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hydrogell o rizné morfologické struktufe byly studovany s cilem nalézt vztah mezi
strukturou sité, architekturou porozity a mechanickou odezvou. Modelovéa fada
syntetickych hydrogelti byla pfipravena radikalovou polymerizaci 2-
hydroxethylmethakrylatu se sitovadlem za pfitomnosti vody a jinych aditiv tak, aby
se v pritb¢hu sitovani uplatnil jev fazové separace a tim doslo k vytvoreni
modelovych gelt o rizné morfologii. Z mechanické odezvy rovnovazné zbotnalych
vzorki vyplyva, ze frekvencni pribéh hlavniho relaxa¢niho ptechodu nezéavisi na
uspotadani a typu port a do malé koncentrace sitovadla (1 mol% na monomery) ani
na struktufe sité. Odezva v nizkém oboru frekvenci (<10-2) zavisi zna¢n¢ jak na
struktufe polymerni sité, tak na morfologické stavbé zbotnalého hydrogelu. Mirné
sesitované gely vykazovaly vyssi mechanické ztraty v oblasti kaucukového plata,
coZ je pripsano pieskupovani asociovanych hydrofobnich domén polymernich
fetézcl. U gell o ¢asticové struktute s komunikujicimi pory byl vzdy pozorovan
vzrist ztratové tamgenty pii nizkych frekvencich. U geld, v jejichZ struktufe je
patrnd porozita, ale pory nejsou vzajemné komunikujici, nebyl takovy vzrist
ztratového thlu pozorovan.
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Abstract: Model series of crosslinked poly(2-hydroxyethyl methacrylate) hydrogels
differing in morphology were prepared by polymerization-induced phase separation.
Morphology, swelling and dynamic mechanical properties in broad frequency range
of the model gels were tested. The vitrification of gels was found sensitive to
microstructure of polymer network and to solvent content and to polymer-solvent
interaction, but not to the macroscopic morphology of the gel. The low-frequency
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were responsible for underestimation of equilibrium shear modulus of the matrix.
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Introduction

The history of 2-hydroxyethyl methacrylate (HEMA) and its copolymers studies has
counted more than half a century so far. The work of Czechoslovak group of Otto
Wichterle (started in 1951) has led to recognition of mechanically strong, swellable
in water and other physiological media and optically transparent polyHEMA
hydrogels as a valuable biomaterial for soft contact lens production, ophthalmic
surgery and dentistry.
During HEMA polymerization in presence of inert diluent not miscible with
polyHEMA, phase separation occurs resulting in heterogeneous, non-transparent
hydrogels. Due to improved transport of nutrients and metabolism products, and
possibility of living cells to accommodate inside the voids filled with the swelling
medium, such porous polyHEMA gels are excellent candidates for tissue engineering
applications.
Intensive studies on animals have revealed that encapsulation, cell ingrowth,
neovascularization and calcification strongly depend on the overall polyHEMA
overall porosity, pores average size and connectivity. Moreover, mechanical
properties of porous material matrix may affect the cells behavior within a scaffold.
Thus, effective application of hydrogels as biomaterials requires precise control of
their morphology and mechanical properties. Realization of this comprises several
pieces of knowledge:

e control of final material porosity by preparation procedure;

¢ influence of preparation conditions on material matrix properties;

¢ influence of material porosity and matrix properties on the material utilitarian

characteristics.

Even though basic principles of preparation-morphology and preparation-mechanical
properties relationships have been formulated in the early poly HEMA studies, at that
time it was not possible to characterize extremely soft, highly porous hydrogel due to
insufficient technology development. The first commercial ESEM instrument to
study swollen samples was introduced in 1988, and further important improvements
were introduced even in late 1990s. Controlled-stress rheometers enabling

characterization low-modulus materials appeared in 1990s.



In author’s experience, properties of gels produced by polymerization accompanied
by phase separation are sensitive to even small changes in the preparation procedure,
including the nature and amount of initiator, or temperature. This is especially so in
case of macroporous final products.

Rheological testing of soft materials in proper conditions (no slippage of
uncompressed sample) is not trivial. To author’s knowledge, it has not been
mentioned in literature for macroporous hydrogels. At the same time, such protocol
is required to avoid useless replications of measurements in different laboratories.
Despite numerous studies on polyHEMA hydrogels, the systematic studies on
samples of varying morphology are quite limited, and in the best link the preparation
conditions with morphology or one of the utilitarian properties. Thus, direct study of
relationships between morphology of hydrogels prepared in varied conditions, and
their mechanical properties has been lacking till now. This work has been done in

order to fill in this gap.



1 Theoretical part

1.1 HEMA-based hydrogels

Hydrogels form a group of materials, properties of which place them at the
edge between solid and liquid materials. Like solids, they usually hold a defined
shape and thus can be applied in construction of scaffolds, supports, functional
surfaces, artificial tissues or substitutes (especially in ophthalmology). On the other
hand, being swollen in liquid aqueous medium, hydrogels are soft and permeable to
low-molecular species, which opens for them fields of biomaterials, responsive soft
machines, chromatography solid phases, sorbents for concentration of solutes or
controlled release of drugs, etc.

According to the recent [IUPAC recommendation [1], hydrogel is a “non-fluid
colloidal or polymeric network that is expanded throughout its whole volume by
water”. In turn, network is a “highly ramified structure in which essentially each
constitutional unit is connected to each other constitutional unit and to a macroscopic
phase boundary by many paths throughout the structure”.

2-hydroxyethyl methacrylate HEMA is a common monomer for preparation
of synthetic hydrogels. This is due to its good availability and low price, simplicity in
use, high biocompatibility of polyHEMA and low toxicity of both monomer and
polymer, and large variety of prepared hydrogel properties.

HEMA and its polymers were first reported in a patent [2] in 1938. In the
next two decades, HEMA was episodically mentioned in the patent literature in
connection with novel synthetic pathways or with its potential use as a comonomer
for polymeric compositions.

The history of polyHEMA as a biomaterial started in 1950s when Wichterle
and Lim [3] synthesized hydrogels based on HEMA copolymers with ethylene
dimethacrylate (EDMA) designed for medical applications. After their
biocompatibility was proved [4], these hydrogels were widely applied as materials
for soft contact lenses. Commercial success of such lenses stimulated further interest
in hydrogels, and eventually led to the development of responsive soft materials that
upon exposure to an external stimulus could abruptly change size, or even shape [5].
Further successful applications of polyHEMA hydrogels include intraocular lens [6,

7] and dental materials [8].



First polyHEMA hydrogels applied as biomaterials were homogeneous and
optically transparent. However, already during early polyHEMA research [2, 3] it
was evidenced that at certain conditions porous polyHEMA hydrogels could be
prepared. Highly depending on the pores fraction [9], such materials showed great
potential in cell cultivating and tissue engineering, as they allowed cells attachment,
growth and proliferation.

The in vivo evaluation of tissue reaction in the animal models was reported by
Czechoslovak researchers [10, 11]: cellular invasion, encapsulation, vascularization
and salts deposition were followed after implantation in rats, rabbits, pigs and mice.
The first study to show the influence of polyHEMA hydrogels porosity on their
behavior as implanted materials was reported in [9]. At higher porosity, fibrous
capsule was narrower and zone of cell ingrowth and vascularization was broader.
Also, porosity was the major factor governing cellular invasion and deposition of
calcium salts in the implants [12]. Macroporous polyHEMA hydrogels were
successfully probed (in animal models) as implants for bone formation [13, 14], in
brain surgery [15], and as membranes for artificial pancreas [16, 17].

Due to numerous potential applications of macroporous polyHEMA
hydrogels, they are extremely attractive research objects. Even fundamental study of
polyHEMA properties not only adds new knowledge about basic theoretical

questions of polymer gels behavior, but brings important practical information.

1.2 Remarks on terminology

In the referenced literature, various expressions are used for description of
hydrogels internal structure. For instance, according to visual appearance they may
be called transparent (or clear), semi-transparent (or opaque, translucent), and non-
transparent (white). As far as the phase structure is considered, hydrogels are termed
homogeneous (or single-phase) and heterogeneous (or phase-separated, multi-phase).
For hydrogels containing only part of swelling medium solvating the polymer chains,
while part of the solvent is expelled to a distinct phase (porous gels) further accurate
definitions are used. According to the IUPAC, macroporous polymers are those that
have pores in the range of 50 nm to 1 um [1], while microporous gels are those with
even smaller pores. Materials with pore sizes more than 1 pm are sometimes called

supermacroporous, but as the border between these types of materials is very diffuse,



both names supermacroporous and macroporous may be used as synonyms to
describe systems with pores larger than micrometer range. Often, especially in papers
related to biomaterials, macroporous gels are called sponges.

In the scientific literature, some of these classifications are mixed, and terms
“clear” and “homogeneous”, or “porous” and “non-transparent” are used as
synonyms, which may be only partially correct depending on the objects in question.
Throughout this work, in the Theoretical part section, the terminology offered by
authors of cited papers was used, where it did not cause misunderstanding. An
exception was made for term “sponge”, in our opinion this is not reasonable use of
scientific slang. Spongy gels were referred to as macroporous in the theoretical part
of this work.

In the Results and discussion section of this work the following simplified
classification was used to refer to different types of hydrogels. Those called
“homogeneous gels” were fully transparent with no heterogeneities detectable either
visually, by light or electron microscopy. Other (non-transparent) gels revealed
several types of morphology under scanning electron microscope (SEM). Non-
transparent swollen gels that only revealed a single phase in SEM (that is, the
heterogeneities were below electron microscopy resolution) were referred to as
“intermediate”. Gels showing micrometer-range partially connected droplets of
swelling medium surrounded by walls of swollen polymer, were assigned to gels of
“interlocking, bicontinuous” morphology. The group of non-transparent gels with
communicating pores surrounding well-defined fused spherical particles of swollen

polymer constituted a category of “fused particles type” or “particulate gels”.

1.3 Swelling of hydrogels

Hydrogels swell in aqueous media to an equilibrium state (limitedly). The
amount of swelling medium a material needs to absorb to be classified as a hydrogel
is not precisely defined (no mention in the IUPAC definition [1]), but generally if a
material has absorbed 10% water or more, and is not soluble, it can be classified as a
hydrogel [18]. The swollen equilibrated state of a hydrogel is a balance between the
osmotic forces that cause water to enter the hydrophilic polymer and the cohesive

forces exerted by the polymer chains in resisting expansion.



The swelling ability of a material can be expressed by different values. They
are equivalent, and can be recalculated, provided that the polymer and swelling
medium densities are known. Often used expressions are: amount of water absorbed
per weight of dry polymer material (Eq. 1.1), amount of water absorbed per weight
of swollen gel (Eq. 1.2), and weight (Eq. 1.3a) or volume (Eq. 1.3b) change upon

swelling from dry state:

WC = mm;;”d (1.1)
WC = % (1.2)
Qu = Z_d (1.3a)
= (1.3b)

with mg, weight of a swollen sample, mgy, dry polymer weight, V5, volume of a
swollen sample, and V7, dry polymer volume.

More hydrophilic a polymer is, higher is its hydrogel equilibrium water
content (EWC). Also, hydration can be controlled through crosslink density — more
crosslinking for a given polymer system results in lower EWC.

To derive EWC of the material, variations of the Flory-Huggins theory for
polymer solutions are often applied. It is a mathematical model of polymer-solvent
mixing thermodynamics accounting for dissimilarity in molecular sizes to adapt the
usual expression for the entropy of mixing. The result is an equation for the Gibbs
free energy change AGy, for mixing a polymer with a solvent. Despite of simplifying
assumptions, Flory-Huggins scheme is very useful for interpreting experiments.

The basic result of the theory is ([19, 20]) as follows:
AGy, = RT(nyIng, + nyIng, + nyd,x12). (1.4)

Here n and ¢ are number of moles and volume fraction of solvent (index 1)
and polymer (index 2). The polymer-solvent interaction parameter y; is defined as

X12 = ZAw/kT (1.5)
with z standing for the coordinate number in the model lattice, Aw — energy
difference between polymer-solvent contact and mean of polymer-polymer and
solvent-solvent contacts. y;, depends on the nature of both solvent and polymer, and

is the only material-specific parameter in the Flory-Huggins model.



Application of the Flory-Huggins model to polymer networks requires an
additional term to describe network elasticity arising from its crosslinked nature. The

following result allows calculation of EWC in terms of solvent volume fraction [21]:

1/3

[In(1—¢2) + ¢ + X12¢%] + nzl_c (1.6)

There are facts proving that water in hydrogels consists of “bound” and “free”

Apg — 0
RT

fractions [22-24]. When dry polymer is placed in water, the hydrophilic groups along
polymer chains are hydrated first: water will form hydration spheres around these
groups, it is called bound water. It is tightly held in the hydrogel matrix through
hydrogen bonding. As the hydrogel continues to hydrate, additional absorbed water
is referred to as unbound or free water. Filling the voids and pores of the hydrogel, it
is less structured and more mobile. These types of water were observed
experimentally with DSC [25] and NMR [26, 27].

However, not all scientists support the free and bound water theory. For
example, as determined by pulsed gradient NMR, all water in polyHEMA hydrogels
diffused as a homogeneous phase [28]. Also, in [29] extremely close to equilibrium
conditions DSC measurements did not reveal thermodynamically different states of
water, and multiple melting peaks observed for hydrogels water in rapid DSC scans
were ascribed to metastable states; same was concluded in [30].

In equilibrium, homogeneous polyHEMA gels uptake up to 40-42 wt% of
water [31]. PolyHEMA hydrogels swelling ability is only slightly dependent on
temperature [31, 32], and decreases with increasing crosslink density [33].
Thermodynamic quality (including introduction of low-molecular weight salts) of the
medium can alter the swelling of polyHEMA [34], this is especially important for
biomedical applications, when a gel-based device is placed at physiological
conditions. A defined correlation was found between the polyHEMA network mesh
size and its swelling ability [33]. When polyHEMA preparation is carried out in
presence of diluent which is a poor solvent for the polymer, the swelling of final
product is sensitive to amount of the diluent. When it exceeds certain critical value,
porous hydrogels are formed, and the apparent swelling degree is increased [35].

This phenomenon will be addressed in detail in Section 1.5.



1.4 Benefits of polyHEMA hydrogels porosity

Swollen macroporous hydrogels offer interesting possibilities in
biotechnology and medicine due to their heterogeneous structure. The polymer
nature, pore size, size distribution, and connectivity are factors that strongly
influence the materials properties and possibilities for applications.

Broad spectrum of macroporous hydrogel monoliths for chromatographic
devices can be attributed to several properties related to the macroporous structure
[36]. There are normally no dead-end pores in the monoliths, and mass transfer
between the stationary and the mobile phase via convection is fast. This is beneficial
for purification of large molecules of proteins, polynucleotides, or viruses. Another
consequence of the monolithic structure is high porosity. The internal porosity of
polyHEMA-based porous particles is normally up to 70% [37], while the external
porosity (voids between particles) in packed beds is up to 40%; then the bed
collapses. The monoliths, on the other hand, exhibit external porosity up to 90% [38].

Macroporous hydrogels are suitable as matrices for cell separation [39] and
for cell culture [40] applications due to the combination of elastic polymeric network
and interconnected porous structure capable of absorbing and keeping large amount
of biologic fluids inside the pores as well as ensuring non-hindered mass transport of
nutrients and metabolic products.

In tissue engineering applications, high porosity and pore size provide space
for cell accommodation and migration, and enable the exchange of nutrients between
the scaffold and the environment. For better recognition of gels by cells, they may be
modified with bioactive molecules [41]. PolyHEMA and HEMA copolymer
hydrogels has been tested for using in a variety of artificial tissue applications.

The porous and elastic nature of hydrogels is close to native cartilage. The
water content in macroporous hydrogels is about 80-95%, which is similar to that of
natural cartilage tissue. Cartilage, as a predominately avascular, aneural, and
alymphatic tissue with a limited ability of self-repair, is an ideal system for tissue
engineering. Mechanically stable 3-dimensional scaffolds have shown a great
promise for cartilage tissue engineering [42-44].

For bone tissue replacement, a scaffold must possess an interconnected
porous structure with pore size of 200900 um [45]. Surface properties are also

important: rough surface imprisons the fibrin matrix better than a smooth one, and



hence facilitate the migration of osteogenic cells [46]. In vitro the scaffolds should
have sufficient strength to withstand the hydrostatic pressure and maintain porous
morphology; in vivo mechanical strength should be close to natural bone.
Macroporous polyHEMA hydrogels were successfully probed (in animal models) as
implants for bone formation [13, 14]

The use of porous hydrogels to assist tissue repair in central nervous system,
axonal regeneration in the brain and the spinal cord was intensively investigated.
Extremely soft macroporous hydrogels successfully mimic the mechanical
characteristics of natural tissues. Additionally, oriented pores produced by various
template techniques may additionally promote guided cell growth [47].

For peripheral nerve repair, hydrogels based on crosslinked polyHEMA and
poly(N-2-hydroxypropyl methacrylamide) were implanted into the rat cortex, and
showed that astrocytes and NF160-positive axons grew similarly into both types of
hydrogels. No cell types other than astrocytes were found in the polyHEMA
hydrogels [48].

Macroporous scaffolds can be applied alone or in combination with different
growth factors or cellular components for spinal cord repair and regeneration. As an
example, in [49] a polyHEMA hydrogel scaffold of well-defined geometry was
created and modified with laminin-derived peptides that enhanced cell adhesion and
neurite outgrowth. Scaffolds were designed to have numerous longitudinally oriented
channels with an average channel diameter of about 200 um to ultimately promote
fasciculation of regenerating cables, and a compressive modulus of 192 kPa to match
the modulus of the soft nerve tissue. Such peptide-modified scaffolds enhanced
neural cell adhesion and guided neurite outgrowth of primary chick dorsal root
ganglia neurons relative to non-modified controls. It was concluded that a
combination of well-defined chemical and physical stimuli developed in that work
provided a means for guided regeneration both in vitro and in vivo.

Several temporary liver assist devices were developed based on macroporous
hydrogels, including polyHEMA hydrogels [50, 51]

Probably, the first study demonstrating the influence of polyHEMA gels
porosity on their behavior as implanted materials was reported in [9]. Hydrogels
synthesized with increasing amounts of water (50-90 wt%) crosslinked with 2 wt%
of EDMA were implanted in rats and sampled at 30, 60 and 90 days after
implantation. The polymers prepared with 50 and 60 wt% water behaved like



homogeneous hydrogels (only encapsulation occurred), but those obtained with 70,
80 and 90 wt% water were penetrated by cells and blood vessels. At higher porosity,
the fibrous capsule was narrower and the zone of cell ingrowth and vascularization
enlarged; no significant calcium salt deposition was noticed. Similar experiments
with macroporous HEMA copolymers containing ionic comonomers confirmed these
findings [52]. In a more detailed study [12], the phenomenon of calcification was
investigated. It was found that variation of porosity, controlled by water amount in
polymerizing mixture, was the major factor governing cellular invasion and
deposition of calcium salts in the implants.

Detailed studies revealed dependence of specific tissues regeneration on the
support porosity [S3]. The diameter of cells dictated the minimum suitable pore size.
Depending on the application, pore size must be carefully controlled. Experiments
revealed optimum pore size of 5 um for neovascularization, 5-15 um for fibroblast
ingrowth, close to 20 um for the ingrowth of hepatocytes, 20-125 pum for
regeneration of adult mammalian skin, 40—100 um for osteoid ingrowth and 100-350
um for regeneration of bone [54]. Fibrovascular tissues required pores of >500 pm
for rapid vascularization and survival of transplanted cells [55].

Continuity of pores is also important: mass transport and cell migration were
inhibited if the pores were not interconnected even if the matrix porosity was high
[56]. Cells located more than approximately 200 um from a blood supply were either
metabolically inactive or necrotic due to low oxygenation [57].

A further concern is change in pores structure over time in vivo. Even if
matrix does not degrade, effective pore size may be reduced by in vivo events
(invasion of fibrous tissue into the pores, nonspecific adsorption of proteins onto
material) [57].

Thus, for majority of macroporous hydrogels applications, porosity
characteristics (average size, volume fraction, connectivity, etc.) are important, in
addition to other functional characteristics (mechanical properties, presence of
functional comonomers, etc.). It is clear that developing well-controlled procedures

to produce macroporous materials with desired morphology is desired.
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1.5 Methods for porous polyHEMA hydrogels fabrication

Common methods for preparation of porous gels include: polymerization in
presence of diluent which is a non-solvent for formed polymer (phase separation
during polymerization), crosslinking polymerization in presence of washable solid
substances (salts, sugars, organic fibers), cryogelation (at temperatures below freeze
point of a solvent, which serves as a porogen), polymerization in presence of gas-
releasing components.

Each of these methods has advantages and drawbacks. The relative
importance of them depends on the particular task, and possibly it is impossible to
choose the ultimately best method of pores generation.

Using polyHEMA gels as a model, in [58] a comparison of several routes to
prepare porous materials was made: morphology, overall porosity and pores
connectivity were checked for prepared samples. Results of the study are
summarized in Tab. 1.1. Gaseous porogen approach allowed for almost no control of
morphology, and the overall porosity was low. Fiber-based gels showed good
properties, but procedure was complicated, and it should be developed separately for
each new comonomers mixture composition.

The methods proved to be most convenient were phase separation
polymerization and polymerization in the presence of soluble solid porogen. With the
latter method it was easier to fine-tune the pores size and distribution, but overall
complexity of this procedure makes polymerization-induced phase separation one of

the preferred methods for HEMA-based hydrogels preparation.

Table 1.1 Comparison of porous gels production methods related to typical
properties of final products (from [58]).

