar “network-diluent” system, when the network 2 is formed in the matrix 

of the pre-formed network 1, which acts as a diluent for the network 2 and at certain 

concentration also can cause phase separation of networks. 

The microstructure of IPNs depends on the mechanism of phase separation, 

which can be either nucleation and growth or spinodal decomposition. Phase 

separation in simultaneous IPNs occurs due to the spinodal mechanism, while in 
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sequential IPNs – due to the nucleation and growth mechanism.
108

 The mechanism of 

nucleation and growth was proposed by Sperling
150,151,152

 et al. and schematically 

represented in Figure 11. Three main states of networks during the domain formation 

can be considered: state 1 – single polymer network 1, state 2 – polymer network 2 

swollen in the reaction mixture of the monomer 2 including crosslinker, and state 3 – 

almost simultaneous formation and separation of network 2 into spherical domain 

surrounded by shell of network 1. The crosslink density in network 1 as well as the 

concentration ratios between two networks affect the size and the shape of domains 

of network 2.
153

 Although the model is simplified, it allows to predict the size of 

domains. It was shown, that the experimental and theoretical domain sizes for full- 

and semi- poly(n-butyl acrylate)/polystyrene IPNs were in a good agreement. 

 

 

 

 

 

  

  

a  b  c 

Figure 11. Phase separation in IPNs:
152

 (a) network 1 and monomer 2, (b) network 1 

swollen in monomer 2, (c) domain of network 2 (core) surrounded by network 1 

(shell). 

Another model based on the application of Flory-Huggins equation and 

describing the nucleation and growth rate in epoxy resin-rubber system allowed to 

predict the fraction, composition, average radius of domains as well as distribution of 

domain dimensions.
154,155

 It was shown, that the structure of rubber-modified 

thermosets depended on the relation between the location of the reaction extent (pc) 

at which phase separation occurred and gel conversion (pgel). If pc ≈ pgel, the low 

diffusion coefficient will prevent significant phase separation. If pc ˂˂ pgel, the low 

density rubbery phase in a medium of low viscosity will lead to macroscopic phase 

separation. 

The theory of spinodal decomposition was developed by Cahn and Hillard in 

1958.
156

 Concerning the phase separation in IPNs caused by spinodal decomposition, 

one can say that this mechanism involves the spontaneous formation and continuous 
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growth of one phase in the unstable “mother” phase. The decomposition occurs with 

fluctuations of small amplitude leading to the continuous growth of the second phase. 

Phase separation may start already at the very beginning of the reaction, when the 

conversion is very low. The high viscosity of the reaction mixture and the diffusion 

limitations may cause the incompleteness of the phase separation process with the 

formation of interfacial region separating the phase regions in the IPNs.
157

 Therefore, 

the final structure of the phase separated two network IPNs consists of three different 

regions. The kinetics of IPNs formation affects the degree of phase separation and 

the fraction of the interfacial region, which depends on: the rate of reaching the 

critical molecular weight when networks become incompatible, the molecular weight 

of both components at the phase separation, the degree of conversion at which phase 

separation begins, reaction rates of the formation of both components, and the ratio 

of components in the initial reaction mixture.
157

 

5.2. Non-porous and porous IPN hydrogels 

The investigation of microstructures of polymer network hydrogels is crucial 

as it can be a way to improve their mechanical properties. Combination of two 

networks into one IPN structure gives even more options to control the morphology 

of hydrogels, for example, by changing the preparation conditions.
21,94,158

 There are 

several factors influencing the microstructure of final IPN hydrogels. The first factor 

is the type of IPNs synthesis: simultaneous or sequential. To obtain a non-porous 

simultaneous IPN hydrogel, the networks must be miscible and should be formed 

with similar rates not to cause the phase separation; otherwise the resulting IPN 

hydrogel may have pores of micro- (< 2 nm), meso- (2 – 50 nm) or macrosize (> 50 

nm)
1
 or possess domains. The microstructure of sequential IPN hydrogels depends 

on the morphology of the first network and on the technique used for synthesis of the 

second network. The formation of the second network (Network 2) without diluent in 

the matrix of the pre-formed non-porous first network (Network 1) generally results 

in non-porous IPN hydrogel. However, the resulting material is typically 

heterogeneous due to special density fluctuations. If the first network is porous, then 

two scenarios are possible: (1) uniform distribution of the second network in the 

matrix of the first polymer network and in the pores, and (2) formation of pores 

during the second network formation. The latter can be achieved by several 

techniques such as gelation under cryo-conditions,
21,159

 reaction induced phase 
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separation (macro- and microsyneresis), extraction of monomers of the second 

network from pores of the first network prior to crosslinking polymerization, etc. 

Certain treatment of final IPN hydrogels may also change the morphology of 

the material. For instance, transformation of porous IPN hydrogels during the drying-

reswelling processes is not always reversible. Drying at elevated temperature above 

Tg under the vacuum may cause the collapse of pores, so that further reswelling in a 

solvent will not result in hydrogel of the same morphology as before drying. In this 

sense, drying of porous IPN hydrogels by lyophilization is safer. However, 

lyophilization conditions involve rapid cooling and it may distort the initial 

morphology. For milder drying of hydrogels one can use the solvent exchange 

technique, when the initial solvent is gradually replaced with another more volatile 

solvent, which then can be easily removed from the gel without irreversible change 

of morphology. 

5.3. Methods for hydrogel morphology characterization 

Utilization of the most of hydrogels is concerned with their swelling ability. 

Therefore, it is very important to study the morphology of hydrogels in their native 

swollen state. To date, there are several available techniques for studying the 

morphology in wet state. And the selection of the proper one is important, since the 

observation conditions as well as sample preparation may create some issues in data 

interpretation by distorting the real morphology of materials.
160,161,162,163

 The most 

common techniques to observe swollen gels are light microscopy (LM), laser 

scanning confocal microscopy (LSCM), atomic-force microscopy (AFM), 

environmental scanning electron microscopy (ESEM). Cryo-SEM is also used for 

studying the swollen gels but in preliminary frozen state. Freezing of swollen 

hydrogels is challenging since it should be as quick as possible to prevent the 

formation of ice crystals destructing the sample and causing the morphology 

distortions. Scanning electron microscopy (SEM) is used for dry samples only and 

requires the specimen to be electrically conductive. Therefore, the sample 

preparation involves preliminary drying and coating of non-conductive dry hydrogel 

with an ultrathin conducting material deposited on the sample by low-vacuum 

sputtering or high-vacuum evaporation. Such treatment prevents the charging of non-

conductive hydrogel by electron beam and hence, occurrence of artifacts, and 

provides significantly better resolution. Dehydration of samples should be very 
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careful and a proper method of drying is recommended to be selected according to 

the sample properties. Dehydration of porous hydrogels at elevated temperature 

under the vacuum is risky due to the possible collapse of pores, whereas the 

lyophilization of highly swollen non-porous hydrogels or hydrogels of small pores 

size (micro-, meso-) is risky due to the wrong observation of porous structure with 

overestimated size of pores or observation of porous structure instead of non-porous 

one. Advantages and disadvantages of microscopy techniques for hydrogels 

morphology observation are shown in Table 2. 
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Table 2. General advantages and disadvantages of microscopy techniques used for 

hydrogels morphology observation. 

Observation 

technique 

State of 

sample 
Advantages of technique 

Disadvantages of 

technique 

LM wet 

 examination of hydrated 

sample; 

 quick and simple sample 

preparation; 

 non-destructive for sample; 

 unaffected by magnetic 

fields; 

 observation of colored 

samples; 

  low resolution (≈ 200 nm); 

  limited magnification 

(≈ 10
3
); 

  restriction in depth of 

field; 

LSCM wet 

 examination of hydrated 

sample; 

 non-destructive for hydrogel; 

 high contrast due to 

fluorescent dyes; 

 Z-axis scanning; 

 reconstruction of 3D image; 

 sample preparation 

requires staining; 

 staining may introduce 

artifacts; 

 moderate resolution (XY: 

100 – 200 nm, Z: 300 – 400 

nm); 

ESEM wet 

 examination of hydrated 

sample; 

 quick and simple sample 

preparation; 

 non-destructive for sample; 

 requires finding a proper 

pressure at which a droplet 

of water fixing the sample 

disappears, while the sample 

structure appears; 

 lower resolution (≈ 2 nm) 

compared to SEM; 

Cryo-SEM 
wet 

(frozen) 

 observation of swollen 

sample morphology in frozen 

state; 

 relatively quick sample 

preparation; 

 high resolution (≈ 1 nm); 

 improper sample freezing 

introduces artifacts; 

SEM dry 

 high resolution (≈ 1 nm); 

 high magnification 

(≈ 10
5
); 

 complex and time 

consuming sample 

preparation; 

 examination of dry 

sample; 

 drying introduces artifacts; 

AFM wet 

 examination of hydrated 

sample; 

 quick and simple sample 

preparation; 

 high resolution (≈ 0.1 nm); 

 high magnification (≈ 10
6
); 

 information on the 

topography of the surface 

only; 

The pore size distribution and the total pore volume (porosity) of dry 

hydrogels can be estimated by mercury porosimetry.
164

 Major limitations of the 
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method are connected with the inability of the intruding mercury to pass through the 

closed and blind pores (not interconnected with other pores) and the fact that it 

measures the size of the largest entrance towards a pore, but not the actual inner size 

of a pore. 

The morphology of hydrogels on nanoscale level can be explored by 

scattering techniques (SWAXS, SANS), which are sensitive to the presence of 

inhomogeneities in gels including small clusters, nanodomains, or pores in the 

nanometer range
165

. These techniques are a powerful tool characterizing the 

morphology of water-swollen hydrogels in their native state and allowing the 

monitoring of the kinetics of structuring during the network formation. Investigation 

of the IPN hydrogels structures by SWAXS/SANS methods are reported
166,34,167

 and 

found to be valuable for interpretation of the enhancement of mechanical properties 

and for proposing the mechanisms of hydrogels strengthening. 
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6. Swelling of hydrogels 

One of the important characteristics of hydrogels is their ability to swell in a 

thermodynamically good solvent and retain structural integrity due to the chemically 

or physically crosslinked network structure (Figure 12). During the swelling, 

hydrogel undergoes a reversible volume change from shrunken to swollen states. In 

the dry state, gel is usually glassy, while in swollen state it behaves like an elastomer 

capable to withstand large deformations. The swelling pressure in almost dry gel, 

which is in contact with water, can reach several hundreds of MPa. The weight and 

volume changes of hydrogel upon isotropic swelling in water are influenced by the 

morphology of sample. The values of these parameters are likely equal for non-

porous hydrogels, but may be different for porous samples with different distribution 

of water between the polymer matrix and pores. Besides drying/swelling processes, 

the coiling state of network chains (shrinkage/swelling) can be controlled by external 

stimuli such as pH, temperature, ionic strength, light, electric field, etc. 

 

Figure 12. Scheme of polymer network swelling. 

Swelling equilibrium implies the equality between osmotic forces and 

retraction forces of chains, which means, that the chemical potential of the solvent 

(𝜇s) inside and outside the gel is equal. The main factors controlling the swelling 

degree of polymer networks are the polymer-solvent interaction, the crosslink 

density, the dilution during the network formation, the presence of charged groups, 

the finite chain extensibility (non-Gaussian networks), the applied external forces 

causing (an)isotropic deformation. The competition between the crosslinking and 

cyclization processes during the network formation affects the final structure of the 

network and, in turn, diffusion of solvent through the gel and it’s swelling 

properties
117

. At high crosslink density, the overall structure of network is tightly 
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held together adding the rigidity and high strength to the system, but reducing its 

swelling ability. At high density of cycles, the overall structure of network is filled 

with loops, and the backbone polymer chains are loosely crosslinked and able to 

swell further. The canonical theoretical treatment of swelling phenomena based on 

Flory and Erman theoretical approach to crosslinked macromolecular systems (for 

single networks only) is given in this text below – cf. the paragraph 8 of the 

Theoretical part. For the theoretical treatment of the swelling IPNs – in the case of 

chemically and microscopically homogeneous systems – we propose our own 

physical model. It will be worked out in the Part “Results and Discussion” of this 

text. 

Equilibration of network with solvent under no mechanical constraints (free 

swelling) results in homogeneous and isotropic expansion, when the molecules of 

water distribute in the gel homogeneously. However, the swelling of polymer 

network can be affected by external forces or geometrical confinements.
168,169,170

 In 

that case, the deformation of network during the swelling is anisotropic. The 

constraints may occur upon swelling of crosslinked polymer films adhered to non-

swelling substrates, core-shell particles with cores and shells of different swelling 

capacity, composites with fillers, in which crosslinked matrix has a good or bad 

adhesion to non-swelling solid particle. The interface region between two differently 

swelling parts of the system is characterized by gradient stresses and gradient 

degrees of swelling.
168

 The co-existence of two differently swelling networks in IPN 

system also causes topological constraints imposed by physical entanglements 

between two networks. 

The swelling properties of single network poly(2-hydroxyethyl methacrylate) 

(PHEMA) hydrogels depending on their morphology were thoroughly studied in 

many works; for example, here.
171,172

 Non-porous PHEMA hydrogels prepared 

without dilution or at moderate water content (0 – 40 wt.-%) absorb up to 40 % of 

water, while the swelling degree of porous PHEMA hydrogels is larger and increases 

with the increase of sample porosity. More hydrophilic poly(glycerol methacrylate) 

(PGMA) single network can absorb larger amount of water compared to PHEMA 

network of similar composition due to the presence of two hydroxyl groups in its 

monomer unit.
173,174,175

 For instance, bulk crosslinking polymerization of glycerol 

methacrylate (GMA) and 0.03 wt.-% of tetraethylene glycol dimethacrylate 

monomers resulted in hydrogel with equilibrium swelling degree of 63 % (in 
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water)
173

. Dilution of GMA monomer with water at preparation (from 35 % to 93 %) 

led to formation of hydrogels with swelling degrees changing from 75 % to 98 %, 

respectively.
173

 The hydrogels obtained by copolymerization of both monomers into 

one network structure revealed the swelling degrees that are higher than that of pure 

PHEMA network, but lower than that of pure PGMA network.
176

 The combination of 

PHEMA and PGMA networks into the IPN structure was never reported. 

6.1. Swelling of IPN hydrogels 

The moderate swelling capacity of hydrophilic PHEMA single network can 

be improved by incorporation of more hydrophilic second network or linear polymer 

to form the full- or semi-IPN hydrogel, respectively.
100,101,102,103

 The hydrophilic 

linear polymer incorporated into the PHEMA network improves the swelling of the 

IPN better than the hydrophilic second network. Indeed, depending on composition 

of the IPN hydrogel, the combination of PHEMA network with linear poly(ethylene 

glycol) (PEG)
100

 increased the IPNs swelling up to 83 %; with poly(N-

vinylpyrrolidone) (PVP)
101

 network – up to 72 %, with linear poly(N-

vinylpyrrolidone) (PVP)
102

 – up to 87 %, with linear poly(vinyl alcohol) (PVA)
103

 – 

up to 83 %, and with poly(vinyl alcohol) (PVA)
103

 network – up to 76 %. For single 

network hydrogels or copolymers, the improvement of swelling properties usually 

means lowering of mechanical properties. However, for IPN systems it is not 

necessarily so. Due to the entanglements between the networks chains, one can 

obtain IPN gels with excellent mechanical properties without compromising the 

swelling properties
25

 or at least with insignificant decrease of swelling capacity.
177

 

Since both networks take part in solvent uptake, the swelling capacity of 

the final IPN depends on the coiling states of networks chains, which can differ 

depending on the way of IPNs preparation. The chains of both networks in 

simultaneous IPN hydrogels are in state-of-ease (relaxed state) after the 

polymerization. The formation of sequential IPNs implies the formation of the 

second network in the presence of the first network. This means that after the 

polymerization, the first network is already stretched due to the swelling in the 

reaction mixture of the second monomer, while the chains of the second network are 

in relaxed state. The extent of the first network stretching depends on the nature of 

the second network monomer, i.e., on the capacity of the first network to absorb the 

second monomer.  
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7. Deformation behavior of swollen hydrogels 

Swollen hydrogels behave like elastic or viscoelastic materials.
178

 The elastic 

behavior of swollen hydrogels to external stresses involves a high extensibility and 

nearly instantaneous and complete recovery after removal of the applied load. If the 

complete recovery after removal of the load is slow, the behavior is called 

viscoelastic. The time-dependent recovery is caused by the movement of the 

segments of the polymer chains. 

The viscoelastic behavior of hydrogels originates from two basic models 

characterizing the behavior of ideal elastic solid body (Hooke’s law) and ideal 

viscous liquid (Newton’s law). There are two basic classical models mathematically 

describing the viscoelastic behavior of hydrogels: Maxwell model describing the 

stress relaxation process when the system is subjected to a constant strain and 

Kelvin-Voigt model describing the creep behavior when the strain is changing with 

time at a constant stress.  

Compared to creep and relaxation experiments, the oscillating mode is more 

versatile and covers a wide range of conditions.
179,180

 Dynamic mechanical analysis 

in the form of oscillations provides quantitative information on the viscoelastic and 

rheological properties of materials measured under periodic stress or strain. In case 

of a non-destructive oscillation technique, a sinusoidal oscillating stress wave is 

applied to a material and the resulting strain wave is measured (Figure 13). For a 

purely elastic solid, the stress is in phase with the strain (phase angle is δ = 0°). For a 

purely viscous liquid, the stress is 90° out of phase. For a viscoelastic material, the 

phase angle is in between (0° < δ < 90°). 

   

Figure 13. Dynamic oscillation test representing the stress-strain relationship of 

purely elastic (a), purely viscous (b) and viscoelastic (c) materials. 



38 

 

The overall resistance of a material to deformation is assessed by the complex 

modulus (G
*
), which is resolved into two components – storage modulus (G’) and 

loss modulus (G”) – representing the elastic and viscous components of material 

behavior: 

𝐺∗ = 𝐺′ + 𝑖𝐺" =
𝜎∗

휀∗
 

                                             (Equation 1.1) 

The tangent of the phase angle (δ) – the loss factor (tan δ) – shows the ratio of 

energy lost to energy stored during the oscillatory deformation and is defined as: 

tan 𝛿 =
𝐺"

𝐺′
 

                                                      (Equation 1.2) 

The response of the material to loading can be characterized by several 

parameters, among which are Young’s modulus (E), describing the linear part of 

strain response only to uniaxial stress, and equilibrium shear modulus (G), describing 

the response to shear stress. For isotropic materials these moduli are related as: 

𝐸 = 2𝐺(1 + 𝜈) 

                                             (Equation 1.3) 

where ν is a Poisson’s ratio ranging in –1 < ν < 0.5. 

One of the important characteristics of materials is their resistance to 

rupture.
180

 There are two main responses of the material to the load: it can break 

immediately or undergo plastic deformation (Figure 14). In the first case, the brittle 

failure occurs at a very low strain. If before failure the sample undergoes the plastic 

deformation, then the behavior is called ductile failure with yield. The necking 

means the abrupt reduction of the cross section, in which the polymer molecules 

become reoriented and the material continues to extend (cold drawing). A new 

orientation of molecules results in a stiffer material (strain-hardening phenomenon). 
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Figure 14. Stress-strain range for materials of various fracture and yield.
180

 

7.1. Accuracy and precision of mechanical measurements 

Among the applied deformation modes of the hydrogels, the most common 

are: uniaxial elongation and compression, and the deformation in shear. Each type of 

deformation test has its own shortcoming. First of all, the examination of hydrogels 

should be carried out in swollen state, i.e., the sample is immersed into the solvent 

(water) to prevent the evaporation of latter. Uniaxial elongation implies the 

application of a tensile force to the material held between two grips. The sample and 

the grips should be correctly aligned as any off-center loading will exert bending 

loads on the sample.
181

 The contact between the sample and the grips should be 

strong enough to prevent the sample release during the elongation and, on the other 

hand, there should be no slippage between them to prevent the deformation by grip 

pressure contributing to an error. The main disadvantage of compression test is the 

bulging of hydrogel under compression and difficulty in uniform application of 

pressure.
182

 To overcome this issue, the hydrogel could be confined around its outer 

edge, but such manipulations change the nature of the measurement. 

Deformation of hydrogels in shear involves several important parameters 

influencing the results of measurement. For a good contact between the sample and 

plates, the hydrogel specimen should be parallel providing uniform contact with 

upper and lower plates through the entire area of both surfaces, and the surface 

roughness issues should be overcome. The procedure of finding a correct gap 

between rheometer plates implies finding such compressive stress, at which the 

dewatering and structure changing as well as the slippage are avoided.
172
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7.2. Deformation behavior of swollen IPN hydrogels 

Single network hydrogels have often poor mechanical properties due to the 

high content of water and randomly crosslinked network structure, the chains of 

which reveal a low resistance to breakage and crack propagation due to an 

insufficient energy dissipation mechanism. In general, the failure of material can be 

considered as two sequential processes of the initial fracture formation (nucleation) 

and the following fracture propagation (growth).
25

 Designing a material with superior 

mechanical properties means diminishing the number of factors causing initial 

fracture deformation. The concept of multicomponent interpenetrating polymer 

networks (IPNs) has been introduced to mixing immiscible polymers very often 

leading to improve of intrinsic mechanical properties of hydrogels. The mechanical 

properties of single network hydrogels are governed by the parameters such as the 

polymer structure, the number of elastically active network chains, the effective 

molecular weight between crosslinks, and the ratio between cyclization and 

crosslinking.
178

 Basically, the same parameters are valid for IPNs There are examples 

when the combination of two weak networks results in IPN material with good 

mechanical properties.
8,31,183

 For those specific cases, several main parameters 

affecting the structure and, hence, the mechanical properties of IPN hydrogels were 

distinguished: the nature of networks (polyelectrolytes or neutral networks), the 

molar ratio between the first and the second network monomers, the concentration of 

a crosslinker in both networks, and the molecular weight of polymer chains between 

crosslinks in the second network.
25,184

 The correct proportion between the 

components contributes to hydrogels with enhanced mechanical properties. 

The PHEMA-based IPN hydrogels are usually made for diverse purposes. In 

some cases,
98,99,104,105,135

 additionally to the main purpose of the research work the 

enhancement of mechanical properties was achieved. For instance, the Young’s 

modulus of swollen full-IPN hydrogel, in which the gelatin network was 

incorporated into the porous PHEMA network, was 80 kPa.
104

 This was higher than 

the Young’s moduli of constituent networks: 56 kPa for porous PHEMA prepared at 

70 wt.-% of dilution and 46 kPa for glutaraldehyde-crosslinked gelatin.
104

 Or, 

another example, when chitosan was incorporated into non-porous poly(2-

hydroxyethyl methacrylate-co-sodium methacrylate) network prepared at 30 wt.-% 

of water resulting in semi-IPN hydrogel with the Young’s modulus of 235 kPa 

compared to the PHEMA single network prepared at 30 wt.-% of water with the 
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Young’s modulus of 114 kPa.
135

 Opposite effect of worsening of the mechanical 

properties of PHEMA network when interpenetrated with the second network was 

also observed.
81,185

 Despite of that, the materials were still suitable for biomedical 

application. For instance, the tensile strengths and Young’s moduli of collagen-

immobilized PEG/PHEMA
81

 or methacrylated gelatin/PHEMA
68

 IPN hydrogels 

were slightly lower than that of constituent networks, but they were still greater than 

that of the human cornea.
72,73

 Eventually, there are only a few reports addressing the 

problem of improving the mechanical properties of PHEMA-based IPN hydrogels. 

And even less number of reports proposing the mechanisms of strengthening or 

toughening. 
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8. Theoretical background of swelling and elasticity of single 

network hydrogels 

The free swelling of polymer network implies the mixing of separate phases 

of the polymer chains of network and the solvent inducing the deformation of 

elastically active network chains (EANC). The change of the Gibbs energy on 

equilibrium swelling considered to be an additive function of mixing and 

elasticity:
186

 

∆𝐺sw = ∆𝐺mix + ∆𝐺el 

                                             (Equation 1.4) 

The Flory-Huggins formulation modified by Koningsveld and Staverman
187

 

gives for mixing of an infinite uncrosslinked molecule: 

∆𝐺mix = 𝑘𝑇(𝑁1 ln 𝜙1 + 𝑔(𝜙2)𝑁1𝜙2) 

                                             (Equation 1.5) 

where 𝑁1 is number of solvent molecules, 𝜙1 and 𝜙2 are volume fractions of 

solvent and polymer, respectively, 𝑔(𝜙2)  is the concentration dependent interaction 

function. For concentration independent 𝑔(𝜙2)𝑁1 = 𝜒, the mixing contribution to 

the chemical potential of solvent is obtained as: 

Δ𝜇1,mix

𝑅𝑇
=

1

𝑅𝑇
[
𝜕∆𝐺mix

𝜕𝑁1
]

p,T

=
∆𝜇1,mix,n

𝑅𝑇
= ln 𝜙1 + 𝜙2 + 𝜒𝜙2

2 

                                             (Equation 1.6) 

For the elastic contribution  ∆𝐺el which includes effect of chains crosslinking 

on the entropy change one gets: 

∆𝐺el

𝑘𝑇
≈

∆𝐹el

𝑘𝑇
=

𝐴𝑁e

2
(𝜆𝑥

2 + 𝜆𝑦
2 + 𝜆𝑧

2 − 3) − 𝐵𝑁e ln (
𝑉

𝑉0
) 

                                             (Equation 1.7) 

where  𝜆𝑥,  𝜆𝑦,  𝜆𝑧 are deformation ratios relative to the reference state, 𝑁e is 

the number of elastically active network chains,  𝑉 𝑉0⁄  is the swollen volume relative 

to the reference volume 𝜆𝑥,  𝜆𝑦,  𝜆𝑧 = 𝑉 𝑉0⁄ , A and B are front factors in the Flory-

Erman junction fluctuation theory; 𝐴 =  (𝑓e –  2)/𝑓e, 𝐵 =  0 for phantom network, 

and 𝐴 =  1, 𝐵 =  2/𝑓e for affine network. 
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For free swelling, 𝜆 = 𝜆𝑥 = 𝜆𝑦 = 𝜆𝑧 and  𝑉 𝑉0⁄ = 𝜆3.  

So, that: 

∆𝐺el

𝑘𝑇
=

𝐴𝑁e

2
(3𝜆2 − 3) − 𝐵𝑁e ln 𝜆3 

                                             (Equation 1.8) 

by passing from 𝑁e to the concentration 𝜈𝑒 and from the elastic contribution 

to the volume fractions 𝑉 𝑉0⁄ = 𝜆3 = 𝜙2
0/𝜙2 (𝜙2

0 being the volume fraction of 

network at state of network formation) assuming the network chains are in the 

reference state at the network formation conditions, the solvent chemical potential is 

obtained in the form: 

Δ𝜇1,el

𝑘𝑇
= [

𝜕(∆𝐺el 𝑘𝑇)⁄

𝜕𝑁1
]

𝑝,𝑇

=
𝜕(∆𝐹el 𝑘𝑇)⁄

𝜕𝜆

𝜕𝜆

𝜕𝑁1

= 𝐴𝑉1m𝜈e(𝜙2
0)2/3𝜙2

1/3
− 𝐵𝑉1m𝜈e𝜙2

1/3
 

                                             (Equation 1.9) 

where 𝑉1m is the molar volume of the solvent, if one lattice site is occupied 

by one solvent molecule. 

At equilibrium swelling, the chemical potentials of solvent in each of the 

phases should be equal. Since the gel is in equilibrium with pure solvent, the 

chemical potential of which is by definition equal to zero, the following condition 

holds: 

ln 𝜙1 + 𝜙2 + 𝜒𝜙2
2 + 𝑉1m𝜈e(𝐴(𝜙2

0)2/3𝜙2
1/3

− 𝐵𝜙2
1/3

) 

                                             (Equation 1.10) 

Elasticity of single network 

For deformation of any geometry, we start from equation (above): 

∆𝐺el

𝑘𝑇
≈

∆𝐹el

𝑘𝑇
=

𝐴𝑁e

2
(𝜆𝑥

2 + 𝜆𝑦
2 + 𝜆𝑧

2 − 3) − 𝐵𝑁e ln (
𝑉

𝑉0
) 

                                             (Equation 1.11) 

and introduce the bounds between deformation components.  

The deformation ratios related to the reference state ( state at network 

formation) or related to “practical” deformation ratios related to the isotropic 

(swollen) and undeformed state: 
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𝜆𝑗 =
𝐿𝑗

𝐿𝑗0
= 𝛬𝑗

(𝐿𝑗)
𝑖𝑠𝑜

𝐿𝑗0
= 𝛬𝑗𝜙2

−1/3(𝜙2
0)1/3 

                                             (Equation 1.12) 

Thus, for simple shear 𝛬𝑥 = 𝛬, 𝛬𝑦 = 1, 𝛬𝑥𝛬𝑦𝛬𝑧 = 𝑉 𝑉𝑖𝑠𝑜⁄ , 𝛬𝑧 =

(𝑉 𝑉iso⁄ )𝛬−1 ≈ 𝛬−1. 

