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ABSTRACT 

 Presented diploma thesis describes the preparation of polyacrylonitrile hydrogels and 

characterization of their physical and chemical properties.  

Theoretical part sums up basic knowledge about hydrogels and polyacrylonitrile . It also deals 

with processing of polyacrylonitrile into reactive form and its alkaline hydrolysis which leads 

to multi-blocks copolymer able to create a three-dimensional network (gel). 

The experimental part presents a characterization of polyacrylonitrile hydrogels (HYPAN) 

prepared by alkaline catalyzed hydrolysis of a reactive form of polyacrylonitrile (aquagel). The 

aquagel was produced by dissolving followed  by an extrusion. The final fiber was processed 

into pellets, which underwent alkaline hydrolysis by sodium hydroxide solution. Hydrolysis has 

carried out under various conditions (temperature, NaOH concentration and reaction time) to 

obtain products with a different degree of conversion of -CN groups. The hydrophobic blocks 

and hydrophilic blocks made by hydrolysis can form a 3D network of various properties 

depending on the ratio between blocks. The hydrogels were prepared from hydrolyzates in an 

alkaline environment. Some of the hydrolyzates have not created hydrogels but only  

suspensions (indecent degree of conversion of -CN groups). Therefore, rheological and optical 

properties were characterized only at samples forming hydrogels.  

By optimization of reaction conditions, multi-blocks copolymers able to create a gel with 

suitable physical properties (viscosity, transparency) were prepared with the potentional used 

in biomedicine e. g. as implants in ophthalmology. 

KEYWORDS 

Polyacrylonitrile, aquagel, alkaline hydrolysis, multi-block copolymers, hydrogels, HYPAN  
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ABSTRAKT 

Předložená diplomová práce se zabývá přípravou hydrogelů odvozených od polyakrylonitrilu 

a charakterizací jejich fyzikálních a chemických vlastností. 

Teoretická část shrnuje základní poznatky z oblasti hydrogelů, a také o polyakrylonitrilu. Dále 

se zabývá možností zpracování polyakrylonitrilu do reaktivní formy, takzvaného aquagelu 

a jeho zásadité hydrolýzy za účelem přípravy multi-blokových kopolymerů schopných tvořit 

3D síť (gel). 

Experimentální část prezentuje výsledky charakterizace hydrogelů z polyakrylonitrilu neboli 

HYPANů, které byly připraveny bazicky katalyzovanou hydrolýzou aquagelu. Aquagel byl 

připraven rozpuštěním a následnou extruzí polyakrylonitrilu. Vzniklé vlákno bylo zpracováno 

do formy pelet, které byly dále užity pro zmiňovanou hydrolýzu. Hydrolýza byla prováděna za 

různých podmínek (teplota, NaOH koncentrace, reakční čas) za účelem přípravy produktů 

s různým stupněm konverze -CN skupiny. Hydrolýzou vytvořené hydrofóbní a hydrofilní 

bloky, mohou zformovat 3D síť o různých vlastnostech, závisejících na poměru mezi počtem 

a délkou bloků. Z hydrolyzátů byly připraveny hydrogely jejichž visko-elastické a optické 

vlastnosti byly dále charakterizovány. 

Optimalizací přípravy bylo dozaženo multi-blokového kopolymeru schopného vytvořit gel 

s vhodnými fyzikálními vlastnostmi. Tento gel může najít uplatnění v medicíně, například jako 

implantáty v oftamologii.   

KLÍČOVÁ SLOVA 

Polyakrylonitril, aquagel, zásaditá hydrolýza, multi-blokové kopolymery, hydrogely, HYPAN 
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THEORETICAL PART 

1 INTRODUCTION 

A biomaterial is defined as any natural or synthetic substance engineered to interact with 

biological systems to direct medical treatment. Biomaterials must be biocompatible meaning 

they perform their function with an appropriate host response. To cover the demand for new 

biomaterials, the full scale of materials is examining (metals, ceramics, polymers).1 

The polymers used in medicine can be divided into 2 major groups. The first one involves 

biodegradable materials, which offer a number of advantages in developing new applications 

such as scaffolds of temporary prosthetics. The second group comprises biostable materials, 

which stay in the place of application permanently.2  

Studied hydrogels derivated from polyacrylonitrile belong to the second group of biomaterials. 