. . o Distribution
Method | Preparation Repr'o.duc1- Overa}ll Adjustablllty of pores
bility porosity | of pores size size

Phase 0
separation very easy good 20-100% | narrow broad
Washable easy excellent 68-97% | any >5 um narrow
porogen
Gas o
release usually easy | poor 0-20% narrow very broad
F1l.)er' complicated | good 100% wide broad
spinning

11



Polymerization-induced phase separation

During crosslinking copolymerization in presence of inert diluent, the latter
plays an important role in the design of the final material morphology. At low
crosslinker contents and in the presence of solvating diluent, it remains in the gel
throughout the reaction so that an expanded, non-porous network is obtained.
Permanent heterogeneities and/or pores in the network appear if the diluent separates
out of the gel phase during polymerization. HEMA polymerization in presence of
more than 40 wt% of water is a well-known example, many other common
monomers behave in the same way: (N-(2-hydroxypropyl)methacrylamide in acetone
[59], methyl methacrylate in heptane [60]).

Phase separation during crosslinking can be induced either by increasing the
crosslinker concentration (v-induced syneresis) or by decreasing the solvating power
of the diluent (y-induced syneresis, [35, 61]). In both cases, the growing polymer
network cannot absorb all solvent available in the reaction system (i.e. equilibrium
degree of swelling of the network is less than its degree of dilution). Thus, the system
collapses to form reaction particles within the separated continuous liquid phase. As
the reaction proceeds, new microparticles are continuously generated due to the
successive separation of the growing polymer. The agglomeration of the
microspheres results in the formation of a heterogeneous gel consisting of continuous
phases of a gel and a diluent.

It was proved experimentally that no crosslinks were necessary for a limited
swelling of polyHEMA in water and phase separation to occur [35]. A fundamental
study of phase separation during HEMA polymerization in presence of aqueous
solutions of low-molecular-weight compounds was offered in ([62]) with
uncrosslinked polyHEMA of various molecular weights as a model.

Microsyneresis and macrosyneresis are both usually operative in crosslinking
polymerization. Microsyneresis is separation of diluent as droplets inside the gel
phase to give dispersion. It is a non-equilibrium process caused by the existence of
regions differing in segment and crosslinking density (local incompatibility), and by
a slow relaxation of the network. Macrosyneresis includes the decrease of swelling
due to the weakening of thermodynamic polymer-diluent interaction. It results in the
formation of distinct diluent and gel phases. Microsyneresis usually impacts much on
hydrogel structure, since polymerization is faster than gel relaxation, and

thermodynamically unstable disperse structure is fixed by crosslinks. A theoretical
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treatment [61] suggested a greater complexity of the process, in which various
factors, such as interaction parameter y, molar volumes of components, content of
diluent in the mixture, and concentration of crosslinking agent all affect phase
separation during copolymerization. A variety of morphologies induced by phase

separation is schematically shown in Fig. 1.1.

DILUENT
farther from
gel point:

SWOLLEN
diluent pushed out

¢S GEL

MONOMERS

+

DILUENT MICROSYNERESIS

DILUENT

Y,
o'?o (PORES)

Sy,
s,
R
\S‘/s

Figure 1.1 Syneresis during polymerization as a mean to produce porous crosslinked

polymers.

Relationship between formation conditions and structure of macroporous
networks was studied in [35, 61, 63-65]. The main factors determining the
macroporosity of polymer networks were crosslinker concentration, type and amount
of diluent, along with temperature and type of initiator.

Among first reports on preparation of hydrogels under varied conditions were
[9] and [12]. Two parameters varied were water and crosslinker concentrations, the
first being the major factor to influence hydrogel morphology. Even though in 1970s
modern ESEM methods were not yet developed [66], structure of polyHEMA
hydrogels was examined microscopically, and morphology type diagrams were

collected (an example [12] is shown in Fig. 1.2).
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Fig. 1. Regions of formation of homogeneous {4), microporous (B) and macroporous ('}
polyiglycol monomethacrylate)
Figure 1.2 Diagram of final hydrogel morphologies as a function of polymerized
mixture of HEMA, EDMA and water composition. From [12].

Similar behavior was revealed in other studies [67-69]. Water concentration
above which heterogeneous polyHEMA hydrogels were produced was slightly
variously reported to be around 45 wt%, whereas at water concentration above 70-75
wt% macroporous samples were formed. The only measurable and effective porosity
in heterogeneous hydrogels was found to be due to the large spaces between polymer
particles. It was estimated [10] that for particles as large as 2-5 um, the channel-like
pores could attain 40-80 um.

With development of modern microscopy methods, the influence of
preparation conditions on the polyHEMA hydrogels morphology was studies in more
detail. In [65] it was found that increase of water concentration led to appearance of
isolated pores, which at higher dilution formed interconnected voids between
collated swollen polymer particles (Fig. 1.3).

At constant dilution (80 wt% of water) corresponding to macroporous
hydrogel morphology, increase of the crosslinker concentration led to to higher
porosity (Fig. 1.4). Changes of the overall porosity were mainly due to decreasing
size of polymer particles at higher crosslinker concentration, while void spacing and
average diameters of pore openings were not affected by crosslinker content. In the
presence of larger amounts of water (90 wt%) unfavorable water-polymer

interactions dominated, and the effect of crosslinker was negligible.
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60 wt% 70 wt%

80 wt% 90 wt%

Figure 1.3 Morphology of polyHEMA hydrogels prepared at various dilutions in
water. Concentration of crosslinker EDMA was 0.5 wt%. Weight fraction of water is

shown under corresponding pictures. From [65].

0.5 wt% 3.25 wt%

Figure 1.4 Morphology of polyHEMA hydrogels prepared at various concentrations
of crosslinker EDMA with 80 wt% of water as a diluent. Weight fraction of the

crosslinker is shown under corresponding pictures. From [65].
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Increase of crosslinker concentration can cause macroporous hydrogels
formation at lower concentration of diluent. As an example, morphologies of

polyHEMA hydrogels prepared at 60 wt% of water are shown in Fig. 1.5.

YP1A1l (,

0.5 wt% 5.0 wt%

Figure 1.5 Morphology of polyHEMA hydrogels prepared at various concentrations
of crosslinker EDMA with 60 wt% of water as a diluent. Weight fraction of the

crosslinker is shown under corresponding pictures. From [65].

The hydrophilicity of crosslinker also altered the extent of phase separation at
a given mixture composition (Fig. 1.6): 1,6-hexamethylene dimethacrylate HDMA

induced more pronounced phase separation than did more hydrophilic EDMA.

10umi1SOKVU 131E3 1178753 HPI1A3 C

EDMA HDMA

Figure 1.6 Morphology of polyHEMA hydrogels prepared with 60 wt% of water and
0.5 wt% of crosslinker EDMA or HDMA (latter is less hydrophilic). The crosslinker

type is shown under corresponding pictures. From [65].
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Besides factors mentioned above, solvating power (thermodynamic quality)
of the diluent is important. It can be modulated by addition of certain inorganic salts
[34]. In particular, sodium chloride aqueous solutions are poorer solvents for
polyHEMA than water. In [70], addition of sodium chloride significantly enhanced
phase separation during HEMA polymerization. With 60 vol% of diluent final
hydrogel was non-porous in case of water, but with 0.3 M NaCl macropores were

revealed by SEM, and at 0.7 M NaCl they became interconnected (Fig. 1.7).

185kV X2,000 10¥m O3273TS,

oM 0.3M 0.7M

Figure 1.7 Morphology of polyHEMA hydrogels prepared with 60 vol% of the
diluent (aqueous NaCl of varied concentration) and 0.6 mol% of crosslinker EDMA.

Concentration of NaCl in the diluent is shown under corresponding pictures. From

[70].

The initiator effect studied in [65] was evident only at lower concentrations of
water: at 60% water and 5.0% EDMA increasing of initiator concentration led to
progressive phase separation. This was either due to number of growing radicals and
kinetic chain length, or because initiator (mixture of (NH4),S,0g + Na,S,0s) used
decreased the solvating power of diluent. For 70% water and above no effect of
initiator on porosity was observed.

In [71] a hydrophilic and less reactive crosslinker was used: DVG (divinyl
glycol, or 1,5-hexadiene-3,4-diol). Crosslinking with DVG led to stratification
(macroscopic inhomogeneity, especially at sample surface), likely due to phase
separation before network gelation because of low reactivity of DVG allyl groups.
Stratified samples did not reveal porosity suitable for biomedical usage. The
stratified layer (up to about 250 um from the sample base) had a cellular structure,
with droplets of water entrapped in a polymer matrix (Fig. 1.8). At 250-600 pum from

the sample base, cellular regions became interspersed with domains consisted of
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polymer droplets within a continuous water phase. At more than 600 pum from the

sample base, there was a significant increase in the volume occupied by water.
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Figure 1.8 Composite micrograph of polyHEMA sample prepared with 75 wt% of
water and 1 wt% of DVG. From [71].

Stratification was less pronounced at high dilution, but these gels were
mechanically too weak. Two possible solutions of the problem were suggested: using
either more active initiating system or hydrophilic crosslinker with active
methacrylate groups. This was investigated in [72]. PolyHEMA macroscopic
hydrogels were prepared with 5 chemically different crosslinkers (hydrophobic
vinylic EDMA and BDMA; hydrophobic allylic HD, hydrophilic vinylic BHDMA,
and hydrophilic allylic DVG), other conditions being the same, and phase separation
onset was evaluated.

In case of vinylic compounds (EDMA, BDMA and BHDMA), with more
crosslinker used phase separation occurred faster. At the same concentration
hydrophobic BDMA promoted faster phase separation than its hydrophilic
homologue BHDMA. However, at higher concentrations, all vinylic crosslinkers
showed similar onset of phase separation time, likely because of efficiency loss
(cyclization reactions).

Hydrophobic allylic agent HD induced, at low concentrations, a delay in
phase separation, as compared to the vinylic agents. This indicated lower
crosslinking efficiency of HD, due to lower reactivity of allylic groups. Hydrophilic

allylic agent DVG induced an erratic range of phase separation onset times, generally
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longer than those induced by other crosslinkers. This might be related to both better
miscibility and lower reactivity of DVG.

The onset of phase separation correlated well with size of polymer droplets in
macroporous hydrogels: the longer it took for phase separation to occur, the larger
the size of resulting polymer droplets. Crosslinker concentration being the same,
droplet size and  phase  separation time  followed the row:
DVG>HD~BHDMA>BDMA.

To conclude, variation of diluent composition and concentration, and/or
crosslinker concentration and type provide vast opportunities in designing hydrogels
of variable porosity and morphology using method of phase separation during
polymerization. This method can be used even for preparation of functional
materials, with HEMA being only a minor comonomer. For instance, in [73]
macroporous hydrogels of functional polypeptides were prepared. Pores in the
material appeared due to phase separation of monomers mixture induced by presence
of 10-20 wt% HEMA with respect to solids. An example of final hydrogel
morphology is shown in Fig. 1.9.

Figure 1.9 Morphology of polypeptide hydrogel prepared with 80 wt% of water, 18
wt% of methacrylated polypeptide and 2 wt% of HEMA. Scale bar is 50 mm. From

[73].
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Porogen leaching techniques

With porogen technology, polymer is prepared around a crystalline matrix
which is leached from the material after polymerization. This method was introduced
in [74], and numerous variations of the procedure for production of porous
hydrophilic materials were developed later.

In [75] water-soluble sugars were used for preparation of polyHEMA
membranes: HEMA and EDMA (1 wt%) were copolymerized in presence of 15 wt%
of 40 um sized sucrose or lactose. 10-25 um pores were detected in the prepared
membranes. Major advantage of the technique was independent control of mixture
composition and pores size. Also, construction of asymmetrical membranes (with
dense non-porous layer for extra mechanical support) could be achieved.

Preparation of macroporous polyHEMA using crystalline NaCl as a washable
porogen was developed by Pradny [76-77]. NaCl particles size was 0.03 mm, 0.03-
0.05 mm, or 0.05-0.09 mm. Increasing of NaCl fraction in the mixture led to higher
pores connectivity at the price of poorer mechanical properties. An example of final

hydrogel morphology achieved after NaCl washing out is shown in Fig. 1.10.

Figure 1.10 Morphology of a polyHEMA-based hydrogel prepared with NaCl (0.05—
0.09 mm) as porogen. From [76].

Washable porogen is not necessarily water-soluble. For example, in [47, 78],
poly(e-caprolactone) fibers served as a template for polymerization. Then fibers were
extracted from the product with suitable solvent (acetone or 2-aminoethanol). Such
procedure enabled preparation of scaffolds with properly oriented asymmetrical

pores (Fig. 1.11). Pores diameter was determined by fibers geometry.
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Figure 1.11 Examples of polyHEMA materials with oriented pores. From [47].

Combination of porogen leaching and phase separation may lead to
interesting double porous structures (Fig. 1.12, [79]). In such cases giant pores
formation is caused by porogen, and smaller pores in the surrounding continuous

matrix appear due to phase separation process.

From [79].
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Cryogelation

Cryogelation at subzero temperatures [80] enables production of macroporous
samples via polymerization of the hydrophilic monomers or crosslinking of polymers
in aqueous medium. Most of water is frozen and performs like porogen while the
dissolved substances (monomers or polymers) are concentrated in unfrozen regions
providing solutes with sufficient molecular or segmental mobility for reactions to
perform. Within some range of negative temperatures chemical reactions performed
in unfrozen liquid microphase are faster compared to bulk solution [81].

Applications of cryogelation to HEMA-based systems are presented in [82,
83]. After melting of the ice crystals, a system of large interconnected pores was
formed. The resulting materials had porosity up to 90%, with pores of 10-200 um.
They could withstand compressive deformations down to 20% of their original
volume without being destroyed [84]. The morphology of pores was determined by
freezing rate, final temperature, initial concentration of monomers, content of
crosslinker, and presence of nucleation agents [81, 85, 86]. Thus, to obtain a
reproducible freezing pattern, careful control of conditions was required.

skskok

Analysis of routes to prepare macroporous polyHEMA hydrogels leads to
conclusion that the polymerization-induced phase separation method offers probably
the most flexibility in the final product morphology combined with the ease of
procedure. Moreover, this approach can potentially by used in situ for construction of
injectable gel formulations. Thus, phase separation method was selected for

preparation of macroporous hydrogels in this work.

1.6 Mechanical properties of hydrogels: common
considerations

For majority of applications, mechanical properties of hydrogel are of
extreme importance. If a material serves as a scaffold for tissue replacement or as a
chromatography column filler, hydrogel requires certain mechanical integrity. It was
shown in studies of cell growth that substrate modulus can efficiently determine the
behavior of cells attached to the surface; a recent example is provided in [87]. The
general principle of proper mechanical properties for tissue construction selection is

described in [88]. Briefly, in vivo stress/strain histories need to be measured for a
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variety of activities both in normal and for (sub)failure conditions. These data
provide mechanical thresholds for tissue repairs/replacements to hold. The set of
mechanical properties must be further selected and prioritized, as the mechanical
properties of the designs are not expected to completely duplicate the properties of
the native tissues. Then, the effects of physical factors on cellular activity must be
determined in engineered tissues. Thus, successful design of a tissue presumes
accurate and thorough testing of both natural tissue and an artificial tissue candidates.

Nevertheless, in many application-oriented studies, for low-cost and rapid
measurements, simple instruments are used. Several types of forces can be applied
simultaneously during such tests, for example, cutting implies both shear and
compression. Even though results are reproducible, they are not related to
fundamental rheological properties of a material (stresses and strains applied are not
defined). To compare data from different laboratories, it is essential to follow all
conditions (sample size, magnitude of force or deformation, device design, speed of
the probe, and others).

To my knowledge, there are no documented protocols completely describing
shear testing of soft non-flowing solids (swollen polymer gels). ASTM standards are
limited to descriptions of solutions and pastes studies (inks [89] or melts [90]). One
of the best descriptions of rheological testing of gels is available in [91]. As
discussed there, two precautions are critical for correct food gels rheometry: sample
steady state and testing in the linear viscoelastic range. At the same time deformation
amplitude should be high enough to provide reasonable signal-to-noise ratio.

Further complication not mentioned in that protocol, neither in other available
standards, is the test gap size estimation. Fig. 1.13 illustrates what “gap size” means

in rotational rheometry tests.

oscillatory strain or stress

............................ E——upper plate

—
—Jlower plate

Figure 1.13 Gap during measurement with plate-plate geometry of rotational

rheometer.
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If the sample flows, its proper loading is quite easy. On the other hand, from a
hard material, the sample can be manufactured precisely with required dimensions.
But for soft non-flowing gel (besides prepared directly inside the rheometer cell), the
correct measurement gap should be trialed experimentally. Probably, because of the
complications of gap estimation and consequent uncertainties in the data, tensile [92-
94] and compression stress-strain measurements [92], [93] are currently more
popular than shear tests in case of gels. On the other hand, due to construction of
measurement instruments, shear testing is easier to be carried out in physiological
surrounding (e.g., swollen state, presence of certain substances, normal force
loading), and, when properly organized, it provides valuable information. Based on
these considerations, the shear testing was selected as a primary technique for
hydrogel mechanical properties characterization, and care was taken to achieve

relevant and reproducible results.

1.7 Background of shear rheometry

Mechanical properties of a material define the relation between the force
acting on a sample, and deformation of a sample caused by this force. Stress is acting
force divided by the area over which it is applied, and strain is deformation relative
to initial dimension. Stress is usually denoted as o in equations, and strain is y. Both
stress and strain are in general tensors.

Two basic models of rheological behavior of materials are ideal elastic solid
body and ideal viscous liquid.

Purely elastic bodies at relatively low (linear) deformations obey a simple law

o==ay (1.7)

with G (Pa) being shear modulus (it reflects material resistance to the acting
force). At higher deformation G may be not constant, and differential equation holds:
G = j—; (1.8)

For purely viscous fluids resistance of fluid to flow is characterized by the
viscosity coefficient 7. Newtonian liquid viscosity is constant over a range of shear
rates, and Newton’s law is fulfilled:

o =ng=m. (19)

If viscosity is rate-dependent, the same equation is used in differential form:
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Properties of real polymer materials are in between the ideal cases, and may
be described by combination of these models. In particular, for a hydrogel its liquid-
like properties originate from the fact that the major constituent is water, and the
solid-like behavior is due to the network which prevents the system from flowing.
Practically all hydrogels are viscoelastic. Thus, dynamic testing methods (relaxation

or oscillation experiments) are to be used for characterization of polymer hydrogels.
1.7.1 Stress relaxation

During stress relaxation test, a constant strain is applied to the sample, and
the stress caused by that deformation is recorded. An ideal elastic material responds
with a constant stress (proportional to strain), an ideal viscous material responds with

a constant zero stress. A viscoelastic material shows a decreasing stress over time

(Fig. 1.14) in the form of an exponential decay (stress relaxation) o = aoe"t/ T,

0.6
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== articular cartilage

0.2

Stress (MPa)

0 T T T
0 200 400 600 800
Temps (s)

Figure 1.14 Left: Maxwell model of a viscoelastic body ([95]); right: stress
relaxation tests of polyHEMA construct and a natural articular cartilage ([96]).

The Maxwell model (consecutive spring and dashpot) illustrates stress
relaxation (Fig. 1.14). In response to a sudden deformation, the spring is immediately
extended, and applies a force on the dashpot. As the spring recoils, the force
decreases, thus, the rate of dashpot also decreases, leading to the exponential decay
of the relaxing stress.

The relaxation time 7 of liquids is small (<10~ s for water). Solid elastic
materials have very large relaxation time constants. Viscoelastic hydrogels have

relaxation times in between, in the range of 7=10"" to 10°s.
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If a material stress relaxation cannot be described by a single exponential
decay term, a generalized form of the Maxwell model is used (» Maxwell elements in
parallel, each element having its own set of constants). If a permanent residual stress

remains indefinitely, one of the equation terms is a constant: o =
_t . )

Yt 0p€ [t + 0.. Model parameters are determined by fitting methods.

1.7.2 Creep

In creep test, strain response over time is observed under a constant applied
stress. Simple creep behavior can be described mathematically by the Kelvin model
made up of spring and dashpot in parallel (Fig. 1.15). When stress is applied to a
sample and held constant over time, the strain increases, but the rate of increase
diminishes over time in the form of an exponential decay. In the Kelvin model the

dashpot controls the rate of the spring elongation.
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Figure 1.15 Left: Kelvin model of a viscoelastic body (from [95]), right: example of
shear creep testing of gelatin (from [97]).

1.7.3 Oscillation

In oscillating mode, viscous and elastic properties of a material can be
measured simultaneously. At appropriate oscillation amplitude, the material can be
subjected to an oscillating shear stress without breakage of its molecular structure. In
the case of a sinusoidal oscillation, the deformation is:

¥y = Yosin(wt). (1.11)

For an ideal viscous material, the shear stress follows the shear deformation
with a phase shift of 90°, whereas an elastic material has a phase shift of 0°. Real
materials show a phase shift in between 0 and 90°. The stress and deformation

signals shape for these ideal cases is schematically shown in Fig. 1.16.
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Figure 1.16 Forced oscillations test of ideal elastic, ideal viscous, and viscoelastic

bodies (from [95])

With the complex shear modulus G*, both viscous and elastic properties of a
material can be characterized by measuring the phase shift o:
G*=G"+iG" (1.12)
with G’ for the elastic, and G’ for the viscous component. The phase shift is

Gn

tan6=E. (1.13)

Frequency sweep (oscillation test at different frequencies) gives elastic and
viscous properties over a range of time scales.

An interesting variation of dynamic test is a free oscillation technique
described in [98] (experiment) and [99] (theory). For some soft materials under
special conditions, creep growth and creep recovery curves are not purely
exponential, but are superimposed with damped oscillations. From their frequency
and decrement it is possible to calculate G’, G’ and phase angle ¢ at the frequency
of oscillations. If system inertia can be changed, these properties are monitored over
a range of frequencies ([97]). The interest in this method which is sophisticated and
time-taking is that sometimes it is possible to achieve higher frequencies of free

oscillations than are available in frequency sweep tests.