With this bound: 

∆𝐹el

𝑘𝑇
=

𝐴𝜙2
−2/3(𝜙2

0)2/3𝑁e

2
(𝛬2 + 𝛬−2 − 2) − 𝐵𝑁e ln (

𝑉

𝑉0
) 

                                             (Equation 1.13) 

Transforming  𝛾 = 𝛬−𝛬−1 and differentiating with respect to 𝛾, one gets the 

shear stress: 

(
𝜕∆𝐹el

𝜕𝛾
)

𝑇,𝑉

= 𝜎sh,sw = 𝐴𝑁e𝑘𝑇𝜙2
−2/3(𝜙2

0)2/3𝛾 

                                             (Equation 1.14) 

and, finally, the shear stress reads (per swollen cross-section and passing to 

concentrations): 

𝜎sh,sw = 𝑅𝑇𝐴𝜈e𝜙2
1/3(𝜙2

0)2/3𝛾 = 𝐺sw𝛾 

                                             (Equation 1.15) 

and the shear modulus: 

𝐺sw = 𝑅𝑇𝐴𝜈e𝜙2
1/3(𝜙2

0)2/3 

                                             (Equation 1.16) 

For uniaxial extension/compression, the axial bonds bounds are: 

𝛬𝑥 = 𝛬, 𝛬𝑦 = 𝛬𝑧, 𝛬𝑥𝛬𝑦𝛬𝑧 = 𝑉 𝑉𝑖𝑠𝑜⁄ , 𝛬𝑦
2 = 𝛬𝑧

2 = (𝑉 𝑉𝑖𝑠𝑜⁄ )𝛬−1 = (𝜙2,𝑖𝑠𝑜 𝜙2⁄ )𝛬−1 ≈

𝛬−1 

∆𝐹el

𝑘𝑇
=

𝐴𝑁e𝜙2
−2/3(𝜙2

0)2/3

2
(𝛬2 + 2𝛬−1 − 3) − 𝐵𝑁e ln (

𝑉

𝑉0
) 

                                             (Equation 1.17) 

The uniaxial force, 𝑓ec to achieve deformation 𝛬 (subscript “ec” stands for 

extension/compression): 
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(
𝜕∆𝐹el

𝜕𝐿x
)

𝑇,𝑉

= 𝑓ec = 𝐴𝑁e𝑘𝑇𝜙2
−2/3(𝜙2

0)2/3(𝛬 − (𝜙2,iso 𝜙2⁄ )𝛬−2)

≈ 𝐴𝑁e𝑘𝑇𝜙2
−2/3(𝜙2

0)2/3(𝛬 − 𝛬−2) 

                                             (Equation 1.18) 

Passing to concentrations and stress, 𝑓ec, per unit cross-section area of 

undeformed, isotropic sample, one gets: 

𝜎ec =
𝑓ec

𝑆iso
= 𝐴𝜈e𝑅𝑇𝜙2

1/3(𝜙2
0)2/3(𝛬 − 𝛬−2) 

                                             (Equation 1.19) 

The Young’s modulus, E, in uniaxial extension defined as: 

𝜎ec = 𝐸휀 = 𝐸(𝛬 − 1) 

                                             (Equation 1.20) 

is not constant but varies with deformation; only for very small 휀 =  𝛬 − 1, it 

is equal to 3G as can easily be seen by expanding 𝜎ec into power series of 𝛬 − 1. 
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Chapter 2. Aims and scope 

The principal goal of this work is to understand the process of formation of 

interpenetrating polymer networks (IPN) from selected methacrylate hydrophilic 

monomers and the role of the formed IPN microstructure in its swelling and 

mechanical properties and set the conditions under which the concept of 

macromolecular network interpenetration will lead to mechanical reinforcement of 

the hydrogels. The studied IPN systems will be based on the two chemically identical 

or two chemically different hydrophilic methacrylate-based constituent networks.  

To achieve the goal, the particular aims of the work address the following 

issues: 

1. Study the effect of the first network hydrogel as the parent matrix on the 

properties of the sequentially prepared IPNs. Focus on the effect of the first network 

morphological structure on the microstructure, swelling and mechanical behavior of 

the resulting IPN hydrogels. The hydrogel matrices of interest will have porous vs. 

non-porous morphology. 

2. Study the rate and mechanism including the gelation of the second 

network formation in the first network milieu. 

3. Explore the effect of mechanical reinforcement in equilibrium swollen IPN 

hydrogels via the network interpenetration concept.  

The hydrophilic analogs of 2-hydroxyethylmethacrylate (HEMA) have been 

one of the most important monomers in ophthalmologic biomedical areas and 

became the material standard for contact lenses, soft intraocular lenses, body 

implants and tissue engineering matrices to name the most important ones. The IPN 

concept is envisaged to broaden the range of relevant swelling and mechanical 

performance of HEMA and its analog, glycerol methacrylate (GMA)-based systems. 

Therefore the goal of the theses is also to contribute to presently limited information 

on the particular HEMA-HEMA and HEMA-GMA–based IPN hydrogels.  
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In scope of these aims, the results are presented and discussed as follows: 

Section 1 offers the overview of all experimental series prepared and 

discussed in this work: the preparation of selected single network hydrogels by 

crosslinking polymerization of HEMA and GMA monomers leading to hydrogels of 

different microstructure and porosity utilizing the in situ phase separation or 

cryogelation and preparation of corresponding IPN hydrogels based on these 

matrices is described in detail. 

Section 2 presents insight into the formation of the second network in the first 

network environment studied by monitoring the conversion of monomer double 

bonds due to polymerization by ATR FTIR spectroscopy and by monitoring the 

change of UV light absorption and scattering using UV-VIS spectroscopy. The 

gelation of single and interpenetrating crosslinking systems was studied by 

rheological measurements. 

In Sections 3–5, the structure-properties relationships for PHEMA-PHEMA 

and PHEMA-PGMA IPNs and their constituent networks are addressed. In 

particular, Section 3 brings study of the microstructure of hydrogels by SWAXS and 

links it with the macroscopic hydrogel appearance. 

Section 4 deals with the swelling behavior of single and IPN hydrogels in 

water as the most important solvent for these materials and in solvents 

thermodynamically better than water bringing structural information. The capacity of 

extension of network chains of the single network embedded within the IPN structure 

upon swelling was quantified. 

In Section 5, the deformation responses of the prepared single and IPN 

networks swollen to equilibrium in water are determined by application of small-

strain and large-strain deformations. Small-strain shear and tensile deformation 

provided information on equilibrium moduli, while large-strain deformation provided 

stress-strain dependencies up to ultimate sample failure – thus, we obtained the stress 

and strain at break. Effect of water content at preparation and crosslinker 

concentration in both networks is discussed in this context. Comparisons are made 

between all IPN hydrogels on the basis of moduli and degrees of swelling. A 

theoretical treatment of swelling and deformation responses of IPNs of homogeneous 

structure and chemically equal networks 1 and networks 2 is put forward and some 

experimentally obtained parameters are compared with the predicted ones.  
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Chapter 3. Experimental part 

1. Chemicals 

1.1.Monomers, initiators, and solvent 

2-hydroxyethyl methacrylate (HEMA) (Rohm and Haas) contained 0.14 wt.-

% of ethylene glycol dimethacrylate (EGDMA) and 105 ppm of 4-methoxyphenol 

(MEHQ); 2,3-dihydroxypropyl methacrylate (glycerol methacrylate, GMA) (BASF) 

contained 0.03 wt.-% of glycerol dimethacrylate (GDMA). The crosslinker, i.e., 

di(ethylene glycol) dimethacrylate (DEGDMA), the catalyst, i.e., N,N,N’,N’-

tetramethylethylenediamine (TEMED), initiators, i.e., ammonium persulfate (APS) 

and 2,2′-azobis(2-methylpropionitrile) (AIBN), and swelling solvent, i.e., dimethyl 

sulfoxide (DMSO), were purchased from Sigma-Aldrich, 2-hydroxy-2-methyl-1-

phenyl-propane-1-one (DAROCUR 1173) initiator was purchased from Ciba. The 

chemicals were used as received. 

1.2. Fluorescent labels 

Fluorescein isothiocyanate isomer I (FITC), DY-677-NHS (amine coupling 

asymmetric cyanine ester), and N-(3-aminopropyl) methacrylamide hydrochloride as 

methacryloylation agent were purchased from Sigma-Aldrich and further chemically 

modified to introduce polymerizable groups utilized in gel structure visualization by 

laser scanning confocal microscopy. 

2. Preparation of samples 

2.1. Synthesis of the first network: PHEMA 

2.1.1. Synthesis of soft hydrogels 

The poly(2-hydroxyethyl methacrylate) (PHEMA) hydrogels, as the first 

network of IPNs, were prepared using redox-initiated free-radical polymerization 

using diethylene glycol dimethacrylate (DEGDMA) as a crosslinker and ammonium 

persulphate (APS) with N,N,N’,N’-tetramethylethylenediamine (TEMED) as a redox-

initiating system. Aqueous solutions containing various amounts of mixtures of 

HEMA with the crosslinker DEGDMA (0.2 – 6 mol-% per monomer) and 0.75 wt.-

% of APS initiator per monomers were prepared and stirred for 5 minutes while 

purged with nitrogen. Then, the co-initiator TEMED was added and the reaction 

mixture was quickly injected between two glass plates 8  8 cm, separated by a 
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silicone rubber spacer serving as a frame. The reaction was carried out at room 

temperature overnight. Next day, the sample was taken out of the mold and washed 

with distilled water to remove all unreacted species. The soaking and replacement 

cycles were repeated several times until constant weight of the swollen hydrogel was 

reached. The amount of sol was determined gravimetrically and did not exceed 5 wt.-

% per initial monomers. 

2.1.2. Synthesis of hydrogels via bulk polymerization 

The reaction mixture containing HEMA monomer, DEGDMA crosslinker 

and 2,2′-azobis(2-methylpropionitrile) (AIBN) thermal initiator was stirred for 5 

minutes while purged with nitrogen, injected between two glass plates with a silicone 

spacer, and placed into an oven at 70 °C for 12 hours. Then the sample was removed 

from the mold, washed by swelling-replacement cycle and swollen to its equilibrium 

volume in water. 

2.1.3. Synthesis of cryogels 

The reaction components (HEMA, DEGDMA, APS/TEMED and water) were 

first pre-cooled in a refrigerator and then quickly mixed and gently stirred for 2-3 

minutes while purged with nitrogen. The monomer solution was then injected into 

the pre-cooled glass plate mold, and placed in a freezer at -14°C. The sample was 

taken out after 24 hours, conditioned at laboratory temperature, removed from the 

mold, washed by swelling-replacement cycle and swollen to its equilibrium volume 

in water. In the case of the double-porous cryogels synthesis, 0.5 M aqueous solution 

of NaCl was used instead of pure water, otherwise the procedure was absolutely the 

same. 

2.2. Synthesis of the reference second network hydrogels: PGMA or 

PHEMA 

Reference single network poly(glycerol methacrylate) (PGMA) or PHEMA 

hydrogels were synthesized by photopolymerization of the respective monomer 

containing 0.3 mol-% of DEGDMA crosslinker (per monomers) and 0.5 wt.-% of 2-

hydroxy-2-methyl-1-phenyl-propane-1-one (DAROCUR 1173) photoinitiator. The 

reaction mixture was stirred for 5 min, bubbled with nitrogen, injected between two 

glass panels separated by a silicone rubber frame and exposed to a UV light source 

composed of four Repti-Glo 8.0 UVB EXO-TERRA 15 W fluorescent lamps with 

the incident intensity of 10 mW/cm
2
 for 90 min. The distance of the sample from the 
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UV source was kept constant in all gel preparations. When the full conversion was 

reached (time was tested previously in a preliminary polymerization), the sample was 

thoroughly washed with distilled water again to remove possible unreacted material. 

2.3. Synthesis of IPN hydrogels 

The IPN hydrogels were prepared by a sequential two-step free-radical 

procedure; the first network was formed by a polymerization using redox initiation, 

while the second one by UV polymerization using photoinitiator. The PHEMA 

hydrogel first network swollen in water was immersed into the reaction mixture of 

the second monomer, i.e., GMA, 0.3 mol-% of the crosslinker (DEGDMA), and 0.5 

wt.-% of initiator (2-hydroxy-2-methyl-1-phenyl-propane-1-one). Before starting the 

second polymerization by UV irradiation, the equilibrated reaction mixture was 

replaced by a fresh one, and this was repeated 3-4 times in order to replace 

completely water by monomers. The composition of swelling liquid surrounding the 

gel was checked by determining the refractive index of the liquid. During swelling in 

the monomer mixture, the samples were kept in a dark cabinet to prevent 

photoinitiation by ambient light. Constant volume of the swollen gels at room 

temperature was attained in 10 days. The specimens were then exposed for 90 min to 

ultraviolet light of the intensity of 10 mW/cm
2
 to get them polymerized. After that 

time, the residual uncrosslinked monomers were removed by washing with distilled 

water. 

2.4. Coding of samples 

The single network gels were coded as, for example,  

H80/1 or G0/0.3 

Here, the first letter (H or G) means the HEMA or GMA monomer used for 

polymerization, respectively, the numbers following the letter define the 

concentration of water in wt.-% used as the diluent in the polymerization and the 

numbers following the slash mean crosslinker concentration in mol-% in the mixture 

of monomers. The IPN hydrogels were coded as, for example,  

H80/1–G0/0.3 

where the first part of the code describes the composition of the first network, 

and the second part following the hyphen describes the composition of the second 

network. Letter and numbers have the same meaning as above. 
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3. Characterization of gels 

3.1. Kinetics of gel formation 

3.1.1.  ATR FTIR measurements 

The infrared spectra were recorded on a Nexus Nicolet 870 FTIR 

spectrometer purged with dry air and equipped with a liquid nitrogen cooled MCT 

(mercury cadmium telluride) detector. The spectra of the solutions and hydrogel 

samples were acquired using the Golden Gate single reflection ATR cell (Specac) 

equipped with a diamond internal reflection element. When the first network swollen 

in the GMA monomer was transferred onto the diamond crystal, the spectrum was 

obtained without applying any force and without covering the sample. When a 

sample of the IPN being formed was placed onto the crystal, then, if the time of UV 

irradiation was equal to or longer than 7 min, a pressure was applied to the sample 

using the arm of the ATR accessory. The spectra were recorded with a resolution of 

4 cm
–1

; 32 scans were averaged to form a spectrum. After subtracting the spectrum of 

the atmosphere, baselines were corrected (linear baseline correction) and an 

advanced ATR correction was applied. The spectra were normalized using the 

integrated intensity of the C–H stretching vibration bands; the region between 3050 

and 2650 cm
–1 

was used for integration. 

To monitor the rate of the photopolymerization during the single network 

hydrogel formation, the reaction mixture containing the GMA monomer was divided 

into aliquots which were placed into open containers and exposed to UV light of 

intensity of 10 mW/cm
2
. Before starting the irradiation with UV, a spectrum of one 

of the aliquots was recorded, corresponding to the time t = 0 min. Next, over a period 

of 100 minutes, always a new container with a mixture irradiated for given time was 

used to record a spectrum of the forming PGMA.  

In the case of the IPN formation, prior to irradiation with UV light, the 

PHEMA network swollen in the GMA monomer mixture was cut into pieces and 

placed onto a Nescofilm to remove the excess monomer of GMA. Then, all samples 

were exposed to the same UV source and irradiated for given time interval and then 

transferred onto the ATR crystal with their top surface in contact with the crystal. 

The corresponding spectra were acquired over a period of 90 minutes. A piece of the 

monomer-swollen gel not irradiated with UV was measured at time 0 min and taken 

as a reference.  
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3.1.2.  Sol extraction 

A series of six samples of parent PHEMA hydrogels swollen in monomers 

mixture of network 2 were irradiated within 0 and 60 minutes. At a given time, the 

irradiation of each sample was stopped, and the sample was placed into a solvent – 

dimethyl sulfoxide (DMSO) for sol extraction. The extracting medium was replaced 

with a fresh portion of DMSO several times. After the complete sol extraction, the 

IPN gel was washed with water and then dried. The sol fraction was calculated as: 

𝜔𝑠𝑜𝑙 =
𝑚𝑛𝑒𝑡2

𝑠𝑜𝑙 − 𝑚𝑛𝑒𝑡2

𝑚𝑛𝑒𝑡2
𝑠𝑜𝑙  

 (Equation 3.1) 

where 𝑚𝑛𝑒𝑡2
𝑠𝑜𝑙  is the weight of dry network 2 and sol, while 𝑚𝑛𝑒𝑡2 is the 

weight of dry network 2; 𝑚𝑛𝑒𝑡2
𝑠𝑜𝑙  is the difference between the weight of the IPN after 

the irradiation (𝑚𝑛𝑒𝑡1+𝑛𝑒𝑡2
𝑠𝑜𝑙 ) and the weight of dry network 1 (𝑚𝑛𝑒𝑡1), while 𝑚𝑛𝑒𝑡2 is 

the difference between the weight of dry IPN after sol extraction (𝑚𝑛𝑒𝑡1+𝑛𝑒𝑡2
𝑑𝑟𝑦

) and 

the weight of dry network 1 (𝑚𝑛𝑒𝑡1). 

3.1.3.  UV-VIS spectrophotometry 

The kinetics of the polymerization was also followed using UV-VIS optical 

extinction measurements. Liquid and solid samples were measured in a mold 

assembled using two flat quartz glasses and a silicone rubber spacer. The thickness 

of the silicone rubber spacer and of each quartz glass was 1 mm. The mold filled 

with the sample was irradiated outside the spectrophotometer using UV light of 10 

mW/cm
2
 intensity, and at defined periods of time transferred into the 

spectrophotometer for spectra acquisition. The total irradiation time was 90 minutes. 

The optical transmission spectra of the samples were acquired using a PerkinElmer 

Lambda 950 spectrophotometer in the wavelength range from 190 to 800 nm. The 

samples were attached directly to the solid state sample holder and measured with 

unpolarized light using a common beam depolarizator. Alternatively, the samples 

were attached to the input port (aperture diameter 2.5 cm) of the 60 mm integrating 

sphere for the diffuse optical transmission measurements. 

3.1.4.  SWAXS measurements 

X-ray scattering experiments were performed using a pinhole camera 

(Molecular Metrology SAXS System) attached to a microfocus X-ray beam 

generator (Bede, Durham, UK) operating at 45 kV and 0.66 mA (30 W). The camera 
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was equipped with a multiwire, gas-filled area detector with an active area diameter 

of 20 cm and 512512 pixels (Gabriel design). A PIN diode was part of the 

beamstop. This configuration served not only to protect the detector from the primary 

beam but, at the same time, to measure its intensity. Measurements were conducted 

in a momentum transfer range (510
-2

 < q < 11) nm
-1

 (λ = 0.154 nm). Scattering 

measurements covering this region are usually denoted as SWAXS small and (near) 

wide angle X-ray scattering. The measured intensities were put on the absolute scale 

using a glassy carbon standard. In the case of monitoring the changes during gelation 

in single (not interpenetrating networks) hydrogels, the reaction components were 

mixed immediately prior to SWAXS measurements leaving out TEMED to slow 

down the reaction rate, the solution was placed in a standard capillary, placed in the 

sample holder, and the reaction was followed in situ at the room temperature. In the 

case of monitoring the IPNs formation, the thin strips of the pre-formed first network 

swollen in the monomers of the second network were irradiated outside the camera; 

and after a certain time of irradiation (0, 15, 30, 45, 60 and 90 min) each stripe was 

placed in a standard capillary, placed in the sample holder and measured. 

3.1.5.  Chemorheological determination of the gel point 

Chemorheological measurements were carried out using a Bohlin Gemini HR 

Nano oscillatory rheometer (Malvern, UK) equipped with a Peltier measuring table 

for temperature control. The viscoelastic response of the sample due to gelation was 

monitored on the basis of changes in the storage (G′) and loss (G″) shear moduli 

during the crosslinking reaction. The deformation responses of the in situ 

crosslinking gel was monitored in an oscillation–time sweep mode at a frequency of 

0.05 Hz. First, the initial curing region up to the liquid−solid transition was 

monitored by the stress-control mode, and then, when the system passed through the 

gel, the mode of deformation control was switched to the strain-control mode. This 

ensured that the condition of the so-called linear viscoelastic region applied 

throughout the entire curing cycle, and at the same time, the applied and measured 

forces and strains were relevant. The dynamic storage G′ and loss G″ moduli were 

plotted as functions of the gelation time. To prepare hydrogels, an aliquot of GMA 

reaction mixture (HEMA, DEGDMA and AIBN) or PHEMA hydrogel swollen in the 

GMA reaction mixture were placed between two parallel plates of 40 mm diameter. 
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The reaction was initiated by AIBN thermal initiator at 70 °C. A special solvent trap 

was used to avoid the evaporation of the monomer mixture during the reaction. 

3.2. Differential scanning calorimetry 

Differential scanning calorimetry (DSC) records were obtained using TA 

Instruments Q2000 calorimeter. Nitrogen was used as a purge gas at a flow rate of 50 

mL/min. Heat flow was calibrated with a standard sample of indium. The samples of 

about 20 mg were placed inside aluminum pans and subjected to annealing 

treatments. The enthalpy of polymerization was recorded in a temperature range 20 – 

150 °C at a heating rate of 3 °C/min. 

3.3. Dynamic light scattering 

Dynamic light scattering (DLS) experiments were performed using Zetasizer 

Nano-ZS instrument, model ZEN3600 (Malvern Instruments, UK). Two series of 

solutions were prepared: (1) “monomer–water” mixtures of various ratios and (2) 

“monomer–water–crosslinker” solutions, in which the content of water was constant 

(40 wt.-%), while the concentration of crosslinker varied in the range from 0 to 6 

mol-% per monomer. The scattering intensities and hydrodynamic diameter of 

aggregates (Dh) were measured at a scattering angle of θ = 173°. The DTS (Nano) 

software was used to evaluate the data. The intensity-weighted value of the apparent 

Dh was chosen to characterize the dispersity of the aggregates in solutions. 

3.4.  Morphology studies 

3.4.1. Cryo-Scanning Electron Microscopy (Cryo-SEM) 

The morphology of the flash-frozen hydrogels was studied by means of low-

vacuum cryo-scanning electron microscopy (cryo-LVSEM). The scanning electron 

microscope (Quanta 200 FEG, FEI, Czech Republic) was equipped with a Peltier 

cooling stage and a secondary electron detector working under vacuum (large-field 

detector, LFD). A small piece of wet hydrogel was flash-frozen in liquid nitrogen, 

fixed with ice onto the pre-cooled stage (at -10 °C) and then the thin frozen top layer 

of the specimen was cut off with a razor blade. The freshly open frozen surface of the 

sample was observed under low-pressure cryo-conditions and using secondary 

electrons imaging at an accelerating voltage of 10 kV. 
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3.4.2. Light microscopy (LM) 

Light microscopy studies of wet hydrogels were performed with Leica 

DM6000 M (Leica, Austria) microscope equipped with a digital camera and extra-

large working distance objectives with extended depth of focus and possibility of 

bright field and dark field imaging in both transmitted and reflected light. The 

samples were submerged in water at all times. A thin slice of hydrogel cut with a 

sharp blade was placed between the support and cover glasses and observed in the 

light microscope at room temperature. 

3.4.3. Laser scanning confocal microscopy 

The structure of hydrogels in the wet state was visualized by laser scanning 

confocal microscopy (LSCM) Fluoview FV1200 (Olympus, Japan). After its 

formation, the single network hydrogel H80/1 was stained with fluorescein 

isothiocyanate (FITC). First, methacryloylated FITC was dissolved in phosphate-

buffered saline (PBS) solution. Then, macroporous hydrogel was immersed into the 

0.01 wt.-% PBS solution of methacryloylated FITC and let swell to achieve uniform 

staining. After 3-4 days, samples were thoroughly washed by pure PBS solution to 

remove the excess fluorescein from interstitial spaces within the pores.  

The preparation of H80/1–G0/0.3 IPN hydrogel for structure visualization 

was different. Two types of dyes were used to distinguish two networks of the IPN. 

Methacryloylated fluorescein isothiocyanate with the excitation spectrum peak at 495 

nm was covalently embedded in the first PHEMA network and the methacryloylated 

fluorescent dye, DY-677, exerting the main excitation peak at 673 nm was 

incorporated in the second PGMA network. Both dyes were covalently modified 

with methacrylate functionality (the procedure is described in Supporting 

Information). Each modified dye with attached polymerizable double bond was 

copolymerized into the backbone chain of the corresponding polymer network. An 

argon ion laser and diode laser providing emissions at wavelengths of 488 nm and 

635 nm, respectively, were used to excite the labeled hydrogels. Fluorescence images 

were captured with an objective with the magnification 50 and using double digital 

zoom. The materials were visualized at a room temperature. 
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3.5. Swelling degree 

3.5.1.  Swelling in monomers and solvents 

The volume swelling ratio (QV) of disc-shaped hydrogel samples was 

assessed by measuring the discs dimensions achieved in the equilibrium swollen state 

(𝑉sw) and after drying (𝑉d) in vacuum oven at 100 °C to constant weight; it was 

defined as: 

𝑄V =
𝑉sw

𝑉d
 

                                      (Equation 3.2) 

The chain dilation factor (α) was related to reference network chain 

dimensions (volume at network formation) and calculated from the volume swelling 

ratio as: 

𝛼 = √𝑉 𝑉nf⁄
3

 

                                   (Equation 3.3) 

where 𝑉 and 𝑉nf are actual (at a given state) volume and volume at network 

formation, respectively.  

When relation (3.3) is applied to macroporous gels, it is assumed that network 

chains in pore walls at the end of gel preparation are in their reference states and are 

randomly oriented. During drying of such gels, some smaller pores may collapse by 

capillary contraction or the pore walls shrink non-affinely with external dimensions, 

so that the value of 𝛼 < 1 as a measure of network chain contraction is only 

approximate. 

The weight swelling ratio (Qm) of the disc-shaped hydrogel samples was 

assessed by measuring the weight of disc in the equilibrium swollen state (𝑚sw) and 

after drying (𝑚d) in vacuum oven at 100 °C to constant weight; it was defined as: 

𝑄m =
𝑚sw

𝑚d
 

                                    (Equation 3.4) 

The equilibrium solvent or water content (ESC or EWC) was determined 

using a gravimetric method. Weights of swollen (𝑚sw) and dry (𝑚d) hydrogels were 

used in the following expression: 
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ESC, EWC =
𝑚sw − 𝑚d

𝑚d
 

                             (Equation 3.5) 

The swelling degree (SD) was determined using a gravimetric method. 

Weights of swollen (𝑚sw) and dry (𝑚d) hydrogels were used in the following 

expression: 

SD =
𝑚sw − 𝑚d

𝑚sw
 

                             (Equation 3.6) 

3.5.2.  Swelling of gel phase in water vapor. Determination of the porosity 

Preliminarily freeze-dried gels were placed into the desiccator equipped with 

a sensor detecting the humidity and temperature inside (Figure 15). The high 

humidity (according to the sensor as high as 99.9 %) was provided by the wet tissue 

located at the bottom of the chamber and kept constant due to a good sealing, while 

the temperature inside was corresponding to a room temperature. The sample was 

inserted into the vial, which was kept open during the entire swelling experiment. 

Prior to weighing, the vial with sample was quickly taken from the chamber and 

closed. 

 

Figure 15. Swelling of gels in water vapor. 

The equilibrium water content (EWCG) in the gel phase was determined as: 

EWCG =
𝑚sw

V − 𝑚d
L

𝑚d
L

 

                  (Equation 3.7) 
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where (𝑚sw
V ) and (𝑚d

L) are weights of hydrogels swollen in water vapor and 

freeze-dried. 

The porosity (P) of gels was assessed from the weight of sample fully 

swollen in water (𝑚sw) and the weight of sample the gel phase of which is swollen in 

water vapor (𝑚sw
V ): 

𝑃 =
𝑚sw − 𝑚sw

V

𝑚sw
 

                                    (Equation 3.8) 

3.5.3.  Determination of gel porosity by swelling in cyclohexane 

Preliminarily freeze-dried gels were immersed into cyclohexane for 1 hour 

and quickly weighed afterwards. This was repeated at least three times for each gel. 