HYPAN hydrogels are distinguished by a physical network of crystalline clusters, which 

replace the covalent network typical of other hydrogels. These type of hydrogels provide 

improved physical properties (water absorption, higher permeability etc.) and can find 

applications in biomedicine such as drug-delivering systems or as dilaters in surgery.3, 4  

The aim of this diploma thesis is to describe the preparation of HYPAN by base-catalyzed 

hydrolysis of polyacrylonitrile in reactive form of aquagel and characterization 

physicochemical properties of prepared hydrogels. 
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2 HYDROGELS  

The hydrogel is a term for three-dimensional network structure of materials derived from 

hydrophilic monomers produced by polymerization of one or more monomers. Hydrogels 

involve interactions such as hydrogen bonding or strong van der Waals interactions between 

polymeric chains having the capacity to absorb a large amount of water and swell greatly in 

aqueous condition without dissolution.5 This characteristic depends on network structure and 

the environment. The water holding capacity of hydrogels increase with a number of 

hydrophilic functional groups, such as -COOH, -CONH2 or -OH, bonded to main chains of 

macromolecules, while their resistance to dissolve is proportional to the crosslinked density 

between the network chains.  Higher network density means lower ability to swell.6 Dried 

hydrogel is called xerogel. According to chemical and physical properties, a xerogel is able to 

absorb from ten up to thousands weight percent of water and therefore increase its volume.7  

2.1 Hydrogels classification 

Hydrogels may be described by many parameters, therefore exist many ways how to classify 

them. The classification of hydrogels is summarised in Table 1.8 More information about 

significant groups of hydrogels is written in the next few chapters. 

Table 1. Classification of hydrogels.8 

Classification Contents 

Origin 
Natural 

Synthetic 

Ionic charge 

Neutral 

Anionic 

Cationic 

Ampholytic 

Water content 

Low swelling 

Medium swelling 

High swelling 

Superabsorbent 

Cross-linking method 
Chemical 

Physical 

Component 

Homopolymer 

Copolymer 

Multipolymer 

Interpenetrating 

Stability 
Biodegradable 

Non-biodegradable 

Responsivity 
Stimuli-responsive 

Non-responsive 
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2.1.1 Classification by origin 

Two types of polymers can be used to produce hydrogels. The first type represents natural 

polymers, which are derived from renewable resources widely distributed in nature, for 

example, alginate or chitosan. The second type of polymers used for hydrogels is based on 

synthetic polymers.  They are composed of monomers which are bonded to macromolecular 

chains. Many of these monomers are carcinogenic or teratogenic, but fortunately, they usually 

lose these properties in the polymeric state. A wide range of monomers allows designing 

hydrogel with required physical and chemical properties. Some synthetic polymers are derived 

from petroleum and the other monomers such as lactic acid are extracted from natural origins 

(e.g. corn and sugarcane). Also, they have a low risk of biological pathogens and they can 

support cellular activities by biocompatibility or biodegradability. A few monomers which are 

most often used for the synthesis of synthetic hydrogels are in Table 2.9  However, there are no 

strict boundaries and it is possible to combine natural materials with synthetic polymers to 

obtain new hydrogel with specific properties.10 

Table 2. A few of the most used monomers  for the synthesis of hydrogels.9 

Monomer Structure 

Acrylic acid 

OH

O  

Vinyl acetate 
O

O

 

Poly(ethylene glycol) O
O

H
H

n  

Dimethylacrylamide 
N

O  

Ethylene glycol 
OH

OH  

2.1.2 Classification by method of preparation  

Hydrogels may be classified as homopolymer hydrogels, which crosslinked network is formed 

from a single hydrophilic monomer type, whereas copolymer hydrogels are produced by 

crosslinking of two or more type of monomer units that at least one of them must be hydrophilic 

to render them swellable. Multipolymer hydrogels are produced from three or more co-

monomers reacting together. Finally, interpenetrating hydrogels are formed by first network 

polymerization, followed by a second network polymerized within an initial polymer network 

without covalent linkages between them. This is typically done by immersing a pre-
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polymerized hydrogel into a solution of monomers and an initiator. The advantage of 

interpenetrating hydrogels is a network with really high density.11 

2.1.3 Classification by cross-linking method 

Chemical cross-linking 

If the crosslinking reaction involves the formation of the irreversible covalent bond, the 

hydrogel is called permanent hydrogel or chemical gel.6 These bonds may be created during 

polymerization or by the cross- or end-linking of previously formed macromolecules, either in 

solution or in the melt. Chemical networks have very characteristic properties, the most relevant 

being rubber elasticity and swelling in aqueous solvents. These properties are influenced both 

by the number of chemical junctions and their spatial distribution. This distribution can be 

uniform, random or cluster. The contribution of cross-links is sometimes difficult to establish 

because of problems controlling chemical reactions and because of natural entanglements of 

chains in solution. Macroscopic properties are also influenced by network defects such as chain 

end or closed loops because they do not contribute to the creation of the network.12 The general 

schema of the chemical network is shown in Figure 1. 

 

 

Figure 1. Schema of hydrogel network. 