1.8 Mechanical properties of swollen gels

Properties of water-swollen crosslinked polyHEMA are controlled by both
transient (physical) and permanent (covalent) interactions. Physical hydrophobic
interactions viewed as association of stickers (methacrylate moieties) assisted by
changes in the iceberg structure of water play an important role in dynamic and static
properties of the hydrogels: they are strong enough not to allow chemically

uncrosslinked polyHEMA to dissolve in water but only to swell.
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Discrimination of permanent and transient networks by examining the storage
and loss moduli in the low-frequency region was discussed by Kavanagh and Ross-
Murphy [100]. The interplay between covalent bonds and attractive physical
interactions is not enough clear: the chemical crosslinks can suppress the formation
of physical bonds hindering the alignment of chains. Alternatively, increasing
number of chemical crosslinks can enhance the weaker, non-specific interactions by

increasing the probability of pairing of interacting sites.
1.8.1 Homogeneous gels

Detailed systematic studies of homogeneous polyHEMA hydrogels swelling
and equilibrium deformational behavior [101] revealed that it in all cases the actual
crosslink density was lower than calculated that from polymerization feed
composition. This was ascribed to two major factors: diffusional and steric
limitations decreasing the reactivity of the second vinyl group of crosslinker
molecule incorporated into a growing polymer chain, and side reaction of
cyclization. Crosslinking efficiency was dependent on the nature of the crosslinker:
with 20 wt% of water at preparation, crosslinking efficiency of EDMA was 84%, and
for DEGDMA and trimethyleneglycol dimethacrylate it was 43% only. The
crosslinking efficiency was dependent on the reaction mixture dilution; results for the

system HEMA-DEGDMA are summarized in the Tab. 1.2.

Table 1.2 Efficiency of crosslinking and polymerization yield in HEMA-EDMA
system as functions of initial dilution (from [101]).

Wate? . Crosslinking T Unreacted vimyl

concentration in efficiency, % Cyclization, % groups, %
the mixture, % ’ ’

0 70 0 30

10 55 23 22

20 43 41 16

30 31 60 9

40 26 70 4

In case of polyHEMA networks swollen in di(ethylene glycol) to various
swelling degrees ([102], [103]), an indication of a low-frequency secondary
relaxation was found and ascribed to presence of entanglements. With increasing

swelling of the gel, the secondary maximum was weakened and even disappeared.
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The level of crosslinking by physical interactions depends on the solvent
nature: while water is a relatively poor solvent, many other are better, for instance
diethylene glycol used in [102, 103], in which hydrophobic interactions do not exist.
Concerning aqueous solutions, ionic salting-in additives [34] or urea [104] minimize
the attractive interactions between hydrophobic moieties of polyHEMA and only the
effect of covalent crosslinks should be seen. On contrary, additives decreasing the
degree of swelling should strengthen attraction between segments.

The effect of crosslink density and dilution at preparation on mechanical
properties of homogeneous polyHEMA hydrogels was studied in detail for
optimization of contact lenses manufacture. These early findings on polyHEMA gels
are summarized in a review [105].

In the main transition region, for lightly crosslinked networks, the shapes of
the retardation spectra of dry polyHEMA and of the same sample swollen with
diethylene glycol to polymer volume fractions of 0.606 and 0.495 were similar; on
the other hand, more swollen polyHEMA showed considerably broadened
distribution of retardation times. The creep measurements revealed secondary
mechanism of entanglements over long time scale. At high degree of swelling the
contributions of both mechanisms were difficult to differentiate.

Investigation of the effect of the crosslinker concentration on the shape of the
main transition region of polyHEMA swollen with diethylene glycol (polymer
volume fraction 0.34) showed that the sample with a higher network density yielded
spectra of greater symmetry; on the other hand, the sample having a low degree of
crosslinking exhibited a broad distribution of retardation times.

In the rubbery region, the effect of the crosslinker concentration upon the
viscoelastic behavior of the homogeneous polyHEMA networks (concentration of
crosslinker EDMA was 2.058-107-8.55-10% mole/cm®) swollen with diethylene
glycol was investigated. While networks with the EMDA concentration above
0.5-10* mole/cm™ attained equilibrium almost immediately, the compliance of
networks having a lower crosslink density went on increasing even after 20 hours at
35 °C. In the time interval of 300 to 10000 s, an additional creep effect was observed
for all studied samples — as sudden increase in the slope of the dependence of creep
compliance with time. With increasing of either degree of swelling, or crosslinker

concentration, the characteristic time of the secondary creep increased. It was
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assumed that this effect was connected with the heterogeneity of the network and the
presence of the hydrogen bonds in the polyHEMA samples.

The effect of the concentration of the crosslinker upon equilibrium
characteristics of the polyHEMA gels was investigated for samples swollen with
water to equilibrium. Concentration of elastically active network chains determined
experimentally was linear with the concentration of the crosslinker at preparation.
The slope of the dependence was less than 1. General reasons for this were
suggested: incomplete incorporation of the crosslinker molecules into the network;
and formation cycles which did not act as effective crosslinks. On the other hand,
trapped entanglements which played a role similar to that of the crosslinks raised the
physical degree of crosslinking. From the results it followed that in polyHEMA
entanglements exhibited an effect which was in part permanent and in part labile.

The influence of crosslinker type on mechanical properties of homogeneous
polyHEMA hydrogels was studied in [92]. PolyHEMA hydrogels were prepared in
the presence of 30 wt% water with different crosslinkers: divinylic (EDMA, BDMA,
HDMA) and diallylic (DVG and HD), over a crosslinker-to-monomer ratio between
0.1 and 5 mol%. The hydrogels were characterized in terms of equilibrium swelling,
tensile properties, and in compression.

Two patterns were observed for equilibrium swelling EWC versus crosslinker
concentration. For polyHEMA crosslinked with allylic compounds (DVG, HD),
EWC remained constant over the studied range. In case of dimethacrylate
crosslinkers (EDMA, BDMA, HDMA), EWC decreased with decreasing
concentration of crosslinker.

Type and amount of crosslinking agents had little effect on ultimate tensile
stress (UTS) at <1 mol% of crosslinker. More crosslinked samples revealed two
different trends. For gels crosslinked with dimethacrylates, UTS increased with
crosslinker concentration, whereas for allylic crosslinker, its ratio did not affect UTS.

The insensitivity of EWC and tensile properties to concentration of DVG and
HD was due to the lower reactivity of these crosslinking agents. Indeed, low
crosslinking efficiency was confirmed in [92]: a ratio of observed and theoretical

crosslink densities was 0.013 for DVG and 0.336 for EDMA.
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1.8.2 Porous gels

For the porous polyHEMA gels, the situation is more complicated: the
topological structure of the matrix gel is not known, and often a working hypothesis
is used that it is the same as that formed at dilution at which the gel is homogeneous.
This may be questionable especially for macroporous gels and needs verification or
rejection. Moreover, for porous polyHEMA hydrogels, their properties depend both
on the interactions in the matrix, and the pores volume and geometry.

Majority of studies of porous gels mechanical properties were limited to
simple indication of equilibrium modulus decrease as a sign of phase separation. For
example, in [106] hydrogels based on poly(N,N-diethylacrylamide) were prepared at
various temperatures around critical mixing temperature. With developing porous
structure, elastic modulus measured in compression decreased to 1-5 kPa from 50
kPa typical of homogeneous samples. Similar observation was made in [107] where
series of copolymer hydrogels based on N-isopropylacrylamide and poly(ethylene
glycol) monomethyl ether acrylate were prepared with porogen poly(ethylene glycol)
of various My. As pores size increased from ten to hundreds of micrometers, G’
decreased from 94 to 7 kPa.

In a more detailed study [82] a series of polyHEMA gels and HEMA/N,N-
dimethylacrylamide (DMAA) copolymers were prepared via cryogelation and
conventional polymerization. Porosity was found to be 94-97% for cryogel, and all
the pores were interconnected. As monomer concentration increased, pores in
cryogels became smaller, but overall porosity increased. Morphology of conventional
hydrogels was not directly studied, but from the preparation conditions a porous
structure might be presumed.

For cryogels, the effect of initial dilution on mechanical modulus was less
pronounced than for conventional hydrogels. For example, at HEMA/DMAA = 4:1,
in the range of initial monomers concentration of 6-20 wt%, the equilibrium modulus
measured in compression increased from 4-7 to 25 kPa for cryogels, and from 5 to
300 kPa for conventional gels. Also, conventional gels were found to be more fragile
(compression at break 25-55%, versus 86-98% for cryogels).

Although there were only few detailed investigations on macroporous
hydrogels dynamic (viscoelastic) mechanical properties, some studies cited above as

well as older ones ([67], [105]) clearly revealed poor mechanical properties of
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heterogeneous hydrogels as a limitation for their biomedical applications. To be
readily invaded with cells, a gel should contain interconnected pores larger than 10
um. Strength of such gels is usually not sufficient to provide mechanical integrity.

A usual way to improve mechanical properties of homogeneous hydrogels is
incorporation of a suitable co-monomer (methyl methacrylate, cyclohexyl
methacrylate and #-butylcyclohexyl methacrylate are often used). Even in small
proportion, they dramatically improve mechanical integrity at the cost of lower
swelling [108]. This approach, however, is seriously limited in that phase separation
often occurs far before gelation, and microparticles are formed instead of bulk
samples before acceptable properties are achieved.

For macroporous polyHEMA hydrogels this approach was tested in [94].
Addition of up to 5 wt% of strengthening comonomer (4-#-butyl-2-
hydroxycyclohexyl methacrylate) led to decrease of the ultimate tensile strength, and
even with 5 mol% of the comonomer it did not reach that of the homopolymer. This
clearly indicated that the approach to improve mechanical properties developed for
homogeneous hydrogels might not be relevant for phase-separated materials.

Another way to modulate mechanical properties of porous polyHEMA
hydrogels was evaluated in [109]: increase of the crosslinker hydrophilicity.
Macroporous hydrogels were prepared (at 80 wt% of water) by copolymerization of
HEMA with 1,5-hexadiene-3,4-diol, 2-hydroxytrimethylene dimethacrylate or 2,3-
dihydroxytetramethylene dimethacrylate. Two initiating systems were used:
SMBS/APS or more active APS/TEMED, and the hydrogels properties were
compared with that for hydrogels prepared with a common crosslinker EDMA.
Tensile properties were considerably improved by changing EDMA to more
hydrophilic crosslinkers with SMBS/APS initiator (Tab. 1.3).

The effect was assigned to more even distribution of the crosslinker within
network (due to higher reactivity, close to that of HEMA) and, thus, delayed phase
separation and more regular porosity. Supporting this, hydrogels prepared with
different crosslinkers and APS/TEMED initiator did not differ much in mechanical
properties, as in case of faster polymerization morphology of the hydrogel was
affected more by its overall rate rather than conversion at phase separation point.

Besides hydrophilicity, reactivity of a crosslinker affected mechanical
properties of hydrogel. In [93], EDMA and 1,5-hexadiene-3,4-diol DVG (more

hydrophilic but less reactive) were compared. Due to DVG lower reactivity, effective
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crosslink density was almost independent of its concentration at preparation. Sol
fraction increased with DVG concentration, being constant and generally lower with
EDMA concentration (0.5-5.0 wt%). Elongation at break was higher DVG-
crosslinked hydrogels, and constant with DVG concentration, while in case of
EDMA it decreased with crosslinker concentration. Finally, £ modulus was higher
(and increasing with concentration) for EDMA-crosslinked hydrogels, and almost

independent of DVG concentration.

Table 1.3 Mechanical properties of polyHEMA macroporous hydrogels prepared at
initial dilution of 80 wt% water with different crosslinkers — 0.1 mol% (from [109]).

Crosslinker Energy to Elongation at Modulus, kPa
break, N/mm break, %
EDMA 5.90+0.33 483+77 3.78+0.32
I,5-hexadiene-3,4-diol 6.54+0.86 513423 6.31+1.98
(divinyl glycol)
2-hydroxytrimethylene 7.86+0.2 605+23 5.1742.89
dimethacrylate
2,3-dihydroxytetramethylene | g 1, 56 60452 3.9241.07
dimethacrylate

In [72] studies of macroporous hydrogels morphology, ultimate mechanical
properties and swelling behavior were reported. Macroporous polyHEMA gels were
produced with 80 wt% of water as diluent, using active APS/TEMED system as
initiator to eliminate the effect of crosslinker reactivity. The following crosslinkers
were used at concentrations from 0.1 to 2 mol%: hydrophobic vinylic EDMA and
BDMA; hydrophobic allylic HD, hydrophilic vinylic BHDMA, and hydrophilic
allylic DVG. Some anomalous values and relatively large scatter of results during
tensile strength measurements reflected the intrinsic inhomogeneity of the samples
and non-uniformity of their internal morphology. Their low strength, and problems
associated with the clamping in the grips of the instrument could also contribute to
the quality of results.

The peak stress (reflection of ultimate strength) was almost insensitive to
nature and concentration of the crosslinking agents, being very low (10-30 kPa). The
measurements of energy to break (representing toughness) led to more definite
conclusions. In each series of vinylic agents, there was a clear trend of decreasing
toughness as the concentration of the crosslinker increased, which correlated well

with decrease of elongation. In the series of allylic crosslinking agents, both energy
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to break and elongation were relatively constant and much higher than for vinyl-
crosslinked hydrogels. This invariance was also attributed to the narrow range of
effective crosslink density (lower crosslinking efficiency) of allylic agents.

In the series of hydrogels crosslinked with vinylic compounds, the modulus
of elasticity showed an expected increase with the concentration of crosslinking
agents. The moduli of materials crosslinked with allylic compounds were relatively
constant over the concentration range investigated.

Correlation between the size of spheroidal droplets of polymer in
macroporous hydrogels and the nature of crosslinking agents was investigated. The
droplet size followed the order DVG>HD =~ BHDMA>BDMA, similar to the row of
the time taken for the onset of phase separation. Thus, the later was phase separation,
the larger the size of resulting polymer droplets.

As compared with the results of similar investigations [92], the effect of
crosslinking agents on the properties of homogeneous polyHEMA hydrogels was
more definite. This might be due to the higher dilution of the polymerization mixture
for the macroporous hydrogels formation which overshadowed the influence of the
crosslinking agents, as well as to structural inhomogeneities in the resulting
macroporous gels, which induced erratic values for some properties.

kekosk

Major part of studies on mechanical properties of swollen hydrogels and
effects of preparation conditions reported so far were devoted to homogeneous
materials. At the same time, systematic studies of mechanical properties of
macroporous materials are quite limited, due to experimental complications. At most,
the measurements include ultimate tensile properties and equilibrium modulus
determination. Even for such measurements, due to non-linearity of compression
stress-strain curves, relatively low modulus, and inhomogeneity of the materials, it is
often impossible to get information on mechanical properties of porous materials in
well-defined conditions. This complication is expected to be overcome in this work
by measuring mechanical properties in shear mode taking advantage of sensitive
instrument, Bohlin HR Nano rheometer, designed for measurement of low torques.
The hydrogel sample could be fully immersed in the swelling medium during

measurement, making it possible long measurements even at elevated temperature.
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2 Aims and scope

The ultimate goal of this work is to understand the structure formation in
phase separating hydrogels and the influence of morphology type (homogeneous,
phase-separated, macroporous) on the material mechanical properties. Precautions
has been taken to measure mechanical properties in a way that they are relevant to
intact samples; and to study both mechanical properties and morphology for the
samples prepared under same preparation conditions.

The main problems addressed in the work are:

1. Effect of polyHEMA preparation conditions on final mechanical properties of
hydrogels (suppressing/promoting phase separation by change of crosslinker
concentration, diluent concentration, diluent quality).

2. Extracting structural information from mechanical spectra, in particular:

a. diversification between homogeneous, macroporous and intermediate
gels by means of shear rheometry, elucidation of the most important
measurable variables;

b.  elucidation of matrix structure in phase-separated gels by means of
shear rheometry and supplementary techniques;

c.  elucidation of intermediate gels (phase-separated with structure below
microscopy resolution) structure by means of shear rheometry and
supplementary techniques;

d.  elucidation of the chemical and physical crosslinks role in determining
mechanical properties of swollen networks.

3. Development and verification of the procedure to measure rheological
properties of swollen hydrogels (homogeneous and macroporous) in shear, in

the state close to intact (non-deformed).

In scope of these aims, the results are presented and discussed as follows:

In Section 4.1 preparation of hydrogels is described. The results are presented
proving that preparation of polyHEMA gels using the chosen procedure leads to full
conversion of monomers, and that the possible effects of mixing time are eliminated.

In Section 4.2 results of microscopy studies of prepared gels are presented.

The influence of preparation conditions on final gels morphology is discussed.
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In Section 4.3 the swelling ability of the polyHEMA networks is discussed in
connection with the morphology of samples and the swelling medium.

Section 4.4 contains discussion of mechanical properties of polyHEMA
hydrogels with respect to their internal structure. In particular, effects of network
structure on the vitrification (a-relaxation) of swollen polyHEMA gels are shown,
and the identity of heterogeneous hydrogels matrix and homogeneous hydrogels is
concluded; the role of physical interactions and interconnected pores in determining
the mechanical properties of polyHEMA materials is discussed; the secondary (low-
frequency) relaxation observed for particulate gels is explained.

Discussion on some experimental techniques is given in the Attachments
(Section 10). In Section 10.1 procedures to find proper conditions to measure shear
properties of swollen hydrogel samples are presented. It is proved that in such
manner intact material properties independent of measurement conditions can be
determined. In Section 10.2 the time-temperature superposition is described as a
suitable method to extend the range of measurable frequencies, and evidences of
superimposed properties identity with the result of direct measurement are provided.
In Section 10.3, creep measurement results are presented in support of data obtained
in forced oscillation tests. In Section 10.4, details of multivariate analysis procedure
and algorithm are described, and examples of its application to analysis of the

experimental data are given.
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3 Experimental part

3.1 Chemicals

Monomers: 2-hydroxyethyl methacrylate HEMA (Rohm) and di(ethylene
glycol) dimethacrylate DEGDMA (Aldrich) were used as received. HEMA contained
0.07% DEGDMA (bifunctional crosslinker) and 0.44% of di(ethylene glycol)
monomethacrylate (according to results of gas chromatography).

Initiators: ammonium persulfate (Fluka) and N,N,N’,N’-
tetramethylethylenediamine TEMED (Helicon) were used as received.

Diluents: distilled water, aqueous sodium chloride (Aldrich, 0.05 to 0.7
mol/L), aqueous magnesium perchlorate (Aldrich, 0.05 to 1.0 mol/L).

Swelling media: distilled water, aqueous NaCl (Aldrich, 3 mol/L), DMSO
(Aldrich).

3.2 Preparation of samples

3.2.1 Synthesis of HEMA/DEGDMA hydrogels.

2-hydroxyethyl methacrylate (HEMA) and di(ethylene glycol) dimethacrylate
(DEGDMA) were copolymerized in the presence of various amounts of diluent
(water or aqueous salt) using ammonium persulfate (APS) as initiator, and
N,N,N’,N’-tetramethylethylenediamine (TEMED) as promoter. APS was first mixed
with the diluent, HEMA and DEGDMA were added, and the solution was stirred for
5 min (the solutions were always clear at this point, proving full miscibility of
components). Then, the sample was bubbled with nitrogen for 5 min, TEMED was
added, and the mixture was quickly poured between two glass plates separated with 3
mm silicone rubber sealing. The sample lost its fluidity after 5 to 15 minutes
indicating the crosslinked structure formation. The reaction was carried out overnight
at room temperature to ensure complete conversion.

After the polymerization the sample was washed several times with an excess
of distilled water (at least 5 washes, 24 hours each), and if necessary, re-swollen in a
different medium via gradual solvent exchange. Then, a disk (20 mm in diameter)
was cut to be used in the rheology tests. The rest of the sample was used for swelling,

morphology and calorimetry studies.
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The parameters varied within tested series were: diluent concentration (40 to
80 wt%); DEGDMA amount with respect to HEMA (0.1 to 5.0 mol%); diluent type
(water, aqueous salt); and swelling medium (water, DMSO, aqueous salt). APS to
monomers ratio was 0.75 wt% for all samples.

The initial water content is expressed either in wt%, (IWC)

My

IWC = X 100% (3.1)

My +mp

or as volume fraction of polymerizable material during polymerization

§9 = — ol _— (3.2)

My /Pw+Mp/Pp
where m,, is the mass of the polymer or polymerizable components and m,, is the
mass of water. The density of dry polymer was used in calculations instead of
monomer density to account for contraction of the monomer during polymerization.
The crosslinker concentration CC, is expressed in molar percent of

crosslinker in its mixture with HEMA

cC = moleScrosslinker (33)
moleScrosslinker tMOleSHEMA

3.2.2 Coding of samples

The samples prepared with water as diluent and then swollen in water are
coded as follows: 40/1.0, where the first number (40) is the initial water
concentration (IWC) in wt%, and the second (1.0) stands for the crosslinker-to-
monomers ratio (CC) in mol%.

For samples prepared with aqueous salt as diluent, the type and concentration
of salt is indicated in brackets before the sample code: (NaCl-0.1M)40/1.0. For
samples re-swollen in solvent other than water before the measurement, the type of

swelling medium is indicated in brackets after the sample code: 40/1.0(DMSO).

Coding of samples

Example 1 Example 2
Gel 70/1 Gel 70/1(DMSO)
Dilution at gel preparation: Cross-linker Gel prepared at 70 wt.% dilution in water or other diluent
initial content of water IWC concentration CC

cross-linker content 1 mol% per monomers

or other diluent (as in Example 1)

70 wt.% 1 mol% per

reswollen at dimethylsulfoxide
per total system monomers

Scheme 3-1 Coding of gel samples.
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3.3 Rheometry
3.3.1 Techniques

Rheological measurements were performed using Bohlin Gemini HR Nano
rotational stress-strain rheometer [110]. It offers ultra-low torque measurements
(10nNm to 200mNm) and thus enables the rheological characterization of weakly
structured materials such as swollen hydrogels. This top of the range research
instrument incorporates a high resolution air bearing of the rotor, that can be driven
with very small torques (10nNm) providing precise reading of position (stress
control mode) or vice versa, the position of the rotor when rotating or oscillating is
precisely controlled to cause small strains and corresponding stresses are measured
(strain control mode).