The porosity (P) of gels was assessed from the weight of sample the pores of which 

were filled with cyclohexane (𝑚sw
CH) and the weight of freeze-dried sample (𝑚d

L): 

𝑃 =
𝑚sw

CH − 𝑚d
L

𝑚sw
CH

 

                                   (Equation 3.9) 

3.5.4. Gel porosity assessed by calculation of fraction of pores 

The porosity of macroporous gels can roughly be assessed by calculation of 

fraction of pores (𝝋𝐩𝐨𝐫𝐞𝐬): 

𝜑𝑝𝑜𝑟𝑒𝑠 =
(ESCx − ESC40) ∙ 𝜌gel

(1 + ESCx) ∙ 𝜌solv
 

                       (Equation 3.10) 

where (ESCx) and (ESC40) are equilibrium solvent contents in considered gel 

and in PHEMA gel prepared with 40 wt.-% of water, respectively, while (𝜌gel) and 

(𝜌solv) are densities of considered gel and solvent, respectively. The detailed 

derivation procedure is available in appendix (appendix 2). 
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3.6. Deformation behavior 

3.6.1. Tensile tests 

Tensile mechanical measurements were performed on Linkam TST 350 

equipment with maximum load of 50 N at ambient temperature. All hydrogels were 

tested after complete equilibration after immersing in distilled water. The samples 

were patterned into dog-bone shaped pieces of 8  4 mm (central part). The thickness 

of gels was dependent on their swelling properties and varied within 1 and 3 mm. 

Hydrogels were fixed in the grips and the extension speed was 10 μm/s. For each 

hydrogel composition, at least five samples were measured. The stress was expressed 

as force per initial specimen cross-section area and strain was expressed as  

 
𝑠𝑡𝑟𝑎𝑖𝑛 = 100 ×

𝐿 − 𝐿i

𝐿
 

 

(Equation 3.11) 

where 𝐿i is the initial (isotropic) sample length (distance between clamps) and 

𝐿 is the extended sample length at given stress. The relation between strain and 

deformation ratio  is 𝑠𝑡𝑟𝑎𝑖𝑛 = 100 × (𝜆 − 1), where 𝜆 = 𝐿/𝐿i. The true strength is 

defined as:  

 𝜎true = (𝜆 − 1)𝜎break  

(Equation 3.12) 

where 𝜎break is the value of stress at break. 

3.6.2. Rheological measurements 

Bohlin Gemini HR Nano (Malvern Instruments, UK) equipped with a Peltier 

element temperature controller was utilized to assess dynamic viscoelastic properties 

of swollen hydrogels (Figure 16). Stainless steel parallel plate-plate geometry of 20 

mm diameter was used for rheological measurements of hydrogels at a gap size 

(distance of measuring plates) between 1 and 4 mm. A bottom of a special solvent 

dish filled with water during measurement served as a lower plate preventing drying 

out of the swollen sample. Thus, each hydrogel was always immersed in water 

during the measurement.  
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Figure 16. Measuring cell of rheometer consisting of a Peltier element 

temperature controller, measuring plate-plate geometries, and a solvent dish. 

The correct gap between the plates is considered to be found, when sliding of 

the sample does not occur, full contact between plates and sample is achieved and 

deswelling does not occur. Viscoelastic behavior of the hydrogels was studied in the 

stress-control mode of the frequency sweep test at 25 °C covering a range of 

frequencies from 0.003 to 100 Hz. The stress value was chosen within linear 

viscoelastic range determined from the amplitude sweep test. 
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Chapter 4. Results and discussion 

1. Overview of systems studied in thesis 

1.1.  Selection of monomers and sample coding 

In this work, as model systems, the monomers of methacrylate class were 

used because of facile preparation of polymers and applicability. The structural 

formulas of monomers used in our work are given in Figure 17. Both 2-hydroxyethyl 

methacrylate (HEMA) and glycerol methacrylate (GMA) monomers are infinitely 

miscible with water. Due to the additional hydroxyl group, the GMA monomer is 

even more hydrophilic than the HEMA monomer. Monomers were used as 

purchased without removing the hydroquinone inhibitor (MEHQ), the concentration 

of which was around 100 ppm. The effect of inhibitor was suppressed by relatively 

high concentrations of added initiators (0.5 – 0.75 wt.-%), that were ammonium 

persulfate (APS), 2,2′-azobis(2-methylpropionitrile) (AIBN), and 2-hydroxy-2-

methyl-1-phenyl-propane-1-one (DAROCUR 1173). 

HEMA GMA

EGDMA GDMA

DEGDMA DAROCUR 1173
 

Figure 17. Structure of monomers. 
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Each monomer contained defined amount of bifunctional species leading to 

crosslinking polymerization even when the additional crosslinker was not added. 

According to the gas chromatography data, HEMA monomer of the source used here 

contained 0.14 wt.-% of ethylene glycol dimethacrylate (EGDMA), while GMA 

contained 0.03 wt.-% of glycerol dimethacrylate (GDMA). This fact was taken into 

account in calculations. The code of each sample represents only the amount of 

added for synthesis of covalent networks crosslinker. For instance, in the code 

“H80/1” the first letter (H) means the HEMA monomer used for polymerization, the 

number “80” defines the concentration of water in wt.-% used as diluent at 

polymerization and the number “1” following the slash means that 1 mol-% of 

crosslinker was added into the reaction mixture besides the amount of crosslinker 

irremovable from HEMA monomer. More details on sample coding are available in 

Experimental part (paragraph 2.4). 

1.2.  Types of PHEMA network 1 

The single network hydrogels prepared as matrices for interpenetration by the 

second network were of various microstructures due to the different compositions of 

reaction mixtures and polymerization conditions. The network 1 microstructure 

variety is shown in Figure 18. When the amount of water in the reaction mixture is 

below the miscibility threshold (40 wt.-%), the polymerization within the entire 

volume leads to homogenous swollen gel without pores. High dilution of monomers 

(80 wt.-% of water) leads to the reaction induced phase separation, so called 

microsyneresis
148

, which causes the formation of macroporous system. When the 

latter is polymerized under cryo-conditions, i.e., at temperatures below zero, the 

macropores are formed due to the formation of ice crystals acting as templates, while 

the walls of the hydrogels are non-porous. The polymerization of the same system 

under cryo-conditions in the presence of salt solution results in an interesting 

structure with large and small pores, that we call “double-porous cryogel”. The pore 

formation was caused by ice crystals formation and by microsyneresis. 
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Figure 18. Types of PHEMA network 1 studied in the thesis used as parent networks 

for interpenetrating network (IPN) hydrogels.  

1.3. Map of IPN hydrogels studied in thesis 

The swollen network 1/network 2 IPN hydrogels were obtained by a four-step 

sequential process schematically shown in Figure 19. The details of synthesis were 

described in Experimental part (paragraph 2.3). Here, only some important features 

of IPN preparation will be briefly pointed out. 

 

Figure 19. Scheme of sequential formation of IPN hydrogels: (1) preparation of 

network 1 by redox initiated crosslinking polymerization of HEMA monomer 1 

followed by swelling in water, (2) swelling of the network 1 in the monomer 2 with 

crosslinking agent, (3) UV-initiated crosslinking polymerization of monomer 2, and 

(4) swelling of IPN in water. 

The sol, i.e., unreacted monomers, remained after the formation of network 1 

was removed by washing in distilled water to prevent its participation in formation of 

network 2. The network 1 gels were immersed into the reaction mixture of network 2 
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in the water-swollen state, because drying of network 1 might be accompanied by 

transition to glassy state as well as might cause some structure changes such as 

irreversible collapse of pores. Another reason for it is a long time diffusion of 

reaction mixture into the matrix of dry network. A complete replacement of water for 

monomers mixture of the network 2 was controlled indirectly by refractive index 

analysis of surrounding liquid containing the monomers mixture and water released 

from network 1, and directly by the ATR FTIR measurements of parent PHEMA 

network swollen in reaction mixture of network 2. The disc-shape of hydrogels was 

chosen in terms of suitability for further manipulation and measurements. 

The IPN hydrogels studied in this thesis were summarized in scheme with 

four sections (Figure 20). The PHEMA-PHEMA IPN gels were collected in section 

A, the PHEMA-PGMA IPN gels in section B, the PGMA-PHEMA IPN gels in 

section C, and the PGMA-PGMA IPN gels in section D. For each IPN hydrogel, 

swelling in water and dimethyl sulfoxide (DMSO), deformation measurements in 

shear and tensile mode were carried out. The scope of all these experiments was 

represented by magenta color circles. The porous networks 1 were represented by 

blue circles. 

The preparation of IPN gels based on PHEMA parent network 1 (sections A 

and B) was accompanied by the expansion of the network 1, whereas the IPN gels 

based on PGMA parent network 1 (sections C and D) revealed a phase separation 

accompanied by the sample shrinkage, when the network 1 was swollen in GMA or 

HEMA monomer 2. Because of such peculiarities of the PGMA-based IPNs, the 

PGMA-PHEMA IPN hydrogels were briefly discussed in terms of their specific 

morphology, while the results on the PGMA-PGMA IPN hydrogels were not 

included in this work. Thus, the main focus of this work is on PHEMA-based IPN 

hydrogels, i.e., the samples collected in sections A and B. 
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Figure 20. Overview of IPN hydrogels studied in terms of tensile test, rheological 

measurements, and swelling in water and dimethyl sulfoxide (DMSO) (magenta). 

The porous networks 1 are represented by blue circles. 
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2. Formation of IPN hydrogels 

2.1.  Rate of reference poly(glycerol methacrylate) formation 

Kinetics of radical polymerization of PHEMA networks were thoroughly 

studied and described in literature.
111,123,112

 Therefore, we focused on formation of 

the second PGMA network within the PHEMA matrix of various morphologies. As a 

reference, we studied the polymerization kinetics of the PGMA network separately. 

The course of crosslinking polymerization of reaction mixture of GMA and 

DEGDMA initiated by UV irradiation is shown in Figure 21a. The induction period 

of reaction lasted 20 – 25 minutes and followed by moderate increase of reaction 

rate. The reaction was finished after 90 – 100 minutes of irradiation, but the 

conversion of C=C double bonds was not complete and the sample contained about 

15 % of sol fraction. The reaction mixture of monomers was not diluted with water 

in this case and was slightly viscous already at the beginning of the reaction. 

Corresponding ATR FTIR spectrum of reaction mixture is shown in Figure 21b 

(spectrum a). Incomplete conversion was caused by vitrification of the sample 

restricting the mobility of reactive species (Figure 21a and 21b (spectrum b)). 

Annealing at 120 °C caused the transition to rubbery state and the conversion of 

double bonds increased up to 99 % (Figure 21b, spectrum c). 

  

Figure 21. Conversion of C=C bonds of GMA monomer as quantified by ATR FTIR 

spectroscopy during crosslinking polymerization with no diluent present at 

polymerization (a). Spectra of polymerizable mixture (b) before UV-irradiation (1), 

after 90 minutes of UV-irradiation (2), and after 90 minutes of UV-irradiation 

followed by heating (3). 
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The change of optical density during the crosslinking polymerization of 

PGMA was followed in the range of wavelengths from 300 to 420 nm (Figure 22). 

The GMA reaction mixture was a clear solution with low optical density, which 

increased with the network formation indicating its structuring. The final network 

was visually clear as well. In the range of visible light (from 400 nm), the values of 

optical density were low indicating the transparency of the sample. The region from 

approximately 310 to 360 nm revealed higher values of optical density due to the 

absorption of UV light by photoinitiator. 

  

Figure 22. Optical density of GMA reaction mixture as a function of wavelength 

during the crosslinking polymerization with no diluent present at polymerization (a). 

Optical density of GMA reaction mixture at 317 nm wavelength as a function of 

conversion of C=C bonds (b). 

2.2.  Formation of IPN hydrogels 

2.2.1.  UV initiated photopolymerization – ATR FTIR spectroscopy 

When looking for optimal conditions for preparation of the PGMA network, 

the kinetics of UV-polymerization of GMA was studied in the environment of 

PHEMA network by ATR FTIR spectroscopy. The spectra of PHEMA network and 

GMA monomer are shown in Figure 23 (curves a, b). The PHEMA network was 

swollen in water and no absorbance at 1637 cm
–1

 (dotted line) representing C=C 

bonds from unreacted monomers was detected (spectrum a). The GMA reaction 

mixture (spectrum b) did show the band at 1637 cm
–1

 clearly documenting the 

presence of C=C bonds. When the PHEMA network was swollen in GMA reaction 

mixture, the same peak appeared in spectrum c. After the photopolymerization 

(spectrum d), the intensity of this band decreased in intensity but did not disappear 
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completely indicating presence of unreacted monomers or pendant double bonds. 

The transition of the system into glassy state may have prevented their complete 

conversion. Heating up to 80 °C was sufficient to make the gel rubbery and promote 

further polymerization (spectrum e). 

 

Figure 23. ATR FTIR spectra of (a) H80/1 single network; (b) GMA reaction 

mixture; (c) H80/1 single network swollen in the GMA reaction mixture; (d) H80/1–

G0/0.3 IPNs after UV-polymerization; (e) H80/1–G0/0.3 IPNs after UV-

polymerization and heating. 

2.2.2.  Rate of interpenetrating networks formation 

ATR FTIR spectroscopy. To elucidate the mechanism of the second network 

formation, the kinetics of polymerization of GMA entrapped in the macroporous 

matrix (heterogeneous environment) and the non-porous matrix (homogeneous 

environment) was studied. The kinetics of the single PGMA network formation, 

serving as a reference system, was examined under the same reaction conditions.  

The kinetic dependencies were typical for free-radical polymerizations 

accelerated by Trommsdorff effect with induction period. While the acceleration was 

caused by diffusion control of termination by recombination and assisted by 

increased viscosity (including gelation), the extent of the induction period was 
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largely dependent of the content of free-radical scavenging impurities. Different 

slopes of the curves in Figure 24 indicated that the conversion of C=C bonds was the 

most rapid when GMA was polymerized within the macroporous matrix, while the 

rate of GMA double-bond conversion was the lowest when GMA was polymerized 

in bulk. Another difference between the three systems was the duration of the 

respective induction periods. Polymerization of GMA in the matrix of macroporous 

PHEMA network started immediately after the irradiation and at room temperature, 

the maximal conversion of 85 % was reached in 15 minutes. The longest induction 

period was observed in the case of the single GMA network. In this case, the 

induction period lasted around 30 minutes after which the conversion sharply 

increased and the polymerization was completed in about 100 minutes.  

To verify that no part of monomer was converted prior to monitoring the 

reaction kinetics by ATR FTIR spectroscopy, the total reaction heat associated with 

polymerization for each system was determined calorimetrically (Table 3). The 

values of reaction enthalpy released per mole of consumed C=C bonds were 

calculated for each system and were almost equal (within experimental scatter). This 

confirmed that no double bonds were lost by reaction prior to the UV irradiation.  

In photopolymerization, a sufficient light penetration depth in the cured 

material is crucial for avoiding gradient polymerization in the sample.
188

 The 

heterogeneous structure of IPN hydrogels causes light scattering, which influences 

the pathway of light inside the sample and, hence, affects the kinetics of the 

photopolymerization.
189

  

Table 3. Reaction enthalpy released during network formation per mole of 

polymerizable monomer as determined by differential scanning calorimetry. 

Sample Hreact [kJ/mol] 

G0/0.3 -58.3 

H40/1–G0/0.3 -56.7 

H80/1–G0/0.3 -53.8 
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Figure 24. Conversion of C=C bonds of GMA monomer as quantified by ATR FTIR 

spectroscopy during crosslinking polymerization within PHEMA–PGMA IPN 

environments: curve H80/1–G0/0.3 shows conversion of GMA with time in 

macroporous IPN, curve H40/1–G0/0.3 shows conversion of GMA in homogenous 

IPN, and the curve G0/0.3 shows conversion of GMA monomer during formation of 

single homogenous PGMA network with no diluent present at polymerization.   

Independent experiment on sol extraction was performed in order to confirm 

the formation of the second network (Figure 25). After the photopolymerization, the 

hydrogels were glassy, but in a good solvent dimethyl sulfoxide (DMSO) became 

soft due to the high degree of swelling of PHEMA–PGMA IPN hydrogel in DMSO. 

Sol was releasing from the network with the swelling of the hydrogel, when network 

chains were stretched. Gravimetric analysis showed that 15 % of unreacted 

monomers (sol) were extracted with DMSO from the as prepared PHEMA–PGMA 

IPN, and, in turn, only 85 % of GMA monomer was transformed into a PGMA 

network. Obtained data are in a good agreement with ATR FTIR experiments. 
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Figure 25. Weight fraction (wnet2) of PGMA network 2 forming in PHEMA–PGMA 

IPNs as a function of irradiation time followed by sol-extraction method. 

 

 UV light scattering. To understand the influence of the pre-formed 

environment of the first poly(2-hydroxyethyl methacrylate) (PHEMA) network on 

the kinetics of the second network formation, change of the optical properties of 

polymerizing systems was monitored during the polymerization by UV light 

scattering. The macroporous matrix PHEMA 80/1 of the fused-sphere morphology 

swollen in glycerol methacrylate (GMA) reaction mixture observed in visible light 

was slightly opaque, while the other two systems, PHEMA 40/1 swollen in GMA 

and single GMA reaction mixture, were visually transparent. Optical extinction of 

these monomer-swollen gels, and of a reference homogeneous (clear) PHEMA 

hydrogel swollen in water was measured in a broad wavelength range from 190 to 

800 nm. The results are displayed in Figure 26 where only the region below 400 nm 

relevant for the reaction is shown. The reference system did not absorb light above 

250 nm and showed only negligible scattering (cf. Figure 26, magenta line).  All the 

monomer-swollen systems displayed attenuation of transmitted light due to 

absorption, scattering, and reflection. 
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Figure 26. Optical density of macroporous PHEMA 80/1 (black curve) and non-

porous PHEMA 40/1 (blue curve) hydrogels swollen in GMA reaction mixture, 

PHEMA matrix swollen in water (magenta curve), and reference GMA reaction 

mixture (red curve). Data obtained prior to polymerization, sample thickness was 1 

mm in all cases. 

All three systems revealed the absorption by the photoinitiator – 2-hydroxy-2-

methyl-1-phenyl-propane-1-one (DAROCUR 1173) – seen as a broad extinction 

band centered at 325 nm. There is an apparent vertical shift of the otherwise similar 

spectra. Since the reaction mixtures were always the same, but were added to non-

absorbing matrices of various morphologies, the difference in optical density 

(vertical shift) must be caused only by the light scattering effect. Indeed, when the 

diffusion transmission was measured using an integrating sphere (described in 

section 3.1.2 of Experimental part), the spectra were almost identical (Figure 27). It 

can be also seen from Figure 26 that the optical density due to scattering above 375 

nm is almost wavelength independent. According to Mie theory it is a typical 

observation for scattering objects larger than the wavelength of the incident light. 
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Figure 27. Optical density of gels measured prior and after the polymerization: 

H80/1-G0/0.3 (blue – prior, orange - after), H40/1-G0/0.3 (red – prior, green – after) 

and a reference G0/0.3 (black – prior, magenta – after). Measured using integrating 

sphere, sample thickness 1 mm in all cases. 

Due to the light scattering in optically heterogeneous system, the UV beam 

travels via multiple reflection paths (Figure 28a, b). Through optically homogeneous 

system, the incident light passed straight forward with minimum scattering (Figure 

28c). In the macroporous gel, the difference in the refractive index of swollen 

PHEMA matrix and GMA monomer mixture caused multiple scattering at the 

interfaces between the solid matrix and liquid mixture, made the optical path inside 

the sample longer and greater number of photoinitiator molecules were activated, 

thus the efficiency of initiation at a given intensity of the incident light was 

increased. As a result, the reaction run faster in the system with the greatest optical 

attenuation of the transmitted light. The above described differences in the optical 

transparency of gel matrices of various morphologies could explain the differences in 

the kinetics of IPN formation. 
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Figure 28. Optical path of UV-beam through the non-uniform (a and b) and uniform 

(c) polymer matrix. 

Photopolymerization was shown to affect the optical density of the 

crosslinking systems in various ways (Figure 29). Formation of reference PGMA 

network and PGMA network within the H40/1 matrix was accompanied by an 

increase in optical density due to increased scattering particularly in the UV range 

which indicated structuring of the bulk of the samples and formation of 

inhomogeneities. In contrast, photopolymerization of GMA in the matrix of 

macroporous H80/1 network led to decrease in optical density implying 

homogenization of the entire system, as refractive indices of both components in the 

IPN became very similar. Indeed, the resulting H80/1–G0/0.3 IPN after UV 

polymerization (prior swelling in water) as well as the other two samples – H40/1–

G0/0.3 and PGMA reference were both equally visually transparent and clear. After 

the polymerization, absorption in UV range in all three systems persists due to the 

presence of the photoinitiator. As it is known from ATR FTIR experiments that the 

conversion of C=C double bonds after the irradiation is not complete, some reactive 

molecules remain in the system. 
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Figure 29. Optical density of the GMA reaction mixture (G0/0.3, red curves) and the 

same GMA reaction mixture G0/0.3 in the environments of macroporous H80/1 

(black curves) and non-porous H40/1 (green curves) single networks before UV 

irradiation (solid lines) and after irradiation (connected full circles). 
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2.3. Gelation in single and in interpenetrating crosslinking systems 

Formation of single PHEMA and PGMA networks and the second PGMA 

network structure within the heterogeneous environment of the first PHEMA 

network was detected by oscillatory shear measurement in dynamic oscillation mode. 

Since the available rheometer was not equipped with UV cell, the initiation of the 

polymerization was changed to redox type using the APS/TEMED initiating system 

and also to thermal type using the AIBN initiator. 

The polymerization of HEMA monomer diluted with 40 and 80 wt.-% of 

water was initiated by the APS/TEMED system (Figure 30). The crosslinking 

polymerization of these systems under conditions we usually use in our experiments 

starts quite quickly, so that the manipulations including sample preparation, 

immersing it into the rheometer and launching the measurement takes somewhat 

longer time. To manage all the manipulations, record the entire gelation process and 

catch the gel point, the concentration of TEMED catalyst was reduced 10 times 

compared to our standard procedure. The gelation of polymers was studied at T = 25 

°C and f = 0.05 Hz by monitoring the storage (G’) and loss (G”) shear moduli 

changing with the reaction time. At the beginning of the reaction, when diluted 

HEMA reaction mixture formed a low-viscous liquid, the loss modulus 

characterizing the viscous properties of the sample was higher than the storage 

modulus characterizing its elastic properties. Each reaction mixture (H40/1 and 

H80/1) had its own induction period before the crosslinking polymerization started. 

For H40/1 sample, it was about 26 minutes, while for H80/1 sample – 42 minutes. 

The more the monomers mixture was diluted, the longer was the induction period. As 

reaction proceeded, both moduli started to increase sharply and, at a specific reaction 

time, the storage modulus became larger than the loss modulus indicating the liquid-

solid transition. The crossover of both moduli was attributed to gel point 

previously
133,134

. The position of the gel point on time scale was delayed with the 

dilution. Both moduli did not reach the plateau by the time the measurement was 

stopped. Apparently, the gelation of PHEMA was not complete within the 

measurement time and more time was needed for this. In these gelation experiments, 

we did not aim to wait for the end of the reaction. However, in our standard synthesis 

procedures, first, we use higher concentrations of TEMED catalyst and, second, 

always leave the reaction overnight to achieve the complete conversion of monomers 

to polymer network. 
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Figure 30. Gelation in water-diluted crosslinking PHEMA systems recorded at 

frequency of f = 0.05 Hz. The monomers mixtures were diluted with 40 wt.-% 

(H40/1, magenta curves) and 80 wt.-% (H80/1, blue curves) of water. Redox initiated 

polymerization with APS/TEMED system at T = 25 °C. Storage, G’, (open) and loss, 

G”, (solid) moduli were recorded. 

In-situ gelation of the PGMA in the environment of macroporous PHEMA 

(H80/1) network was followed by changes in both shear and loss moduli at f = 0.05 

Hz (Figure 31). The reaction was initiated with thermal AIBN initiator at T = 70 °C, 

as it can be dissolved in non-aqueous media such as GMA and DEGDMA monomers 

mixture. The initial state of the system corresponding to PHEMA network swollen in 

GMA reaction mixture was “solid-liquid”. That is probably the reason for the 

relatively high values of moduli already at the beginning of polymerization and that 

the shear modulus (G’) exceeded the loss modulus (G”). After a quite long induction 

period, both moduli started to increase sharply and the system turned from “solid-

liquid” to “solid-solid” state via crossover of G’ and G” indicating the gel point
133,134

 

and, thus, crosslinking of the second PGMA network. Crosslinking of the reference 

PGMA forming an individual single network was also accompanied with the increase 

of moduli. Since the reaction mixture was viscous, the G’ was slightly higher than 

G” at the beginning of the reaction. For both systems, the plateau region indicating 
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the completion of the reaction was achieved within the measurement time. PHEMA–

PGMMA IPN hydrogel in its as prepared state revealed moduli above 1 MPa, which 

is significantly higher than the moduli of single PGMA and PHEMA networks. 
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Figure 31. Gelation of PGMA while forming an individual single network (red 

curves) and while forming IPN in the environment of macroporous PHEMA 

(H80/1) network (black curves) recorded at frequency of f = 0.05 Hz. Thermally 

initiated polymerization with AIBN at T = 70 °C. Storage, G’, (open) and loss, G”, 

(solid) moduli were recorded. 
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3. Morphology of single network and IPN hydrogels 

3.1.  Appearance of hydrogels 

3.1.1.  Single PHEMA networks 

Phase separation in single PHEMA networks may occur depending on water 

content and crosslinker concentration in the initial reaction mixture. In Figure 32, the 

swollen hydrogels prepared with moderate amounts of water (up to 40 wt.-%) and 

crosslinker (up to 1 mol-%) are clear. The clarity of H30/3 hydrogel containing 

relatively high crosslinker concentration (3 mol-%) was achieved by reducing the 

initial water content in reaction mixture to 30 wt.-%. The transition from clear to 

fully phase separated white hydrogels passed through opalescent hydrogels lying on 

the diagonal line – H30/6, H40/3, and H50/1. 

 

Figure 32. Visual appearance of swollen single network hydrogels: effect of initial 

water content and crosslinker concentration on the phase separation. 
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3.1.2.  Interpenetrating polymer networks 

3.1.2.1. Chemically homogeneous IPNs: PHEMA-PHEMA gels (H40/Y-

H0/Z) 

The appearance of swollen IPN hydrogels prepared from chemically identical 

poly(2-hydroxyethyl methacrylate) (PHEMA) networks differing in crosslinker 

concentration in both networks is presented in Figure 33. 

 

Figure 33. Visual appearance of swollen chemically homogeneous PHEMA-

PHEMA IPN hydrogels. The first PHEMA networks were prepared with 40 wt.-% 

of water and various concentrations of crosslinkers (samples on green background), 

while the second PHEMA networks of various crosslinker concentrations formed in 

IPNs structure contained no water at preparation. 

The lowest raw of the scheme was occupied by single PHEMA networks 1 

prepared with 40 wt.-% of water and three different concentrations of crosslinker 
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(0.2 mol-%, 1 mol-%, and 3 mol-%). The PHEMA-PHEMA IPN hydrogels were 

prepared based on these H40/Y networks 1; the crosslinker concentration in network 

2 increased in each column. The H40/0.2 and H40/1 based IPN hydrogels were 

optically clear independently on the crosslinker concentration in network 2. For 

instance, the H40/1-based IPN hydrogels had almost the same refractive index (RI 

1.429-1.430). Introduction of the second network into the matrix of opalescent H40/3 

hydrogel led to formation of less opalescent IPN hydrogels. Apparently, the 

hydrophobic domains of the heterogeneous H40/3 hydrogel became expanded by 

chains of the network 2 causing the optical transparency of material. Further increase 

of concentration of hydrophobic crosslinker in network 2 (H40/3-H0/2) led to its 

accumulation around the expanded due to the swelling hydrophobic domains of 

network 1. The opalescence in IPNs was occurring only in water indicating the 

expelling of water from domains due to the aggregation of hydrophobic groups 

and/or polymer chain segments. 

3.1.2.2. Chemically heterogeneous IPNs: PGMA-PHEMA gels (G40/Y-

H0/0.3) 

Two hydroxyl groups in the structure of glycerol methacrylate monomer 

(GMA) make the corresponding PGMA network capable to absorb large amounts of 

water. Water-swollen single network PGMA hydrogels prepared with 40 wt.-% of 

water and with 0.2 – 6 mol% of crosslinker were optically clear gels (Figure 34a). 