Physical cross-linking 

One of the major disadvantages of the synthetic polymer is the usage of crosslinking agents in 

their structure, which must be removed before the application due to their common toxic 

properties.13 Physical crosslinking keeps a network gel by the formation of non-covalent 

crosslinks, hence, there is no need of toxic crosslinkers. Physically crosslinked hydrogels are 

usually easy to prepare and they exhibit a spectacular reversible sol-gel transition depending on 

external stimuli like temperature or pH, which attracts the interest of scientists in last few 

decades.9 A network of the physical hydrogel is not as strong as chemical hydrogel network.  It 

is easy to deform the network under stress without regaining its former shape, but the network 

is reversible, so crosslinks may be renewed for example after heating.12, 14  

Loops 

Dead end 

Chain 

Cross-link 
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There are several ways how to prepare physical hydrogels and some of the most used methods 

are described below. For example, ionic interactions as crosslinking reaction can be used to 

produce polymeric gels by addition of di- or tri-valent counter-ions. This mechanism is widely 

used for crosslinking of alginate by calcium ions.9 

The hydrogen-bonded hydrogel can be obtained by hydrogen bonding between the oxygen atom 

of monomer and the carboxylic acid group of other components.  

Physical network can be also made by heating-cooling cycles between temperatures below and 

above the melting point of the polymer. In some cases, the hydrogel can be obtained by simple 

warming the polymer solutions that cause the block polymerization. Some of the examples are 

polyethylene oxide and polyethylene glycol-polylactic acid hydrogels.15 

2.2 Hydrogels in biomedicine 

There are many advantages in using hydrogels as biomaterials if compared with other polymers. 

As mentioned above synthetic polymers are made of monomers, which are often unhealthy. 

Even that polymerization changes this property, there always left a few non-reacted monomer 

units or additives such as initiators. These usual water dissolving compounds can be removed 

from hydrogels structure by extraction with aqueous solvents because hydrogels are widely 

water permeable.16 This permeability means that hydrogels are not a barrier in the body to 

transport body fluids, nutrients etc.. With the fact that they are soft and hydrated like 

surrounding tissue implants of hydrogels are usually well-tolerated.17  

Structure of hydrogels allows absorbing water what causes swelling and usually softening of 

the surface. This can be used in both ways, at first as adsorptive materials for body fluids or on 

the opposite side as a diluter. 3 

Because of mentioned properties and the possibility to design hydrogels based on different 

requirements, they have found broad application in biomedicine as drug delivery vehicles (e.g. 

chitosan, alginate, gelatine), wound healing coverings (e.g. polyurethanes, hyaluronan gels, 

carboxymethylcellulose gels, polyacrylic acid gels) and tissue engineering scaffolds (collagen, 

polyacrylamide  etc.).1 

Among others, very stable polyacrylonitrile hydrogels having an important biomedical impact 

are described below and studied in the presented thesis. 
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3 HYDROGELS OF POLYACRYLONITRILE 

3.1 Polyacrylonitrile 

Polyacrylonitrile, also known under the abbreviation PAN, is a highly crystalline polymer. The 

only way to produce PAN is by radical polymerization in solution because the polymer 

processing only from solution and monomer is soluble in water. Polymerization scheme is 

shown in Figure 2.18, 19  

CN

CN
n

R

 

Figure 2. Reaction scheme leading to PAN. 

Properties of PAN are caused by freely moving an α-hydrogen atom on the nitrile group, which 

participates in the hydrogen bond between polymeric chains shown in Figure 3. Presence of the 

hydrogen bonds causes low solubility, very low thermoplasticity, and outstanding mechanical 

properties. PAN is soluble only in solvents breaking hydrogen bonds, such as 

dimethylformamide or dimethylsulfoxide.18  

CH2 C

C N

H

H

CCH2

C N  

Figure 3. The hydrogen bond between chains of PAN. 

PAN cannot be melted because its melting point is too similar to point of degradation (about 

350 °C). Black color products with cycle structure are created by the influence of high 

temperature. This phenomenon is used for producing graphite fibers, via Figure 4. 18 

N N N N N

graphite

 

Figure 4. Production of graphite fibers. 