All measurements were run with plate-plate geometry on swollen samples
immersed in water during the test using a special solvent dish. Samples were
conditioned at a pre-set temperature (Fig. 3.1). The presence of water did not
influence the measured values (additional friction of rotating part was negligible).
The swollen disk diameter was always 20 mm, measuring gap was varied between
1.00 and 3.05 mm depending on the sample dimensions. However, measuring gap
did not correspond exactly to the sample thickness as reaching the no slippage
between sample and measuring geometry condition demanded certain small
compression of the soft gel sample. The value of compression is found qualitatively
and precisely from the measuring system response. Details of measuring gap
determination are given in Section 10.1. To our knowledge, the procedure to find
correct gap in shear rheometry of soft gels was not documented in literature, so we
developed original method. The correct gap influences the absolute values of moduli
significantly. If the gap size is set with even 2% deviation from the right position (50
um for the sample of 3 mm thickness), the deviation of measured modulus and loss

factor from the correct values can be up to 25%.
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Figure 3.1 Loading of hydrogel sample for rheometry measurement.

The amplitude sweep forced oscillations tests were performed in the strain-

control mode in the range of strains between 10 and 1, the oscillation frequency
being 1 Hz. This test served as pre-measurement to find correct value of applied
deformation not to depart from linear viscoelasticity region of materials.

The frequency sweep forced oscillations tests were performed with all

swollen gels in the stress-control mode. Frequency range was typically between 0.05
and 15-80 Hz. The upper limit of frequencies was limited by resonance of the sample
and rotating part of the rheometer system. The resonance frequency depended on the
sample stiffness as already documented in the literature [111].

Normal force versus normal deformation measurements were performed by
manually changing the gap value and recording the normal force value when it came
to equilibrium.

High-frequency mechanical oscillations. A unique Piezoelectric Rotary

Vibrator (PRV) [112] attachment was used to directly measure hydrogels behavior in
the high-frequency oscillations range: 10-2000 Hz, in these tests sample thickness
could be only around 0.5 mm, and the sample disk diameter was 40 mm. Due to the
sample stiffness and thus its thickness limitation, the method was not well suitable
for highly porous samples.

Creep tests were performed in the range of shear stresses of 1 to 5000 Pa, the
response signal, displacement, was recorded for up to 3600 s. The recovery curve at
0 Pa shear stress was then recorded to prove absence of permanent deformation

(either due to flow or sample slippage).
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3.3.2 Precautions

All measurements were performed consecutively at least twice while ensuring
complete sample relaxation after loading, changing gap or temperature, and between
the measurements.

The stress value in the frequency sweep test was auto-adjusted so that the

“target strain” laid within the limits of linear viscoelasticity as determined from the

amplitude sweep test (see sample measurement in the Fig. 3.2).
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Figure 3.2 Amplitude sweep test as a mean to find the range of linear viscoelastic

behavior (gel 50/1 measured at 85 °C).

Gap (or gap size) is spacing between the bottom and the top plates of the
rheometer during measurement (Fig. 3.1). To our knowledge, the procedure to find
correct gap for shear rheometry of macroporous gels was not documented in

literature, so we developed our own approach to it. It is described in Section 10.1.

3.4 Morphology studies

Morphology of the hydrogels was studied both in the swollen state (light
microscopy LM or environmental scanning electron microscopy, ESEM) and in the
frozen state (cryo low-vacuum scanning electron microscopy; cryoLVSEM).

SEM was performed with Quanta 200 FEG microscope (FEI, Czech
Republic) was used, equipped with a Peltier cooling stage and secondary electrons

detector working in low-vacuum conditions (LFD detector). For cryolL VSEM
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morphology studies, a small piece of wet sample was flash-frozen in a liquid
nitrogen, fixed with ice onto the pre-cooled stage (-10 °C) of the SEM microscope,
the top frozen layer was cut off and the fresh, and frozen, cut surface was observed at
cryo low-vacuum conditions (T = -10 °C; p = 100 Pa; LFD detector). For ESEM, a
hydrogel sample was trimmed with a blade, transferred to a table conditioned at 2 °C,
and scanned at this temperature. The water vapor pressure in the chamber was
adjusted so that a thin water layer at sample surface existed.

LM studies of the samples in their natural state were performed with Leica
DM 6000 M (Leica, Germany) microscope. The microscope was equipped with 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 during the whole sample preparation procedure: The bulk piece
of hydrogel was cut with a sharp blade to obtain as thin wedge shaped specimen as
possible. The slice with a droplet of water was placed between the support and cover

glasses and observed in the light microscope.

3.5 Equilibrium water content

The equilibrium weight content of water, EWC, was determined
gravimetrically by weighing the samples in their equilibrium swollen state (ms,) and
after drying to constant weight under vacuum at 100 °C (mq). The equilibrium
swelling degree was expressed either as weight fraction of water in the swollen

sample after extraction of sol fraction:

EWC = % (3.4)
or as the equilibrium volume content of water, EVC,
EVC=1— ¢2 — (Mmsw—mgq)/Pw (35)

mgq/pp+(Msw—mqd)/Pw
where p,, and p, are, respectively, the partial specific gravities of water and the
polymer in the swollen sample.
The equilibrium swelling of networks in medium other than water was
expressed similar to Eq. 3.4, as weight of swelling medium in the swollen sample per

1 g of swollen gel.

3.6 DSC

Differential scanning calorimetry (DSC) measurements were performed with

the Perkin-Elmer 8500 DSC calorimeter. Samples of about 5 mg were closed in
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aluminum sample pans, and the system was flushed with dry helium during the DSC
scan. The temperature scale was calibrated according to the melting points of
cyclohexane and indium. The power output scale was calibrated with indium.
Measurements in the standard DSC mode performed with constant heating rate 1
°C/min at heating and cooling runs.

Cooling of a swollen gel causes its de-swelling and following transition into
glassy state. The glass transition of swollen polyHEMA gels is situated in
temperature range of water phase transition. This practically eliminates founding of
glass transition by a standard DSC scan. The de-swelling of hydrogel is relatively
slow process. During a standard DSC measurement water driven out from gel does
not follow equilibrium path due to fast change of temperature. To reach the
equilibrium content of water in gel, the sample first was cooled to under-cooled state
at -10 °C and kept at this temperature for 5 hours. Then it was cooled to -50 °C at
cooling rate -10 °C/min. After 5 min at this temperature the sample was heated in

Step Scan® regime with the step of 1 °C and heating rate 1 °C/min to 30 °C.

3.7 IR

Infrared spectra were acquired with a Nexus Nicolet 870 FTIR spectrometer
purged with dry air and equipped with a liquid nitrogen cooled MCT (mercury
cadmium telluride) detector. Spectra of solution and hydrogel samples were acquired
using the Golden Gate single reflection ATR (attenuated total reflectance) cell
(Specac) equipped with a diamond internal reflection element. When an initial
mixture sample was transferred onto the diamond crystal, the spectrum was obtained
without applying any force and without covering the sample. When a hydrogel
sample was placed onto the crystal area, a force was applied to the sample using the
pressure arm of the ATR accessory. The spectra were recorded with a resolution of 4
cm '; 256 scans were averaged per spectrum. After subtraction of the spectrum of
atmosphere, baselines were corrected (linear baseline correction) and an advanced
ATR correction was applied. A spectrum of water at 28 °C was subtracted from the
corrected hydrogel spectra and the corrected initial mixture spectrum to obtain better
visualization of the C=C band at around 1630 cm'. The spectra were normalized

using the integrated intensity of the C=0 band at around 1700 cm™.
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3.8 Accuracy

Gels preparation. Monomers, initiators and diluent were dosed using the

laboratory balance, accuracy of weighing was +0.5% of the calculated feed. Thus,
the sample composition 40/1 means that the gel was prepared with 40.0+0.2 wt% of
water and 1.00+0.01 mol% of the crosslinker, with respect to the monomers. For all
the experiments reported in this work, the same batches of HEMA and DEGDMA
were used.

Accuracy of experimentally determined values was verified by reproducing of
measurement using an independently prepared piece of gel of the same composition.

Equilibrium swelling degree. Content of the swelling medium in the

homogeneous, intermediate and interlocking gels was reproduced with the relative
accuracy of +3%. For particulate gels, which were extremely soft, and part of the
swelling medium could be inevitably pushed out when blotting the surface, the
estimated relative accuracy was within £7% of the averaged value. The validity of
swelling data was also confirmed by differential thermal analysis of selected water-
swollen samples.

Shear moduli. The major source of errors in determining the elastic shear
modulus of homogeneous, intermediate and interlocking samples was incorrect
placement of the specimen (off-center of the rotating plate). From the replicated
measurement the accuracy of measured G’ was found to be +5% of the averaged
value. For particulate samples, finding the correct measurement gap was more
complicated, this resulted in determined G’ accuracy within +£10%.

Accuracy of the viscous shear modulus measurement depended largely on
G”’/G’ ratio. With G*’/G’>0.05 typically the accuracy of G°’ measurement was close
to that of G’.

Loss factor tan 6= G*’/G’ was typically determined with accuracy of +3% of
the averaged value. As elastic and viscous shear moduli were similarly affected by
the off-center position of the specimen, and this source of errors was partially
eliminated in loss factor calculation. However, low values of tan 6 could not be
determined with sufficient accuracy. According to the rheometer specification, loss
factor in the range of 0.01 < tan 6 < 0.05 could be subjected to significant error,

values below 0.01 should be treated as zero.
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4 Results and discussion

As a core of this work, model series of differently structured hydrogels was
prepared to understand the relationship between the heterogeneous gel structure and
its mechanical properties. Hydrogels with various porosities comprising samples
with communicating pores (swollen polymer particles fused together and surrounded
by swelling medium) and/or non-communicating pores (droplets of swelling medium
enclosed in the swollen polymer matrix) were prepared by polymerization-induced
phase separation in presence of inert diluent. When the polymerizing system reaches
certain conversion at which the activity of diluent equals one, the condition for
coexistence of pure diluent with swollen polymer is fulfilled, and the diluent can
separate into a new phase. The phase separation can take place either before or after
the gel point and, thus, leads to various morphologies depending on system
composition, thermodynamic quality of components and also reaction rate (Fig. 1.1).

The microsyneresis in 2-hydroxyethyl methacrylate (HEMA)/water system (a
well-known process, see details in Section 1.5, p. 12) in this work served as a tool for
reproducible preparation of various gels morphologies, see examples in Fig. 4.1. In
this figure, picture A represents a non-porous gel; B shows isolated droplets of
swelling medium, created by diluent exclusion during polymerization, in the
continuous swollen polymer matrix. Such droplets can increase in number and
percolate to form long channels and larger voids (C). When the critical fraction of
such channels is exceeded, they interconnect forming bicontinuous structures (D).
Another type of porous samples is represented by those consisting of swollen
polymer particles, fused together (E).

The morphology of gels was characterized by light and/or scanning electron
microscopy under varying conditions, their swelling was determined gravimetrically.
The main target of this work, mechanical responses of differently structured gels in
their swollen state, were investigated in detail by means of shear rheometry in linear
viscoelastic region at a range of frequencies or relaxation times. The recent findings
[113] brought the idea that dynamic mechanical responses of hydrogels could serve
as a method to find whether the swollen material contains connected pores. This
work, therefore, has been an attempt, basing on the critical amount of collected
experimental data, to answer this question and present the general rules linking the

soft material structure with its dynamic mechanical behavior.
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B swollen polymer [ | Swelling medium

Figure 4.1 Porosity types of samples prepared and studied in this work (see text).

4.1 Hydrogels preparation

Monomer/crosslinker/water mixtures miscibility. The miscibility of the
reacting  systems that is  represented by the tertiary  mixture
monomer/crosslinker/diluent (2-hydroxyethyl methacrylate (HEMA) / di(ethylene
glycol) dimethacrylate (DEGDMA) / water) was examined prior their use in model
gelling mixtures. If the starting mixture would be immiscible or only partially
miscible and thus unstable, some poorly defined and irreproducible effects could
alter the final gel morphology. Such effects would be caused by the reactants mixing
time, components addition order, intensity and type of stirring, presence or formation
of surface active agents. In our study, the intention was to obtain various
morphologies by defined and reproducible way — by the reaction-induced phase
separation, therefore only homogeneous and fully miscible starting mixtures for gel
preparation were chosen.

The range of miscibility of HEMA/DEGDMA /water mixture was determined
by visual assessment of mixtures opacity. To do so, a mixture of HEMA and water
was titrated with DEGDMA till turbidity lasting for at least 10 minutes was detected.

In Fig. 4.2, to the left of the experimental curve, there is an area of compositions at

46



which the HEMA/DEGDMA /water system is fully miscible. All gels studied in this
work were prepared from such initially homogeneous mixtures.

When the diluent other than water was used (aqueous solution of NaCl or
Mg(ClOy4),), the situation was further complicated. For such mixtures, miscibility of
4-component mixtures (HEMA/DEGDMA /water/additive) was checked to ensure

that polymerization started in the initially homogeneous solution.
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Figure 4.2 Miscibility of HEMA-DEGDMA-water mixtures (without initiator) at 25
°C. Point A shows a starting mixture of HEMA and water. As the addition of
DEGDMA decreased water concentration, the actual water concentration at the

cloud point (point B) was recalculated.

Gelation and phase separation during polymerization course. During
crosslinking polymerization, the initially low viscous mixtures lose fluidity at certain
reaction time, corresponding to gel point, i.e. or critical gel conversion. Depending
on the mixture composition, the phase separation can also occur at some point,
corresponding to critical phase separation conversion. All samples were in the
rubbery state during polymerization (non-glassy).

Gelation times (determined as time at which the sample loses fluidity during
polymerization at room temperature) and phase separation times (appearance of
visually noticeable turbidity, cloud point) for gels prepared with water as diluent are
collected in Figs. 4.3 and 4.4.

Although the time of fluidity loss (Fig 4.3a) is only an approximation of
gelation time, it revealed some important trends. It sharply decreased with adding

more crosslinker in the range of 0-2 mol% of DEGDMA, whereas in the range 2-5
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mol% of DEGDMA its effect on the gel point time is minor. At initial water content
IWC=40-60 wt%, amount of water had only negligible effect on the gel point time,
further increase of water concentration at preparation noticeably delayed the gelation.

The cloud point time (Fig 4.3b) decreased with dilution at IWC = 40-60 wt%
of water at preparation, and at constant dilution more crosslinker DEGDMA added
accelerated phase separation. With 70-80 wt% of water at preparation, phase

separation occurred very fast, and crosslinker effect was negligible.
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Figure 4.3 Gelation time (a) and phase separation time (b) determined during
polymerization of HEMA/DEGDMA/water mixtures.

Comparison of the gel point time and phase separation time for mixtures of
the same compositions showed that at relatively low dilution (40 wt% of water at
preparation) and crosslinker concentration (<5 mol% of DEGDMA) phase separation

did not occur till polymerization was over (Fig. 4.4a). Increase of initial dilution (to
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IWC = 50 wt% of water at preparation) and/or crosslinker concentration led to phase
separation observed after or close to the gel point (Fig. 4.4a), more diluent and/or
crosslinker led to even earlier phase separation, before formation of the bulk gel (Fig.
4.4b). These interplays between gel and phase separation times led to diverse

morphological effects.

30- . Gel point:
Cloud point | |_e— wc=40wt%
= PAST or AT | |—@— IWC=50wt%
o = : Cloud point:
S §, 20 gel point —O— IWC=40wt%
£ GEJ —O— IWC=50wt%
o =
=
g 5 101
O o
O
o
0 . : - - -
0 1 2 3 4 5
a) Crosslinker concentration CC (mol%)
2
0 ] Gel point:
Cloud point —@— IWC=60Wt%
= BEFORE —@— IWC=70wt%
o = : —@— IWC=80wt%
% :E/ gel p0|nt Cloud point:
= g —O— IWC=60wt%
5 £ 104 —O— IWC=70wt%
ax —O— IWC=80wt%
T £
>
33
O3
()]

0 T T T T v T T T T T
0 1 2 3 4 5

b) Crosslinker concentration CC (mol%)

Figure 4.4 Gelation time and phase separation time determined during
polymerization of HEMA/DEGDMA/water mixtures. Initial water content: (a) 40-50
wt%, (b) 60-80 wt%.

Reaction rate of polymerization. The gels were prepared using chain
polymerization initiated by reducing-oxidizing system (ammonium persulfate,
initiator and N,N,N’,N’-tetramethylethylenediamine, promoter, enabling initiation

with a reasonable rate at room temperature). To estimate reaction time needed to
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reach complete monomers conversion in all experiments, the reaction rate was
measured for the system that showed the slowest gel point time (Fig. 4.3a) — a
mixture containing 80 wt% of water and 20 wt% of monomers, 0.1 mol% of them
being crosslinker DEGDMA — i.e. 80/0.1 sample. Conversion of C=C bonds of the
monomers was followed with IR ATR technique, Fig. 4.5.

From comparison of the initial and final spectra, it followed that
polymerization induced a shift of the monomers C=0O bands to lower wavenumber,
and to complete disappearance of the C=C bands (both C=0O and C=C bands of
HEMA and DEGDMA were not distinguishable). For the 80/0.1 mixture, the C=C
bonds conversion reached nearly 100% within 40 minutes. As the preparation
procedure used in this work involved overnight polymerization, it was assumed that
full conversion of monomers was reached for all the samples studied. This was
directly confirmed by IR ATR studies of several representative final gels — in none of

them C=C band was found.
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Figure 4.5 IR spectra of HEMA/DEGDMA/water mixture, final swollen hydrogel,
and their difference spectra (a). Conversion of C=C bonds in time followed by IR
(b). Sample composition was 80/0.1.

Extraction of sol. The completeness of reaction and extent of network
development in these systems can be seen from the sol fraction. Results of solids
extraction with water revealed (Fig. 4.6) that only at highest dilution part of solids
from the final gel could be extracted (7-8 wt%) whereas for other compositions no

more than 3 wt% of the solids were extracted. Because sol content is a function of
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conversion, and reaches zero at full conversion, it was concluded, that with
acceptable accuracy the composition of polymer corresponded to composition of
monomers mixture, and the attained conversion was reasonably high. This also

meant that approximately all crosslinker was incorporated into the gel.
804 79% 7.3% 1.1%

704 0.0% 28% 03% 27% 0.8%

604 03% 02% 12% 26% 1.7% 1.5%
501 16% 14% 12% 09% 09% 1.4%

404 0.0% - 06% 07% 08% 1.2%

0 1 2 3 4 5
Crosslinker concentration CC (mol%)

Figure 4.6 Sol fraction in the hydrogels prepared from HEMA/DEGDMA/water

Initial water content IWC (wt%)

mixtures, determined by extraction with water.

It can be summarized that the preparation procedure used in this work
allowed for complete conversion of the monomers during polymerization. That the
initial mixtures were always clear, suggested that the phase separation started only

due to polymerization, and possible pre-polymerization effects were eliminated.
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4.2 Hydrogels morphology

The morphology of gels in swollen state was studied by means of scanning
electron microscopy and light microscopy (LM). The low-vacuum cryoSEM method
(SEM) and environmental scanning electron microscopy (ESEM) were used in
parallel. Typically, SEM gave higher-quality pictures with more details (SEM can
achieve resolution of about 0.4-20 nm in the ideal observation conditions), but the
sample was flash frozen in liquid nitrogen prior to taking scan at -10 °C, which might
led to artifacts in gels due to solvent crystallization. During ESEM procedure, the
swollen sample was not deeply frozen — it was kept at 2 °C at observation state — and
thus its structure could be detected with higher fidelity, at the cost of lower
resolution. However, the result from ESEM imaging depended on observation
conditions, namely water vapor saturation above the sample that was controlled by
reducing the pressure (see these effects in Fig 4.9).

The great advantage of light microscopy is the possibility to observe samples
in their native swollen state without any temperature treatment. Thus, the images
from LM can help to unequivocally decide whether some structures seen in
SEM/ESEM scans are present in the sample from.

Diluent and crosslinker concentration effects. The content (and type) of
diluent at preparation and crosslinker concentration were the factors to alter the gel
morphology. After gelation, the sol fraction and low-molecular weight species were
extracted with water, and samples were swollen typically in water to equilibrium.

Water-swollen gels differ in appearance which suggests varying morphology.
With results from approximately 100 samples prepared at different conditions, it was
possible to divide the studied hydrogels into several groups showing characteristic
morphology types, and create maps of morphologies, like the one for hydrogels
prepared with water as diluent shown in Fig. 4.7.

Typical morphology types of polyHEMA hydrogels observed in this work are
as follows. Those hereafter called “homogeneous gels” were fully transparent with
no heterogeneities detectable either visually, by light or electron microscopy. If the
gel was not optically clear, it contained heterogeneities on the order of visible light
wavelength (~100 nm). In electron microscope, non-transparent gels revealed several
types of morphology. Non-transparent swollen gels that only revealed a single phase

in SEM or ESEM (that is, the heterogeneities were below electron microscopy
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resolution) are referred to as “intermediate”'. Of the gels with heterogeneities
visualized by ESEM or SEM, those showing relatively large (micrometer-range)
partially connected droplets of swelling medium surrounded by walls of swollen
polymer, were assigned to gels of “interlocking, bicontinuous” morphology. The
group of non-transparent gels with communicating pores surrounding well-defined
fused spherical particles of swollen polymer constituted a category of “fused
particles type” or “particulate gels”.