Gradual replacement of water with HEMA monomer led to the shrinkage of PGMA 

gels and change of the appearance of loosely crosslinked PGMA networks from clear 

to white (Figure 34b). Apparently, the HEMA monomer for PGMA network was 

thermodynamically worse solvent than water, therefore the polymer-polymer 

interaction was preferred over the polymer-solvent interaction. The chains of loosely 

crosslinked G40/0.2 hydrogel had more freedom to fold due to the fewer amounts of 

crosslinks in network, and therefore, the latter shrank more than tightly crosslinked 

G40/6 hydrogel. 

The folding of polymer chains between crosslinks resulted in heterogeneous 

network structure with areas of higher polymer density and areas of lower polymer 

density. Therefore, the optical path of visible light through such network was longer 

due to the light scattering, and, as a result, we observed a white hydrogel. Due to the 

higher crosslink density limiting the folding of polymer chains and, hence, the 
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polymer-polymer interaction, the G40/3 and G40/6 hydrogels remained clear after 

the swelling in monomer 2 and after the crosslinking polymerization. When the 

PGMA-PHEMA IPN hydrogels were swollen in water (right column), the phase 

separation of various extents detectable by eye was observed in all four cases. 

 

Figure 34. Visual appearance of PGMA-PHEMA IPN hydrogels at each stage of 

their formation: (a) PGMA network 1 swollen in water, (b) PGMA network 1 

swollen in reaction mixture of HEMA monomer 2, (c) PGMA-PHEMA IPN as 

prepared after crosslinking polymerization, and (d) PGMA-PHEMA IPN hydrogel 

swollen in water. Single network PGMA hydrogel was prepared with 40 wt.-% of 

water and various crosslinker concentrations (left column). The second PHEMA 

network was prepared with no diluent and 0.3 mol-% of DEGDMA crosslinker. 

Cryo-SEM micrographs of swollen in water G40/0.2-H0/0.3 and G40/1-

H0/0.3 IPN hydrogels showed the existence of pores and polymeric fused-spheres 

(Figure 35), which are typical for single network PHEMA hydrogels prepared at 

certain water and crosslinker contents (see Figure 18b).
190

 Apparently, pre-formed 

PGMA network acted as a solvent for the PHEMA second network and caused its 
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demixing into a separate phase and its separation was easier from the most loosely 

crosslinked PGMA network (G40/0.2) (Figure 35a). 

  

Figure 35. Cryo-SEM micrographs of swollen (a) G40/0.2-H0/0.3 and (b) G40/1-

H0/0.3 IPN hydrogels. 

3.1.2.3. Microstructured chemically homogeneous and chemically 

heterogeneous IPN hydrogels 

The IPN hydrogels were microstructured because they were prepared within 

the matrix of macroporous phase-separated H80/1 hydrogel or macroporous cH80/1 

cryogel. The process of IPNs formation in both cases is similar. As an example, in 

this paragraph we describe the entire procedure for fused-sphere morphology H80/1-

based IPN hydrogels. Each step is represented by a sketch describing the morphology 

of gels and the states of networks, and by a photograph exhibiting the appearance of 

gels (Figure 36). 

The macroporosity of the PHEMA network 1 was achieved by phase 

separation of excess water (poor solvent) occurring during polymerization (Figure 

36a). The type of macroporosity is determined by the amount of water and by the 

cosolvency of HEMA–water mixtures.
148

 As a result, for the H80/1 composition, a 

soft and opaque (white appearance) PHEMA network of low elastic modulus was 

obtained while the gels Hx/1 (x = 0 – 40) were fully transparent. Being polar and 

hydrogen-bonding, the HEMA and GMA easily permeated the pre-formed PHEMA 

hydrogel. The sample volume increased by factors 10 and 12 for HEMA and GMA, 

respectively, (see section on swelling properties) and the network chains in the pore 

walls were stretched accordingly.  
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Figure 36. Evolution of macroporous PHEMA–PGMA IPN (H80/1–G0/0.3) 

morphology and transparency of hydrogels: (a) macroporous PHEMA network 1 

(H80/1) swollen in water; (b) PHEMA network 1 swollen in GMA monomer 2; (c) 

loosely crosslinked PGMA network 2 formed in the matrix of tightly crosslinked 

PHEMA network 1 as well as in pores of the hydrogel; (d) PHEMA–PGMA IPN 

hydrogel swollen in water. 

When macroporous and white PHEMA hydrogel was swollen by HEMA or 

GMA monomer, the “white” system became translucent but optically not fully clear 

(Figure 36b) and turned transparent again after UV-polymerization – the non-swollen 
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(glassy) IPN was fully transparent irrespective of whether the network 2 was 

PHEMA or PGMA (Figure 36c). The homogeneous IPNs were formed only in the 

PHEMA polymer matrix, whereas the pores of hydrogel were filled with the single 

PHEMA or PGMA network. The chains of PHEMA network 1 in the pore walls 

were stretched due to the swelling in the monomers, while the chains of the second 

network remained in their unperturbed state. When immersed in water, the IPNs 

swelled: the initially glassy IPNs turned soft and flexible. The swollen PHEMA–

PHEMA IPN hydrogel remained transparent up to the content of water at first 

network polymerization 40 %, while the PHEMA–PGMA hydrogel became opaque. 

The differences in transparency of the swollen IPNs can be explained by match or 

mismatch of refractive indices between both phases caused primarily by different 

content of water. In the case of PHEMA–PHEMA IPN, the swelling degree of 

PHEMA matrix and PHEMA in pores is almost the same whereas the PGMA 

polymer in pores swells in water much more than in the interpenetrating matrix. The 

morphology of IPN gels influenced substantially their mechanical strength and 

swelling. 

3.2. Microscopy of single network hydrogels and cryogels 

3.2.1.  Non-porous and single-porous gels 

The morphological structure in hydrogel “native”, equilibrium swollen state, 

of the reference single H80/1 network and the H80/1–G0/0.3 IPN hydrogel was 

visualized by the laser scanning confocal microscopy (LSCM) and the images are 

shown in Figure 37. LSCM has the advantage that it can focus on thin parallel layers 

within the object and see the structure in the range of wavelengths of visible light 

although the object is non-transparent in transmitting visible light. PHEMA is non-

fluorescent, but it can be labeled with dyes. For visualization of the morphology of 

single network PHEMA hydrogel, soaking it in 0.01 wt.-% PBS solution of 

fluorescein was the most straightforward way of sample visualization that worked. 

LSCM micrograph of swollen H80/1 hydrogel depicted the fused-sphere structure 

formed due to the reaction-induced phase separation with macropores between the 

sphere clusters, a structure ensuring bicontinuous topology (image a). Pore size 

varied in the range 10–15 μm, while the average size of spheres was approximately 

2–4 μm. The cH80/1 cryogel consisted of large elongated and partially 

interconnected cell-like pores of characteristic dimensions: 50-200 μm long and 20-
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60 μm wide (image b). While the G0/0.3 hydrogel prepared without dilution of 

monomers mixture was non-porous (image c). All considered samples were also 

observed in their swollen state by means of cryo-SEM technique. As seen from 

Figure 37 (images d, e and f), cryo-SEM and LSCM data are in a good agreement. 

Networks 1 Network 2 

   

   

Figure 37. Laser scanning confocal microscopy (a, b, c) and cryo-SEM (d, e, f) 

micrographs of single network hydrogels swollen in water: H80/1 network 1 (a and 

d) and cH80/1 network 1 (b and e), and G0/0.3 network 2 (c and f). 

3.2.2.  Double-porous cryogels 

In this work, we present an alternative route for synthesis of double-porous 

cryogels implying a parallel formation of large and small pores (Figure 38). Large 

pores were caused by ice crystals forming during the crosslinking polymerization of 

diluted with water reaction mixture under cryo-conditions (T = -14 °C). This method 

was described by Lozinsky
191,192

 et al. Small pores in the walls of cryogel were 

caused by reaction-induced phase-separation due to the presence of aqueous solution 

of sodium chloride acting as the “salting-out” agent. The existence of pores of both 

types made them interconnected. Such procedure has not been reported before. 

Cryogelation is practically feasible as requires only a low temperature. But 

not always the pores of single-porous cryogels obtained by such way are completely 

a b c 

d e f 
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interconnected. Mutual connections between pores are important in terms of 

proliferation of cells within the entire sample. Such highly porous morphology of 

PHEMA cryogels is supposed to be a perfect biocompatible substrate for cell growth. 

Figure 38 reveals the morphology of PHEMA cryogels prepared at very high dilution 

(95 wt.-% of diluent and only 5 wt.-% of monomers in the reaction mixture). One gel 

was prepared in the presence of pure water only, while the second gel was prepared 

in the presence of 0.5 M NaCl solution. The morphology of both cryogels was 

studied using light microscopy (images a and b) and cryo-SEM (images c and d). In 

pure water, the cryogel exhibited a single-porous structure (images a and c), while 

the “salting-out” effect of 0.5 M NaCl solution caused a double-porous structure 

(images b and d). 

  

  

Figure 38. Single-porous and double-porous PHEMA cryogels prepared at dilution 

of 95 wt.-% of pure water (a, c) and 95 wt.-% of 0.5 M NaCl solution (b, d). Light (a 

and b) and cryo-SEM (c and d) microscopes were used to observe the morphology 

of swollen cryogels. 

  

a b 

c d 
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3.3. Interpenetrating network hydrogels 

In the case of swollen IPN hydrogel, to observe the two distinct network 

phases, swelling in fluorescein or other dye solution would not be an appropriate 

method, since the dyes are not selective towards the studied networks. Therefore, 

each network was chemically labeled by incorporating the fluorescein and DY-677 

dye molecules modified before with functional double bonds (C=C) groups able to 

copolymerize with network structure. Single network H80/1 was modified with 

functionalized fluorescein while the second network copolymerized with traces of 

functionalized DY-677. Excitation wavelengths of the dyes were different (495 nm 

and 673 nm), so that distribution of networks within the IPN could be visualized 

using the multi-staining mode of the LSCM. Thus, the darker greenish color on the 

micrograph a of Figure 39 represents the areas with the highest amount of initial 

PHEMA network interpenetrated with the second network, while a brownish color 

spots show the location of the neat second PGMA network. The mixing of color 

channels revealed blending of the both networks within the spheres as well as 

continuous transitions between the double network spheres and single network 

interstices. As the result of addition of the second network, size of spheres in swollen 

IPN hydrogel as well as size of pores (Figure 39) increased compared with H80/1 

hydrogel (Figure 37a). 

  

Figure 39. LCSM of H80/1-G0/0.3 IPN hydrogels: (a) network 1 (H80/1) and 

network 2 (G0/0.3) labeled with fluorescein and DY-677 dye, respectively, and (b) 

non-labeled network 1 (H80/1) and network 2 (G0/0.3) labeled with fluorescein. 

a b 
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In Figure 39b, there is the same kind of PHEMA-PGMA hydrogel, but 

differently stained. The first PHEMA polymer network was not labeled, while the 

modified fluorescein with C=C double bonds was added into the reaction mixture of 

the second PGMA network. Molecules of fluorescein are low molecular weight, 

quite mobile and can be differently distributed between fused polymer spheres and 

pores upon swelling of the first PHEMA gel in the reaction mixture of the second 

PGMA network. Once the equilibrium swelling is achieved and the system is 

polymerized, the double bonds of fluorescein get covalently bonded within the 

polymer chains and become irreversibly embedded in the structure of the second 

network. All the unreacted molecules of fluorescein and GMA/DEGDMA monomers 

were washed out from the hydrogel before the observation of its morphology by 

confocal microscopy. Such method was used to label the second network with the 

purpose to see the pores and to confirm the formation of the second network in the 

spheres of the matrix. It was shown, that the PGMA network was formed in the fused 

spheres of the first network as well as in pores; and no new pores were formed upon 

polymerization. 

The intensity of fluorescein in spheres was higher than in pores. This could be 

explained by different swelling of polymer chains. Hydrophilic chains of PGMA 

network in pores are able to absorb large amount of water, while the unfolding of 

chains of PGMA network in fused spheres is restricted due to the interpenetration 

with the polymer chains of PHEMA. 

3.4.  Microstructure of hydrogels and its formation determined by x-ray 

scattering 

3.4.1.  PHEMA H40/1 hydrogel 

The inhomogeneities developing during formation of single and 

interpenetrating networks and in swollen gels were characterized by Small-Wide 

Angle X-Ray Scattering (SWAXS). Figure 40 shows the development of 

inhomogeneities during PHEMA polymerization in the range of q = 0.05 – 1 Å
-1

, 

which corresponds to distances d  10 – 0.5 nm. The presence of diluents can be an 

important source of inhomogeneities.
193

 If polymerization takes place in the presence 

of water (Figure 40), the scattering intensity increases in this region with increasing 

conversion of monomer to polymer and flat maxima develop at d  1 nm and d  5 

nm. The first one may indicate intramolecular association of a few methyl groups of 
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the monomer units. The maximum in the region d  5 nm seems to reflect 

(intermolecular) association of several network chains assisted by strengthening of 

iceberg structures of water. The formation of hydrophobic moieties invokes the 

existence of regions more dilute in polymer segments; since the polymer segments 

occupy a larger volume at these subcritical concentrations than the diluent molecules 

do, it is conceivable that the “organic” associates are continuous. SWAXS data are in 

a good agreement with dynamic light scattering measurements performed for 

monomers diluted by water (cf. Figure 47, paragraph 3.4.4). 

 

Figure 40. SWAXS dependencies for crosslinking polymerization of H40/1 gel in 

pure water. The polymerization was initiated with ammonium persulfate without 

adding TEMED to slow down the reaction to be able to record the SWAXS spectra 

as they develop in time. 

To better understand the character of density fluctuations in H40/1 hydrogel, 

the spatial distribution of molecules in the network should be characterized by the 

type of structure growth and their fractal dimensions. For this purpose, we used a 

power law to analyze the SAXS curves within the small-q-region: 

I(q) = I(0)q
-p

                             (Equation 4.1) 
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where p is related to the fractal dimensions (D) and I(0) is the prefactor. p is 

related to either the mass (Dm) or the surface (Ds) dimension of the structures: 

p = Dm (p < 3) 

p = 6 - Ds (3 < p < 4)                       (Equation 4.2) 

The mass fractal dimension (Dm) is the characteristic of the “openness” of the 

fractal object containing branching and connecting structure. Dm equals to 1 for 

loosely connected aggregates with indistinct interfaces and to 3 for dense aggregates. 

The surface fractal dimension (Ds) is the characteristic of the surface of fractal 

object, which equals to 3 for fractals of rough surface and to 2 for fractals of smooth 

surface. The power law exponent p was calculated from the slope of I(q) – q graph 

presented in logarithmic scales (Figure 40). As the crosslinking polymerization of 

H40/1 hydrogel preceded, the values of p changed from 0.46 up to the maximum at 

1.18 and then decreased to 0.9 after 19 hours of reaction (Figure 41). Generally, 

H40/1 hydrogel prepared in the presence of water has a p value below 3, which 

corresponds to mass fractals represented by loosely connected domains with 

indistinct interface structure. The characteristic size of these physically crosslinked 

domains can be represented by the radius of gyration (Rg) determined from the slope 

of ln I(q) – q
2
 graph in the low-q-range. The size of domains (Rg) in structure was 

about 1.1–1.2 nm. 
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Figure 41. Power law exponent p at H40/1 crosslinking polymerization time treaction. 
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When instead of water a diluent was used that is thermodynamically better 

than water, the scattering behavior was quite different. Figure 42 shows the situation 

when 40 wt.-% of 0.5 M aqueous solution of magnesium perchlorate, which is a 

salting-in environment for PHEMA
194

 polymer, was used as diluent. The HEMA can 

be diluted by such solutions without any limits and all resulting gels are clear unless 

Mg(ClO4)2 solution
190

 is replaced by water or polymer solution is formed below 

critical dilution. In the q-range of 0.07 – 1 Å
-1

, the scattering intensity did not 

increase and the gel appeared as structure-less. Apparently, the presence of 

Mg(ClO4)2 in water prevented the iceberg structuring of water molecules, and thus, 

association of monomers forming small domains. The scattering in the q-range of 

0.01 – 0.07 Å
-1

 was caused by larger objects. An important observation was that all 

curves refracted at the same q = 0.033 Å
-1

 (d ≈ 19 nm), having two slopes, indicating 

the parallel development of two types of inhomogeneities – smaller (d ˂ 19 nm) and 

larger (d ˃ 19 nm) objects of different fractal structures. 

 

Figure 42. SWAXS dependencies for crosslinking polymerization of H40/1 gel in 

the aqueous solution of 0.5 M Mg(ClO4)2. The polymerization was initiated with 

ammonium persulfate without adding TEMED to slow down the reaction in order to 

be able to record the SWAXS spectra as they develop in time. 
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The part of the curve lower the refracting point q = 0.033 Å
-1 corresponded to 

mass fractals with Dm between 0.9 and 2.1, while the part higher the refracting point 

corresponded to fractals, which at the beginning of reaction had mass dimensions and 

at the end of reaction had surface dimensions (Figure 43a). The latter indicated that 

the loose mass fractals with indistinct surface (p = 1.1) became dense surface fractals 

with smooth surface (p = 3.9). The Rg of mass fractals increased from 2.6 nm to 4.3 

nm, while of mass-surface fractals increased from 2.3 nm to 4.6 nm (Figure 43b). 

  

Figure 43. Power law exponent p (a) and the radius of gyration Rg (b) at H40/1 

crosslinking polymerization time treaction. Hydrogel was polymerized in the salting-in 

aqueous solution of 0.5 M Mg(ClO4)2. 

3.4.2.  Formation of PHEMA-PHEMA IPN hydrogel 

In this part, we will discuss the SWAXS data for interpenetrating networks 

and analyze the structure changes during the IPNs formation. Now, the difference is 

in that the “diluent” is initially HEMA monomer (plus small amount of crosslinker) 

and the monomer is converted into polymer, in contrast to preparation of H40/1 

network 1 (Figure 44), where the initial diluent was HEMA-water mixture which was 

depleted by the monomer until water remained at the end of polymerization. While 

the small-scale association maximum at q = 0.5 Å
-1

 has disappeared completely, the 

scattering intensity at q = 0.05 Å
-1 

remained still high but the shape of the curve 

changed (Figure 44). We think that it means that the transient part of the hydrophobic 

effect has disappeared – in fact there is no reason for its existence because HEMA is 

a UCST solvent and does not form icebergs. However, the relatively high intensity at 

q = 0.05 Å
-1 

suggests that the largest inhomogeneities have been fixed by the meshes 
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of network 1 and have survived the structural reorganization. Apparent is the overall 

decrease of scattering with increasing conversion but the explanation is prosaic: by 

transforming the HEMA monomer 2 into the same polymer as is PHEMA network 1, 

the electron density difference (contrast between domains) decreases and eventually 

vanishes. After 30 minutes of irradiation no structural changes in network formation 

were observed. 

 

Figure 44. Changes of structure during the UV-initiated crosslinking polymerization 

of the H0/0.3 network 2 in the matrix of the H40/1 network 1 followed by SWAXS. 

Irradiation times: 0 min (blue), 15 min (green), 30 min (red). 

The effect of crosslinker concentration in the second network is shown in 

Figure 45. The qualitative composition of both IPNs was identical; the only 

difference was in the amount of crosslinker (diethylene glycol dimethacrylate, 

DEGDMA) added into the reaction mixture of the second network. Two cases were 

considered: (1) when the second H0/0.3 network was loosely crosslinked as 

compared with the first H40/1 network, and (2) when the second H0/2 network was 

highly crosslinked as compared with the first H40/1 network. A general character of 

H40/1-H0/2 network formation was similar to that shown in Figure 45, but the 

electron density fluctuations in it were even less. 
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Figure 45. Changes of structure during the UV-initiated crosslinking polymerization 

of the H0/0.3 (blue curves) and H0/2 (red curves) networks 2 in the matrix of the 

H40/1 network 1 followed by SWAXS. 
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3.4.3.  Comparison of H40/1 single network and H40/1-H0/0.3 IPN 

hydrogel 

The differences in structures of H40/1 single network and H40/1-H0/0.3 IPN 

in as prepared state and in equilibrium swollen state are compared in Figure 46. 

Inhomogeneities increased with networks swelling and became more pronounced.
45

 

           a          b 

  

Figure 46. Comparison of structure changes by SWAXS. Single network H40/1 

(magenta curves) vs. H40/1-H0/0.3 IPN (blue curves) in (a) as prepared state and (b) 

equilibrium swollen state. 

Figure 46b shows that the inhomogeneity at q > 0.02 Å
-1

 remained intact even 

when the structure-forming solvent (water) penetrated the network. Apparently, the 

intermeshed structure of the IPN prevented the chains or their parts from 

reorganization. Also, the expansion of chains of H40/1 network 1 in the IPN made 

the small scale intramolecular segmental association as well as the larger-scale 

intermolecular chain association difficult. On the other hand, the small-angle 

scattering at q < 0.02 Å
-1

 has increased indicating the presence of large size 

aggregates. The scattering intensity for swollen single H40/1 network was only 

slightly increased compared to its as prepared state. In both states, the networks were 

soft and contained similar amounts of water corresponding to similar networks 

structure. While after the water-free crosslinking polymerization of PHEMA network 

2 (H0/0.3) within the matrix of PHEMA network 1 (H40/1), the obtained H40/1-

H0/0.3 IPN system was in a glassy state. After its swelling in water, the size of all 

inhomogeneities increased, and the overall intensity and the intensity of small-angle 

scattering due to large aggregates increased as well. 

Concluding this section, we can say we have solid indications that in the 



97 

 

presence of water as diluent, the inhomogeneities were formed due to different 

concentrations of polymer segments in volume caused by intramolecular association 

of methyl groups of the monomer units and intermolecular association of several 

network chains assisted by strengthening of iceberg structures of water. Utilization of 

thermodynamically better diluent such as aqueous solution of Mg(ClO4)2 prevented 

the association of monomers into small domains due to the inability of water 

molecules to form iceberg structures. Small scale domains also disappeared when the 

HEMA monomer was swollen to network 1, but a part of domains of larger size 

remained in system and was fixed by the network 2. These fixed inhomogeneities 

reappeared in the water swollen interpenetrating network, whereas the smaller 

associates were prevented from reforming apparently due to internetwork 

perturbations and expansion of chains of network 1. 

3.4.4.  Dynamic light scattering measurements 

The organization of molecules of both monomers (HEMA or GMA) into 

clusters (hydrophobic domains) when diluted with water was observed by dynamic 

light scattering technique (Figure 47a). The concentration of monomers was varied in 

the range from 0.5 wt.-% up to 98 wt.-%. Figure 47a shows that mixing of monomer 

with water was accompanied by the formation of aggregates, the size of which 

depended on concentration. Mixtures poor of monomer (< 10 wt.-%) or water (< 2 

wt.-%) contained small aggregates (up to 1.7 nm). When the concentration of 

monomers was in the range of 10 – 80 wt.-%, the formed aggregates were of larger 

size: 2 – 4.2 nm for GMA and 3.6 – 5.6 nm for HEMA. Both curves passed through 

the maximum at monomer concentrations: 30 wt.-% of HEMA and 80 wt.-% of 

GMA. Dilution of HEMA molecules with water resulted in continuous increase of 

size of aggregates, as poor affinity of monomer molecules to water made the 

monomer-monomer interaction more preferable than that between monomer and 

water. However, too high dilution of HEMA monomer (90 wt.-% of water) 

characterized by increase of entropy led to the fact, that diluent pulled the monomer 

molecules away from each other evenly distributing them in the bulk and preventing 

the formation of too large aggregates, i.e., the entropy factor prevailed over the 

energy of monomer-monomer interaction. In the same time, dilution of GMA 

monomer (20 – 99.5 wt.-% of water) caused the homogenization of mixtures by 

forming considerably smaller aggregates. Indeed, the hydrophilic GMA molecules 
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with two hydroxyl groups are very well interacting with water molecules, so that 

increase of entropy with dilution of monomer easily obstructs the aggregation of 

monomer molecules. There must be already some organization of molecules in GMA 

monomer, since, on the one hand, it contains hydrophilic hydroxyl groups and 

hydrophobic methacrylate fragments, and on the other hand, it always contains traces 

of isomers and water, which may affect the organization of GMA molecules. 

Addition of 2 wt.-% of water into the otherwise viscous GMA monomer was so 

insignificant, that the entropy factor caused by such low dilution became negligible 

and almost did not affect the size of aggregates. 

  

Figure 47. Size of aggregates in aqueous solutions of monomers determined by 

dynamic light scattering method: (a) HEMA or GMA monomers mixed with water at 

various ratios, (b) HEMA monomer (60 wt.-%) mixed with water (40 wt.-%) and 

DEGDMA crosslinker (0 – 6 mol-%). 

Addition of more hydrophobic diethylene glycol dimethacrylate (DEGDMA) 

crosslinker with two double bonds at the ends of the molecule into the HEMA:Water 

= 60:40 mixture led to increase of aggregates size from 5.0 nm to 8.5 nm with the 

increase of crosslinker concentration (Figure 47b). The size of aggregates at 1 mol-% 

of DEGDMA crosslinker was about 7.3 nm, which is in a good agreement with the 

SWAXS data. All solutions within the investigated range of crosslinker 

concentrations were optically transparent, though at submicroscopic level they were 

inhomogeneous. After crosslinking polymerization, the heterogeneity of gels 

structure containing 3 and 6 mol-% of DEGDMA appeared already at macroscopic 

level for gels (bluish and white gels on photo).  
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4.  Swelling properties of hydrogels 

4.1.  Swelling effect on gel vitrification 

Thermal and viscoelastic properties of gels are governed by swelling change. 

PHEMA hydrogels prepared without dilution are hard and glassy materials already at 

room temperature, while the dilution of monomers at preparation prevents the 

vitrification at room temperature and shifts the glass transition temperature (Tg) to 

lower values making the gel viscoelastic and soft. Generally, Tg decreases as the 

weight fraction of low molecular additives acting as plasticizers increases. In Table 

4, experimentally determined glass transition temperatures for gels and temperatures 

found in the literature are shown. The values of Tg are affected by method of 

measurement, but, in general, our experimental data are in consistent with literature 

data. Crosslinking polymerization of the reference single GMA network and the 

GMA network polymerized within the PHEMA matrices without water revealed 

almost the same Tg (85 – 86 °C). The values of Tg after the polymerization, when 

unreacted monomers were still present in network, were lower than after sol 

extraction because sol acted as a plasticizer for network and shifted the Tg to lower 

values. The final Tg of xerogels (dried gels) was in the range of 108 – 112 °C. The Tg 

of reference PHEMA and PGMA single networks were very similar, therefore in 

PHEMA–PGMA IPN gels constituent networks were indistinguishable in terms of 

segmental mobility. 

Table 4. DSC determination of glass transition temperature (Tg) of as prepared 

networks after the polymerization and dried network after the extraction of sol-

fraction by washing in distilled. 

Sample 

Tg after 

polymerization (
0
C) 

Tg after sol 

extraction (
0
C) Tg 

from literature (
0
C) 

as prepared gels dried gels 

H40/1-G0/0.3 84 112 n/a 

H80/1-G0/0.3 85 111 n/a 

PGMA 0/0.3 85 108 84.4 
195

, 105 
196,197

 

PHEMA 80/1 86 113 113 
198
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4.2.  Swelling of single networks 

4.2.1.  Hydrogels and cryogels 

Swelling values of polymer networks are governed by the effect of initial 

water content, crosslinker concentration and morphology. Water is infinitely miscible 

with a neat HEMA monomer, but it is a poor solvent for PHEMA. Therefore, as 

crosslinking polymerization proceeds, the reaction mixture, containing HEMA 

monomer and water as major components, gets richer in water and phase separation 

(“microsyneresis”) occurs at critical conversion of C=C double bonds
148

.  Indeed, 

different dilution of HEMA monomer contributes to different morphology of gels – 

non-porous and porous.
190

 Swelling values of such hydrogels prepared at different 

dilutions and at constant crosslinker concentration (1 mol-% of DEGDMA) are 

plotted in Figure 48 as the reciprocal volume fraction of polymer in swollen hydrogel 

(1/ϕ2) and the reciprocal volume fraction of the monomer in the initial reaction 

mixture (1/ϕ2
0
). The diagonal line on the graph corresponds to the situation when ϕ2 

= ϕ2
0
, which means that the volumes of samples after the polymerization and at 

equilibrium swelling after sol extraction remain constant. The field above this line 

points out to samples, which are gaining additional water from the surroundings and 

expand in volume. This was the case of PGMA hydrogels. In case of PHEMA 

hydrogels, all points were either on line (water content at gel preparation < 80 wt.-%) 

or below it (water content at gel preparation > 80 wt.-%) regardless of crosslinker 

concentration (1 mol-% or 6 mol-%). The former indicated the shrinkage of hydrogel 

after the polymerization due to the separation of the excess liquid from a bulk phase, 

so-called “macrosyneresis”. Thus, the samples with high initial water content reveal 

both “macro-” and “microsyneresis”.  
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Figure 48. Equilibrium volume of swollen gel per volume of the dry polymer versus 

reciprocal volume fraction of the monomer in the initial mixture corrected for 

polymerization contraction. PHEMA hydrogels contained various amounts of water 

(30 – 94 wt.-%) and concentration of DEGDMA crosslinker (1 mol-% and 6 mol-%) 

at preparation. PGMA hydrogels contained various amounts of water (40 – 80 wt.-

%) and constant concentration of DEGDMA crosslinker (1 mol-%) at preparation. 