From the map of gel morphologies of hydrogels prepared in water (Fig. 4.7),
morphology of the final material changed from homogeneous through intermediate
and bicontinuous to particulate, as either initial water concentration or crosslinker

concentration were increased.
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Figure 4.7 Appearance and morphology of gels prepared with water as diluent, and
swollen in water to equilibrium. Each point corresponds to a hydrogel prepared at

certain initial dilution and crosslinker concentration.

" The internal structure of intermediate gels is questionable: they may contain either droplets
of swelling medium too small to be visualized under a microscope, or areas with different polymer
concentration. The issue of intermediate gels morphology will be addressed later taking into account

results from supplementary techniques (differential scanning calorimetry, shear rheometry).
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Detailed studies of macroporous samples (initial water content = 70 wt% and
80 wt%) revealed that increasing crosslinker concentration generally led to smaller

particles forming the hydrogel (Fig. 4.8).

ESEM (swollen state, 2 °C, 507-535 Pa)

Gel 80/0.1 Gel 80/1 Gel 80/2

Figure 4.8 ESEM pictures showing morphology of hydrogels prepared with 70 wt%
and 80 wt% of water as diluent and various crosslinker concentrations, observed at

equilibrium swollen state in water.

In Fig 4.9 the effect of humidity controlled by chamber pressure during
ESEM scanning on the revealed morphology is demonstrated (for hydrogel 60/5).
This gel appeared as white (phase-separated) when swollen in water at laboratory
conditions. However, it revealed completely homogeneous structure when examined
by ESEM at 2°C and chamber pressure above 520 Pa. At 440 Pa some
heterogeneities of undefined type appeared in the ESEM image, and at 340 Pa or
below typical macroporous morphology was observed. Thus, to achieve accurate

results, the appropriate range of conditions must be found.
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520 Pa 440 Pa 340 Pa

Figure 4.9 ESEM images of the 60/5 hydrogel swollen in water. Chamber pressure is

shown under corresponding pictures.

Solvating power of diluent at gel preparation: effect on morphology.
Thermodynamic quality of the diluent affects significantly the morphology of
produced gel samples through miscibility changes. The effect of swelling medium
solvating power was studied in detail in [34], where authors analyzed swelling of
polyHEMA homogeneous gels in aqueous solutions of various inorganic salts. Ionic
environment can cause ,salting-in“ or ,,salting-out” effects depending on the ions
type. Salting-out solutions decreased the swelling medium solvating power, thus
reducing swelling of gels; vice versa, salting-in compounds increased swelling of
gels due to improved solvating power of the medium. Similar approach was used in
[70] to increase porosity of hydrogels prepared for use as cell supports, by addition
of a salting-out additive.

In this work, two ionic additives were used: salting-out sodium chloride and
salting-in magnesium perchlorate. Increasing the solvating power of diluent by
introducing Mg(ClO,), suppressed the phase separation, and homogeneous hydrogels
could be formed at compositions corresponding to phase separation region in pure
water (Fig. 4.10). Vice versa, introducing NaCl to polymerizing mixture enhanced
the phase separation, and heterogeneous hydrogels were formed at compositions

leading to homogeneous gels in pure water (Fig. 4.11).
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Gel composition 70/2; SEM (frozen water-swollen sample)
’ & 2 L) ’ [J

Preparation diluent:
0.05 M Mg(ClOy4), in water

Preparatién diluent: water

Preparation diluent: Preparation diluent:
0.2 M Mg(ClOy); in water 0.3 M Mg(ClOy); in water

Figure 4.10 Morphology by SEM of 70/2 gels prepared with aqueous Mg(ClOy), of

varied concentration as diluent, and swollen in water.

Gel composition: 40/1

AL

Light microscopy (water-

SEM (frozen water-swollen sample) swollen sample)

Preparation diluent:

Preparation diluent: 0.6 M NaCl in water
water

Figure 4.11 SEM and light microscopy pictures of 40/1 hydrogels prepared with

water or 0.6 M aqueous NaCl as diluent, and swollen in water.
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To observe the salting-out effect of NaCl on the macroporous structure, gels
prepared with 70 wt% of water or aqueous NaCl, and 2 mol% of the crosslinker were
studied (Fig. 4.12). Even with pure water as diluent, the 70/2 hydrogel consisted of
relatively small, 1-3 um in diameter, fused spherical particles. As expected, all
hydrogels prepared at this composition with aqueous NaCl after reswelling in water
were particulate. With addition of NaCl to 70/2 mixture, a fraction of smaller
particles appeared, that likely allowed for higher connectivity of the swollen polymer

phase.

Gel 70/2; SEM (frozen water-swollen sample)

1Y ‘ ~

Preparation diluent: Preparation diluent: Preparation diluent:

water 0.3 M NacCl in water 0.4 M NacCl in water

Figure 4.12 Morphology by SEM of 70/2 gels prepared with aqueous NaCl of varied

concentration as diluent, and swollen in water.

Fine increase of NaCl concentration in the polymerizing mixtures containing
60 wt% of diluent and 1 mol% of the crosslinker allowed observation of transitional
situations, visualizing structural outcome of stepwise enhancing phase separation
(Fig. 4.13). With water as diluent, no heterogeneities are observed in SEM picture of
a visually non-transparent 60/1 sample (Fig. 4.13a), thus, 60/1 is a typical
“intermediate” sample. With 0.2 M of NaCl in the diluent at preparation, phase-
separated diluent droplets appeared visible in SEM (Fig. 4.13b), and as NaCl
concentration in the diluent increased to 0.4-0.425 M, the morphology type changed
to bicontinuous (Fig. 4.13c-d). With even more NaCl in the diluent (0.45-0.5 M,
Fig. 4.13e-g), the material morphology was still bicontinuous but the swollen
polymer walls became thicker and porous, and they coexisted with spherical polymer
particles fused to their edges. With 0.525 M (or more) NaCl in the diluent (Fig.
4.13h-1), the material morphology changed to particulate.
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d) Preparation diluent:
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Gel 60/1; SEM (frozen water-swollen sample)

¢) Preparation diluent:

0.4 M NacCl in water

f) Preparation diluent:

0.475 M NacCl in water

1) Preparation diluent:
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Figure 4.13 Morphology by SEM of 60/1 hydrogel samples prepared with aqueous

NaCl of varied concentration as diluent, and reswollen in water.

Overall influence of the solvating power of diluent used for gel preparation

on the final product morphology is summarized in Fig. 4.14-4.15.

58




Morphology changes due to SALTING-OUT effect

of aqueous NaCl

=

- '

Gel 70/2

0.0 0.2 0.4 0.6 0.8
NaCl (mol/L)

visually clear gel

i spheres and gel walls mixed

m droplets in gel phase
or interlocking structure - structure pattern below

o0 SEM resolution

4 fused spheres

Q0
I

Figure 4.14 Scheme of gel morphologies (SEM) prepared in diluent of decreasing

solvating power, and reswollen in water. The schematic is self-explanatory.

59



Morphology changes due to SALTING-IN effect

of Mg(C|O4)2

from white to clear gels
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Figure 4.15 Scheme of gel morphologies (SEM) prepared in diluent of increasing

solvating power, and reswollen in water. The schematic is self-explanatory.
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4.3 Swelling of gels

Hydrogels typically serve in application in their highly swollen state.
Especially in case of polyHEMA certain content of swelling liquid is necessary for
the material to attain its rubbery (soft) state — as dry polyHEMA at room temperature
appears in its vitrified state?. When these polymers are swollen in water to
equilibrium, their glassy region moves well below the room temperature depending
on exact polymer preparation conditions. This issue is addressed in discussion of
swollen gels 7, measurement (Section 4.4.2, p. 85-86).

The quantitative data on swelling of model gels served in case of
homogenous gels for estimating their crosslink density (concentration of elastically
active network chains, V). In case of heterogeneous gels, the total swelling included
solvent in swollen matrix phase and solvent in voids. Reasoning based on the volume
and weight balance was performed in order to estimate the volume fraction of
(macro)pores in swollen gel which then was applied to correct the measured modulus
of swollen gels [113]. Swelling in a very good solvent for polyHEMA, e.g.
dimethylsulfoxide (Tab. 4.2) suppressed the physical interactions acting in the
hydrophobic associates, and thus the gel network was hold together only by chemical
crosslinks (Section 4.4.1, p. 78-80). The equilibrium swelling of gels was defined as
weight of swelling medium per weight of the swollen gel, in g/g.

Swelling in water of gels prepared with water as diluent. A special feature
of polyHEMA-water system is that uncrosslinked polyHEMA and polyHEMA
homogeneous crosslinked gels do not swell to more than equilibrium water content
~0.35-0.40 g water per g of swollen hydrogel (slightly depending on the crosslink
density). At the initial dilutions lower than 40 wt% of water at preparation, the
hydrogels equilibrium swelling was practically independent of initial dilution. Above
this limit, the equilibrium swelling of final gel grew with increasing initial dilution

(Fig. 4.16) due to phase separation.

> Tg of dry polyHEMA networks prepared with 1 mol% of crosslinker DEGDMA was

determined in this work by DSC measurements: 97 to 117 °C.
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Figure 4.16 Equilibrium water content in swollen hydrogels as a function of
crosslinker concentration. Numbers at curves show the corresponding initial water

content (Wwt%). Plotted data are given in numbers in Tab. 4.1.

Table 4.1 Equilibrium water content in swollen hydrogels prepared with water as

diluent. The same data plotted in Fig. 4.16.

Equilibrium water content, g water per g of swollen hydrogel

Initial Crosslinker concentration, mol%
water
content,

WC 0.1 0.5 1 2 3 4 5

[Wt%]
40 0.390 0.387 0.371 0.355 0.338 0.351 0.338
50 0.432 0.419 0.415 0.412 0.451 0.454 0.465
60 0.567 0.545 0.533 0.558 0.569 0.595 0.552
70 0.708 0.682 0.686 0.668 0.673 0.682 0.661
80 0.724 0.738 0.757 0.760 - - -

The equilibrium swelling EWC as a function of crosslinker concentration CC
(Fig. 4.16) showed a complex trend revealing EWC dependence on sample structure.
For instance, for gels prepared at initial dilution IWC = 60 wt% water, as CC
increased from 0.1 to 1 mol%, EWC decreased due to increasing of elastically active
crosslinks density. Then, with CC increasing from 1 to 4 mol% of the crosslinker,
EWC increased. This was due to appearance and progress of phase separation.
Finally, at CC = 4-5 mol%, EWC decreased again — due to increasing of crosslink

density in particles of phase-separated gel or due to sparser packing of particles.
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For different levels of IWC this trend could be observed only partially. For
example, within series with IWC = 40-50 wt% no decrease of EWC in phase-
separated materials was observed because relevant CC was not reached. Increase of
EWC with increasing CC for particulate hydrogels with IWC = 80 wt% might be
accounted for sparser packing of particles (Fig. 4.8). The same trend of swelling was
observed in [65].

Alternatively, swelling data could be interpreted if replotted as the reciprocal
volume fraction of polymer in swollen hydrogel, 1/¢,, vs 1/ ¢, , the reciprocal volume

fraction of the monomer in the initial mixture (Fig. 4.17). The density of dry polymer
was used in calculations instead of monomer density to account for contraction of the
monomer during polymerization.

In this plot, the dotted 1-1 line represents the situation of equal initial and
equilibrium water contents, that is, absence of any volume changes during
polymerization and sol fraction extraction. Data at the 1-1 line would mean that the
excess water in heterogeneous gel was separated only by microsyneresis (scheme in

Fig. 1.1, p. 13). In the absence of sol (this was true for the discussed systems, Fig.
4.6), the data points below this line (1/¢, < 1/¢,) mean shrinkage of the samples

during or after polymerization and expulsion of a part of initially present diluent out
of the sample — i.e., combined micro- and macrosyneresis. Data above the straight
line would mean swelling to a volume higher than was the initial sum of volumes®.
Inspection of the plots in Fig. 4.17 shows that for the studied systems
microsyneresis was accompanied by weak macrosyneresis, which got stronger at
highest dilution (initial water content 80 wt%). At the same time, crosslinker

concentration had minor effect of the macrosyneresis.

* This could happen when no phase separation occurred, or water in the separated liquid
phase — an aqueous solution — had activity lower than pure water (other additives used). Also, such
data could point to a seemingly paradoxical situation when the volume of the gel swollen in the
diluent which had been expelled from the sample (water) was larger after the gel had been made free
of the constraints of the mold. Such situation (inverse syneresis) might arise when the gel phase
imbibed during polymerization monomers from the liquid phase and expanded [114]. These special

cases were not observed for the series discussed in this section.
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Figure 4.17 Equilibrium volume of swollen gel per volume of the dry polymer vs. the
reciprocal volume fraction of the monomer in the initial mixture corrected for

polymerization contraction.

Swelling in water of gels prepared with diluents of varied solvating
power. If thermodynamic quality of the diluent at preparation was varied, the
induced changes in the final gel morphology resulted in corresponding changes of
the hydrogels swelling capacity.

For example, adding salting-out NaCl to the 40/1 mixture (giving
homogeneous gel when water was used as diluent) led to promoting phase separation
(Fig. 4.11) and the increase of equilibrium swelling in water (Fig. 4.18). Vice versa,
adding salting-in Mg(ClQOy); to the 70/2 mixture (macroporous gel when water was
used as diluent) led to suppressing phase separation (Fig. 4.10) and the decrease of

equilibrium swelling in water (Fig. 4.18).
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Figure 4.18 Equilibrium swelling of hydrogels in water. Sample compositions: 40/1
prepared with aqueous NaCl as diluent, and 70/2 prepared with aqueous Mg(ClO,),

as diluent.

For a series of intermediate morphologies, transitional between homogeneous
and macroporous ones (Fig. 4.13), prepared by adding NaCl to the polymerizing
mixtures of the 60/1 composition, an unusual trend of equilibrium swelling was
observed (Fig. 4.19). Below critical concentration of 0.4 M NaCl in the diluent,
EWC grew with enhancing phase separation, but further increase of NaCl
concentration led to lower swelling of the hydrogel. This result is in line with the
samples morphology established by SEM. Indeed, at 0-0.4 M NaCl in diluent
developing porosity led to increase of material swelling, further drop down was

ascribed to more compact morphology of the interlocking bicontinuous type.
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Figure 4.19 Equilibrium swelling in water. Sample composition 60/1 prepared with
aqueous NaCl as diluent. Inserts illustrate morphology type of final gel at

corresponding diluent quality.

Swelling in solvents other than water. When hydrogels were reswollen in
solvents other than water, the equilibrium swelling degree changed according to
swelling medium thermodynamic quality. For example, in dimethylsulfoxide DMSO
(better solvent for polyHEMA than water) the corresponding gels swelled more,
while addition of NaCl worsened thermodynamic quality of the swelling medium,
and the gels swelled less. Data on the selected samples swelling in different media is

collected in Tab. 4.2.

Table 4.2 Swelling of selected gels prepared with water as diluent: re-swollen to
equilibrium in water, dimethylsulfoxide DMSO and 3M aqueous NaCl.

Sample Equilibrium swelling in various media [g/g], 25 °C
composition water DMSO 3 M aqueous NaCl
40/1 0.37 0.83 0.22
50/1 0.42 0.85
60/1 0.53 0.88 0.39
70/1 0.69 0.92
80/1 0.76 0.95 0.71
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To conclude, the swelling ability of covalently crosslinked polyHEMA gels
depends on a number of factors. First, the thermodynamic quality of the swelling
medium determines the swelling capacity, influencing both the equilibrium swelling
of the gel matrix, and the overall porosity (in case of porous samples). Then,
increasing the crosslink density of the network generally decreases the amount of
solvent absorbed at equilibrium. Finally, appearance and development of porous
morphology increases the swelling capacity of polyHEMA due to fraction of
swelling medium filling the pores.

As for porous crosslinked gels the factors of crosslink density and porosity
acted simultaneously, a simple experimental feature of equilibrium swelling was not
easy to be interpreted, and it should be analyzed in combination with other data, for

example, mechanical behavior of the swollen gel.
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4.4 Dynamic mechanical responses of gels

In this chapter, at first, the general precautions taken to determine dynamic
shear mechanical properties of soft swollen gels will be discussed. Then, typical
experimental curves will be presented to illustrate representative behavior of
different swollen gel samples. Finally, the mechanical responses of gels will be
discussed in connection with preparation and observation conditions.

General precautions during rheometry of swollen gels.

e The samples were examined in their fully relaxed state. This implied
equilibration of the sample after loading to the measurement cell, after each change
the measuring gap between rheometer plates, and after each change of temperature.
To ensure this, the mechanical response of a sample to forced stress oscillations at 1
Hz was tracked in time under new conditions, and the measurement was not started
before this preliminary test showed stationary properties for at least 20 minutes.

e The samples were examined in their equilibrium swollen state — fully
immersed in the swelling medium in specially manufactures solvent shallow cup.
Additional experiments proved that the additional friction of rheometer parts in the
swelling medium was negligible, and did not affect the results.

e The shear properties were measured in the linear viscoelastic region as
determined in amplitude sweep preliminary test.

e The measurement gap was selected so that the sample was in full contact with
the rheometer parts, but the structure change due to compression was negligible
(Section 10.1).

At low frequency end of an isothermal measurement, there was practically no
frequency limit besides total experiment time (minimum frequency of 0.05 Hz was
found reasonable). At high frequency end, the limit was set by resonance between the
measuring system and the sample (depending on the sample dimensions and
stiffness, typically 10-80 Hz). A special hardware attachment, Piezoelectric Rotary
Vibrator (PRV) enabled direct measurement of viscoelastic response at higher
frequency, practically up to 2000 Hz. However, this technique was limitedly applied.
The sample thickness required for successful PRV measurement was 100-200 um,
comparable to the range of pores size in the studied gels.

In order to extend the frequency limits, a semi-empirical time-temperature

superposition method was applied. Results presented in Section 10.2 confirm that in
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the case of swollen polyHEMA gels, whose swelling degree showed only slight
temperature dependence, this method gave reliable results and enabled to access the

viscoelastic properties of the gels at 10~ to 10° Hz.

Dynamic mechanical analysis of swollen gels. Representative examples. A
typical example of the dynamic mechanical spectra for a homogeneous covalently

crosslinked polyHEMA gel swollen in water to equilibrium is presented in Fig. 4.20.
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Figure 4.20 Elastic and viscous shear moduli, and loss factor tan 6 for water-

swollen homogeneous gel 40/1. Equilibrium swelling of the sample was 0.371.

For the 40/1 hydrogel, a traditional material in soft contact lenses
applications, at frequency below 1 Hz, elastic shear modulus G’ was practically
independent of frequency, and was 1-2 orders of magnitude higher than the viscous
shear modulus G”’. In this range of frequencies, the 40/1 hydrogel is in its rubbery
state. The loss factor was close to zero and frequency-independent, typically for
chemically crosslinked polymer network. The G’ value at such conditions is close to
the equilibrium one, and may be used for calculation of the elastically active network
chains concentration (crosslink density). Also, elastic modulus at the elasticity
plateau (180 kPa for the 40/1 hydrogel) characterizes the overall gel strength.

G’ started growing with frequency above 1 Hz, marking the onset of the main
transition region (also referred to as a-relaxation or mechanical vitrification). G’

grew even faster, and at certain frequency (200 Hz) a crossover of elastic and viscous
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moduli occurred. Increased losses (also documented by the loss factor tan 6 =
G’’/@’) are typical of samples entering the transition region.

Depending on the sample preparation conditions, and thus on its morphology,
and/or observation conditions, the dynamic mechanical spectra significantly
changed. These effects, discussed in detail in the subsequent sections, are

documented in Figs. 4.21-4.24.

Loss factor tan 6

10° 10% 10" 10° 10" 10* 10°
Frequency (Hz)

Figure 4.21 Elastic and viscous shear moduli, and loss factor tan 6 for water-

swollen homogeneous gel 40/1 and water-swollen intermediate gel 40/5. Equilibrium

swelling was: 0.371 (40/1) and 0.338 (40/5).

Increase of the crosslinker concentration (Fig. 4.21) led to formation of
stronger hydrogel, due to more of elastically active network chains per sample
volume, this was reflected in the increase of shear moduli of the 40/5 hydrogel (430
kPa at 0.1 Hz) as compared to the 40/1 (180 kPa at 0.1 Hz). Moreover, as network
chains of the 40/5 were shorter and more rigid, this sample showed onset of the
glassy region st lower frequency (the crossover frequency was reduced to 10 Hz for

the 40/5 sample as compared with 200 Hz for the 40/1).
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Figure 4.22 Elastic and viscous shear moduli, and loss factor tan 6 for water-
swollen homogeneous gels 40/1 and 40/0.1. Equilibrium swelling was: 0.371 (40/1)
and 0.390 (40/0.1).

Decrease of the crosslinker concentration (viscoelastic responses of samples
40/1 and 40/0.1 are compared in Fig. 4.22) led to slight decrease of the elastic
modulus due to less of elastically active chains per sample volume (115 kPa vs 180
kPa). Viscous modulus of the 40/0.1 hydrogel as a function of frequency showed a
complex trend: with decreasing crosslinker content, G’ increased at lower frequency
range (below 0.1 Hz) compared to the 40/1 sample, indicating higher mechanical
losses, nearly frequency-independent. However, above 1 Hz viscous modulus of the
40/0.1 sample was lower than that of the 40/1 sample. Overall, this led to shift of
vitrification to higher frequency (crossover of G’ and G’ for the 40/0.1 sample

occurred at 300 Hz).
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Figure 4.23 Elastic and viscous shear moduli, and loss factor tan 6 for water-

swollen homogeneous gel 40/1 and water-swollen particulate gel 80/1. Equilibrium

swelling was: 0.371 (40/1) and 0.724 (80/1).

Morphology of fused spheres was reflected in an abrupt decrease of shear
moduli (1 kPa vs 180 kPa in the plateau region, Fig. 4.23). The main transition onset
was observed in roughly the same frequency range. The loss factor tan 6 of the
particulate 80/1 gel was higher than for the homogeneous 40/1 below ~1 Hz. The
onset of secondary relaxation process was observed at very low frequency (~10~ Hz)

for the gel constructed of swollen polymer particles, fused together.
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Figure 4.24 (a) Elastic shear modulus and (b) loss factor tan o for homogeneous gel
40/1 swollen in water, DMSO or 3M aqueous NaCl.
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Fig. 4.24 shows the effect of swelling medium on mechanical spectra of the
homogeneous 40/1 gel, important properties are also tabulated in Tab. 4.3. In the
medium of greater solvating power than water (DMSO), the elastic modulus was
lower due to less polymer material per unit volume of swollen gel. The loss factor
was much lower for the DMSO-swollen sample, the onset of a-relaxation was barely
seen. Vice versa, swelling in less solvating medium (aqueous 3 M NaCl) led to shift
of the a-relaxation to much lower frequency (crossover frequency for the 40/1 gel
swollen in 3M NaCl was ~10” Hz vs 200 Hz for the water-swollen 40/1 gel).
Therefore, the elastic modulus was significantly increased over the whole range of
frequency, which is typical of a material in glassy state.

Data in Tab. 4.3 and in Fig. 4.24 demonstrate the importance of dynamic
mechanical analysis in a broad range of frequencies. Whereas in the plateau region
G’ values for DMSO- and NaCl-swollen gels is 2.75 times, at 1 Hz the difference is

2 orders of magnitude, due to different vitrification behavior.

Table 4.3. Equilibrium swelling and dynamic mechanical properties for the 40/1 gel

swollen in different media.

mid-region
Swelling Equilibrium G’ (107 G’ (1 Hz), | tan 6(0.1 of
medium swelling, g/g | Hz), kPa kPa Hz) vitrification,
Hz
water 0.371 180 187 0.031 1500
DMSO 0.832 115° 115 0.005 n/a
3M NaCl 0.219 317 10540 1.54 0.09

* estimate under assumption of frequency independence of G’ in plateau

region

4.4.1 Equilibrium elastic properties of gels

Gels prepared with water as diluent and swollen in water. Change of
morphology from homogeneous or intermediate to particulate type was accompanied
by an abrupt drop of the elastic shear modulus in the region of elasticity plateau. In
Fig. 4.25, for a series of swollen hydrogels prepared with 2 mol% of the crosslinker,
elastic shear modulus slightly decreased with initial dilution (40-60 wt% of water at

preparation), and change of morphology to fused particles type caused a decrease of
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G’ by an order of magnitude, further increase of initial water content led to even

lower modulus of the final hydrogel.
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Figure 4.25 Elastic shear modulus at 0.1 Hz (close to equilibrium) for hydrogels
prepared with 2 mol% of the crosslinker and varied dilution, and swollen in water to
equilibrium. Black symbol: homogeneous gel, red symbols: intermediate gels, blue

symbols: fused particles morphology.

In the same way, gels prepared at other crosslinker concentrations were

tested, and results are collected in Fig. 4.26.
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Figure 4.26 Elastic shear modulus at 0.1 Hz (close to equilibrium) for hydrogels
prepared with varied concentration of water and crosslinker, and swollen in water to

equilibrium.
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To better visualize the crosslinker concentration effect, the data for hydrogel
series prepared at constant initial dilution (70 wt% of water at preparation) and

varied crosslinker concentration is plotted in Fig. 4.27.
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Figure 4.27 Elastic shear modulus at 0.1 Hz (close to equilibrium) for hydrogels
prepared with 70 wt% of water and varied crosslinker concentration, and swollen in

water to equilibrium. Green symbols: interlocking morphology, blue symbols: fused

particles morphology.
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Figure 4.28 Storage shear modulus at 0.1 Hz as a function of crosslinker
concentration for hydrogels prepared with water as diluent and swollen in water.
Numbers at curves show initial water content (wt%) for corresponding series. Black:

homogeneous, red: intermediate, green. interlocking, blue: particulate gels.
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Equilibrium elastic shear moduli for all studied hydrogels polymerized in

water and swollen in water to equilibrium are collected in Fig. 4.28.

The materials showed strikingly different equilibrium shear modulus, in the
range between 0.8 and 430 kPa.

At constant crosslinker concentration, equilibrium shear elastic modulus
always decreased with initial dilution (Fig. 4.26).

Change of morphology to fused particles type was reflected in decrease of
equilibrium elastic shear modulus, significantly steeper than that caused by
the change of dilution for homogeneous and intermediate gels. The initial
dilution corresponding to abrupt decrease of elastic shear modulus was
shifted to lower water concentration with more crosslinker in the gel.

Outside the border between particulate and intermediate hydrogels, at
constant initial dilution, equilibrium shear modulus increased with
concentration of crosslinker.

However, when the change of morphology was caused by increasing
crosslinker concentration, corresponding decrease of G’ might be masked by
the crosslinker effect (compare moduli in pairs 70/1, 70/2 and 60/3, 60/4, Fig.
4.28).

Effect of polymerization diluent on equilibrium elastic properties of

hydrogels. In order to study the effect of the solvating power of diluent at

preparation on the structure and elastic properties of final hydrogels, ionic

compounds with salting-in (Mg(ClO4),) or salting-out (NaCl) effect were used.

PolyHEMA gels were polymerized in aqueous solutions of one of these salts, and the

effect of the salt concentration on the elastic shear modulus was studied after

reswelling of prepared samples in water. Results are reported in Fig. 4.29 along with

the equilibrium swelling of corresponding hydrogels.
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Figure 4.29 (a, c¢) Elastic shear modulus at 0.1 Hz and (b) equilibrium swelling in
water for hydrogels 40/1, 60/1, 70/2 prepared with aqueous (a, b) Mg(ClOy); or (c,
d) NaCl of varied concentration as diluent, and reswollen in water. Samples
composition is indicated by code near the curve. Symbol shape shows the hydrogel

morphology.

For compositions 60/1 and 70/2, addition of salting-in led to increase of the
equilibrium elastic shear modulus, with hydrogels morphology changing to
homogeneous (Fig. 4.29a). Constant value of G’ was not reached for these
compositions even at higher concentration of Mg(ClO4),, 0.5 M* No effect of
Mg(ClOy), addition was observed in case of 40/1 series, the final hydrogels were

always optically clear, within this series.

* Study of hydrogels prepared with more than 0.5 M of Mg(ClOy), in the diluent was
complicated — at such high concentration of perchlorate ions, some side reaction came into effect, and

visible gas bubbles (also documented in SEM pictures) appeared in the hydrogels.
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From Fig. 4.29b, homogeneous hydrogels prepared with showed similar
equilibrium swelling in water (0.37-0.42 g/g) independently of the mixture
composition. Still, the equilibrium modulus was different (between 70 kPa for the
70/2 gel at 0.4 M Mg(ClOy), and 180 kPa for 40/1 gels). Thus, introduction of a
salting-in additive is an easy way to produce homogeneous hydrogels softer than
could be manufactured with pure water as diluent at any initial dilution/crosslinker
content combination.

As expected, the effect of salting-out NaCl was opposite (Fig. 4.29¢, d). With
decreasing solvating power of the diluent the phase separation was enhanced, and at
some point the morphology of final hydrogel was changed to that of particulate type,
which was reflected in abrupt drop of the elastic modulus.

For particulate hydrogels, further increase of NaCl concentration in
polymerizing mixture led to increase of the elastic shear modulus at practically
constant equilibrium swelling. This increase of G’ was weaker than that due to
suppressing phase separation. This effect could be explained by appearance of
smaller particles fraction, leading to better connectivity of the swollen polymer phase

and thus, higher elastic modulus.

Homogeneous gels. Elastically active network chains concentration.
Concentration of elastically active network chains (EANC) can be calculated from
the equilibrium elastic shear modulus G, and equilibrium swelling data, according to

Eq. 4.1:
G, =RTv.(4,)""($,)" (4.1)

where v, is the EANC concentration, in moles per dry unit volume of the

network ¢, is volume fraction of polymer in the gel swollen to equilibrium and ¢; is

volume fraction of polymerizable substances at preparation, R and 7T are the gas
constant and absolute temperature, respectively.

In this section, results of such calculations for series of gels prepared with 40
wt% of water as diluent (40/X series) will be discussed. All this hydrogels are
homogeneous, except for the 40/5 sample, which is intermediate. For majority of
40/X gels, the storage modulus is constant at frequency below 0.1 Hz, and can be

considered equilibrium shear modulus, G.. However, for gels with the lowest

78



crosslinker concentration 40/0° and 40/0.1 constant G” value was not reached even at
10 Hz. It was assumed that at frequency 10~ Hz G’~G. with reasonable accuracy,

and the concentration of elastically active network chains was determined taking this
value for calculations. Since for homogeneous gels ¢, = ¢,, Eq. 4.2 holds
G, = RTv ¢, (4.2)
Similar calculations were performed for the same 40/X gels reswollen in
DMSO, swelling medium of greater solvating power than water. For polyHEMA gels
swollen in DMSQO, already at 0.1 Hz, G’ reached its equilibrium value.
To conclude on the network structure, concentration of elastically active

network chains v, should be compared with the ideal concentration of elastically

active network chains, Vehem. This quantity was calculated from the composition of
polymerization mixture assuming that each consumed double bond of the crosslinker
contributed to one EANC. The impact of the crosslinker DEGDMA present in
commercial HEMA (0.07 wt% by gas chromatography) was also considered.

Results for water- and DMSO-swollen gels are summarized in Tab. 4.4 and in

Fig. 4.30.

Table 4.4 Equilibrium shear moduli and EANC concentration for gels prepared with

40 wt% water and varied crosslinker concentration, reswollen in water or DMSO.

1deal water DMSO
Sample [Ev’:ff] G’(10” Hz) [EAVNC] G’(0.1Hz) [EAVNC]
[mol/L] [Pa] [mol/L] [Pa] [mol/L]
40/0 0.014 (1.10x10°)* | (0.083)" | 4.25-10° 0.049
40/0.1 0.034 (1.15-10°* | (0.090)" | 4.40-10" 0.057
40/0.5 0.113 1.35-10° 0.100 n/a n/a
40/1 0.212 1.80-10° 0.130 1.10-10° 0.135
40/2 0.406 2.10-10° 0.147 n/a n/a
40/3 0.596 3.00-10° 0.205 2.50-10° 0.271
40/4 0.786 3.90-10° 0.269 n/a n/a
40/5 0.971 4.30-10° 0.289 5.65-10° 0.579

* equilibrium modulus might be not yet reached

> Crosslinker concentration at preparation CC = 0 mol% means that no crosslinker DEGDMA

was added to the polymerizing mixture. However, there is some DEGGMA always present in

commercial monomer HEMA. HEMA used in this work contained 0.07 wt% of HEMA, which was

seemingly enough to produce covalently crosslinked bulk hydrogels.
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Figure 4.30 Concentration of elastically active network chains determined

experimentally and ideal concentration of elastically active network chains.

The dependence of v, on vpem for water-swollen samples was close to linear
with slope of 0.22 (due to incomplete utilization of crosslinker in forming EANCs).
That slow relaxations caused likely by regrouping of hydrophobic clusters are still
operative in case of water-swollen gels is documented by a relatively high value of
tan o for gels with lowest crosslinker content (e.g. Fig. 4.22).

Dependences for both water-swollen and DMSO-swollen 40/X series showed
a positive intercept for vehem—>0 which could be due to still ongoing relaxations of
hydrophobic clusters and/or permanent constraints (trapped entanglements). In
DMSO, these hydrophobic clusters cannot exist, tan ¢ falls down to a very small
value; thus, the positive intercept in case of DMSO-swollen samples is due to
trapped entanglements.

In Fig. 4.30, another special feature for DMSO-swollen samples was
observed: compared to water-swollen gels, the values of v, were considerably higher
at higher crosslink densities, and the V. - Vepem dependence was curved upward. This
was seemingly caused by large stretching of the EANCs by swelling, over the
Gaussian limit, and thus inapplicability of Eq. (4.2). The finite extensibility models
of rubber elasticity are available [115], but at this stage the G’ dependence on
crosslink density for DMSO-swollen samples was not analyzed any further.

Phase-separated gels. Elastically active network chains concentration.

Unlike the homogeneous hydrogels series 40/X, the porous samples contained voids
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filled with swelling medium. When considering the elastic response of the matrix, it
should be related to the amount of polymeric material. Assuming that swelling of the
matrix equaled to swelling of homogeneous hydrogel with the same crosslink density

(this will be discussed in Section 4.4.2), a trivial correction for the modulus was

applied®: G, =G'9,(40)/¢,(XX) with ¢,(40), volume fraction of polymer in the

reference homogeneous sample and ¢,(XX), volume fraction of the porous gel

counting also the solvent in pores. This corrected value of the modulus was used for

calculating the concentration of elastically active network chains using Eq. (4.1) with

¢, = ¢, = $,(40).

Results of calculations are presented in Fig. 4.31. With increasing dilution
(IWC = 40-60 wt%) EANC concentration and the slope of linear part of the curves
steadily decreased, likely due to increasing impact of side reactions of cyclization.
Developing of particulate hydrogel morphology caused a striking decrease of the

EANC concentration calculated from experimental data.

(mol/L)

v

Figure 4.31 Concentration of EANC determined experimentally for water-swollen
gels and ideal concentration of EANC. Solid line shows equality of experimentally

determined and calculated EANC concentrations.

However, the values of v, for particulate gels should be called “fictive”

because the trivial correction for the pores fraction was not sufficient for calculating

® Like in the 40/X series analysis, it was assumed that at frequency 10 Hz G’~G,
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of the concentration of EANCs of the matrix in porous gels. Inhomogeneous stresses
arising from varying thickness of the stressed macroporous material and participation
of deformation modes other than shear counted among the other factors.
Inhomogeneous stresses arisen from the fact that the force applied to the outer
surface concentrated at a small fraction of the cross-section of the porous material.
This situation is visualized by Fig. 4.32. The necks connecting the fused spheres are
the effective load bearing parts of the macroporous material. The stress concentration
is strongly enhanced by dangling structures, which means more material per the same
cross-section of the neck. The stress concentration results in larger deformation and,

therefore, in lower equilibrium modulus for the matrix compared to the true modulus

of the matrix.

)

dangling
,T\ \1/ structure

neck

\

Figure 4.32 SEM image of fused—sphere like macroporous gel (sample 80/0.1).
Sketch visualizes necks connecting particles as loci of higher stress causing larger

deformation, and large dangling structures.

The magnitude of the stress concentration and, probably, different
deformation geometries (bending, etc.) is difficult to estimate. The correct answer
about the mechanical behavior of such heterogeneous swollen systems can be
possibly obtained by applying the Finite Element Method. This was not analyzed any
further at this stage.
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4.4.2 Analysis of dynamic mechanical spectra to determine swollen

gels morphology

Results presented in previous sections show that equilibrium properties of
gels (swelling and shear elastic modulus) can reveal a special structural feature —
presence of fused particles of swollen polymer surrounded by swelling medium.
However, these properties in some cases led to incorrect conclusions. For instance,
hydrogels prepared with 60-70 wt% of water and relatively high crosslinker
concentration (4-5 mol%) showed quite high equilibrium elastic modulus and low
swelling, typical of intermediate hydrogels, but are composed of fused polymer
particles surrounded by water in the connected voids.

Examples presented in Figs. 4.21-4.24 demonstrate that analysis of
viscoelastic properties (particularly, loss factor tan 6 behavior) in a range of
frequencies adds to the information gained from the equilibrium properties. Same is
concluded after factor analysis of results (Section 10.4).

Results of dynamic mechanical studies of gels prepared with water as diluent
and swollen in water are collected in Fig. 4.33 (hydrogels prepared at a fixed
crosslinker concentration and varied initial dilution) and Fig. 4.34 (hydrogels
prepared at a fixed initial dilution and varied crosslinker concentration) in form of
loss factor frequency dependences. Series of samples with different initial dilution or

crosslinker content showed similar trends.

10"
N .
C
S
[ -1
g 10 o 40/1
& —o—50/1
@ 60/1
3 10'2_: —o— 70/1
] 80/1

o o 0 T 0 o

Frequency (Hz)
Figure 4.33 Frequency dependences of loss factor for hydrogels prepared with 1
mol% of crosslinker and variable initial concentration of water as diluent, and

swollen in water. Corresponding sample codes are shown near the curves.
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Figure 4.34 Frequency dependences of loss factor for hydrogels prepared with 40
wt% of water as diluent and variable concentration of crosslinker, and swollen in

water. Corresponding sample codes are shown near the curves.

Within a series prepared with 1 mol% of crosslinker and variable initial water
concentration (Fig. 4.33), the loss factor showed the onset of a-relaxation around 5
Hz for all the samples. Above 1 Hz the difference between the loss factors was
negligible. Oppositely, increasing crosslinker concentration at constant initial
dilution resulted in the shift of a-relaxation to lower frequencies (Fig. 4.34). Thus,
IWC had minor effect on the high-frequency part of the loss factor profiles,
corresponding to the a-relaxation process, whereas crosslinker content was one of
major factors governing the a-relaxation onset frequency. The described trends are

visualized also in Fig. 4.35a showing loss factors at 10 Hz.
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Figure 4.35 Loss factor measured at 10 Hz (a) and at 0.1 Hz (b) as function of
crosslinker concentration CC and initial water content IWC for hydrogels prepared

with water as diluent and swollen in water.
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At lower frequencies, the effect of changing initial dilution IWC was more
significant (loss factors at 0.1 Hz are shown in Fig. 4.35b). The loss factor
dependence on crosslinker concentration showed a minimum at 1-2 mol% of
DEGDMA. Loss factors for homogeneous, intermediate and interlocking hydrogels
formed a single master curve, while loss factors for particulate samples were higher.
The structural origin of these effects will be discussed in this section.

The trends revealed in mechanical behavior studies in the forced oscillation
mode were in general confirmed by shear creep studies (results are shown in Section
10.3).

Influence of the swelling medium solvating power on dynamic mechanical

properties of the gels is illustrated in Fig. 4.24.

Main transition (vitrification) of swollen hydrogels. The increase of loss
factor with frequency above 0.1-1 Hz (Fig. 4.33-4.34) means that a swollen gel
approaches the glass transition, possibly facilitated by hydrophobic aggregates or by
reorganization of water molecules [116, 117].

In the a-relaxation region, the loss factor was mainly governed by polymer
chains segmental mobility: experimentally, the onset of main transition was shifted
to lower frequency with increasing crosslinker concentration (Fig. 4.34).

That the change of main relaxation frequency with crosslinker content was
indeed due to shift of the swollen network glass transition region, was confirmed by
dynamic differential scanning calorimetry measurements (Fig. 4.36). In the DSC
scans, multiple endotherms of ice melting around 0 °C were preceded by the polymer
network glass transition. The glass transition of water-swollen 40/5 sample (-6° C)
was found to be significantly higher than that for 40/1 and 40/0.5 samples (-32 to -14
°C). The glass transition multiplicity observed in case of 40/0.5 hydrogel is possibly
due to heterogeneity of networks. For hydrogels prepared with more than 60 wt%
water as diluent, the glass transition could not be observed in DSC because of

overlapping with the intense broad peak of ice melting.
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Figure 4.36 The heat capacity of swollen polyHEMA gels (40/0.5, 40/1. 40/5)
dependences on temperature. Arrows show polymer glass transition temperatures.
Curves are shifted vertically for better representation. Sample codes are written next

to the curves.

The effect of swelling medium on the main transition process is documented
in Fig. 4.24 for a homogeneous 40/1 gel. Trends for gels prepared at other initial
dilutions and/or crosslinker concentrations (including particulate gels) were similar.
In all cases, swelling of samples in medium of less solvating power (aqueous NaCl)
shifted the main relaxation to lower frequencies (less than 102-10° Hz), while
medium of higher solvating power (DMSO) caused onset of frequency relaxation
barely seen even at 1-10 Hz.

Thus, the main transition process of swollen polyHEMA gels was found to be
very sensitive to concentration of the crosslinker used for network preparation (and
associated change of chain segmental mobility), and to the solvating power of the
swelling medium (in poor solvents the a-relaxation is facilitated by hydrophobic
aggregation). Interestingly, the initial dilution showed negligible effect on the o-
relaxation. Basing on this information, conclusion was made on the morphology of
non-transparent hydrogels below the SEM resolution limit (intermediate gels).

Morphology of heterogeneous hydrogels with structure below SEM
resolution. Intermediate hydrogels — non-transparent, heterogeneous samples with
structure below electron microscopy resolution — were produced in a vast area of
polymerizing mixture compositions (Fig. 4.7). In general, those gels can either

incorporate very small solvent-filled droplets or microphases differing in the polymer
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and/or crosslinker concentration. It was demonstrated [118] that non-porous
hydrogels with inhomogeneous distribution of polymer material and crosslinker
(semi-interpenetrating networks) possessed higher swelling degree and lower elastic
modulus than hydrogels with same average concentration of crosslinker units, but
evenly distributed. Thus, both morphology types described above would explain
swelling and equilibrium elastic behavior of intermediate polyHEMA hydrogels.

The dynamic mechanical behavior on the main transition frequency range
supported the morphology of solvent droplets within homogeneous polymer phase.
Indeed, the main relaxation process occurred in the same frequency range in case of
particulate (80/1), interlocking (70/1), intermediate (50/1, 60/1) and homogeneous
(40/1) water-swollen samples at the same level of the crosslinker at preparation (Fig.
4.33). This is an indication that the matrix in phase-separated hydrogels had the same
swelling properties in water as did homogeneous hydrogel of corresponding
concentration of crosslinker’. The equality of the degrees of swelling in water of the
matrix in porous gels and respective homogeneous gels might imply that also the
network structure is the same. Such conclusion was corroborated by the closeness of
a-relaxation maxima for gels of various morphologies reswollen in 3 M NaCl

solution (Fig. 4.37).