In Figure 49, similar graph is plotted for HEMA and GMA hydrogels 

prepared at constant dilution (40 wt.-%), while the DEGDMA crosslinker 

concentrations varied (0.2 – 6 mol-%). At first, one should note that two series of 

samples are on opposite sides from the line – PGMA gels gained additional water 

after polymerization, while the volumes of PHEMA gels remained the same or 

slightly decreased at high crosslinker concentration indicating the expelling of water 

from the hydrogel. More densely crosslinked PHEMA hydrogel tend to expel more 

water than loosely crosslinked hydrogel, but the difference within the series was not 

significant. Whereas the swelling of PGMA hydrogels after polymerization was 

enormous, especially for loosely crosslinked networks. 
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Figure 49. Effect of DEGDMA crosslinker concentration (0.2 – 6 mol-%) in single 

H40/1 or G40/1 network hydrogels on swelling properties. Equilibrium volume of 

swollen gel per volume of the dry polymer versus the reciprocal volume fraction of 

the monomer in the initial mixture corrected for polymerization contraction. 

Swelling behavior of single network hydrogels polymerized under different 

conditions was studied in water, HEMA and GMA monomers, and dimethyl 

sulfoxide (DMSO). Degrees of swelling (Qv and Qm) determined from volume and 

mass changes of swollen and dry gels as well as equilibrium solvent content (ESC) 

values are summarized in Table 5. The swelling of macroporous gels compared to 

non-porous ones in all four solvents was obviously better. In the case of macroporous 

gels, the weight degree of swelling was always higher than their volume swelling 

because the pores were filled in with solvents. DMSO is shown to be the best solvent 

for all single network gels studied here, as it can suppress the physical interactions 

caused by association of hydrophobic parts of methacrylate polymer chains and 

enormously stretch the network, which is held together only by chemical 

crosslinks.
190

 

The influence of polymerization conditions on swelling properties of porous 

gels was very clearly demonstrated for H80/1 hydrogel versus cH80/1 cryogel. The 

chemical composition of both gels was absolutely the same. The only difference was 
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in temperature of polymerization (room temperature vs. T = -14 °C). Nevertheless, it 

was shown that the total water content in cryogel was lower than that in hydrogel. 

The explanation of such behavior implied the consideration of networks morphology, 

namely, the spatial distribution of polymer matrix as well as pores in the same 

volume. In contrast to prepared at room temperature H80/1 hydrogel, the phase 

separation in which occurred due to the immiscibility of polymer with diluent, the 

pores in cH80/1 cryogel were caused by formation of large ice crystals pushing the 

monomers reaction mixture away. The LSCM micrographs revealed that H80/1 

hydrogel consisted of large number of small pores, while the cH80/1 cryogels – of 

small number of large pores (Figure 37). Such morphology certainly affects the total 

fraction of pores in macroporous gels, which was confirmed by direct and indirect 

porosity (P) determination tests (Table 6). Direct tests included: 

(a)  equilibrium swelling of polymer matrix of preliminary lyophilized sample 

in water vapor followed by application of Equation 3.8 (see experimental part): 

𝑃 =
𝑚sw − 𝑚sw

V

𝑚sw
 

 

where (msw) is the weight of sample fully swollen in water and (m
V

sw) is the 

weight of sample, the gel phase of which is swollen in water vapor. 

(b)  filling in the pores of macroporous samples with indifferent to polymer 

matrix cyclohexane followed by application of Equation 3.9 (see experimental part): 

𝑃 =
𝑚sw

CH − 𝑚d
L

𝑚sw
CH

 

  

where (m
CH

sw) is the weight of sample, the pores of which are filled with 

cyclohexane, and (m
L

d)  is the weight of dried by lyophilization sample. 

Whereas indirect way of porosity estimation included the assumption, that the 

swelling of polymer matrix is similar to that of non-porous H40/1 hydrogel, and the 

porosity can be calculated from equilibrium swelling of samples in water and HEMA 

monomer (cf. Appendix 2). Comparing the porosity of both samples, one can find 

that it was approximately 6–10 % higher for H80/1 hydrogel (Table 6), while the 

swelling degree (SD) of polymer matrices in water for both hydrogel and cryogel 

determined using Equation 3.6 was almost the same (32 vs. 34 wt.-%) and 

corresponded to swelling of non-porous PHEMA hydrogel in water. The swelling 
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behavior of H80/1 hydrogel and cH80/1 cryogel differed in water as well as in 

monomers (HEMA and GMA), but it was very similar in DMSO (Table 5). 

Table 5. Swelling parameters of single network hydrogels prepared in different ways: 

volume degree of swelling (QV), mass degree of swelling (Qm), and equilibrium 

solvent content (ESC). 

Sample Polymerization conditions 
Swelling parameters

a)
 

Qv Qm ESC 

Swelling in WATER 

H0/0.3 UV (DAROCUR 1173) at RT 1.53 1.56 0.56 

G0/0.3 UV (DAROCUR 1173) at RT 4.42 3.79 2.79 

H0/1 Thermal (AIBN) at T = 70 °C 1.65 1.59 0.59 

H40/1 Redox (APS/TEMED) at RT 1.61 1.66 0.66 

H80/1 Redox (APS/TEMED) at RT 3.71 5.40 4.40 

cH80/1 Redox (APS/TEMED) at T = -14 °C 3.51 4.84 3.84 

Swelling in HEMA monomer 

H0/0.3 UV (DAROCUR 1173) at RT 2.99 2.74 1.74 

G0/0.3 UV (DAROCUR 1173) at RT 1.34 1.24 0.24 

H0/1 Thermal (AIBN) at T = 70 °C 2.77 2.77 1.77 

H40/1 Redox (APS/TEMED) at RT 4.60 3.57 2.57 

H80/1 Redox (APS/TEMED) at RT 10.05 11.24 10.24 

cH80/1 Redox (APS/TEMED) at T = -14 °C 6.28 10.46 9.46 

Swelling in GMA monomer 

H0/0.3 UV (DAROCUR 1173) at RT 2.78 3.42 2.42 

G0/0.3 UV (DAROCUR 1173) at RT 3.02 2.71 1.71 

H0/1 Thermal (AIBN) at T = 70 °C 3.30 3.35 2.35 

H40/1 Redox (APS/TEMED) at RT 4.80 4.33 3.33 

H80/1 Redox (APS/TEMED) at RT 11.59 13.97 12.97 

cH80/1 Redox (APS/TEMED) at T = -14 °C 6.64 13.47 12.47 

Swelling in DMSO 

H0/0.3 UV (DAROCUR 1173) at RT 5.14 5.15 4.15 

G0/0.3 UV (DAROCUR 1173) at RT 7.79 6.57 5.57 

H0/1 Thermal (AIBN) at T = 70 °C 6.30 5.10 4.10 

H40/1 Redox (APS/TEMED) at RT 6.42 7.11 6.11 

H80/1 Redox (APS/TEMED) at RT 14.72 20.84 19.84 

cH80/1 Redox (APS/TEMED) at T = -14 °C 14.69 20.83 19.83 

a)
swelling parameters expressed for volumes: Qv = Vsw/Vd and for weights: Qm 

= msw/md and ESC = (msw – md)/md, while the sample dry volume, Vd, was determined 

by drying the sample to its constant weight at 100 °C under pressure reduced using 

the oil pump. 

Another observation was that the swelling in water vapor of lyophilized dry 

polymer matrices results in shrinkage accompanied by transition from rigid to soft 
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and elastic state (cf. Table 6, inserted photographs). The most significant volume 

shrinkage of 58 % was observed for H80/1 hydrogel against 21 % for cH80/1 

cryogel. Lyophilization is based on the fixation of macroporous structure of gels 

preventing the collapse of pores. Also this method may cause permanent changes in 

structure and cracks depending on sample preparation conditions. Quick freezing of 

swollen samples led to prompt formation of ice crystals not only in pores, but also in 

polymer matrix. Sublimation of ice from the entire sample resulted in dry 

macroporous gel with “frozen” structure of stretched polymer chains of network, in 

which residual stress was retained. Subsequent swelling of polymer matrix in water 

vapor increased the mobility of network chains and the entropy; stretched chains tend 

to release the residual stress and take up energetically favorable conformations. As 

during the swelling in vapor pores were not filled in with solvent, but water may be 

condensed on walls, the total volume of gel decreased because of chain relaxation 

compared to its initial dry state. The less shrinkage of cryogel was caused by lower 

pore fraction. 

Table 6. Porosity of H80/1 hydrogel and cH80/1 cryogel calculated and determined 

experimentally by swelling of polymer matrix in H2O vapor and filling in the pores 

by cyclohexane. Photographs on the right hand side demonstrate the volume 

transitions of H80/1 and cH80/1 polymer matrices from lyophilized dry state to 

swollen in water vapor state. 

 

GEL 

Porosity Swelling 

degree 
Calculated Experimental 

H2O HEMA H2O vapor Cyclohexane H2O vapor 

H80/1 0.71 0.73 0.70 0.73 0.32 

cH80/1 0.62 0.63 0.64 0.62 0.34 
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The macroscopic gel volume changes are important for space filling issues 

and are relevant for characterization of state of coiling of network chains. Adopting 

the usual assumption that network chains are in their reference states at network 

formation (nf), the dilation factor of network chains α is defined by the ratio of actual 

volume V to the volume at network formation nfV  

𝛼 = √𝑉 𝑉nf⁄
3

 

  (Equation 4.3) 

The data in Table 7 represent the expansion of polymer chains in non-porous 

and macroporous single network gels when they are swollen in water, HEMA and 

GMA monomers, and dimethyl sulfoxide (DMSO). The polymer chains of single 

network gels prepared with no water are in their non-stretched state-of-ease (H0/0.3, 

H0/1, G0/0.3), i.e., α = 1. In water, the expansion of chains of H0/0.3 and H0/1 

networks was about 15 % and 18 %, while in DMSO, it was 73 % and 85 %, 

respectively. The polymer chains of PHEMA gels prepared in the presence of water 

are already pre-stretched. The extent of stretching increases with the dilution of 

monomers reaction mixture. Chain expansion in initially non-stretched H0/1 network 

and initially pre-stretched H40/1 network after the swelling in water was almost 

identical and equal to 17-18 % (α = 1.18 for H0/1 and α = 1.17 for H40/1). As shown 

in Figure 46, the H40/1 and H80/1 hydrogels neither gain additional water after the 

polymerization when immersed into water nor shrink, which means that equilibrium 

swelling of hydrogel corresponds to initial water content. Hence, the expansion of 

chains of both as-prepared and equilibrium-swollen gels is the same. 
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The macroporous H80/1 hydrogel and cH80/1 cryogel have similar expansion 

of polymer chains in water and DMSO. Water is the worst solvent in this series of 

solvents and, therefore, not able to stretch chains of both gels significantly. DMSO, 

on the contrary, stretches chains to high extent while disturbing the physical 

hydrophobic interactions. The dilation factor of cryogel becomes lower than of 

hydrogel only when gels are swollen in monomers, which are solvents of moderate 

power in this series. 

 Table 7. A complete set of dilation factor (α) values for networks 1 and networks 2: 

calculated for equilibrium swollen single networks in water, monomers, and 

dimethyl sulfoxide (DMSO). 

Hydrogel 
Dilation factor,  

in water in HEMA in GMA in DMSO 

networks 1 

H0/1 1.18 1.40 1.49 1.85 

H40/1 1.17 1.66 1.69 1.86 

H80/1 1.55 2.16 2.26 2.45 

cH80/1 1.52 1.84 1.88 2.45 

networks 2 
H0/0.3 1.15 1.44 1.41 1.73 

G0/0.3 1.64 1.10 1.45 1.98 

4.2.2.  Swelling of single network PHEMA gels in monomer–water 

cosolvents 

Swelling of single PHEMA networks in monomers can be improved by 

employing water as a cosolvent. Considerable expanding of polymer chains in such 

monomer–water mixture attributed to the so called “cosolvency phenomenon” 

provoked by co-existence of molecules interacting with both hydrophilic and 

hydrophobic groups of polymer chains and making the polymer-polymer interaction 

less preferable. Indeed, monomer molecules interact with hydrophobic groups, while 

water molecules interact with hydroxyl groups of network. Swelling of PHEMA 

hydrogels in pure monomers (HEMA or GMA) was higher than that in pure water. 

But the highest swelling of hydrogels regardless of their morphology was observed 

in mixtures with equal amounts of monomer and water (Figure 50). When the 

concentration of one of the components increased, the swelling parameter shifted to 

lower values. The presence of two hydroxyl groups in GMA molecule made it self-
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sufficient to interact with both hydrophobic and hydrophilic groups of polymer 

chains, so that the addition of water had no significant effect on swelling values. 
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Figure 50. Equilibrium swelling of non-porous H40/1 and porous H80/1 single 

network hydrogels in (a) HEMA:water and (b) GMA:water mixtures as a function of 

weight fraction of monomer. 

4.3.  Swelling of IPN hydrogels 

Equilibrium water content (EWC) in IPN hydrogels consisting of two 

chemically identical PHEMA networks, the first network of which was prepared in 

the presence of 40 wt.-% of water, decreased with the increase of crosslinker 

concentration in both networks (Table 8). H0/0 means that no additional crosslinker 

was used at network preparation, but the crosslinking polymerization took place due 

to the traces of irremovable crosslinker in HEMA monomer (0.14 mol-% of 

EGDMA, see the structure in Figure 17). 

Table 8. Equilibrium water content (EWC) in chemically homogeneous PHEMA-

PHEMA IPN hydrogels. 

EWC of chemically homogeneous IPN hydrogels, g/g 

Network 1 
Network 2 

H0/0 H0/0.3 H0/1 H0/2 

H40/0.2 0.721 0.643 0.623 0.563 0.553 

H40/1 0.658 0.627 0.620 0.556 0.546 

H40/3 0.592 0.584 0.538 0.518 0.507 

H40/6 0.586 0.542 0.493 0.439 0.434 
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Swelling parameters of IPNs in water and DMSO are collected in Table 9 and 

they will serve as reference data for further calculation of parameters characterizing 

the networks chain extension. It is impressive how the already expanded by the 

second network chains of the first PHEMA network can be stretched further within 

the IPN gel when the latter is swollen in solvents, especially in DMSO. We 

introduced 1 parameter as a criterion of extension of network 1 chains embedded 

into the IPN structure. 

Table 9. Swelling parameters of IPN hydrogels: volume degree of swelling (QV), 

mass degree of swelling (Qm), and equilibrium solvent content (ESC). 

Sample Polymerization conditions Qv Qm ESC 

Swollen in WATER 

H0/1-

G0/0.3 

1
st
 net:  thermal (AIBN) 

2
nd

 net: UV (DAROCUR 1173) 
2.67 2.13 1.13 

H0/1-

H0/0.3 

1
st
 net:  thermal (AIBN) 

2
nd

 net: UV (DAROCUR 1173) 
1.60 1.57 0.57 

H40/1-

G0/0.3 

1
st
 net:  redox (APS/TEMED) 

2
nd

 net: UV (DAROCUR 1173) 
2.04 2.11 1.11 

H40/1-

H0/0.3 

1
st
 net:  redox (APS/TEMED) 

2
nd

 net: UV (DAROCUR 1173) 
1.56 1.62 0.62 

H80/1-

G0/0.3 

1
st
 net:  redox (APS/TEMED) 

2
nd

 net: UV (DAROCUR 1173) 
4.27 3.16 2.16 

H80/1-

H0/0.3 

1
st
 net:  redox (APS/TEMED) 

2
nd

 net: UV (DAROCUR 1173) 
1.45 1.58 0.58 

cH80/1-

G0/0.3 

1
st
 net:  redox (APS/TEMED), T = -14 

0
C 

2
nd

 net: UV (DAROCUR 1173) 
3.62 3.26 2.26 

cH80/1-

H0/0.3 

1
st
 net:  redox (APS/TEMED), T = -14 

0
C 

2
nd

 net: UV (DAROCUR 1173) 
1.69 1.69 0.69 

Swollen in DMSO 

H0/1-

G0/0.3 

1
st
 net:  thermal (AIBN) 

2
nd

 net: UV (DAROCUR 1173) 
4.86 4.46 3.46 

H0/1-

H0/0.3 

1
st
 net:  thermal (AIBN) 

2
nd

 net: UV (DAROCUR 1173) 
3.26 3.85 2.85 

H40/1-

G0/0.3 

1
st
 net:  redox (APS/TEMED) 

2
nd

 net: UV (DAROCUR 1173) 
5.63 5.73 4.73 

H40/1-

H0/0.3 

1
st
 net:  redox (APS/TEMED) 

2
nd

 net: UV (DAROCUR 1173) 
4.62 4.78 3.78 

H80/1-

G0/0.3 

1
st
 net:  redox (APS/TEMED) 

2
nd

 net: UV (DAROCUR 1173) 
8.19 5.67 4.67 

H80/1-

H0/0.3 

1
st
 net:  redox (APS/TEMED) 

2
nd

 net: UV (DAROCUR 1173) 
3.51 4.29 3.29 

cH80/1-

G0/0.3 

1
st
 net:  redox (APS/TEMED), T = -14 

0
C 

2
nd

 net: UV (DAROCUR 1173) 
6.02 5.94 4.94 

cH80/1-

H0/0.3 

1
st
 net:  redox (APS/TEMED), T = -14 

0
C 

2
nd

 net: UV (DAROCUR 1173) 
4.61 4.96 3.96 
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Figure 51 shows the dilation factor  for chains of network 1 (1) at various 

stages of IPN formation and after final swelling in water or DMSO. The numerical 

values of 1 for chains of network 1 in IPNs (Table 10) can be compared with  

values of single networks in the Table 7. 

The inspection of -values for chains of network 1 discovers their large 

extension in the swollen IPN especially when swollen in DMSO ( 1 = 2.95) for 

HEMA-GMA IPN made from macroporous parent network which in the current case 

corresponds to about 47% of their contour lengths; in the case of H80/1-H0/0.3 

swollen in DMSO ( 1 = 2.11), it makes about 33%.1 This fact tells us that the 

theoretical model based on Gaussian chains is no longer applicable when analyzing 

the elasticity and swelling data. This conclusions is also valid for the PHEMA-

PHEMA IPN made from homogeneous parent network ( 1 = 2.36).  

The second – even more important – observation is that the extension of 

network 1 chains under working conditions of the IPN (swollen in water) was much 

higher when macroporous PHEMA gel H80/1 was used as network 1 for H80/1-

G0/0.3; 3
1  = 13.4 compared to 3

1 = 6.08 for the homogeneous H40/1-G0/0.3 (cf. 

Figure 51). This is, however, not so in the case of H80/1-H0/0.3, on contrary, 3
1 for 

homogeneous matrix is somewhat higher. 

                                                           
1
 The number of monomer units, nm, in a network 1 chain  100, number of monomer units in a 

statistical segment  2.5, number of statistical segments ns  nm/2.5, contour length  s sn l , unperturbed 

length 
1/2
s sn l , sl length of statistical segment 
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Figure 51. A sketch illustrating expansion of chains of network 1 in a single network 

and in an IPN H80/1–G0/0.3 due to swelling: volume change shown as relative 

volume of the network 1, Vrel1, which is expressed as a ratio of swollen sample 

volume, Vsw, to the reference volume of the network 1, Vnf. The parent network 

H80/1 swells in the monomer 2, GMA, and swelling of prepared IPN H80/1–G0/0.3 

in water and in dimethyl sulfoxide (DMSO) is shown. Volume occupied initially by 

network 1 is drawn to offer a mind image to the reader. Data shows dilation factor 

(1)
3
 of network 1 chains in homogeneous and microstructured IPNs. 

The osmotic expansion of network 1 by swelling of network 2 depends 

primarily on the swelling power of the polymer 2, but also on the compatibility of 

chains 1 and 2 which is poorer when chains are chemically different. Network 1 

phase within IPN of pore walls is then more crosslinked in the PHEMA-PHEMA 

case by additional entanglements than in the PHEMA-PGMA case. A complete set of 
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values of 1 is available in the Table 10. Comparing the dilation factors of chains of 

network 2 in IPNs and in freely swelling gels, one can find that the expansions of 

network 1 is counterbalanced by compression of network 2, i.e., the network 2 swells 

less than under unconstrained conditions. 

In good solvent dimethyl sulfoxide (DMSO), the values of the factor α were 

considerably higher. For instance, for H80/1 network in H80/1–G0/0.3 IPN swollen 

in DMSO, the factor α reached the value 4.2 compared to α about 1.8 in the non-

swollen IPN (i.e., the H80/1 in GMA). The chains of non-porous PHEMA gels can 

be significantly stretched (α = 1.5 in a single H40/1 network vs. α = 2.8 in H40/1–

G0/0.3 IPN). 

Table 10. A complete set of chain extension factor 1 values for network 1 

calculated for equilibrium swollen IPNs in water and DMSO. 

Hydrogel 
Dilation factor, 1 

in water in DMSO 

IPNs 

H0/1-H0/0.3 1.64 2.08 

H40/1-H0/0.3 1.93 2.77 

H80/1-H0/0.3 2.44 3.28 

cH80/1-H0/0.3 2.20 3.07 

H0/1-G0/0.3 2.07 2.52 

H40/1-G0/0.3 2.14 3.00 

H80/1-G0/0.3 3.67 4.56 

cH80/1-G0/0.3 2.89 3.42 
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5. Deformation behavior of hydrogels 

For better orientation in this part of the thesis and better understanding the 

correlation between the morphology of gels and their mechanical properties, the 

overview of hydrogels of various morphology and corresponding cartoons and 

micrographs is presented in Table 11. The left column represents the coding of single 

network and IPN gels, the following column contains the cartoons depicting the 

coiling states of networks 1 and 2 in swollen gels, and the right column reveals the 

morphology of swollen gels observed by cryo-SEM method. 

Table 11. Overview of hydrogels of various morphology and corresponding cartoons 

and micrographs. 

Sample code Cartoon Micrograph 

SWOLLEN SINGLE NETWORKS 

H0/1 

H40/Y (Y<3) 

network 1 

 
 

Non-porous 

H0/0 

H0/0.3 

H0/1 

H0/2 

G0/0.3 

network 2 

 
 

Non-porous 

H80/1 

hydrogel 

 

 
Macroporous with fused 

spheres 
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cH80/1 

cryogel 

 

 
Macroporous with cell-like 

pores 

SWOLLEN INTERPENETRATING POLYMER NETWORKS 

H0/1-H(G) 

H40/1-H(G) 

IPNs 

  

Non-porous 

H80/1-H(G) 

IPN 

 
 

Microstructured IPN 

cH80/1-H(G) 

IPN 

 
 

Microstructured IPN 
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5.1. Tensile deformation behavior 

5.1.1.  Constituent single network hydrogels H40/Y: effect of crosslinker 

concentration 

Tensile deformation behavior of a series of swollen non-porous PHEMA-

PHEMA IPN hydrogels consisting of non-porous H40/Y first networks and non-

porous H0/Z second networks are discussed in this paragraph. Some of these systems 

may serve as model samples for fundamental studies of relationship between the 

structural, swelling and mechanical properties, since they consist of chemically 

identical constituent PHEMA networks and there are no complications caused by the 

morphology as constituent networks are non-porous (H40/0.2 and H40/1 based 

IPNs). 

Mechanical performances of single H40/Y first networks were studies as a 

reference data. Figure 52 shows stress-strain dependencies for single PHEMA 

networks 1 prepared at 40 wt.-% of water and various amounts of DEGDMA 

crosslinker (0.2 – 6 mol-%). In this work, the strength of gels was defined as a force 

(F) divided by constant area (S) and attributed to “engineering stress” (σ) further 

called just “stress”. The increase of crosslinker concentration in gels resulted in 

increase of stress at break and Young’s modulus (Figure 52, inserted table), and in 

decrease of strain at break. Generally, crosslinked PHEMA networks can be 

considered as hybrid materials as they contain both chemical and physical crosslinks. 

The latter was observed by scattering experiments and explained by hydrophobic 

interactions between polymer chain segments. The ratio between chemical and 

physical crosslinks may determine eventual mechanical properties of the material. 

For instance, the amount of added chemical crosslinker in H40/0.2 sample is very 

low, and therefore the effects from chemical and physical crosslinks may be 

comparable. Low density of chemical crosslinks provides for relatively long length 

flexible polymer chains, which can be highly stretched under the deformation of 

hydrogel. Physical crosslinks are generally weaker than chemical crosslinks, but their 

presence in networks increases the overall crosslinking density. Reversible 

decrosslinking of physical crosslinks under large deformation causes the energy 

dissipation due to the dissociation of hydrophobic interactions, which is a general 

principle for the design of tough hydrogels. Fabrication of hybrid-crosslinked 

hydrogels is a way to maintain high elasticity of tough hydrogels.
199

 Thus, H40/0.2 

gel overcome large expansion and ruptured at high deformation of 340 % (λb = 4.4), 
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and at the same time exhibited relatively high stress at break (340 kPa), which was 

not significantly lower than strengths of other samples within the series. The effect of 

physical crosslinks becomes suppressed with increase of concentration of added 

crosslinker, and the mechanical properties of single PHEMA networks become 

driven by chemical crosslinks only. So, highly crosslinked hydrogels have high 

strengths, but rupture at low strains. 

 

 

 

Figure 52. Stress-strain dependencies at extension for single PHEMA networks 

prepared at 40 wt.-% of water and various concentrations (mol-%) of DEGDMA 

crosslinker. 

The Young’s moduli (E) of swollen hydrogels are defined 

phenomenologically as 𝐸 = 𝜎/(𝜆 − 1) and determined at fairly small uniaxial 

deformations of few percents (λ < 1.05). The Young’s moduli of single network 

PHEMA hydrogels prepared at 40 wt.-% of water were in the range of 430 – 1730 

kPa. If only homogenous PHEMA hydrogels containing up to 1 mol-% of crosslinker 

are considered, then their Young’s moduli were 430 and 520 kPa. Obtained values 

are in consistent with those given in literature (300 – 800 kPa) for manufactured 

PHEMA contact lenses
200,201

 as well as for PHEMA hydrogels.
202,203
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5.1.2.  Chemically homogeneous PHEMA-PHEMA IPN hydrogels 

Chemically homogeneous PHEMA-PHEMA IPN hydrogels were stiffer than 

their parent H40/Y first networks (Figure 53). Stress-strain dependencies of IPNs 

were sensitive to change of crosslinker concentration in both networks. IPNs were 

strengthened with increase of crosslinker amount in the second network. Lower 

strain values of IPNs were compensated by high stresses at break as well as high 

Young's moduli. Interlocking of loosely crosslinked H0/0 or H0/0.3 second network 

with loosely crosslinked H0/0.2 first network resulted in more or less homogeneous 

IPN hydrogel since the crosslink density in both networks was similar. But the higher 

strength of these IPNs is explained by the higher total chain density in them (Figure 

53a). Interlocking of H0/0.2 parent network with notably denser networks such as 

H0/1 or H0/2 made the IPN stiff but incapable to overcome large extensions due to 

the fact that the extension of chains in IPN is driven by short chains of the second 

network. Tightly crosslinked H40/3 and H40/6 networks are not able to absorb large 

amounts of second network monomers mixture, therefore the IPNs revealed high 

stresses and broke at low strains (Figure 53c and 53d). The amount of crosslinker in 

the second network had no big influence of the mechanical performance of the IPNs, 

because the second networks were less crosslinked than their parent networks (H40/3 

or H40/6). The best IPN hydrogels with high both stresses and strains were obtained 

on the basis of H40/1 networks (Figure 53b). Among the series, the best parameters 

were obtained for H40/1-H0/0.3 hydrogel – 820 kPa of stress at break and 140 % of 

strain (λb = 2.4). 
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Figure 53. Stress-strain dependencies at extension for different PHEMA-PHEMA 

homo-IPN hydrogels: H0/Y second network interlocked with (a) H40/0.2, (b) H40/1, 

(c) H40/3, and (d) H40/6 first networks. 