‘ Gels prepared in water and reswollen in 3M NaCl
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Figure 4.37 Loss factor tan 6 for hydrogels prepared at 1 mol% crosslinker and
variable concentration of water, reswollen in 3M NaCl to equilibrium. Sample

compositions are shown near the curves.

’ This assumption, now proved, was used previously for calculation of pore volume fraction
in swollen porous gels, and correction of the equilibrium shear modulus for the fraction of pores in

calculation of the elastically active network chains concentration.
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That swollen polyHEMA matrix in an intermediate gel is the same as
homogeneous gel with the same crosslinker concentration, implies that intermediate
gels are most likely constituted of the continuous swollen polymer matrix
incorporating small droplets of swelling medium. This conclusion was supported by
differential scanning calorimetry of selected hydrogel samples (Fig. 4.38).

Water crystallization temperature 7. depends on the size of crystallization
domain and on the nucleation mechanism [119]. If the characteristic size of water
droplets exceeds 0.5 mm, the crystallization is usually off-set by the heterogeneous
nucleation and crystallization temperature lays at -14 to -30 °C. If the size of droplet
decreases below 100 um, water crystallization starts by the homogeneous nucleation,
and T, decreases to below -40 °C. During the cooling stage of the swollen hydrogels
one or several water crystallization exotherms were observed (Fig. 4.38). All
hydrogels revealed an intense sharp exothermic peak at -13 to -23 °C ascribed to
heterogeneous nucleation during bulk water crystallization. For hydrogels prepared
with 40-50 wt% of water, in addition to this, one or several broad and weak exo
peaks were observed at -50 to -37 °C. They were due to crystallization of water via
homogeneous nucleation.

If this homogeneously nucleated water revealed for 40/1 and 50/1 samples

was bound water, solvating polar polyHEMA groups, there would be no reason not
to observe it in scans of 60/1 gel. Instead, this part of water must be contained within
small, sub-micrometer size droplets that grow with enhancing phase separation, and
finally a mixed nucleation mechanism observed for 40/1 and 50/1 hydrogels changes
to purely heterogeneous one for 60/1 sample.
Low-frequency viscoelasticity reveals dangling chains in polyHEMA network
and particulate morphology of hydrogels. The studied hydrogels are divided into
three categories according to their low-frequency loss factor behavior. In case of
non-particulate gels prepared with moderate to high (1-5 mol%) concentration of the
crosslinker, tan 6 dropped to very low values (below 0.01, equipment resolution
limit) at 102-10° Hz. The loss factor of water-swollen hydrogels prepared with
concentration of the crosslinker below 1 mol% was significantly higher (0.04-0.08)
at frequencies <107 Hz, and was frequency-independent. Finally, particulate samples
studied showed an onset of a broad and weak secondary relaxation maximum
corresponding to ~107-10° Hz (at 25° C). These three types of behavior are
illustrated in Fig. 4.39.
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Figure 4.38 The DSC (standard mode) traces of water crystallization in polyHEMA

swollen gels 40/1, 50/1 and 60/1. Arrows show peaks of homogeneous water

crystallization. Curves are shifted vertically for better representation, heterogeneous

crystallization peaks are truncated. Sample codes are written near the curves.
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Figure 4.39 Low-frequency loss factors for representative examples of particulate,

lightly crosslinked and other hydrogels, swollen in water to equilibrium.

The loss factor in a good solvent might be affected by removal (dissolution)
of some clusters or associates that are present in poor solvent (water) due to physical
interactions, but relaxations due to entanglements and dangling chains, if any, should
not be influenced. After reswelling of hydrogels in DMSO, better solvent than water,

the loss factors were at least an order of magnitude lower than for corresponding
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water-swollen gels (representative example is shown in Fig. 4.24). As DMSO is
known to disrupt hydrogen bonds present in water, hydrogen bonds between
segments of readily available dangling chains are likely responsible for high losses at
low frequencies for water-swollen lightly crosslinked gels.

The low-frequency tan 6 behavior documented in Fig. 4.39 for the 80/1
sample was characteristic of all studied particulate hydrogels. Some examples are
presented in Fig. 4.40. Apparently, the intensity of secondary relaxation increased
with higher initial dilution of the polymerized mixture. At the same time, crosslink

density had less impact on this secondary relaxation process/

1| All gels particulate —o— 80/1
0.4—: 2.2 4% }3,',. —e—80/2
] N
0.2-

Loss factor tan 6

1E-6 1E-5 1E-4 1E-3 001 0.1 1
Frequency (Hz)
Figure 4.40 Low frequency behavior of loss factor for fused-particles type hydrogels

swollen in water to equilibrium.

Same conclusion were made from analysis of low-frequency behavior of loss
factors of hydrogels prepared with 1 mol% of crosslinker and 60 wt% of diluent of
varied solvating power — pure water or aqueous NaCl solution. As seen from Fig.
4.41, the low frequency loss factors for hydrogels of intermediate and interlocking
morphology were relatively low and almost identical. As the bicontinuous
morphology was coexistent with fused spherical particles, the loss factor was
increased, but still did not show the secondary relaxation onset. Only for particulate

hydrogels the secondary relaxation was clearly seen.
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Figure 4.41 Low frequency behavior of loss factor for hydrogels prepared with 60
wt% of diluent (aqueous NaCl of varied concentration) and 1 mol% of crosslinker,

and swollen in water to equilibrium.

Dangling chains were reported to be responsible for the low frequency
relaxation in polyHEMA gels limitedly swollen with ethylene glycol [102], and that
relaxation disappeared with increased swelling (in fact, shifted to higher frequencies
and overlapped with the onset of the main relaxation). Similar approach was tested in
this work: the samples prepared with water as diluent were swollen in much better
solvent, DMSO, and tested in shear at low frequency. Indeed, the secondary
relaxation maximum for sample 80/1 disappeared with increasing equilibrium
swelling.

Although the consequence of swelling increase was the same in [102] and in
this work, the mechanism behind seems to be different. In this work, the low-
frequency relaxation maximum was observed only for particulate water-swollen gels,
which contained fused polymer gel particles, surrounded by water. Disappearance of
relaxation maximum after reswelling in DMSO might be connected with morphology
changes at micrometer scale rather than with that at the level of chain segments. In
the light microscopy pictures of water- and DMSO-swollen samples 80/1 (Fig. 4.42),

with increase of overall swelling the particles became larger, and voids shrank.
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Figure 4.42 Light microscopy pictures for water-swollen sample 80/1 (left,
macropores and gel particles are observed) and DMSO-swollen sample 80/1

(particles are larger, and more collated).

That the low-frequency relaxation maximum was only observed for
particulate samples, suggests that long-range coordinated movements of
substructures (dangling aggregates of collated polymer particles, Fig. 4.32) are
responsible of it, and void (solvent-filled) space facilitates such movements. After
swelling in better solvent, the movement of such aggregates is constrained due to
either less void space or due to increase of the moving part weight (which should

lead to relaxation at much lower frequency, not reached experimentally).
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5 Conclusions

PolyHEMA hydrogels, including porous, have been intensively studied, and
many publications about their morphology and properties are available. However,
information about relationship of porous polyHEMA gels mechanical properties has
been limited; this work adds some more knowledge on this.

Homogeneous and porous polyHEMA gels were prepared by cross-linking
polymerization of HEMA in the presence of water at various dilutions and cross-
linker contents. Large changes in morphology were achieved when water as diluent
was replaced by salt solutions (Mg(ClO4), and NaCl) which improved or
deteriorated, respectively, solvation power of the diluent. Varying of salt
concentration made possible to fine tune the morphology and to control the passage
from isolated droplets morphology to bicontinuous interlocking and fused-spheres

like hydrogel structures.

Morphology change with enhancing phase separation:
60/1 gels prepared with different

water

Swelling and mechanical behavior of hydrogels were investigated in relation
to their morphology and matrix structure. The physical associates existing in water-
swollen gels due to hydrophobic interactions limit the solubility of polyHEMA and
swelling of polyHEMA gels. However, these associates were mobile enough to
enable reaching mechanical equilibrium within the available frequency range (down
to 10~ Hz). This was valid except of gels of the lowest cross-link density and fused-
spheres type hydrogels. Reswelling of the gels in a good solvent dissolved the
associates and removed the slow relaxations.

From the elastic modulus in the rubbery region, concentration of the
elastically active network chains was calculated. For homogeneous gels, its
dependence on the crosslinker-to-HEMA ratio revealed that hydrophobic associates

added to the crosslink density, acting as physical crosslinks. The impact of
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permanent constraints (trapped entanglements) on the equilibrium elastic modulus
was also noticeable.

The equilibrium elastic modulus of swollen hydrogels showed an abrupt
decrease by about an order of magnitude when the sample morphology changed to
fused-spheres type. However, even after correction for the pores fraction, the
calculated values of elastically active network chains were unrealistically low, and
should be called “fictive”. Inhomogeneous stress fields caused stress concentration in
engaged necks connecting a network of elastically active fused spheres. The stress
concentration was strongly enhanced by dangling structures, which meant more
material per the same cross-section of the neck. It resulted in larger deformation and,

therefore, underestimation of true modulus of the matrix.

Fused-spheres morphology

1

dangling
/T\ \1/ structure

neck

\’

Dynamic mechanical spectroscopy results revealed that the high-frequency

part of loss factor dependences (above 1 Hz), corresponding to the main transition
region, was sensitive to the crosslinker-to-HEMA ratio, but not to diluent-to-HEMA
ratio. In the low-frequency range viscoelastic properties (below 0.1 Hz),
corresponding to the rubbery plateau, the loss factor depended on both initial dilution

and crosslinker content.
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In the a-relaxation region, the frequency dependences of the loss factor for

homogeneous and porous hydrogels prepared at constant crosslinker-to-HEMA ratio
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merged into a single master curve which indicated that the porous hydrogel matrix
was the same as homogeneous hydrogel of the same cross-link density.

The shift of vitrification region to lower frequencies with increasing of the
crosslinker content was ascribed to shorter and more rigid network chains of the
highly crosslinked samples. Similar trend was revealed by study of gels swollen in
media other than water. Reswelling of gels in a better solvent caused dissociation of
the physical associates and decreased the mechanical losses in the main transition
region, thus moving onset of vitrification to higher frequency. On the contrary,
reswelling of gels in the medium of less solvating power shifted the onset of main
transition to much lower frequencies. This proved that physical associates assisted

the vitrification of polyHEMA gels.
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The effect of mobile physical associates on hydrogels mechanical response
revealed in the main transition region was eliminated at lower frequency for majority
of homogeneous and intermediate hydrogels. Only for gels of the lowest crosslink
density, slow movements of larger associates causing relatively high mechanical
losses were detected even at ~10° Hz. However, these physical associates were
dissolved after reswelling in better solvent, and the loss factor dropped to very low

values even in case of lightly crosslinked gels.
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A special feature was observed in the low-frequency loss factor behavior of
all studied hydrogels of fused-particles type morphology: an onset of secondary
relaxation was revealed in their mechanical spectra. This relaxation disappeared after
reswelling in better solvent, DMSO. It was neither observed in case of highly porous

interlocking samples, which did not bear a network of fused particles.
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That the low-frequency relaxation maximum was only observed for
particulate samples, suggested that long-range coordinated movements of
substructures (dangling aggregates of collated polymer particles) were responsible
for it, and void (solvent-filled) space facilitated such movements. After swelling in
better solvent, the movement of such aggregates was constrained due to either less
void space or due to increase of the moving part weight (which should lead to
relaxation at much lower frequency, not reached experimentally).

It was found that conditions of measurement, in particular, gap between the
measuring plates of rheometer, were crucial for correct measurement of mechanical
response of soft hydrogels. Optimal measuring gap did not correspond exactly to the
sample thickness as reaching the no slippage between sample and measuring
geometry condition demanded certain small compression of the sample. However,
too strong compression caused squeezing out water and thus incorrect measurement
results. A special procedure to find the optimal value of compression from the
measuring system response was developed and applied in this work. The gap settings
significantly influenced the measured values. If the gap size was set with even 2%
deviation from the optimal position (50 pum for the sample of 3 mm thickness), the
deviation of measured modulus and loss factor from the correct values could be up to
25%, 100 um deviation of the gap from the optimal position caused up to 2-fold error

in measured values.
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9 Abbreviations and symbols

9.1 Abbreviations

APS — ammonium persulfate

BDMA - 1,4-butanediol dimethacrylate

BHDMA - 2,3-dihydroxybutane 1,4-dimethacrylate
DEGDMA - di(ehyleneglycol) dimethacrylate

DSC — differential scanning calorimetry

DVG — 1,5-hexadiene-3,4-diol (divinyl glycol)
EANC - elastically active network chain

EDMA - ethylene glycol di(methacrylate)

ESEM - environmental scanning electron microscopy
EWC — equilibrium water content

HD — 1,5-hexadiene

HDMA - 1,6-hexanedimethacrylate (hexamethylene dimethacrylate)
HEMA - 2-hydroxyethyl methacrylate

LVR - linear viscoelastic region

NMR — nuclear magnetic resonance

PC — principal component

PC1 (PC2, PC3, ...) — principal component 1 (2, 3, ...)
PCA — principal component analysis

PRV - piezo-rotatory vibrator

SEM — environmental scanning electron microscopy
SMBS — sodium metabisulfite

TEMED — M,N,N’ N’-tetramethylethylenediamine
UTS — ultimate tensile stress

WC (or WC*) — water content

polyHEMA - poly(2-hydroxyethyl methacrylate)

9.2 Symbols

AGy, - free (Gibbs) energy of mixing polymer with solvent

Aw — energy difference between polymer-solvent contact and mean of polymer-
polymer and solvent-solvent contacts (Flory-Huggins model)

y — shear strain

% — shear strain amplitude

0 — phase shift (angle)

& — extension (compression) strain

Ecomp — compressive deformation in the normal direction

L — chemical potential (partial Gibbs energy)

n — viscosity

Venem — 1deal (theoretical) concentration of the elastically active network chains
v, — experimentally determined concentration of the elastically active network chains
O — stress

op — initial stress (stress relaxation) or stress amplitude (forced oscillation)

o. — residual stress in the generalized Maxwell model

7 — relaxation time
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¢ - volume fraction

¢, — volume fraction of solvent (diluent)

@3 — volume fraction of solvent (diluent) at preparation state
x - Flory interaction parameter (Flory-Huggins model)
o - oscillation frequency

ay - oscillation phase

A — creep fitting parameter

A — strain relaxation amplitude (creep fitting parameter)
B - creep fitting parameter

E —Young’s modulus

E — residuals matrix in PCA model

G — shear modulus

G* - complex shear modulus

G’ — elastic (storage) shear modulus

G’ — viscous (loss) shear modulus

G. — equilibrium shear modulus

J — compliance

J» — equilibrium compliance

Jr — reduced creep compliance

P — loadings matrix in PCA model

R — gas constant

T — temperature

T, — crystallization temperature

T — scores matrix in PCA model

X — data matrix in PCA model

ar— horizontal shift factor (time-temperature superposition)
br— vertical shift factor (time-temperature superposition)
k — Boltzmann constant

ms — weight of swollen sample

mq — weight of dry sample

n —number of moles

t —time

t. — gelation time

z — lattice coordinate number (Flory-Huggins model)
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10 Attachments

10.1Procedure to find a proper gap size for shear rheometry
measurement

In simple application-oriented studies using basic rotational rheometry
instruments, several types of forces can be imposed on testing material
simultaneously and, therefore, stresses and strains are not easily defined. A universal
procedure to get setup-independent mechanical properties under well-defined
conditions is needed to understand relations between preparation conditions, sample
structure, and its properties from the rheometry data.

According to our knowledge, there is no protocol for shear testing of soft
non-flowing materials (chemically crosslinked swollen gels) among ASTM
standards. The most complete descriptions of gels rheological testing is available in
[91]. As stated there, two conditions are crucial for correct rheometry of gels: steady
state and linear viscoelasticity of shear deformation. Under these conditions, it is
possible to obtain a correct mechanical spectrum — a “fingerprint” of the sample.
Another complication not mentioned in [91] is the choice of spacing between
rotating and static theometer plates (gap, see Fig. 3.1).

For soft solids, gap size determines sample normal deformation and normal
force acting on it. This force must be high enough to prevent slippage of the sample
and ensure perfect contact with rheometer plates; and sufficiently small not to affect
the sample structure. That the sample is not fluid, makes impossible to remove the
excess of material after setting a defined gap. The gap issue has been commented in
[120] where the gap dependence of shear modulus was discussed for homogeneous
dextran methacrylate hydrogels (and, to our knowledge, this is the only paper
discussing this issue at all). Acceptable measurement conditions were found in [120]
at compressions® Ecomp ~ 20%. From our results it follows that it is too much for
some samples, especially for porous ones.

In the following section our method of finding a proper gap for testing soft

solids in their intact state is described.

¥ Normal deformation that results from compressive stress on a sample was defined as the
actual gap size related to the uncompressed state: €., = (gapo, — gap)/gapo, where gap is the gap

size at the initial contact of the sample with the rheometer plates.
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10.1.1 Finding gap for homogeneous hydrogel (40/1)

The 40/1 gel sample was chosen as a typical representative of strong
homogeneous polyHEMA hydrogel.

Thickness measurement with the digital micrometer at several locations
(3.0+£0.1 mm) was not reliable; mainly due to sample softness. At the gap of 3.1 mm
the instrument showed zero normal force and highly distorted output signal, as the
sample was not in contact with the rheometer upper plate. At the gap of 2.9 mm, the
normal force was high (7 N or 22 kPa), indicating that the sample might be
compressed too much.

Going down stepwise from 3.1 mm, gap, was found as a distance at which
normal force exceeded the resolution limit of the instrument (0.05 N). At such low
normal force, the slippage of the sample (indicated by output signal distortion in the
forced oscillation mode) still caused incorrect results. Trials indicated that thrust of =
0.1 N corresponding to the gap of 3.050 mm for the tested sample was enough to
prevent sliding (signal harmonic distortion <1%). For comparison, in [120] values of
0.1 to 1 N are reported.

Further we analyzed compression-dependent shear moduli by changing the

gap in small steps (Fig. 10.1).
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Figure 10.1 The complex shear modulus variation with increasing compression of
the sample 40/1.0. Zero compression was assigned to a gap at which the normal
force was 0.05 N. Young’s modulus was calculated from the linear part of the normal

pressure curve, shear modulus was estimated as a leveled value of G* dependence.
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Starting from &gy, 0f 2%, from the linear part of the normal force plot,
Young’s modulus was estimated (E=720+20 kPa). Complex shear modulus reached
the constant value of G*=200+10 kPa at &.,p,, 0f 4-5%.

The reason for non-linear behavior under the incipient normal compression
could be either structure change, or imperfect shape of the sample and surface
defects. We attributed the behavior of the studied gels to the latter, as the tested
deformation range were relatively small (up to 6%). The shape of the normal force
curve was similar to that reported, for example, in [71]. The shear plateau modulus
under increasing normal deformation was reported in [120]. In that work the authors
also related their observations to the inhomogeneity of the sample surface.

In the frequency sweep tests in the linear viscoelastic region (LVR), Fig.
10.2, curves at &.,m, =0.04 and €4, =0.05) were essentially the same, but differed
from that at £.,,, =0. Thus, at £,y,, ~0.04 real material properties were measured,
not the properties related to experimental setup. That the target £, for correct

measurement was not too high ensured that the measured values were as close to that

of intact sample as possible.

— o —_
g cx:OOOCp g
g 0-6-00A00AANOAAOOAIT = 10%4
o (O]
5 10 g
g eesees® | 3
oo o
£ € 10"
0 »
0 >
© Q
I 2
>
10* : : ; 10° , , ,
0.01 0.1 1 10 100 0.01 0.1 1 10 100
a) Frequency (Hz) b) Frequency (Hz)

Figure 10.2 Frequency sweeps of G’ (a) and G’ (b) at different normal
compressions of sample 40/1.0: 0 (black circles), 0.04 (grey circles) and 0.05 (open

circles). Zero compression was assigned to a gap at which normal force was 0.05 N.

The same &g, for correct measurement was found from analysis of the shear
creep curves in the LVR. Again, at &, > 0.04 creep compliance profiles

overlapped. After removing the shear stress, creep angle decreased to zero, indicating

absence of slippage.
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Thus, the gap size should be selected in the “meaningful” region, where the
full contact of geometry with the sample was achieved with minimum structure
change. For the 40/1 sample, the arbitrary choice of the measurement gap size would
result in complex shear modulus in the 5-200 kPa range (Fig. 10.1). Correct gap for
rheological studies of macroscopically homogeneous hydrogel 40/1 corresponded to
the least compressed state at which the shear modulus was independent of &omp,.

In [120] similar conclusion was made but target gap size typically
corresponded to 15-20% compression (sandpaper-modified rheometer plates were
used, requiring higher normal force for perfect contact with the sample). We observe
such “leveling off” at 4-5% of normal compression, and absence of slippage is
proved in creep tests. In order to keep the sample structure as intact as possible, using
the non-serrated plates that adhere to the tested material (steel for polyHEMA gels) is

better than using sandpaper coverage or serrated plates.

10.1.2 Finding gap for particulate macroporous hydrogel (75/1)

Compression-dependent properties of the sample 75/1 were studied as an
example of hydrogel containing communicating pores filled with water. It was not
possible to reach gap-independent mechanical response in this case (compare Figs.
10.1, 10.3). Normal force increased nearly proportionally to normal compression
only from &g, of 0.5. Shear modulus did not reach constant value up to &g Of
0.65. Evidently, normal force induced pushing out of water, thus changing the
sample morphology (total pore volume) and affecting its mechanical properties.

To find the proper gap size, the balance should be found between achieving
the best sample-plates contact and dewatering of the sample accompanied by pore
volume and shape change.