The different crosslinker concentration in each constituent network 

influenced the values of Young’s modulus (E), which were increasing with the 

increase of crosslinker amount in both networks (Figure 54a). The crosslinker 

concentration in networks are represented as follows: (a) in network 1 – by 

differently colored curves, each of which is related to one of H40/Y based IPN 

series, (b) in network 2 – by values on x axis  related to “Z” in H40/Y-H0/Z gels. 

Embedding of second networks of various crosslinker concentrations into the IPN 

structure led only to stiffening of the single network PHEMA hydrogel. To estimate 

the extent of stiffening, the modulus of the IPN (EIPN) was related to the modulus of 

the reference single network 1 (ESN1). The Figure 54b shows the dependence of 

EIPN/ESN1 ratio on the concentration of the crosslinker in network 2. In all cases, the 

EIPN/ESN1 ratio was above 1 (EIPN/ESN1 > 1), but the most significant improvement of 

modulus was achieved for H40/1-based IPNs. This was apparently due to the fact 

that the total crosslink density in H40/1 network 1 based IPNs was higher than in 

IPNs prepared from H40/0.2 network 1. Additionally, the PHEMA networks 1 
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prepared at 3 and 6 mol-% of crosslinker concentration are already strong gels with 

high Young’s modulus, therefore the values of EIPN/ESN1 ratio for them were not as 

high as for H40/0.2 and H40/1 network 1 based IPNs. 

0
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Figure 54. Young’s modulus (E) of swollen H40/Y-H0/Z IPN hydrogels (a). Effect 

of crosslinker concentration (mol-%) in the second network on Young’s moduli of 

the IPN hydrogels (b). Young’s moduli of IPN hydrogels (EIPN) were related to 

Young’s moduli of single network 1 hydrogels (ESN1). 

The capacity of IPN hydrogels to absorb water is expectably worse than of 

single network hydrogels due to the higher density of crosslinked polymer chains. 

Furthermore, increase of crosslinker concentration in both constituent networks (Y 

mol-% and Z mol-%) reduces the total swelling of H40/Y-H0/Z IPN (Table 5). To 

assess how much the IPNs swelling properties were deteriorated regarding their 

reference single networks, we used EWCIPN/EWCSN1 ratio (Figure 55). Notable drop 

of swelling values was observed for loosely crosslinked H40/0.2 based IPN and 

tightly crosslinked heterogeneous H40/6 based IPN hydrogels. Apparently, larger 

amount of second network monomers mixture penetrated the loosely crosslinked 

H40/0.2 matrix eventually creating a dense network with low degree of swelling. 

Whereas the swelling of H40/6 based IPNs was restricted by the tightly crosslinked 

H40/6 matrix. It is worth to emphasize, that for IPNs without crosslinker in the 

second network or very small amount of it (0.3 mol-%) the deterioration of swelling 

properties (EWCIPN/EWCSN1) was insignificant in comparison with considerable 

enhancement of mechanical properties (EIPN/ESN1) of IPNs. 
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Figure 55. Effect of crosslinker concentration (CC, mol%) in the second networks 

on the swelling properties of the IPN hydrogels. Equilibrium water content in the 

IPN hydrogels (EWCIPN) was related to the equilibrium water content in the single 

network (EWCSN) hydrogels. 

Comparison of refractive index, degree of strengthening EIPN/ESN1, and 

EWCIPN/EWCSN1 ratio is shown for H40/1 based IPN hydrogels in Table 12. The 

EWCIPN/EWCSN1 ratios were below 1, but the reduction was relatively small – about 

5-17 %. While the Young’s moduli of swollen IPN hydrogels enhanced by more than 

100 %. For H40/1-H0/0 IPN, for instance, increase in modulus E by 100 % cost it a 

reduction in EWC only by 5 %. For H40/1-H0/2 IPN, increase in modulus E by 220 

% cost it a reduction in EWC by 17 %. Refractive indices of IPNs (RI 1.429 – 1.430) 

were very similar to that of single PHEMA network (RI 1.433). Decrease in values 

was negligible (less than 0.3 %). This result is important in terms of possible 

application of PHEMA-based IPN hydrogels in ophthalmology, as values are in the 

range of indices, which are typical for real PHEMA-based contact lenses (RI 1.380-

1.440).
204
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Table 12. Effect of crosslinker concentration in the second network on refractive 

index (RI), degree of strengthening (EIPN/ESN1), and (EWCIPN/EWCSN1) ratio of 

PHEMA-PHEMA hydrogels. Selected data for H40/1-based IPNs are summarized in 

Table. Crosslinker concentration (CC, mol-%) in network 2 indicates the 

concentration of added crosslinker. 

Hydrogel 
CC in Network 2, 

mol-% 
RI EIPN/ESN1 EWCIPN/EWCSN1 

H40/1 - 1.433 1 1 

H40/1-H0/0 0 1.429 2.0 0.95 

H40/1-H0/0.3 0.3 1.429 2.1 0.89 

H40/1-H0/1 1 1.430 3.0 0.84 

H40/1-H0/2 2 1.429 3.2 0.83 

5.1.3.  PHEMA-PHEMA versus PHEMA-PGMA IPN hydrogels  

The tensile behavior of constituent single network hydrogels (networks 1, 2) 

used to build up interpenetrating networks was studied. Figure 56 shows the portfolio 

of deformation responses to elongation of mostly HEMA-based gels covering a wide 

range of strain at break, strength and Young’s modulus values. It should be noted 

that the networks H0/0.3, H0/1, H40/1 and G0/0.3 do not contain any pores whereas 

the gels H80/1 and cH80/1 have distinct macroporous morphologies (see inserts in 

the Figure 56). However, even the gels H40/1 formed in presence of water as diluent 

(40 wt.-%) contain weak nanosized inhomogeneities – fluctuations in polymer 

segment concentrations (cf. paragraph 3.4, page 98). The three non-porous HEMA-

based gels which contained between 36 and 40 wt.-% of water at equilibrium 

provided the highest values of moduli while the sample H40/1 shows somewhat 

lower modulus and increased strain at break. This is related to the effect of diluent on 

concentration of elastically active network chains: the presence of diluent promotes 

formation of cyclic structures and thus a decrease of crosslink density. 



122 

 

1 2 3 4 5 6
0

100

200

300

400

500

H80/1cH80/1

H40/1


 (

k
P

a
)


b

H0/1

Networks 1

a

 

 

1 2 3 4 5 6
0

100

200

300

400

500

G0/0.3

H0/0.3
 (

k
P

a
)


b

Networks 2

b

 

 

 

Figure 56. Stress-strain dependencies at extension for single networks 1 and 2. 

The ultimate strain of gels is directly related to material performance at 

application and provides quantitative comparison of how much of elongation can the 

structures withstand before it ruptures. The sample H80/1 shows remarkably large 

capacity of straining, almost 500 % of deformation. Interestingly, the macroporous 

cH80/1 cryogel that contains somewhat less water at testing state breaks down at 

much lower strain. Both macroporous gels: the phase separated structure 

characterized by chemically fused spheres (H80/1) and the cryogel containing large 

cells of a characteristic dimension of 50-80 µm (cH80/1) provided low moduli. The 

modulus of poly(glycerol methacrylate) gel G0/0.3 was lower than that of the 

PHEMA gels that are not macroporous and also their ultimate extensions were 

comparable. The G0/0.3 swelling degree in water was, however, much higher. 

The tensile properties of neat PHEMA and PGMA networks, and PHEMA–

PGMA and PHEMA–PHEMA IPNs are shown in Figure 57, Figure 58 and Figure 

59. 
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Figure 57. Stress-strain dependencies at extension for PHEMA-PGMA and PHEMA-

PHEMA IPN hydrogels: the G0/0.3 second network interlocked with the (a) H0/1 

and (c) H40/1 first network; the H0/0.3 second network interlocked with the (b) H0/1 

and (d) H40/1 first network. 

The factors affecting the mechanical properties of hydrogels are very 

complex and include the chemical nature of both networks and their interactions, 

morphology of the first network, crosslink densities, etc. In extension, neither 

yielding nor brittle fracture were observed. Dilution at preparation of the first 

network led to the formation of gels of lower stiffness. Dilution 40 % of water 
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decreased the modulus of these non-porous gels more than would be predicted by the 

factor (𝜙2
0)2 3⁄ = (𝑉d 𝑉nf⁄ )2 3⁄  very likely due to increased cyclization. For non-

porous gels, dilution improved the value of strain at break of the PHEMA gels 

without impairing their strength (H0/0.3 vs. H40/1); its true strength (cf. data of 

Table 13) was greatly improved (H40/1 vs. H0/1). The PHEMA–PHEMA IPN gels 

were stronger than PHEMA–PGMA IPNs, the Young’s modulus of the former 

exceeded 1 MPa. 

 

Figure 58. Stress-strain dependencies at extension for the cH80/1 first network 

cryogel interlocked with the (a) G0/0.3 and (b) H0/0.3 second networks. 
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Figure 59. Stress-strain dependencies at extension for the H80/1 first network 

hydrogel interlocked with the (c) G0/0.3 and (d) H0/0.3 second networks. 

Swollen interpenetrating networks based on the mechanically weak 

macroporous H80/1 gel showed the best mechanical performance (H80/1–H0/0.3, 

H80/1–G0/0.3, cf. Table 13). This macroporous network absorbs large amounts of 

the monomer of the second network. H80/1-based IPNs reveal better tensile strength 

and strain at break than H40/1-based IPNs. The H80/1–H0/0.3 was very tough with 

the true strength 𝑆b = 𝜎b(𝜆b − 1) close to 2 MPa, and stress at break of 1 MPa and 

elongation at break almost 300 %. The reasons for this extreme improvement are not 

yet fully clear and will be the object of further studies. It is possible that GMA 

monomer is transferred continuously into the network phase during GMA 

polymerization and makes the necks between spheres of H80/1 softer and more 

oriented. The soft and compressed network 2 “phase” in former pores may block 

crack spreading, a phenomenon utilized in rubber toughened thermosets.
205 
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Table 13. Tensile and swelling properties of hydrogels. Measuring conditions: 

swollen state, ambient temperature, b = length at break/undeformed length, 𝑄V 

related to volume of dry sample annealed at 100 °C. 

Sample 

Stress 

at 

break 

𝝈b 

 

[kPa] 

Strain 

at 

break 

b 

True 

strength 

𝑺b

= 𝝈b(𝝀b

− 𝟏) 

[kPa] 

Young’s 

modulus 

E 

 

 

[kPa] 

𝑸𝑽
∗  𝑺b𝑸V 

 

 

 

 

[kPa] 

single 

network 1 

H0/1 488 1.85 415 1060 1.65 685 

H40/1 433 2.59 688 520 1.61 1108 

H80/1 13 5.65 60 4 3.71 222 

cH80/1 60 2.45 87 720 3.51 305 

single 

network 2 

H0/0.3 344 2.05 361 590 1.53 563 

G0/0.3 125 1.98 122 250 4.42 539 

inter 

penetrating 

networks 

H0/1–G0/0.3 367 1.62 227 1010 2.67 606 

H40/1–G0/0.3 300 1.90 270 460 2.04 551 

H80/1–G0/0.3 460 2.63 750 380 4.27 3164 

cH80/1–G0/0.3 330 2.25 413 280 3.62 1495 

H0/1–H0/0.3 540 1.56 302 1720 1.60 483 

H40/1–H0/0.3 700 2.41 987 1330 1.56 1540 

H80/1–H0/0.3 1032 2.84 1899 980 1.45 2753 

cH80/1–H0/0.3 650 2.82 1183 900 1.69 2000 

For certain ophthalmologic applications, good mechanical properties of 

highly swellable hydrogels are needed. From this point of view, the product  

𝑆b𝑄V can serve as the criterion. Table 13 shows that H80/1–G0/0.3 is a clear winner. 

This IPN is followed by H80/1–H0/0.3, which is a certain surprise. Its second place 

is due to its high modulus and true strength but its swelling degree is relatively low. 

The high values of E and 𝑆b can be due to approaching the glass transition region and 

if so, the properties may be sensitive to temperature variations. 
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5.2.  Elastically active network chains concentration in single PHEMA 

networks 

According to the rubber-elasticity theory, the equilibrium Young’s modulus 

of Gaussian networks is proportional to the concentration of elastically active 

network chains (EANC) and is a function of solvent content and dilution at network 

formation:
206

 

𝐸 = 3𝑅𝑇𝐴𝜈e𝜙2
1 3⁄ (𝜙2

0)2 3⁄  

(Equation 4.4) 

where R is universal gas constant, T is the temperature in K, A is a 

dimensionless factor in the Flory-Erman rubber elasticity theory, 𝜈e is the 

concentration of elastically active network chains (EANC) in moles per volume, 𝜙2 

is the volume fraction of polymer at swelling equilibrium and 𝜙2
0 = 𝑉d 𝑉nf⁄  is related 

to dilution at network formation. 

Figure 60 represents the correlation between the real concentrations of EANC 

calculated from the experimentally measured Young’s moduli (E) and the 

concentrations of EANC determined from the composition of network (ideal), i.e., 

the concentration of the crosslinker at preparation, assuming that each consumed 

double bond of crosslinker contributed to one EANC. The concentration of EANC 

was calculated for transparent homogeneous H40/0.2 and H40/1, translucent 

intermediate H40/3 and white phase-separated H40/6 hydrogels. The concentration 

of the EGDMA crosslinker present in commercial HEMA monomer was also 

considered. The dependence between real and ideal EANC concentrations was close 

to linear with slope of 0.3. Such deviation from the diagonal was due to incomplete 

utilization of crosslinker molecules forming EANC and very likely intramolecular 

reactions causing the cyclization. Formally, this theory cannot be applied to 

heterogeneous H40/3 and H40/6 gels, as it does not contain any parameters taking 

into account the inhomogeneous structure of networks. The low position of real 

EANC values on the graph for these samples supported this precaution. The real 

concentration of EANC in loosely crosslinked H40/0.2 hydrogel was slightly higher 

than that determined from its composition. Possible explanation is the presence of 

physical hydrophobic interactions becoming important at low concentration of 

chemical crosslinks and contributing to total crosslink density in network. 
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Figure 60. Concentration of elastically active network chains (EANC) in single 

network H40/Y hydrogels determined from the composition of reaction mixture 

(ideal) and calculated from the experimentally measured modulus (experimental). 

The values of “Y” corresponding to the concentration of DEGDMA crosslinker in 

the H40/Y hydrogels were 0.2, 1, 3, and 6 mol-%. 
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5.3. Theoretical treatment of swelling and elasticity of swollen IPN 

hydrogels 

For interpenetrating networks, the situation is much more complicated when 

segment-segment interaction parameters are different, unless the interactions 

between segments of the two polymers are attractive or the attraction is mediated by 

the solvent. According to Dušek
207

 [ref. to oral communication and derivation of 

physical model of IPN swelling and deformation, unpublished work], the 

consideration of mixing in IPNs as mixing of two networks or even two 

uncrosslinked polymers of infinite molecular weight in the classical way would lead 

to exclusion of one network from the other because of very large entropic penalty. 

One should have to consider mixing conditions at the scale of network meshes. The 

situation is much simpler in the case of sequential IPNs of the same chemical 

composition, since then the segments of one network do not recognize whether their 

partners belong to “network a” or “network b” and have no reason for separating at 

the mesh level. Only the network chains of “network a” are at different state of 

strain: not those of “network b” (Figure 61). 

 

Figure 61. Different coiling states of “network a” and “network b” in the IPN 

structure after its formation and after swelling. 

At hand is the “Two-Networks” theory of Andrews, Tobolsky and, Hanson in 

which the contribution by the two networks differing in the states of strain of 

network chains are considered additive.
3
 As Dušek pointed out, the “Two-Networks” 

theory has been more or less successfully applied to networks additionally 

crosslinked in different states of strain, where the chains in one state are grafted to 

chains in another state. However, when the external stress is removed, the structure 

relaxes to a state of ease corresponding to minimum of free energy. So, the TNT is 

conceptually not the best model to be used. The TNT model suits much better the 
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class of homogeneous (sequential) IPNs, and in this work it has been formulated and 

tested. One of the questions to be made clear in these studies is the possible 

contributions by extra entanglements made by intermeshing of the two networks. 

Time-to-time, it has been debated the literature. So far, no theoretical approach is 

available but work is under way. Testing of conformity of experiments with TNT 

model will tell us whether such amendment is in agreement with experiments. 

5.3.1. Two-networks theory applied to homogeneous IPNs of the same 

composition
207

 [ref. to unpublished work of Dušek] 

The modification concerns the elastic term of Helmholtz energy. For 

interpenetrating networks: 

∆𝐹el

𝑘𝑇
=

𝐴𝑁ea

2
(𝜆a𝑥

2 + 𝜆a𝑦
2 + 𝜆a𝑧

2 − 3) +
𝐴𝑁eb

2
(𝜆b𝑥

2 + 𝜆b𝑦
2 + 𝜆b𝑧

2 − 3)

−  𝐵 (𝑁ea ln (
𝑉

𝑉a
) + 𝑁eb ln (

𝑉

𝑉b
)) 

(Equation 4.5) 

The subscript “a” and “b” are related to “network a” and “network b”. The 

reference volumes Va and Vb relate to volumes after the first stage and second (final) 

stage, respectively. The meaning of other symbols is analogous to the case of single 

networks; 𝑁ea and 𝑁eb are numbers of elastically active network chain in a and b 

network, respectively. Complete list of symbols and their meaning is given at the end 

of this paragraph, see Table 14. 

Definitions of quantities used (all symbols V mean extensive quantities – real 

volumes): 

𝜙2 =
𝑉ap + 𝑉bp

𝑉ap + 𝑉bp + 𝑉s
 

𝜙2a
0 =

𝑉ap

𝑉ap + 𝑉ad
 

𝜙2b
0 =

𝑉ap + 𝑉bp

𝑉ap + 𝑉bp + 𝑉bd
 

𝜑a =
𝑉ap

𝑉ap + 𝑉bp
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𝜑b =
𝑉bp

𝑉ap + 𝑉bp
 

 (Equation 4.6) 

𝑉ap and 𝑉bp are volumes of polymer a and polymer b, respectively, 𝑉s is 

volume of solvent, and 𝑉ad and 𝑉bd are volumes of diluents added with monomer a 

and monomer b, respectively. 

Swelling of interpenetrating networks 

𝜆a𝑥 = 𝜆a𝑦 = 𝜆a𝑧 = 𝜆a; 𝜆a𝑥𝜆a𝑦𝜆a𝑧 = 𝑉 𝑉a⁄  

(Equation 4.7) 

∆𝐹el

𝑘𝑇
=

𝐴𝑁ea

2
(3𝜆a

2 − 3) +
𝐴𝑁eb

2
(3𝜆b

2 − 3) −  𝐵 (𝑁ea ln (
𝑉

𝑉0
) + 𝑁eb ln (

𝑉

𝑉0
)) 

(Equation 4.8) 

𝜆a
2 = (

𝑉ap + 𝑉bp + 𝑉1m𝑁1

𝑉ap + 𝑉ad
)

2/3

𝜆b
2 = (

𝑉ap + 𝑉bp + 𝑉1m𝑁1

𝑉ap + 𝑉bp + 𝑉bd
)

2/3

 

(Equation 4.9) 

𝜕𝜆a
2

𝜕𝑁1
=

2

3

𝑉1m

𝑉ap + 𝑉ad
(

𝑉ap + 𝑉bp + 𝑉s

𝑉ap + 𝑉ad
)

−1/3

 

(Equation 4.10) 

𝜕𝜆b
2

𝜕𝑁1
=

2

3

𝑉1m

𝑉ap + 𝑉bp + 𝑉bd
(

𝑉ap + 𝑉bp + 𝑉s

𝑉ap + 𝑉bp + 𝑉bd
)

−1/3

 

(Equation 4.11) 

Δ𝜇1,el

𝑅𝑇
= 𝐴

𝑁ea

𝑉ap

𝜕𝜆a
2

𝜕𝑁1
𝑉ap + 𝐴

𝑁eb

𝑉bp

𝜕𝜆b
2

𝜕𝑁1
𝑉bp

= 𝐴𝑉1m𝜈ea

𝑉ap

𝑉ap + 𝑉ad
(

𝑉ap + 𝑉bp + 𝑉s

𝑉ap + 𝑉ad
)

−1/3

+ 𝐴𝑉1m𝜈ea

𝑉bp

𝑉ap + 𝑉bp + 𝑉bd
(

𝑉ap + 𝑉bp + 𝑉s

𝑉ap + 𝑉bp + 𝑉bd
)

−1/3

 

(Equation 4.12) 
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𝑉1m𝜈ea

𝑉ap

𝑉ap + 𝑉ad
(

𝑉ap + 𝑉bp + 𝑉s

𝑉ap + 𝑉ad
)

−1/3

+ 𝐴𝑉1m𝜈ea

𝑉bp

𝑉ap + 𝑉bp + 𝑉bd
(

𝑉ap + 𝑉bp + 𝑉s

𝑉ap + 𝑉bp + 𝑉bd
)

−1/3

 

(Equation 4.13) 

𝑉1m𝜈ea

𝑉ap

𝑉ap + 𝑉ad
(

𝑉ap + 𝑉bp + 𝑉s

𝑉ap + 𝑉ad
)

−1/3

= 𝑉1m𝜈ea𝜙2a
0 𝜙2

1/3
𝜑a

1/3(𝜙2a
0 )−1/3

= 𝑉1m𝜈ea𝜙2
1/3

𝜑a
1/3(𝜙2a

0 )2/3 

(Equation 4.14) 

𝐴𝑉1m𝜈ea

𝑉bp

𝑉ap + 𝑉bp + 𝑉bd
(

𝑉ap + 𝑉bp + 𝑉s

𝑉ap + 𝑉bp + 𝑉bd
)

−1/3

= 𝐴𝑉1m𝜈ea

𝑉bp
2/3

(𝑉ap + 𝑉bp + 𝑉bd)
2/3

𝑉bp
1/3

(𝑉ap + 𝑉bp + 𝑉s)
1/3

 

(Equation 4.15) 

(
𝑉bp

𝑉ap + 𝑉bp + 𝑉bd
)

2/3

= (
𝑉ap + 𝑉bp

𝑉ap + 𝑉bp + 𝑉bd

𝑉bp

𝑉ap + 𝑉bp
)

2/3

= (𝜙2b
0 )

2/3
𝜑b

2/3
 

(Equation 4.16) 

𝑉bp
1/3

(𝑉ap + 𝑉bp + 𝑉s)
1/3

= (
𝑉ap + 𝑉bp

𝑉ap + 𝑉bp + 𝑉s

𝑉bp

𝑉ap + 𝑉bp
)

1/3

= 𝜙2
1/3

𝜑b
1/3

 

(Equation 4.17) 

Δ𝜇1,el

𝑅𝑇
= 𝐴

𝑁ea

𝑉ap

𝜕𝜆a
2

𝜕𝑁1
𝑉ap + 𝐴

𝑁eb

𝑉bp

𝜕𝜆b
2

𝜕𝑁1
𝑉bp

=  𝐴𝑉1m𝜙2
1/3

(𝜈ea𝜑a
1/3

𝜙0𝑎
2/3

+ 𝜈eb𝜑𝑏(𝜙2b
0 )

2/3
)

+ 𝐵𝜙2(𝜈ea𝜑a + 𝜈eb𝜑b) 

(Equation 4.18) 

Thus, the contribution to the swelling equation due to elasticity is given by 

the equation: 
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Δ𝜇1,el

𝑅𝑇
= 𝐴𝑉1m𝜙2

1/3
(𝜈ea𝜑a

1/3(𝜙2a
0 )2/3 + 𝜈eb𝜑b(𝜙2b

0 )
2/3

) + 𝐵𝜙2(𝜈ea𝜑a + 𝜈eb𝜑b) 

(Equation 4.19) 

The mixing contribution involves equally all segments of network a and 

network b. Therefore it remains the same and is a function of 𝜙2. 

Δ𝜇1

𝑅𝑇
= ln(1 − 𝜙2) + 𝜙2 + 𝜒𝜙2

2 + 𝐴𝑉1m𝜙2
1/3

(𝜈ea𝜑a
1/3(𝜙2a

0 )2/3 + 𝜈eb𝜑b(𝜙2b
0 )

2/3
)

+ 𝐵𝜙2(𝜈ea𝜑a + 𝜈eb𝜑b) = 0 

(Equation 4.20) 

Deformation 

Recalling the equation: 

∆𝐹el

𝑘𝑇
=

𝐴𝑁ea

2
(𝜆a𝑥

2 + 𝜆a𝑦
2 + 𝜆a𝑧

2 − 3) +
𝐴𝑁eb

2
(𝜆b𝑥

2 + 𝜆b𝑦
2 + 𝜆b𝑧

2 − 3)

−  𝐵 (𝑁ea ln (
𝑉

𝑉a
) + 𝑁eb ln (

𝑉

𝑉b
)) 

(Equation 4.21) 

passing from deformation ratios relative to reference state to deformation 

ratios relative to the swollen isotropic state (used in experiments), we employ the 

relations (L is dimension (length) in arbitrary units): 

𝜆a𝑗 =
𝐿a𝑗

𝐿a𝑗0
=

𝐿a𝑗

(𝐿a𝑗)
iso

(𝐿a𝑗)
iso

𝐿a𝑗0
= 𝛬a𝑗

(𝐿a𝑗)
iso

𝐿a𝑗0
 

𝜆b𝑗 =
𝐿b𝑗

𝐿b𝑗0
=

𝐿b𝑗

(𝐿b𝑗)
iso

(𝐿b𝑗)
iso

𝐿b𝑗0
= 𝛬bj

(𝐿b𝑗)
iso

𝐿𝑏𝑗0
 

(Equation 4.22) 

where 𝐿𝑖𝑠𝑜 refers to isotropic swollen state and 𝐿0 refers to the reference state 

taken here as state at network formation. 

Inserting these relations, one obtains: 
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∆𝐹el

𝑘𝑇
=

𝐴𝑁ea

2
𝜙2

−2/3
𝜑a

−2/3(𝜙2a
0 )2/3(𝛬𝑥

2 + 𝛬𝑦
2 + 𝛬𝑧

2 − 3)

+
𝐴𝑁eb

2
𝜙2

−2/3
(𝜙2b

0 )
2/3

(𝛬𝑥
2 + 𝛬𝑦

2 + 𝛬𝑧
2 − 3)

− 𝐵 (𝑁ea ln (
𝑉

𝑉a
) + 𝑁eb ln (

𝑉

𝑉b
)) 

(Equation 4.23) 

which gives: 

∆𝐹el

𝑘𝑇
= 𝐴𝜙2

−2/3
(

𝑁ea𝜑a
−2/3(𝜙2a

0 )2/3 + (𝜙2b
0 )

2/3
𝑁eb

2
) (𝛬𝑥

2 + 𝛬𝑦
2 + 𝛬𝑧

2 − 3)

− 𝐵 (𝑁ea ln (
𝑉

𝑉a
) + 𝑁eb ln (

𝑉

𝑉b
)) 

(Equation 4.24) 

Simple shear: 

𝛬𝑥 = 𝛬, 𝛬𝑦 = 1, 𝛬𝑥𝛬𝑦𝛬𝑧 = 𝑉 𝑉iso⁄ , 𝛬𝑧 = (𝑉 𝑉iso⁄ )𝛬−1 ≈ 𝛬−1 

(Equation 4.25) 

gives: 

∆𝐹el

𝑘𝑇
= 𝐴𝜙2

−2/3
(

𝑁ea𝜑a
−2/3(𝜙2a

0 )2/3 + (𝜙2b
0 )

2/3
𝑁eb

2
) (𝛬2 + 𝛬−2 − 2)

− 𝐵 (𝑁ea ln (
𝑉

𝑉a
) + 𝑁eb ln (

𝑉

𝑉b
)) 

(Equation 4.26) 

Transforming 𝛾 = 𝛬 − 𝛬−1 and differentiating: 

(
𝜕∆𝐹el

𝜕𝛾
)

𝑇,𝑉

= 𝐴𝑘𝑇𝜙2
−2/3

(𝑁ea𝜑a
−2/3(𝜙2a

0 )2/3 + 𝑁eb(𝜙2b
0 )

2/3
) 𝛾 

(Equation 4.27) 

per swollen cross-section and passing from molecules to moles of EANCs per 

volume (𝜈ea, 𝜈eb) and expressing the concentration in moles per unit dry volume 

instead of swollen volume: 

𝜎sw = 𝐴𝑘𝑇𝜙2
1/3

(𝜈ea𝜑a
1/3(𝜙2a

0 )2/3 + 𝜈eb(𝜙2b
0 )

2/3
𝜑b) 𝛾 

(Equation 4.28) 
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Passing from molecules to moles of EANCs per volume (𝜈ea, 𝜈eb) and 

expressing the concentration in moles per unit dry volume instead of swollen volume 

(factor 𝑉d/𝑉): 

𝐺sw = 𝑅𝑇𝐴𝜙2
1/3

(𝜈ea𝜑a
1/3(𝜙2a

0 )2/3 + 𝜈eb(𝜙2b
0 )

2/3
𝜑b) 

(Equation 4.29) 

Extension/Compression 

𝛬𝑥 = 𝛬, 𝛬𝑦 = 𝛬𝑧, 𝛬𝑥𝛬𝑦𝛬𝑧 = 𝑉 𝑉𝑖𝑠𝑜⁄ , 𝛬𝑦
2 = 𝛬𝑧

2 = (𝑉 𝑉𝑖𝑠𝑜⁄ )𝛬−1 =

(𝜙2,𝑖𝑠𝑜 𝜙2⁄ )𝛬−1 ≈ 𝛬−1 

∆𝐹el

𝑘𝑇
= 𝐴𝜙2

−2/3
(

𝑁ea𝜑a
−2/3(𝜙2a

0 )2/3 + (𝜙2b
0 )

2/3
𝑁eb

2
) (𝛬2 + 2𝛬−1 − 3)

− 𝐵 (𝑁ea ln (
𝑉

𝑉a
) + 𝑁eb ln (

𝑉

𝑉b
)) 

(Equation 4.30) 

The uniaxial force, 𝑓ec  causing deformation 𝛬 (subscript “ec” stands for 

extension/compression is equal to: 

(
𝜕∆𝐹el

𝜕𝐿𝑥
)

𝑇,𝑉

= 𝑓ec

= 𝐴𝑘𝑇𝜙2
−2/3

(𝑁ea𝜑a
−2/3(𝜙2a

0 )2/3 + (𝜙2b
0 )

2/3
𝑁eb) (𝛬

− (𝜙2,iso 𝜙2⁄ )𝛬−2)

≈ 𝐴𝑘𝑇𝜙2
−2/3

(𝑁ea𝜑a
−2/3(𝜙2a

0 )2/3 + (𝜙2b
0 )

2/3
𝑁eb) (𝛬 − 𝛬−2) 

(Equation 4.31) 

Passing to concentrations and stress, 𝑓ec, per unit cross-section area of 

undeformed, isotropic sample, one gets: 

𝜎ec = 𝐴𝑅𝑇𝜙2
1/3

(𝜈ea𝜑a
1/3(𝜙2a

0 )2/3 + 𝜈eb𝜑b(𝜙2b
0 )

2/3
) (𝛬 − (𝜙2,iso 𝜙2⁄ )𝛬−2)

≈ 𝐴𝑅𝑇𝜙2
1/3

(𝜈ea𝜑a
1/3(𝜙2a

0 )2/3 + 𝜈eb𝜑b(𝜙2b
0 )

2/3
) (𝛬 − 𝛬−2) 

(Equation 4.32) 

The final relation: 

𝜎ec = 𝐴𝑅𝑇𝜙2
1/3

(𝜈ea𝜑a
1/3(𝜙2a

0 )2/3 + 𝜈eb𝜑b(𝜙2b
0 )

2/3
) (𝛬 − 𝛬−2) 

(Equation 4.33) 
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has the same factor in front of the deformation function as in shear, but the 

deformation function is different. 

Table 14. List of symbols and their meaning used in this paragraph 5.3. 

𝐴 and 𝐵 front factors in the Flory-Erman junction-fluctuation theory 

𝐸 Young’s modulus 

𝑓e elastically effective crosslinker functionality 

𝑓ec uniaxial force (subscript “ec” stands for extension/compression) 

∆𝐹mix Helmholtz energy change of mixing of polymer and solvent 

∆𝐹el Helmholtz energy change of elastic deformation 

∆𝐺sw Gibbs energy change of swelling 

∆𝐺mix Gibbs energy change of mixing of polymer and solvent 

∆𝐺el Gibbs energy change of elastic deformation 

𝑘 Boltzmann constant 

𝐿j actual length of sample in the i-th direction 

(𝐿j)iso
 

length of sample in the i-th direction in the isotropic (swollen) 

network 

𝐿j0 
length of sample in the reference state ( state at network 

formation) 

𝑁1 number of moles of solvent molecules 

𝑁e number of EANC 

𝑁ea number of EANC in network a 

𝑁eb number of EANC in network b 

𝑅 universal gas constant 

𝑆iso cross-sectional area of undeformed, isotropic sample 

𝑇 temperature 

𝑉0 reference volume 

𝑉1m molar volume of the solvent 

𝑉a volume of network a 

𝑉b volume of network b 

𝑉ap and 𝑉bp volume of polymer a and polymer b 

𝑉ad and 𝑉bd volumes of diluents added with monomer a and monomer b 

𝑉s volume of solvent in the swollen IPN 

𝛾 shear deformation 
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휀 strain in uniaxial deformation 

𝜆b deformation at break 

𝜆ix,  𝜆iy,  𝜆iz 
deformation ratios with respect to the reference state along the l 

coordinate axes of network i 

𝛬j deformation ratio with respect to the isotropic (swollen) state 

Δ𝜇1,mix solvent chemical potential change 

𝜈e concentration of EANC 

𝜎 deformation stress 

𝜑a,  𝜑b 
volume fractions of polymer network a and polymer network b in 

dry IPN 

𝜒 Flory-Huggins interaction parameter 

𝜙1 volume fraction of solvent 

𝜙2 volume fraction of polymer in swollen single network 

𝜙2
0 volume fraction of all polymerizable substances at preparation 

𝜙2a
0 , 𝜙2b

0  
volume fraction of polymer a, and polymer b, respectively, in the 

mixtures with their diluents; for definitions, cf. eqs. (4.6) 

 

5.3.2. Comparison of experiment vs. theory applied to PHEMA-

PHEMA IPN hydrogels 

For estimation of correlation between the concentration of EANC, swelling 

ratio and Young’s modulus of IPN hydrogels, we formulated a model for the cases, 

when: 

 hydrogels are non-porous and homogeneous; 

 both networks are formed from chemically identical monomers; 

 networks differ in crosslink density; 

 coiling states of network chains is different. 

When formulating this model, the following assumptions were made: 

 additivity of contribution by two networks; 

 no extra contribution by mutual interactions; 

 isotropic swelling. 

According to the model, the relation between the Young’s modulus of IPNs 

and their crosslink densities was derived from the Helmholtz energy of deformation 

of a network of Gaussian chains: 
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𝐸 = 3𝑅𝑇𝐴𝜙2
1/3

(𝜈ea𝜑a
1/3(𝜙2a

0 )2/3 + 𝜈eb𝜑b(𝜙2b
0 )

2/3
) 

(Equation 4.34) 

where R is universal gas constant, T is the temperature in K, A is a 

dimensionless factor in the Flory-Erman rubber elasticity theory (equal to 1 here), 𝜙2 

is the total volume fraction of polymer (network 1 (or called “network a”) and 

network 2 (or called “network b”)) at swelling equilibrium, 𝜈ea and 𝜈eb are the 

concentrations of elastically active network chains (EANC) in networks 1 and 2 in 

moles per volume, 𝜑a and 𝜑b are volume fractions of networks 1 and 2, 𝜙2a
0  is the 

volume fraction of network 1 in IPN and 𝜙2b
0

 is the volume fraction of networks 1 

and 2 in swollen IPN. 

This model was applied to PHEMA-PHEMA IPN hydrogels, the first 

network of which was prepared at 40 wt.-% of water and various crosslinker 

concentrations (Y = 0.2 – 6 mol-%), whereas the second network was prepared 

without diluent and at constant amount of crosslinker (0.3 mol-%) (Figure 62). The 

values of Eexperim were obtained by equilibrium tensile measurements, the Ecalc was 

calculated according to the Equation 4.34. 

 

Figure 62. Young’s moduli of swollen H40/Y-H0/0.3 IPN hydrogels determined by 

tensile tests (experimental) and calculated from the composition and swelling of 
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networks according to Equation 4.34. The values of “Y” corresponding to the 

concentration of DEGDMA crosslinker in the H40/Y parent network were 0.2, 1, 3, 

and 6 mol-%. 

The dependence between moduli was close to linear with slope of 0.44. The 

deviation from the diagonal line observed for H40/3 and H40/6 based IPNs can be 

explained similarly to the previous graph in Figure 60 – lower values of 

experimentally determined moduli (Eexperim) were caused by lower concentration of 

EANC due to incomplete utilization of crosslinker molecules. For less crosslinked 

PHEMA networks with 0.2 and 1 mol-% concentration of added crosslinker, the 

Eexperim was somewhat higher than Ecalc. The reason for this could be extra 

entanglements between interpenetrating networks of IPN hydrogels. 
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5.4. Oscillatory shear deformation of hydrogels 

5.4.1.  Finding gap for swollen hydrogels 

The mechanical properties of swollen hydrogels subjected to oscillatory shear 

deformation using the rheometer will be discussed in this part. The measurements 

included several important precautions: the ensuring the parallelism and smoothness 

of sample surfaces as well as the absence of defects (bubbles, scratches, etc.) on 

sample surfaces by careful preparation of the sample, finding a correct gap between 

the plates, and prevention of solvent evaporation during the deformation. The 

parallelism of sample surfaces was controlled by using a spacer of precise thickness 

in the polymerization mold. The most crucial and arduous part in measurement of 

soft hydrogels was ensuring the perfect contact of sample with the measuring shear 

geometry. Finding a “correct” gap between (Figure 16 in Experimental part) the 

measuring plates of the shear geometry prevents the sample slippage and water 

squeezing due to overpressing of the sample. To achieve the optimal contact, the 

auto-tension mode with a target normal force set to 1.5 – 3 % of maximum possible 

compression weight (which is 2 kg for Gemini HR Nano) and corresponding to 30 – 

60 g was used. In the “auto-tension” regime, the geometry gradually approached the 

disc sample upper surface until full contact. The entire process from “no contact” to 

“full contact” was monitored by the change of storage (G’) and loss (G”) moduli, 

thrust and gap size. As an example, the Figure 63 shows the dynamic change of the 

mentioned parameters upon searching a contact with sample for the case of swollen 

PHEMA hydrogel (H40/1). Low values of moduli and thrust at the beginning of 

measurement indicated the absence of contact of geometry with the sample.  The G’, 

G” and thrust values increased with the decrease of gap size (i.e., with force on 

sample). At a certain gap size, the values of moduli and thrust sharply increased and 

passed to the plateau region. This plateau had a certain length for each sample. The 

gap size at the beginning of the plateau region (further remaining constant) was 

considered as the appropriate distance between measuring plates providing minimum 

normal force acting on the sample and related to full sample surface contact with the 

measuring geometry. The measurements were thus carried out at this gap size 

determined for each sample type. The absence of slippage between the sample and 

geometry was controlled by smooth output signal in the force oscillation mode 

without or with only low harmonic distortion (close to 0 %). 
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Figure 63. Experimental method for finding a “correct gap” between the measuring 

plates in auto-tension mode with a target normal force set to 2 % at frequency of 1 

Hz. The example is given for swollen H40/1 hydrogel.  

Once the appropriate gap was found, the deformation strain ensuring 

measurement in linear viscoelastic region (LVR) is to be determined. In LVR, the 

viscoelastic properties of materials are independent of applied strain or stress. The 

LVR was determined from so called amplitude sweep upon which the storage 

modulus, G’, was measured at various strains. An example of amplitude sweep 

measurement for non-porous H40/1 and macroporous H80/1 hydrogels is shown in 

Figure 64. The linear region for non-porous PHEMA gel was relatively broad, that 

within the applied range of strains the non-linear region was not reached. The 

deformation of macroporous PHEMA hydrogel revealed both linear and non-linear 

regions. The linear region was in the range of strains from 2∙10
-4

 to 4∙10
-3

. The 

deformation of hydrogels at various strains in amplitude sweep test disturbs the 

network polymer chains and puts them out of the equilibrium state; therefore, the 

swollen gels are supposed to be equilibrated in a single frequency mode before the 

final measurement. This implied the tracking of mechanical responses of sample to 

stress oscillations at 1 Hz in time. Once the parameters have stopped changing for at 

least 15-20 minutes indicating the fully relaxed state of gel, the next step can be 

started. 
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Figure 64. Storage modulus of hydrogels as a function of strain. Amplitude sweep 

test for swollen non-porous (H40/1) hydrogel deformed at strains from 1.9∙10
-4

 to 

5.5∙10
-3

 and for macroporous (H80/1) PHEMA hydrogel deformed at strains from 

1.4∙10
-4

 to 4∙10
-2

: determination of linear viscoelastic region. 

The next step of the experimental examination of linear shear oscillatory 

behavior of the gels was the measurement of dynamic frequency dependent values of 

G’, G”. This was done as so called frequency sweep test, which can be also an 

indicator of the correctness of the found gap size, as allows following the stability of 

thrust upon the measurement. Theoretically, thrust should be close to zero, but small 

deviations (± 5 g) are acceptable in our measurements. The details of thrust 

measurement are available in Appendix 3. 

5.4.2. Constituent single network hydrogels H40/Y: effect of crosslinker 

concentration 

A typical graph with spectra of dynamic mechanical parameters for swollen 

PHEMA hydrogels is presented in Figure 65. Both moduli representing the elastic 

(storage modulus, G’) and viscous (loss modulus, G”) constituents of viscoelastic 

properties of swollen H40/1 hydrogel decreased with decrease of frequencies. As 

expected for chemically crosslinked elastic hydrogels, the storage modulus (G’) of 

the sample was higher than the loss modulus (G”). At slow dynamic loading, the 

difference in moduli was more than one order of magnitude; at fast dynamic loading, 

the difference was around three times. The slope of G”-curve was sharper, while the 

G’-curve revealed broad nearly frequency-independent plateau region corresponding 

to rubbery state of hydrogel. The gradual increase of G’ at frequencies above 1 Hz 
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suggests the onset of the main transition region also referred to as α-relaxation that 

suggests the transition of sample to the state of “vitrification”. The growth of G” was 

significantly faster, so that the crossover of curves (corresponding to tan δ maximum, 

i.e., the state of transition) is likely to appear at higher frequencies out of studied 

region. 

The loss factor (tan δ), which is the ratio of moduli G’/G”, also decreased 

towards low frequencies and was close to zero, which is typical for covalently 

crosslinked polymer networks in their rubbery state. The Figure 65 shows an 

example of dynamic-mechanical properties measurement performed for all studied 

hydrogels (single networks and IPNs), but in the frame of this work we will focus 

only on storage moduli (G’) of materials. 
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Figure 65. Storage (G’) and loss (G”) shear moduli, and loss factor (tan δ) of water-

swollen non-porous single network H40/1 hydrogel as a function of frequency. 

Dynamic mechanical properties of swollen PHEMA hydrogels (H40/Y) 

crosslinked to various extents (0.2 – 6 mol-% of crosslinker) and prepared at 40 wt.-

% of water as diluent were measured in the frequency range from 4∙10
-4

 to 40 Hz and 

at strain of 10
-3

 chosen from linear viscoelastic region (LVR) (see Figure 64). The 

storage modulus (G’) of swollen gels increased from less to more crosslinked 

networks in the range from approximately 10
4
 to 10

5
 Pa (Figure 66). Indeed, the 
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stronger hydrogels were formed in samples with more elastically active network 

chains (EANC) per sample volume. The G’ of loosely crosslinked H40/0.2 hydrogel 

gradually decreased at slow dynamic loading all the time and the frequency-

independent plateau region corresponding to equilibrium state was not observed. 

Apparently, the relaxation process of network chains in this hydrogel is slow, and 

their full relaxation will occur later at even lower frequencies hardly achievable by 

the standard method. For the rest of hydrogels, the nearly frequency-independent 

plateau regions were observed, although the length of region shortened with the 

increase of crosslinker concentration. As the network chains of heterogeneous H40/6 

hydrogel were shorter and rigid compared to other hydrogels, this sample showed 

earlier onset of transition to glassy region. However, this sample is going through 

incipient microphase separation during its preparation, so its homogeneity is lost. 
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Figure 66. Storage modulus (G’) of water-swollen single network PHEMA 

hydrogels prepared at 40 wt.-% of water as diluent and various crosslinker 

concentrations (0.2, 1, 3, and 6 mol.%) as a function of frequency. 

5.4.3.  Chemically homogeneous PHEMA-PHEMA IPN hydrogels 

Interpenetration of the described above single PHEMA networks with the 

second PHEMA network of low crosslinker concentration (0.3 mol-%) led to 

formation of stronger hydrogels (Figure 67). The G’ of IPNs increased with the 
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increase of crosslinker concentration in network 1 (Figure 67a). The general 

dynamics of moduli for IPNs was similar to that for reference single networks, 

however, in the case of IPNs, all curves were more or less parallel just shifted up and 

down. The embedding of the second network into the loosely crosslinked H40/0.2 

network did not contribute to faster relaxation of polymer chains in considered 

frequency range, perhaps, due to additional topological constraints. Despite the 

reinforcement of all hydrogels, the increase of G’IPN/G’SN1 ratio was non-linear 

(Figure 67b). Two IPN hydrogels with the least concentration of crosslinker in 

network 1 (0.2 and 1 mol-%) drop out from the linearity. For the network 1 prepared 

at 0.2 mol-% of crosslinker, the embedding of network 2 contained comparable 

amount of crosslinker (0.3 mol-%) was significant and resulted in considerable 

reinforcement of IPN hydrogel compared to reference single network. Whereas for 

the network 1 contained 5 times more crosslinker (1 mol-%), the embedding of 

network contained 0.3 mol-% of crosslinker did not contribute to excellent 

mechanical properties of IPN. Although the 0.3 mol-% of crosslinker in network 2 is 

almost nothing for tightly crosslinked H40/3 and H40/6 networks 1, the great 

reinforcement of hydrogels was seemingly related to intermediate (H40/3) and 

heterogeneous (H40/6) morphology of reference network 1 gels. Thereby, the 

resulting IPNs can be considered as heterogeneous hybrid hydrogels with uneven 

distribution of crosslink density. 
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Figure 67. Storage modulus (G’) of water-swollen H40/Y-H0/0.3 IPN hydrogels as a 

function of frequency (a). At preparation, the network 1 (H40/Y) contained 40 wt.-% 

of water and various crosslinker concentrations (0.2, 1, 3, and 6 mol-%), while the 

network 2 was not diluted and contained 0.3 mol-% of crosslinker (H0/0.3). The 
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reinforcement ratio (G’IPN/G’SN1) of IPN hydrogels was estimated as a relation of 

storage moduli of IPNs (G’IPN) and of reference single networks 1 (G’SN1) (b). 

5.4.4.  PHEMA-PHEMA versus PHEMA-PGMA IPN hydrogels 

Dynamic storage moduli measured in a wide range of frequencies for non-

porous and porous constituent PHEMA networks 1 and PHEMA or PGMA networks 

2 are shown in Figure 68 (a and b). The modulus G’ decreased: (1) with dilution of 

monomers mixture with water at preparation and (2) with reduction of crosslinker 

concentration. Dilution of monomers mixture affected the morphology of hydrogels, 

which was discussed earlier in paragraphs 3.1 (page 88) and 3.2 (94). To recall, at 

certain dilution of HEMA monomer (above 40 wt.-% of water), the PHEMA 

becomes immiscible with water and the reaction-induced phase separation causes the 

formation of inhomogeneities, even pores, in the gel matrix. When the crosslinking 

polymerization of the same reaction mixture took place at low temperature (T = -14 

°C), the pores of cryogels were formed due to ice crystals (cf. details of morphology 

in paragraph 3.2, Figure 37). The “phase-separated” macroporous hydrogel and 

macroporous cryogel formed at high diluent content (80 wt.-% of water) were 

mechanically weaker than non-porous hydrogels prepared at moderate dilution 

(below 40 wt.-% of water) (Figure 68a). The different morphology and porosity (0.72 

for H80/1 vs 0.63 for cH80/1) of gels of the same composition (80/1) caused the 

difference in their mechanical properties: the modulus of cH80/1 cryogel of lower 

porosity was higher than of H80/1 hydrogel. 

Also, it is worth to mention, how significantly the moduli of two non-porous 

hydrogels (H0/1 and H40/1) of similar degree of swelling (SD: 37 % and 39.8 %, 

respectively) differed. The G’ in near-equilibrium region for H0/1 was 48.8 kPa 

versus 24.5 kPa for H40/1. Being a poor solvent for PHEMA network, water 

molecules stretch the polymer chains of PHEMA networks prepared without dilution 

or at moderate dilution (0 – 40 wt.-%) only up to swelling degree of SD = 37 - 40 % . 

So, if 40 wt.-% of diluent was already present during the crosslinking 

polymerization, then almost no additional water can be swollen to network at 

swelling equilibrium. But the mechanical response of these networks to deformation 

was sensitive to the extent of dilution at networks preparation due to different states 

of polymerizing HEMA-chains. Preparation of a network without diluent led to 

formation of homogeneous network structure, which swelled in water to the same 
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extent as e.g., H40/1 hydrogel. A moderate dilution of monomers with water as 

shown by SWAXS and DLS methods resulted in material of inhomogeneous 

distribution of network chains in space and the mechanical loading of such network 

resulted in somewhat lower modulus response. This needs to be studied/explained in 

future. 

As for crosslinker concentration, the more crosslinked H0/1 hydrogel was 

stronger than the H0/0.3 hydrogel of lower crosslink density. If one compares the 

moduli of reference swollen in water H0/0.3 and G0/0.3 networks 2, the modulus of 

the latter was approximately 6 times lower, although the compositions of both 

networks were identical (Figure 68b). The difference in mechanical properties 

(G’(H0/0.3)/G’(G0/0.3) = 6.2) was caused by different content of water at equilibrium 

swollen state. Thus, G0/0.3 hydrogel contained almost 5 times more water than 

H0/0.3 hydrogel (2.79 g of water per 1 g of dry G0/0.3 network versus 0.56 g of 

water per 1 g of dry H0/0.3 network). 

 

Figure 68. Storage moduli (G’) of water-swollen single and IPN hydrogels measured 

in a frequency range from 4∙10
-4

 to 40 Hz: (a) constituent single PHEMA networks 1, 

(b) constituent single PHEMA and PGMA networks 2, (c) PHEMA-PHEMA IPNs, 

and (d) PHEMA-PGMA IPNs. 



148 

 

The IPN hydrogels containing poly(glycerol methacrylate) (PGMA) as a 

second network were mechanically weaker than PHEMA-PHEMA IPN hydrogels 

(Figure 68, c and d). This was caused by two factors: first, the swelling of PHEMA 

network 1 in GMA monomer was higher than that in HEMA monomer (Table 5) so, 

the resulting IPN differ in the overall content of the second network structure. 

Second, the PGMA containing IPNs absorbed more water than IPNs formed from 

two identical less hydrophilic HEMA monomers (Table 10). The storage moduli of 

PHEMA-PGMA IPNs were very similar except for slightly higher G’ of H0/1-

G0/0.3 IPN gel (Figure 68d). The swelling of H0/1 network in GMA monomer was 

slightly less than of other single PHEMA networks, therefore, its increase of 

modulus can be explained by lower amount of water. Another important parameter 

affecting the mechanical behavior of PGMA containing IPNs was the microstructure 

of parent PHEMA network 1. Embedding of hydrophilic PGMA network into the 

non-porous PHEMA network 1 (H0/1 and H40/1) reduced the moduli of the latter. 

On the contrary, macroporous PHEMA networks 1 (H80/1 and cH80/1) were 

reinforced by PGMA network. However, this reinforcement was perhaps mostly 

caused by changing the morphology from porous to non-porous one. The volume 

degree of swelling (Qv) of porous gels swollen in GMA monomer compared to their 

reference dry state increased approximately 11.6 times (!) for H80/1 hydrogel and 

6.6 times for cH80/1 cryogel (Table 5). Or in terms of weights, 1 g of dry H80/1 

network contained 12.97 g of GMA monomer, while1 g of dry cH80/1 cryogel 

contained 12.47 g of GMA monomer. Obviously, the mechanical properties of these 

IPNs were driven by swelling and mechanical properties of the second PGMA 

network constituting a great proportion of the IPN. However, due to the presence of 

network 1 matrix, the moduli of both IPNs exceeded the modulus of reference G0/0.3 

hydrogel by 20 %. A huge influence of morphology on apparent storage modulus 

was revealed on the example of H80/1 hydrogel and cH80/1 cryogel. In principle, the 

amount of GMA monomer swollen to both networks was relatively similar, but its 

distribution between the pores and gel matrix was apparently different and not even. 

For the macroporous H80/1 hydrogel with fused-spheres structure, the enhancement 

in final modulus was superior. The G’ of cH80/1-G0/0.3 IPN was 1.2 times higher 

than that of reference cH80/1 cryogel network with cell-like structure, while the G’ 

of H80/1-G0/0.3 IPN was 6.7 times higher than that of reference H80/1 network. 
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The IPNs with embedded PHEMA as a second network were all reinforced 

mostly in accordance with the amount of HEMA monomer penetrated the volume of 

the first network (Figure 68c). The IPNs prepared on the base of non-porous H0/1 

network and macroporous H80/1 network were significantly reinforced exhibiting 

the moduli surpassing the moduli of their constituent networks. At the same time, the 

moduli (G’IPN) of non-porous H40/1-based and macroporous cH80/1-based IPNs 

were between G’network1 < G’IPN < G’network2. This phenomenon was mostly caused by 

the morphology of network 1, the features of which were already discussed above.  

Thus, the excellent enhancement of mechanical properties (G’IPN/G’SN1 = 37) 

was observed for H80/1-H0/0.3 IPN hydrogel. For other PHEMA-PHEMA IPNs, the 

G’IPN/G’SN1 ratios were 1.13 for H40/1-H0/0.3, 1.74 for H0/1-H0/0.3 and 1.81 for 

cH80/1-H0/0.3. To conclude, the mechanical response of hydrogels to tensile, 

oscillation shear or other types of deformation should be always considered in 

relation to their microstructure.  
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Chapter 5. Conclusions 

Preparation and microstructure of single network and IPN hydrogels 

1. Interpenetrating polymer network (IPN) hydrogels were prepared by 

sequential process of redox-initiated radical polymerization of the first network 

prepared from 2-hydroxyethyl methacrylate (HEMA), and UV-initiated radical 

polymerization of the second network prepared from 2-hydroxyethyl methacrylate 

(HEMA) or glycerol methacrylate (GMA). 

2. The variously microstructured first poly(HEMA) networks were obtained 

by varying the composition of reaction mixtures (dilution with water to various 

extents, presence of aqueous salt solutions, crosslinker concentration) or the 

polymerization conditions (temperature) and served as parent matrices for IPN 

hydrogels. Thus, the non-porous, single-porous hydrogels and cryogels, and double-

porous cryogels were studied. 

 

3. A novel route for one-step synthesis of double-porous PHEMA network 

cryogels with interconnected pores was proposed. These materials were obtained by 

simultaneous formation of large pores due to the ice crystals formed under 

cryogelation conditions and small pores on walls of cryogel caused by reaction 
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induced phase separation due to the presence of NaCl solution. The potential of these 

cryogels to host cells was demonstrated. 

 

4. The space distrubution of networks within the IPN hydrogel was 

visualized by laser scanning confocal microscopy (LSCM). Two distinct network 

phases were observed due to the chemical labeling of each network by incorporating 

fluorescent dyes of different excitation wavelengths. The distribution of the second 

network in the pores and gel phase of the parent network was visualized by labeling 

of the second netowork only. 

 

Mechanism, rate and structuring in forming IPN system 

1. Investigation of polymetization rate of the second network by the ATR 

FTIR method revealed its dependence on the microstructure of the parent PHEMA 

network. It was shown that the polymerization of the second network is faster in 

microstructured parent networks (non-porous and macroporous) rather than the 

independent polymerization of the second network. The reaction of the second 

network polymerization was faster when it was conducted in macroporous parent 

network than in non-porous parent network. Careful optical analysis of samples 
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suggested that the acceleration in microstrucutred matrices was caused by the 

multiple UV-light scattering from the interface of the embedded macroporous matrix 

in the course of preparation of microstructure IPNs (MIPNs) hydrogel. This 

knowledge may improve the technology of MIPN hydrogels fabrication in situ – 

such as, for example, 3D print methods. 

 

2. The crosslinking of the second network in the matrix of the parent 

PHEMA network was confirmed by in situ monitoring the gelation using the 

rheometer. The gelation of the second network was manifested by G’ and G” that 

consented with the semiempirical theory of Winter and Chambon. 