At the amplitude sweeps at &y, in the range of 0 to 0.65 (Fig. 10.4), the G’
steadily increased with compression, and the linear viscoelastic region was wider
than at &y, = 0. Starting from &, = 0.17, the LVR range of strains remained
constant. We attributed the broadening of LVR to improving the sample-plates
contact, while further modulus increase at constant upper limit of LVR was ascribed
to sample dewatering. If so, gap size for correct measurement of shear properties
corresponded to the lowest normal deformation at which the LVR reached the

constant strain range. However, this method was very approximate and meticulous.
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Figure 10.3 Normal force and complex shear modulus dependences on sample
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normal pressure was (.05 N.
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Figure 10.4 Amplitude sweep oscillatory shear test at different compressive
deformations of sample 75/1.0 (heterogeneous). Sample compressive deformation is
indicated near the curve. Zero compression was assigned to a gap at which normal

pressure was 0.05 N.

Analysis of frequency sweeps at different &.oy,, seemed more convenient. For

particulate sample 75/1, the frequency sweep profiles were compression-dependent
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over the whole range of studied normal deformations. The loss factors at the three

selected frequencies are shown in the Fig. 10.5.
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Figure 10.5 Phase angle profiles at selected frequencies (indicated near the
corresponding curves) for sample 75/1.0 at different compressive deformations (0.00
to 0.65). Zero compression was assigned to a gap at which normal pressure was 0.05

N.

At €.omp 0f 0.00 to 0.03-0.05, the phase angle decreased, due to improving
contact of a sample with the rheometer plates and vanishing impact of direct contact
with surrounding water. Then phase angle curves showed a plateau (at £qqp,p=0.03-
0.07), when the contact was very good, and the change of hydrogel morphology was
negligible. At higher €., (0.07 to 0.4), phase angle started to grow; this could be
ascribed to pushing out of water. Further phase angle decrease should be ascribed to
further morphology changes due to compression of sample with free water in voids

practically pushed out.
10.1.3 Conclusion on gap size finding procedure

The procedures to determine proper gap are different for 40/1 (homogeneous)
and 75/1 (heterogeneous, particulate) hydrogels. In both cases, the ultimate appeal is
to find a balance between improving the contact between the sample and the

rheometer plates, and sample dewatering and structure changing.
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Correct gap for rheological studies of macroscopically homogeneous
hydrogel 40/1 corresponds to the least compressed state at which the shear modulus
was independent of €.omp.

Correct gap for rheological studies of particulate sample with communicating
pores is found at the least compressed state in the range of €., Where phase angle
is relatively independent of compression.

Noteworthy, for majority of the samples studied target gap corresponded to
€comp Of 3-4%, which (taking into account variety of samples morphology and
similarity of preparation procedure) supported the assumption that compression
dependence of measured rheological properties was due to sample shape and surface

roughness.

10.2 Time-temperature superposition

Time temperature superposition (or time-frequency superposition, or method
of reduced variables) is a procedure to expand the time or frequency range, at which
a material properties are studied at a given temperature. This technique involves the
use of temperature-dependent shift factors for measured material functions (vertical
shift factor, br) and for time or frequency (horizontal shift factor, ar). If time-
temperature superposition is obeyed, the use of shift factor will yield a master curve
showing viscoelastic behavior over a larger range of time scales than could be
studied using a single-temperature measurement. For example, a master curve for the
elastic shear modulus G’ measured over a range of 7 is obtained by plotting b7G’(7)
as a function of arw using logarithmic scales on both axis.

According to [99], the time-temperature superposition is applicable when the
various relaxation times related to a given relaxation process have the same
temperature dependence which usually holds in terminal and plateau zones, and, to a
fair extend, in the transition zone (but the temperature dependence of the shift factors
may be different). In practice, the validity of time-temperature superposition may be
judged about with several semi-qualitative criteria:

e accuracy of matching of adjacent curves measured at different temperatures,
when superimposed;

e validity of the same shift factors for all viscoelastic functions;

e reasonable form (Arrhenius or Williams-Landell-Ferry) of the shift factors

temperature dependence.
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For the polyHEMA hydrogels change of swelling with temperature, and
approaching to glass transition at the lower edge of temperatures investigated (5-10

°C) could potentially lead to incorrect time-temperature superposition result.

0.8

O O O 80/1 | o o

© O— 70/1
I
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Equilibrium swelling EWC (g/g)

Temperature (°C)
Figure 10.6 Equilibrium swelling of selected hydrogels in water at different

temperatures.

According to EWC measured over a range of temperatures (Fig. 10.6), the
change in swelling in comparison with the reference temperature (25 °C) did not
exceed 5% (being the most pronounced for samples prepared at low dilution).

The results of automatic frequency-temperature superposition (only
horizontal shift of the experimental curves, as described in Experimental part)
compared with manual superposition (arbitrary vertical shifts applied to produce
visually best match) showed no significant difference. Therefore, no vertical shift
was applied in this work.

The horizontal shift factors calculated for G’ produced also reasonably
smooth G’ and tan 6 master curves (see example in the Fig. 10.7 for series of

samples prepared with IWC = 40 wt% and variable amount of the crosslinker)
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Figure 10.7 Elastic shear modulus (a), viscous shear modulus (b) and loss factor (c)
for hydrogels prepared with 40 wt% of water as diluent and variable concentration
of crosslinker, and swollen in water. Curves are result of time-temperature
superpositions (measurements at 5-70 °C were shifted to a reference temperature of

25 °C).
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Two characteristic samples — 40/0 homogeneous and 80/1 highly porous —
were selected for comparison of the superimposed and directly measured loss factors.
The behavior the 40/0 sample was characterized by low tan ¢ below 1 Hz and well
developed increase of tan ¢ in the high-frequency region towards the glass transition.
The 80/1 sample was characterized by larger losses in the low frequency region, with
a pronounced increase at high frequency, similar to 40/0, and a weaker increase
below 107 Hz (secondary relaxation).

In both cases (Fig. 10.8), the superimposed and directly measured
dependences could not be distinguished from one another within the experimental
accuracy. Thus, in this special case of swollen polyHEMA network, when the
swelling changes were not of large magnitude the time-temperature superposition
could be applied to achieve the enhanced range of shear oscillation frequencies

within reasonable testing time.

1.5

—O0— time-temperature superposition —O0— time-temperature superposition
—e— direct conventional measurement 0.6 —e— direct conventional measurement
—e— direct PRV measurement

1.0

tan s
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0.0 e ————————— 0.04 : : . : . :
1E-4 1E-3 0.01 04 1 10 100 1000 1E-4 1E-3 001 01 1 10 100
a) Frequency (Hz) b) Frequency (Hz)

Figure 10.8 Frequency dependences of loss factor for the gels 40/0 (a) and 80/1 (b)
swollen in water to equilibrium. Open symbols are result of time-temperature
superpositions (measurements at 5-70 °C were shifted to a reference temperature of
25 °C), full symbols are result of direct measurements at 25 °C in conventional mode

(down to 10 Hz), or in PRV mode (up to 10° Hz, 40/0 sample only).

10.3 Shear creep measurements

For easier comparison, creep curves were subjected to some post-treatment.

Each curve was first fitted with the Eq. 10. 1°:

’ The trials showed that biexponential form leads to poor approximation for some curves,

while 4™ exponent introduced did not increase fitting accuracy.
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] =Jo + Ae Bt sin(wt + wg) — Y, Aje /T (10.1)

In Eq. 10.1, 7; and A4; are strain relaxation times and amplitudes, J, is

equilibrium creep compliance, 4, B, w and w, are parameters describing free
oscillations of strain [98, 99].

After, the experimental curves were scaled to J, and plotted as Jr(t) =

J(t)/]. Plots for all the samples studied are collected in the Fig. 10.9.

-
o
1

©

Q

e

G) 0.8'

(&)

&

= 0.6

5

S 0.4

o

o

o 0.2

3 ,

% 00 T "/ HRRARL T T LR | LR | T
B 0.01 0.1 1 10 100 1000
0's

Time (s)
Figure 10.9 Creep compliance curves for hydrogels prepared with various
concentrations of water and crosslinker, sampled at 25 °C. Curves were referenced

to the equilibrium creep compliance deduced from fitting according to Eq. 10.1.

Inspection of the plot revealed characteristic times, creep compliance at

which enabled for classification of the samples into 4 qualitatively different groups:
A fast creep within the whole range of time scales;
B: slow creep at ultra-short time scale, then creep compliance grows very fast;
C: slow creep at short time scale, intermediate creep at longer time scale;
D: slow creep within the whole range of time scales.

Characteristic values of Jr are summarized in the Tab. 10.1, creep curves are
colored in accordance with this classification in Fig. 10.10. Classification of the
hydrogels into groups A-D according to their shear creep properties is consistent
with the change of preparation conditions: initial water concentration IWC and

crosslinker concentration CC (Fig. 10.14).
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Table 10.1 Classification of hydrogels prepared with water as diluent according to

their shear creep behavior.

Group Relative creep compliance J at time scale of
code ~0.05s ~1's ~10-100 s

A fast (Jg > 0.5) fast (Jr > 0.8) fast (Jg > 0.8)
intermediate

B (Jr ~0.5) fast (Jr > 0.8) fast (Jr > 0.8)
intermediate intermediate

C (Jr ~0.5) slow (Jr < 0.8) (0.7<Jr <0.8)

D slow (Jr <0.5) slow (Jr <0.8) slow (Jgr <0.7)
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Figure 10.10 Creep compliance curves from Fig. 10.9 colored according to

classification (Tab 10.1).

10.4PCA

The idea of principal component analysis (PCA) is to reduce the
dimensionality of a data set consisting of interrelated variables, retaining as much as
possible of the valuable information. This is achieved by transforming to a new set of
variables, the principal components (PCs), which are uncorrelated, and which are
ordered so that the first few retain most of the variation present in the original
variables.

The goals of PCA are
(1) to extract the most important information from the data table;

(2) to compress the size of the data set by keeping only this important information;
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(3) to analyze the structure of the observations and the variables.

PCs are computed as linear combinations of the original variables. The first
principal component PC1 is required to have the largest possible variance (therefore
it will ‘explain’ or ‘extract’ the largest informative part of the data table). The second
component PC2 is computed under the constraint of being orthogonal to PC1 and to
have the largest possible inertia. The other components are computed likewise. The
values of these new variables for the observations are called factor scores, and these
scores can be interpreted geometrically as the projections of the observations onto
the principal components.

Details of computations are described in a number of reviews [121-123].
Briefly, PCA starts from a decomposition of a source data matrix X (nxm, n samples
in rows and m variables in columns) onto two complementary matrices: scores T
(nxa) and loadings P (mxa) in accordance with

X=TPT+E=)% t;p; +E (10.2)
where a << n,m is the number of principle components (PCs); t; (nx1) and p; (mx1)
are the orthogonal/orthonormal vectors, respectively, constituting the matrices T and
P. The matrix product of T and P’ reproduces the most important variance in X,
leaving the noise (or error) in a residual matrix E (nxm). In fact, PCA performs a
projection of the X-data onto a lower-, i.e. a-dimensional PC space, where it can be
effectively presented and analyzed. The data dimensionality reduction is achieved
due to correlations between the source variables in X. For this reason the method is
specifically advantageous for the analysis of data with a large number of mutually
correlated variables.

The matrices T and P provide valuable information on the internal data
structure. Their interpretation is based on the fundamental fact that correlation
between two variables or similarity of two samples correspond to the distance
between them in the PC-space. Pair-wise scores plots t; — t;, in particular, t; — t; as
capturing the main data variance, are often referred to as ‘sample maps’ revealing
their grouping and outliers. Similarly, the loadings plots (‘variable maps’) show the
variable correlations. The distance from the origin to a sample in the score or a
variable in the loadings plot along a certain PC reflects their importance with regard
to this PC. Comparison of respective score and loadings plots helps to find out
interrelations between the samples and the variables. In the present work PCA scores

have been used to investigate the grouping of samples with regard to their target
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properties. Their relation to multiple variables, provided by the loadings, should
reveal the effects of experimental factors and compare the efficiencies of analytical
methods based on measured properties (Tab. 10.2).

In this work the PCA modeling was performed in the Unscramber® software,

version 9.7.

The following measured properties were used as input variables (see details

of their measurement in corresponding sections):

Table 10.2 Variables input to the Principal Component Analysis.

Parqmeter (label Description Units Range
in plots)
IwWC Initial water concentration wt% [40..80]
CC Crosslinker concentration mol% [0.1..5.0]
EWC Equilibrium water content g/g [0.34; 0.76]
Porosity calculated from the
P EWC - [0..0.63]
G’-0.1 G’ at 0.1 Hz kPa [0.82; 430]
G’-1 G’ at 1.0 Hz kPa [0.92; 530]
G’-10 G’ at 10.0 Hz kPa [1.1;990]
G”’-0.1 G’ at(0.1 Hz kPa [0.073; 47]
G”-1 G at 1.0 Hz kPa [0.12; 210]
G”’-10 G’ at 10 Hz kPa [0.27; 940]
tg-0.1 Loss factor at 0.1 Hz - [0.026; 0.23]
tg-1 Loss factor at 1.0 Hz - [0.10; 0.48]
tg-10 Loss factor at 10.0 Hz - [0.24; 0.96]
J-0.04 Jr at 0.04 s - [0.16; 0.88]
J-0.1 Jrat0.1s - [0.16; 0.91]
J-1 Jratls - [0.17;0.98]
J-10 Jrat10s - [0.21; 1.00]
J-100 Jr at 100 s - [0.26; 1.00]
CreepG Equilibrium shear modulus, 1/J, | kPa [0.33; 370]
. Smallest of relaxation times
Cr-tmin deduced from creep > [0.0155.5]
Cr-tmax Largest of relaxation times < [0.50: 6000]
deduced from creep

As the variables ranges and units were different, before PCA procedure each
variable was scaled by its standard deviation and centered (so that the mean across
all samples is zero). The purpose of this transformation was to give all variables
included in an analysis an equal chance to influence the model, regardless of their

original variances.
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10.4.1 Classification of hydrogels from different measurements

In this section classifications of gels prepared with water as diluent and
swollen in water are presented. Depending on the used method and properties taken
into account (gelation and phase separation time, equilibrium swelling, shear
properties), analyzed samples have shown distinct areas in the initial dilution —
crosslinker concentration maps, revealing groups of gels with similar properties.

Comparison of the gel point time and phase separation time for the
polymerizing mixtures (Fig. 4.3) showed that at relatively low IWC and CC phase
separation did not occur at all till polymerization is over. Increase of initial dilution
and/or crosslinker concentration led to phase separation after the gel point, more
diluent and/or crosslinker led to earlier phase separation, before formation of the

network (Fig. 10.11).
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Figure 10.11 Comparison of gel point and phase separation time. Fractions of water
(IWC) and crosslinker DEGDMA (CC) at preparation are indicated in sample codes,
IWC/CC.

According to swelling behavior (Fig. 4.16), the samples could be classified
into following groups (Fig. 10.12):
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A. equilibrium swelling is comparatively low and decreases with increasing
crosslinker concentration — behavior expected for gels with small fraction of
pores, or non-porous;

B. equilibrium swelling increases with increasing crosslinker concentration —
phase separation effect becomes comparable to that of crosslink density;

C. equilibrium swelling is relatively high and almost independent of crosslinker
concentration — swelling is determined solely by phase separation, its effect

dominates over the crosslink density.
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Figure 10.12 Classification of hydrogels based on EWC. Each point corresponds to
hydrogel prepared at given IWC and CC. Bottom line — onset of phase separation as
revealed by EWC measurements, upper line divides macroporous and intermediate

hydrogels.

According to shear properties in the plateau region (0.1-1 Hz), the
hydrogels could be classified as shown in Fig. 10.13. Here the solid line divides two
well defined groups of samples. Those above this line possess low dynamic moduli
and low-frequency loss factor higher than for homogeneous samples with the same
crosslinker content. Dashed line divides the “high-modulus” hydrogels area (under
the solid line) into samples with relatively low loss factor, tending to zero within
experimental accuracy, and with relatively high loss factors showing plateau at the
tan O plots at lowest frequencies achieved. The trends revealed in mechanical
behavior studies in the forced oscillation mode were in general confirmed by shear

creep studies (Fig. 10.14). Fastest creep over the whole time scales range was
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characteristic of samples prepared at intermediate crosslinker content and at low to

moderate initial dilution (A). Increase of CC (B) led to significantly slower creep at

ultra-short time scale. Most particulate gels (D) showed the slowest creep over the

whole time scale. Group C samples with intermediate creep compliance laid in

between groups A and D, or at very low crosslinker content area.
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Figure 10.13 Classification of hydrogels based on dynamic shear properties in

forced oscillation mode. Each point corresponds to hydrogel prepared at given IWC

and CC. Details are explained in the text.
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Figure 10.14 Classification of hydrogels based on creep measurement. Each point

corresponds to hydrogel prepared at given IWC and CC. Details are explained in the

text.
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10.4.2

Unsupervised PCA

In the PCA model built for 33 samples (preparation with water as diluent and

swollen in water) and 19 variables (of the variables listed in Tab 10.1, those related

to preparation conditions, IWC and CC, were excluded), almost 93% of data

variation was accumulated in first 3 principal components PC (Fig. 10.15). Residual

variation was less than expected measurement accuracy, thus 3 first PCs were

included into the PCA model for further analysis.
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Figure 10.15 Variance of the analyzed data matrix captured by subsequent principal

components.
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Figure 10.16 Loadings plots of 19 analyzed variables along PCI1-PC2 (a) and PCI-

PC3 (b).

Analysis of the loading plots (Fig. 10.16) assisted in proper choice of

variables that were most informative to classify the hydrogels according to their

properties. In the loadings plot PCI-PC2 groups of correlated (positively or

126



negatively) and non-correlated variables were revealed. For example, the elastic
shear moduli (red circle) and viscous shear moduli (blue circle) over at least 2
decades of frequency were strongly correlated. Interestingly, their ratios (loss factors,
encircled green) measured at 0.1 and 10 Hz were spread over PC1, which captured
major part of the data variance. This showed the benefit of frequency sweep
oscillation measurements as compared to single-frequency shear, and demonstrated
that the loss factor was definitely among the most informative variables to analyse.

The overall porosity P was positively correlated with the EWC, and both
were negatively correlated with shear moduli and creep compliance Jr. This was also
in line with findings reported in Section 4: more swollen hydrogels were generally
more porous, less mechanically strong, and showed slowest creep.

Creep compliance Jg at 1, 10 and 100 s were strongly correlated in the PC1-
PC2 space, but showed noticeable difference along PC3 (Fig. 10.16b, black circle).
Minimum and maximum creep relaxation times showed similar trend (Fig. 10.16b,
dashed circle). This could possibly mean that PC3 captured difference in long-time
creep behavior, not observed along PC1 and PC2.
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Figure 10.17 Scores plot of the analyzed samples along PCI and PC2. Scores along

PC3 are shown in color mapping.
The major result of PCA leading to samples classification according to

complex of their properties is the scores plot (Fig. 10. 17). The samples in the scores

plot were divided into several groups, consistent with the preparation conditions:
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distribution along PC1 was mainly due to IWC, while PC2 was mainly responsible
for changes related to CC.

Comparison of scores and loadings plots showed how changes in preparation
conditions influenced the properties of final gels. Changing IWC affected mostly
EWC and elastic shear modulus, while CC governed almost solely the loss factors at
1-10 Hz and creep compliance at ultra-short time scale. It should be noted that PCA
brings no new information to the data set; it only extracts most important features
and eliminates noisy (random) variance. Thus, conclusions about influence of
preparation conditions on the properties deduced from loadings and scores plots were
expected to be similar to those obtained from single-variables analysis, but presented
in a convenient graphical form.

Novel information extracted from the PCA plots is that about correlations
between variables. Correlated variables cannot be changed independently within the
scope of the applied synthetic procedure. For instance it is unlikely to prepare
samples with high swelling ability, but low loss factor at low frequencies, or relaxing
fast in creep. On the other hand, uncorrelated variables can be changed
independently, for example, shear moduli and creep rate at short time scale.

5 groups revealed in the scores plot (Fig. 10.17), and their properties from

comparison of scores and loadings plots are listed in Tab. 10.3.

Table 10.3 Classification of hydrogels prepared with water as diluent from the PCA.

Grou Preparation conditions, Characteristic properties (from
p porosity from ESEM loadings plot)
Particulate; prepared with High EWC’ low she?ar moduli, slow
A . creep, high mechanical losses at 0.1
highest IWC Hz
Particulate; prepared with
B higher CC and lower IWC High mechanical losses, slow creep
(compared to A)
Homogeneous and
C intermediate; prepared with | Fast creep and low mechanical losses
relatively low CC and IWC
Homogegeous and . High shear moduli and mechanical
D intermediate; prepared with losses at 1-10 Hz. low EWC
higher CC (compared to C) ’
E Intermediate composition Grouping near the origin of PC1-PC2
space: average properties.
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Location of group E around origin in PC1-PC2 space meant that they did not
show any extreme properties characteristic of any of groups A-D, or these features
were mutually compensated (PCA accounts for all the variables simultaneously, in
complex). Very likely this corresponds to intermediate, transition situations. For
example, samples 40/3 and 50/3 in between groups C and D corresponded to gradual
transition from low-crosslinked to highly crosslinked non-porous samples, with
properties transitional between those characteristic cases. Same was true for samples
in between groups A and C. In this sense group E might represent a set of samples at
the borders of distinct groups. On the other hand, pair of samples (60/4, 70/3) that
were close to zero along PC1 and PC2 showed up unusually high PC3 scores, and
should therefore be assigned to group B. For the same reason (unexpectedly low PC3
score) the 80/0.5 sample likely belonged to the group A

Taking into account these considerations, the classification showed in Fig.

10.18 might be deduced according to the PCA of the studied samples.
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Figure 10.18 Classification of hydrogels based on PCA. Each point corresponds to
hydrogel prepared at given IWC and CC. Details are explained in the text.
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