3. The SWAXS studies of the crosslinking polymerization of water-diluted 

HEMA monomer showed the development of structure inhomogeneities 

(hydrophobic nanosized domains) caused by intramolecular associations of 

hydrophobic groups of the monomer units and intermolecular associations of several 

network chains assisted by strengthening of iceberg structures of water. The 

utilization of aqueous solution of Mg(ClO4)2 acting as a salting-in additive instead of 

pure water for network formation led to suppression of association of monomers into 

small hydrophobic domains. When resulting PHEMA single network with nanosized 

domains was swollen in HEMA monomer, which is not UCST solvent and does not 

form icebergs, the small-scale associations disappeared, while the largest 

inhomogeneities have been fixed by the meshes of network 1 and have survived the 

structural reorganizations. The overall decrease of scattering in the course of 

crosslinking polymerization of the HEMA monomer corresponded to a decrease in 

the contrast of electron densities between the two PHEMA networks. 
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Swelling of IPN hydrogels 

1. The effect of initial water and crosslinker contents in the reaction mixture 

on the microstructure and, thus, swelling of single network hydrogels was 

demonstrated. High dilution of monomers and low crosslinker concentration at 

network preparation led to formation of hydrogels of high swelling. The PHEMA 

single networks prepared at high water dilution (> 80 wt.-%) revealed the separation 

of the excess liquid from a bulk phase during and after polymerization (“micro-” and 

“macrosyneresis” phenomenon). The PGMA single networks regardless of their 

composition (dilution, crosslinker concentration) gained additional water from the 

surroundings after polymerization and significantly expanded in volume.  

2. The effect of polymerization conditions on swelling properties of samples 

was demonstrated for single network PHEMA gels, which were identical in terms of 

their chemical composition, but were polymerized at different temperatures. The 

polymerization at room temperature led to formation of macroporous hydrogel of 

fused-spheres structure, while at T = - 14 °C the macroporous cryogel with cell-like 

pores was formed. The porosity of the fused-spheres structure hydrogel was 10 % 

higher than that of the cryogel. 

3. Poly(glycerol methacrylate), PGMA, as a second network increased the 

swelling capacity of parent PHEMA network. The swelling of the PHEMA-PGMA 

IPNs was higher than that of the PHEMA-PHEMA IPNs. The PHEMA parent 

network in IPNs exhibited surprisingly high swelling capacity when incorporated 

into the IPN with more hydrophilic PGMA. The PHEMA network chains in hydrogel 

structured into heterogeneous-spherical morphology were stretched upon swelling in 

water linearly by a factor of up to α1 = 2.4 that corresponded to almost 140 % 
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extension compared to their state at preparation, while in DMSO – by a factor of up 

to α1 = 2.95 that corresponded to almost 200 % extension compared to their state at 

preparation. 

 

Deformation behavior of IPNs 

1. Deformation behavior of all IPNs and their constituent single networks 

were characterized in extension by the experimentally obtained Young’s modulus 

(E), ultimate stress and strain, and in shear by the storage modulus (G’). Relatively 

poor mechanical properties (E, G’, σ) were observed for single network gels prepared 

at high dilution or at low crosslinker concentrations, macroporous gels (H80/1 and 

cH80/1), and highly swollen gels. 

2. The non-porous PHEMA parent networks prepared at moderate dilution 

with water (40 wt.-%) were reinforced when another PHEMA network was 

incorporated into their network structures. The elastic moduli of the IPN hydrogels 

H40/1-H0/Z (Z: 0, 0.3, 1, and 2 mol-% of crosslinker) were enhanced by 100 – 220 

%, while the equilibrium water content was reduced only by 5 – 17 % and the 

refractive index remained similar to that of single PHEMA hydrogel (1.429 – 1.430 
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for IPNs versus 1.433 for single PHEMA). Such characteristics make these materials 

promising in ophthalmology. 

3. Concentration of elastically active network chains (EANC) in 

macroscopically homogeneous non-porous PHEMA gels prepared at moderate 

amount of diluent and various crosslinker concentrations (H40/Y) was calculated 

from the experimentally determined Young’s modulus according to the rubber-

elasticity theory and compared with ideal EANC concentration calculated from the 

composition of networks. The correlation between real and ideal EANC 

concentrations was close to linear with slope of 0.3. The deviation from the diagonal 

line with slope 1 was due to incomplete utilization of crosslinker molecules forming 

EANC and intramolecular reactions causing the cyclization. The contribution of 

physical hydrophobic interactions to mechanical performance could be distinguished 

in networks of low concentration of chemical crosslinks. 

4. The rubber-elasticity theory has been adapted to homogeneous non-porous 

PHEMA-PHEMA interpenetrating polymer networks (H40/Y-H0/0.3). Experimental 

values of the Young’s modulus (Eexperim) taken from tensile measurements were 

compared with the Young’s modulus (Ecalc) calculated according to the physical 

model derived based on Flory, Erman, Stockmayer, and Dušek approach. The 

deviation from the diagonal line observed for H40/3 and H40/6 based IPNs could be 

explained by lower concentration of EANC due to incomplete utilization of 

crosslinker molecules and somewhat heterogeneous structures – due to onset of 

syneresis – of their constituent single networks 1. For loosely crosslinked PHEMA 

networks 1 with 0.2 and 1 mol-% concentration of added crosslinker, the Eexperim was 

larger than Ecalc. The reason for this could be explained by extra entanglements 

between interpenetrating networks of IPN hydrogels. 
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5. As the IPNs concept implies the creation of highly swellable materials 

with good mechanical properties, we introduced the product “SbQV” serving as a 

criterion of successful combination of polymer networks. The most important result 

of this study is the finding that combination of macroporous PHEMA as the first 

network, which by itself is mechanically rather poor, with PGMA or PHEMA as the 

second network offers interpenetrating networks (IPNs) of superior mechanical 

properties compared to the properties of their constituents. Despite considerably 

improved mechanical properties of these “microstructured” PHEMA–PGMA IPNs, 

their degree of swelling in water remains reasonably high which is important for 

certain medical applications. This favorable result gives an impetus to investigate the 

reinforcing ability of other macroporous morphologies such as double-porous 

cryogels or patterned structures obtained, e.g., by 3D printing.  
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Chapter 6. Appendices 

Appendix 1. 

Application of macroporous double-porous cryogels 

1.1. 2D images of double-porous cryogels 

The cells can sense and respond to mechanical stimuli and topography of the 

microenvironment.
46,47,48,49

 In addition to other parameters, the fate of cells strongly 

depends on mechanical characteristics of polymer matrices correlating to their 

microstructure, which can be tuned simply by changing the composition of the 

reaction mixture. For instance, double-porosity of cryogels can be achieved in both 

cases – when the reaction mixture is diluted at 80 wt.-% (Figure S1a) or at 95 wt.-% 

of NaCl solution (Figure S1b).  

 

 

Figure S1. LSCM micrographs of swollen PHEMA cryogels prepared at different 

dilution with 0.5 M NaCl solution: (a) cH80/1 cryogel prepared at 80 wt.-% of 

dilution (left – 100 μm and right – 20 μm) and (b) cH95/1 cryogel prepared at 95 

wt.-% of dilution (left – 100 μm and right – 20 μm). 
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According to LSCM micrographs, besides large pores formed due to the ice 

crystals, the small pores also exist on walls of both cryogels. The dimensional 

characteristics of both cryogels are given in Table S1. The main difference between 

these two gels, which might create obstacles for cells, is in the thickness of walls. 

Perhaps, the proliferation of cells through the thicker walls of double-porous cH80/1 

cryogel can be more complicated. On the other hand, the mechanical properties of 

double-porous cH80/1 substrate are better, which could be an advantage in some 

cases. 

Table S1. Dimensional characteristics of cryogels obtained by LSCM micrographs 

analysis. 

Cryogel 

Large pores due 

to ice crystals, 

μm 

Small pores on 

walls due to phase 

separation, μm 

Fused spheres 

on walls, μm 

Thickness of 

walls, μm 

length width 

cH80/1 40-350 10-60 2-15 1-2 10-20 

cH95/1 50-300 20-70 5-15 1-2 3-6 

1.2. 3D-reconstruction of volume double-porous cryogel phase 

The LSCM method allows making z-stacks of swollen gels, which can be 

reconstructed into the volume gel phase of certain thickness. Such 3D structure was 

obtained for double-porous H95/1 cryogel prepared in the presence of 0.5 M NaCl 

using the Mimics 8.13 software (Figure S2). The structure was reconstructed from 

the set of z-stacks (approximately 200) of the total depth of 89.76 μm, and the 

distance between stacks was 0.44 μm. The analysis of 3D image implied the 

calculation of pixels representing the gel matrix (violet areas, Pixelsgel) and the pixels 

representing the pores (white areas, Pixelspores). The ratio of these values resulted in 

the porosity (P) of cH95/1 cryogel and equaled to 0.72: 

𝑃 =
𝑃𝑖𝑥𝑒𝑙𝑠pores

𝑃𝑖𝑥𝑒𝑙𝑠gel + 𝑃𝑖𝑥𝑒𝑙𝑠pores
 

                                             (Equation S1) 

To estimate the total volume of water in cryogel from the 3D image, we 

assumed that the amount of water in gel matrix is similar to PHEMA hydrogel 

prepared at 40 wt.-% of water, i.e., swelling degree (SD40) ≈ 0.4 (Equation 3.6). 
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Hence, knowing the number of pixels related to gel matrix, we could calculate the 

amount of water kept in it. The total amount of water in cryogel can be calculated as 

the sum of water in pores and water in gel matrix and equaled to 0.905. One should 

note that the data obtained from 3D image analysis are in a good agreement with 

experimental values (porosity was 73 % (Equation 3.10), total volume of water in 

cryogel was 0.895 (Equation 3.6)). 

 
 

Figure S2. 3D structure of double-porous cH95/1 cryogel reconstructed by Mimics 

8.13 software from 200 z-stacks obtained by LSCM. 

The reconstructed volume gel phase (Figure S2) was then transferred to STL 

(STereoLithography) format using ANSYS software (Figure S3). This format is 

suitable for 3D printers as can be directly used for printing and for finite element 

analysis (FEM) solver as represents the 3D object as a mesh of tetrahedron non-

linear elements suitable for simulations. As a first experiment, the FEM solver was 

used for simulation of uniaxial tensile deformation of swollen gel (Figure S4). 

 

Figure S3. 3D structure of double-porous cH95/1 cryogel in STL format obtained by 
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ANSYS software. 

The Figure S4 shows the distribution of deformation (a) and stresses (b) in 

cryogel under tensile loading. The model describes the situation, when the one side 

of the sample was fixed in a clamp, and the sample underwent the stretching from the 

other side. Each color corresponded to certain deformation or stress values defined 

on the scale. The areas close to the fixed side of cryogel revealed the smallest 

deformation, whereas the largest deformation was observed for areas close to the side 

subjected to stretching. The red area indicating the maximum deformation was 

observed in the thin gel wall. As for distribution of stresses, their values also 

increased towards the stretched side. 

  

Figure S4. Distribution of deformation and stresses in cH95/1 cryogel under tensile 

loading. 

To conclude this small paragraph, one should note, that this work is still in 

progress, but the preliminary experiments included the synthesis of macroporous 

material, visualization of its 3D-structure, and processing this information using 

Finite Element Method (FEM) algorithms in combination with statistical-mechanical 

models of hydrogels behavior showed the promising results. In principle, the model 

is able to examine the response of the macroporous elements to various kinds of 

external mechanical stimuli and provide structural network parameters needed to 

synthetize optimized scaffold. The simulating model and the mathematical apparatus 

will be further developed and improved. 
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1.3. Cells growth on double-porous cryogel scaffolds 

1.3.1.  Evaluation of the number of cells growing on the gel 

The cultivation and seeding of cells in the double-porous PHEMA cryogel 

scaffolds were carried out similarly as described in the work of Přádný
208

 et.al. 

Briefly, the cryogels were sterilized by autoclaving (30 min, 120 °C, 120 kPa), cut 

into several pieces and then placed into the wells of flat-bottom plates containing 500 

μL of Dulbecco's Modified Eagle Medium (DMEM) (without cells), which was 

gradually diffusing into the cryogel during two hours. After the aspiration of swelling 

media around the swollen cryogel, the rMSC – mouse mesenchymal stem cells 

(kindly provided by Dr. Jendelova of IEM AS CR, v. v. i) resuspended in fresh 

DMEM media (5x10
4
 cells per 1 mL) were added to the well with scaffolds and 

cultivated for five days. The evaluation of cells growth and viability on the cryogel 

scaffolds were done in triplicates. The number and viability of cells on the scaffolds 

were evaluated on the 1
st
, 3

rd 
and 5

th
 day. During the cultivation period, the media 

was replaced with a fresh portion of media containing 10-times diluted cell viability 

reagent – Alamar Blue (Thermo Scientific, Czech Republic), and after that the 

system was incubated for 4 hours at 37°C. Only in the viable cells, the active 

component of the Alamar Blue – resazurin – was reduced to a highly fluorescent 

resorufin. The fluorescence of resorufin with the excitation spectrum peak at 570 nm 

was detected by the Synergy Neo plate reader (Bio-Tek, Czech Republic). This is 

how the amount of growing/viable cells can be evaluated. The intensity of 

fluorescence of viable cells was correlated with the calibration curve plotted for 

various defined amounts of cells growing in the 96-well plates.  

1.3.2. Laser scanning confocal microscopy for observation of cells on the 

cryogel scaffold 

The cells attached to cryogel were labeled on the 5
th

 day with 5 μg/mL 

Hoechst 33258 dsDNA binding dye, while the cryogel scaffold was labeled with Cell 

Mask Green dye (Thermo scientific, Czech Republic) originally intended for labeling 

of cell membranes. Better affinity of Cell Mask Green dye for the cryogel was 

observed. The samples were visualized using the Olympus multiphoton laser 

scanning confocal microscope (LSCM) with FV10-ASW viewer software (Olympus, 

Japan). The details of LSCM studies were described in Experimental part (section 

3.4.3). 
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1.3.3.  Results 

The double-porous structure of cryogels might be attractive for cells, as large 

pores might provide space for cells proliferation, while small pores help diffusion of 

nutrients. However, in these preliminary experiments, there were found examples, 

when large pores of single-porous scaffolds became blocked with cells hindering 

thus diffusion of nutrients towards the cells and thus maintain their viability.
209

 The 

efficacy of differently microstructured double-porous PHEMA hydrogels in cells 

growth was shown in the work of Přádný
208

 et.al. The large pores of such hydrogels 

were generated by incorporation of sacrificed templates: solid particles of sodium 

chloride that were washed out after the gel formation, while the small pores were 

formed by the reaction-induced phase-separation caused by addition of a certain 

diluent. The viability of cells after 4 days in the case of these templated double-

porous gels was consistently between 90 and 100 %, whereas almost no cell growth 

or their low amount was detected on single-porous scaffolds.  

In current work, we tested a cryogel-like microstructure of two-size pores 

(experimental part, paragraph 2.1.3), but perhaps with a low number of sufficiently 

large channels throughout the structure. The survival of rMSC on the matrix of 

double-porous PHEMA cryogel (cH95/1) as a function of incubation period is shown 

on graph in Figure S5. The number of cells adhered to scaffold after one incubation 

day was around 1x10
4
 per 1 mL of media. The numbers of grown cells on the days 

three and five were reduced approximately by half. Again, this could be explained by 

low permeability of this particular “porous architecture” typical to cryogel. The pores 

are structured rather as cavities separated with gel porous walls and proliferation is 

hindered due to lack of connection between the pores and possibly also by lack of 

signals stimulating the growth of this type of cells.  

Eventually, the rMSC cells grown on the double-porous cH95/1 cryogel 

scaffold were visualized on the sixth day of the cultivation using the cell nuclei 

fluorescence (Figure S5). Bright blue spots on the LSCM micrograph corresponded 

to cells nuclei, the green color on the micrograph corresponded to cryogel scaffold 

labeled with the Cell Mask Green dye. 
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Figure S5. Cells growth in the matrix of neat double-porous cH95/1cryogel prepared 

in the presence of 0.5 M NaCl solution. 

Besides the limits set by hydrogel microstructure, the ability to host cells of 

neat macroporous PHEMA gels (hydrogels, cryogels) should be investigated further. 

Although the significant cells growth was detected on double-porous templated 

PHEMA hydrogel,
208

 the cells behavior on double-porous PHEMA cryogels was 

different most likely due to the different topology. Here, we present a preliminary 

experiment showing the possibility of cells growth on our material. But it is clear, 

that further modification of gels is needed. Further treatments of cryogels may 

include: different conditions set at cryogelation process leading to more open pores, 

the surface modification of gel walls, for example, by poly(ornithine) and laminin 

layers, the surface modification of walls with low-molecular oligopeptides (RGD, 

IKVAV amino acid sequences), or the modification of cryogel chemical composition 

with comonomers containing positive or negative charges. This work motivates our 

incentive to continue in this direction in the frame of future research projects. 
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Appendix 2. 

Derivation of equation assessing the fraction of pores in 

macroporous swollen gels 

Model system: macroporous gel swollen in water (or monomers, or other 

solvents). The total volume (Vtotal) of the system is the sum of volumes of polymer 

matrix (Vpolymer) and of pores (Vpores). 

 

Assumption: 

We assume, that the swelling of polymer matrix of macroporous swollen gel 

is similar to swelling of non-porous PHEMA hydrogel prepared at 40 wt.-% of water 

or less (Figure S6). 

 

Figure S6. Equilibrium water content in poly(2-hydroxyethyl methacrylate) 

(PHEMA) hydrogels prepared at various initial water content (20 – 94 wt.-%) and 1 

mol-% of diethylene glycol dimethacrylate (DEGDMA) crosslinker. 

 

Table S2. Symbols used in derivation and their description. 

Symbol Description 

𝑚solvent
gel

 weight of solvent in gel phase 

𝑚solvent
pores

 weight of solvent in pores 
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𝑚dry weight of dry gel 

𝑚solvent
total  total weight of solvent in gel 

𝑚total total weight of swollen gel 

𝐸𝑆𝐶40 equilibrium water content in PHEMA network prepared at 40 wt.-

% of water 

𝐸𝑆𝐶x equilibrium water content in macroporous PHEMA network 

prepared at X wt.-% of water 

𝑉pores volume of pores 

𝑉polymer volume of polymer matrix 

𝑉total total volume of swollen gel 

𝜑pores volume fraction of pores 

𝜑polymer volume fraction of polymer matrix 

𝜌d density of dry PHEMA gel, 1.2338 g/mL 

𝜌solvent density of solvent, 0.99707 g/mL for water, 1.073 g/mL for HEMA 

monomer 

𝜌sw.gel density of swollen PHEMA gel 

 

1. 𝜑pores =
𝑉pores

𝑉total
  

2. 𝜑polymer = 1 − 𝜑pores 

3. 𝑉pores =
𝑚pores

𝜌pores
=

𝑚solvent
pores

𝜌solvent
 

4. 𝐸𝑆𝐶40 =
𝑚solvent

gel

𝑚dry
 

5. 𝐸𝑆𝐶x =
𝑚solvent

total

𝑚dry
=

𝑚solvent
gel

+𝑚solvent
pores

𝑚dry
 

6. 𝐸𝑆𝐶x =
𝑚solvent

gel

𝑚dry
+

𝑚solvent
pores

𝑚dry
= 𝐸𝑊𝐶40 +

𝑚solvent
pores

𝑚dry
 

7. 𝑚solvent
pores

= (𝐸𝑊𝐶x − 𝐸𝑊𝐶40) ∙ 𝑚dry 

8. 𝑉pores =
(EWCx−EWC40)∙𝑚dry

𝜌solvent
 

9. 𝑉total =
𝑚total

𝜌total
=

𝑚dry+𝑚solvent
total

𝜌total
=

𝑚dry+EWCx∙𝑚dry

𝜌total
=

𝑚dry∙(1+EWCx)

𝜌total
 

10. 𝜑pores =
(EWCx−EWC40)∙𝑚dry∙𝜌total

𝜌solvent∙(1+EWCx)∙𝑚dry
=

(EWCx−EWC40)∙𝜌total

𝜌solvent∙(1+EWCx)
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Determination of density of swollen gel: 

a) in water 

1. 𝑉sw.gel = 𝑉d + 𝑉H2O 

2. 
𝑚sw.gel

𝜌sw.gel
=

𝑚dry

𝜌dry
+

𝑚H2O

𝜌H2O
 

3. EWC =
𝑚sw.gel−𝑚dry

𝑚dry
=

𝑚H2O

𝑚dry
 

4. 𝑚sw.gel = 𝑚dry ∙ (1 + EWC) 

5. If 𝑚sw.gel =1 g and EWC40 (H40/1 in water) = 0.66, 1 = 𝑚dry ∙ (1 + 0.66) 

6. mdry = 0.61 g, msw.gel = 1 g, mH2O = 0.39 g 

7. 
1

𝑥
=

0.61

1.2338
+

0.39

0.99707
 

8. 𝑥 = 1.129
g

mL
, 𝜌sw.gel(𝑖𝑛 𝑤𝑎𝑡𝑒𝑟) 

 

b) in HEMA monomer 

1. EWC40 (H40/1 in HEMA monomer) = 2.57 

2. mdry = 0.28 g, msw.gel = 1 g, mHEMA = 0.72 g 

3. 
1

𝑥
=

0.28

1.2338
+

0.72

1.073
 

𝑥 = 1.114
g

mL
, 𝜌sw.gel(𝑖𝑛 𝐻𝐸𝑀𝐴 𝑚𝑜𝑛𝑜𝑚𝑒𝑟)  
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Appendix 3. 

The stability of thrust upon frequency sweep test 

The control of stability of thrust during the frequency sweep test is important 

as its frequency-independent behavior indicates the correct gap size. Ideally, the 

thrust should be close to zero and remain constant in the entire range of frequencies. 

Significant deviation of thrust to negative values indicates the existence of a high 

stress in sample due to high compression. As measurement proceeds from higher 

frequencies to lower frequencies, the highly compressed polymer chains relax and 

total stress in sample reduces causing the reduction of thrust. Increase of thrust to 

positive values was rarely observed for our systems. Apparently, such situation may 

occur, for instance, when the sample uptakes additional water upon measurement to 

reach the equilibrium if water was somehow squeezed or evaporated from it (e.g., 

during the manipulations with the sample). As a result, the volume of hydrogel 

changes due to the swelling pushing the upper geometry and causing the increase of 

thrust. A slight increase of thrust was sometimes observed just before its drop 

(Figure S7b, black curve), which was possibly caused by slight volume changes of 

sample before the relaxation of polymer chains. In Figure S7, the parallel tracking of 

storage modulus (a) and thrust (b) as a function of frequency at three different levels 

of sample compression (2, 5, and 7 %) is shown for swollen non-porous H40/1 

hydrogel. High compression of sample resulted in high storage modulus: 103 kPa at 

5 % of compression and 146 kPa at 10 % of compression; data is given for f = 1 Hz. 

But the thrust was not stable during the whole measurement range of frequencies and 

at lower frequencies deviated towards the negative values indicating the relaxation of 

polymer chains and, hence, too high sample compression. Higher was the 

compression, earlier dropped the thrust. Whereas the gap size found using an auto-

tension mode revealed lower storage modulus (33 kPa at 1 Hz), but a stable thrust in 

the whole range of frequencies. There is a vast literature on oscillatory shear 

deformation of swollen hydrogels, but in the majority of them detailed instructions 

on gap finding or important precautions concerning the features of measurement are 

missing. Therefore, sometimes the storage moduli of swollen hydrogels of similar 

composition and similar swelling degree differ significantly, which forces us to 

doubt the accuracy of the obtained data. For instance, the swollen H40/1 hydrogel is 

a traditional material for soft contact lenses. In our experiments, its equilibrium water 
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content (EWC) was 0.66 g/g (≈ 39 % of water), and the storage modulus determined 

according to the described above method was 24.5 kPa at low frequency of 4∙10
-4

 Hz. 

Moreover, the independent measurement of this swollen sample carried out on 

another available rheometer (Ares-G2 rheometer, TA Instruments) by a colleague 

specialist also showed a similar value of storage modulus, G’ = 26 kPa at f = 3∙10
-3

 

Hz. In literature, quite a broad range of storage moduli determined by various 

techniques for PHEMA hydrogels of similar water content (36 – 40 % of water) was 

reported: from tens of kPa to tens of MPa
68,210,172,211

. Or, for instance, PHEMA 

hydrogel prepared without diluent – H0/1 – exhibited in our case EWC = 0.56 g/g (≈ 

36 % of water) and G’ = 48.8 kPa at frequency f = 3∙10
-4

 Hz. In literature, the storage 

modulus of such bulk hydrogels with similar water uptake was also different, for 

example, 70 kPa
212

 or 250 kPa
213

. It is not excluded, that the proposed method of 

performing the oscillatory shear deformation of hydrogels is still needed to be 

improved and thoroughly developed and that some other parameters are worth to be 

considered. But for now each step of the analysis seems reasonable. 
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Figure S7. Dynamic storage modulus (G’) (a) and thrust (b) measured for swollen 

non-porous H40/1 hydrogel at various compressions: 2 % (auto-tension mode), 5 % 

and 7 %. 
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List of frequently used symbols 

𝐴 and 𝐵 front factors in the Flory-Erman junction-fluctuation theory 

𝐷m mass fractal dimension 

𝐷s surface fractal dimension 

ESC equilibrium solvent content 

EWC equilibrium water content 

EWCG equilibrium water content in the gel phase 

𝐸 Young’s modulus 

𝑓 frequency  

𝑓e elastically effective crosslinker functionality 

𝑓ec uniaxial force (subscript “ec” stands for extension/compression) 

∆𝐹mix Helmholtz energy change of mixing of polymer and solvent 

∆𝐹el Helmholtz energy change of elastic deformation 

𝑔 interaction function 

𝐺 equilibrium shear modulus 

𝐺’ storage modulus 

𝐺” loss modulus 

𝐺∗ complex modulus 

∆𝐺sw Gibbs energy change of swelling 

∆𝐺mix Gibbs energy change of mixing of polymer and solvent 

∆𝐺el Gibbs energy change of elastic deformation 

𝑘 Boltzmann constant  

𝑙s length of statistical segment 

𝐿j actual length of sample in the i-th direction 

(𝐿j)iso
 

length of sample in the i-th direction in the isotropic (swollen) 

network 

𝐿j0 
length of sample in the reference state ( state at network 

formation) 

𝑚d weight dry network 

𝑚d
L weight of freeze-dried hydrogel 

𝑚sw weight of swollen network 

𝑚sw
V  weight of hydrogel swollen in water vapor 

𝑛m number of monomer units 
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𝑛s number of statistical segments  

𝑁1 number of moles of solvent molecules 

𝑁e number of EANC  

𝑁ea number of EANC in network a  

𝑁eb number of EANC in network b 

𝑝 power low exponent related to fractal dimensions  

𝑃 porosity  

𝑞 scattering vector 

𝑄m weight swelling ratio 

𝑄V volume swelling ratio 

𝑅 universal gas constant 

𝑅g radius of gyration 

𝑆b true strength 

SD swelling degree 

𝑆iso cross-sectional area of undeformed, isotropic sample 

tan 𝛿 loss factor 

𝑇 temperature 

𝑇g glass transition temperature 

𝑡reaction polymerization time  

𝑉0 reference volume  

𝑉1m molar volume of the solvent 

𝑉a volume of network a 

𝑉b volume of network b 

𝑉ap and 𝑉bp volume of polymer a and polymer b 

𝑉ad and 𝑉bd volumes of diluents added with monomer a and monomer b 

𝑉s volume of solvent in the swollen IPN 

𝑉sw volume of swollen network 

𝑉d volume of dry network  

𝑉nf volume at network formation 

𝑉rel1 relative volume of the network 1  

𝛼 dilation factor,  

𝛼1 dilation factor for chains of network 1 

𝛾 shear deformation 

𝛿 phase angle 

휀 strain in uniaxial deformation 
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𝜃 scattering angle  

𝜆 wavelength   

𝜆b deformation at break 

𝜆ix,  𝜆iy,  𝜆iz 
deformation ratios with respect to the reference state along the l 

coordinate axes of network i 

𝛬j deformation ratio with respect to the isotropic (swollen) state 

Δ𝜇1,mix solvent chemical potential change 

𝜈e concentration of EANC 

𝜌gel density of gel 

𝜌solv density of solvent 

𝜎 deformation stress 

𝜎b stress at break 

𝜎true true strength 

𝜑a,  𝜑b volume fractions of polymer network a and polymer network b in 

dry IPN 

𝜒 Flory-Huggins interaction parameter 

𝜙1 volume fraction of solvent 

𝜙2 volume fraction of polymer in swollen single network 

𝜙2
0 volume fraction of all polymerizable substances at preparation 

𝜙2a
0 , 𝜙2b

0  volume fraction of polymer a, and polymer b, respectively, in the 

mixtures with their diluents; for definitions, cf. eq. (4.6)  

𝜙pores fraction of pores 
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