PAN fibers are often used in textile industry, however, because of low affinity to dyes and 

pigments, there are usually used its copolymers with acrylates.18 These copolymers attract 

attention for last fifty years, because of their ability to make hydrogels. Their big advantage is 

good biocompatibility.19  

  



 

14 

 

3.2 Aquagel  

Very reactive state of PAN is referred to as the “aquagel” state or AQG. The term aquagel is 

derived from preparation method. The AQG is a metastable structure in which PAN contains 

water or another PAN non-dissolving liquid. However, AQG is not PAN swollen to 

equilibrium, rather, a decrease of the liquid in the structure is irreversible. There are substantial 

differences in the properties of the AQG state PAN from the solid crystalline, or the dissolved 

or plasticized gel state of PAN.20  

AQG is considered microporous or ultra microporous PAN prepared by coagulation of 

dissolved PAN  in e.g. NaSCN solution, dimethyl sulfoxide or dimethylformamide, but it is 

preferred to use the inorganic salts aqueous solution as a solvent over organic solvents.  The 

concentration of PAN in solution should be between about 7.5–60 wt% and coagulating fluids 

(water) should contain about 1–2.5 wt% of solvent used in the preparation of AQG. However, 

the concentration of this solvent has to be lower than the concentration necessary to dissolve 

the PAN. A large variety of PAN reaction product (tubes, fibers, pellets etc.) can be easily and 

economically produced by solidification from solution. The final state contains about 75 % of 

liquid.21 This inner liquid can be easily replaced by diffusion by different liquid without 

changing properties of AQG. It does not matter if the new liquid is polar (e.g. 

dimethylsulfoxide, glycerol, tetramethylene) or non-polar (e.g. hexane, silicone oil, toluene). 

So, the heterogeneous reaction is no longer limited by the surface of PAN, instead, conversion 

extends throughout the bulk of material.20 

When AQG is initially formed it is amorphous. Due to such condition as heat treatment, aging 

and drying, crystalline domains are formed within amorphous AQG. The advantage of AQG is 

that amorphous phase reacts faster than crystalline. So AQG can be reacted directly by base-

catalyzed hydrolysis to MBAC with long blocks in relatively short time.  It is necessary to keep 

AQG in the liquid because drying is irreversible and PAN loses its high reactivity.20, 21  

3.3  Hydrogels from PAN 

Since covalently crosslinked hydrogels have some inherent problems for some applications, the 

attention of scientist has turned to physically crosslinked hydrogels based on hydrolyzed or 

aminolyzed PAN.4 This type of hydrogel system is known under the trademark HYPANTM, 

which stands for HYdrogel of PolyAcryloNitrile.4  

The essential component of HYPAN of any type is a multi-block copolymer (MBC) containing 

polyacrylonitrile sequences (hard blocks) and sequences of derivates of acrylic acid (soft 

blocks) as seen in Figure 5.22   

 

Figure 5. Schema of HYPAN chain.21 
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Chains of this polymer, therefore, contain more than one block of each kind and the structure 

can be represented by Figure 6,  

CH2 CH

CN

CH2 CH

X
Xi Yi

n  

Figure 6. The general composition of MBC derivated from PAN.4 

where X represents groups derivated from nitrile group (such as amide, carboxyls etc.). It is 

generally accepted that both Xi (hard blocks) and Yi (soft blocks) have essentially first 

Markovian distribution, with the possible exception of those hard blocks where Xi = 1.23, 24 The 

possible deviations from Markovian distribution for MBC are thoroughly covered in the 

literature but they are probably of little practical consequence. 4 

The hydrophobic hard blocks from nitrile units form separate crystalline clusters, which are the 

three-dimensional network foundation. The hydrophilic soft blocks consist of amides, amidines 

and acrylates are able to absorb water and swell. The ratio between the number of blocks 

determines how much water is hydrogel able to hold within destruction of the network. The 

composition of HYPAN in the water environment is in Figure 7.21 

 

Figure 7. The schematic composition of HYPAN in water solution.21 

3.3.1 Hard blocks of HYPAN 

Hard blocks are made of continuous sequences of nitrile units and their molecular weight is at 

least 500 g.mol-1. The amount of acrylonitrile sequence of the multi-block acrylonitrile 

copolymer (MBAC) is from about 75 to 1 weight percent.22 This blocks can build crystalline 

clusters, therefore, the average length of these blocks is not important but the number of 

sequences longer than a certain amount of units. Hard blocks are incompatible with the soft 

blocks, separated into a crystalline phase.21 There are four basic configurations of a crystalline 

phase, which provide materials with different fundamental characteristics. The type of the 

configuration is determined by the number of substituted nitrile groups.4 Configurations of 

crystalline phase are sum up in Table 3. 

Hydrophobic domain 

Hydrophilic domain 
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Table 3. Type of networks in various type of HYPAN and their usage. 

Type of network Usage of HYPAN 

Transient Emulsifier21, base for suppositories 25 

Permanent Urological stents, injectable implants 26 

Continuous Ultrafiltration membranes 4 

Interpenetrating Drug delivery, enzyme stabilization4 

HYPAN with transient networks involves relatively short nitrile blocks forming small clusters 

highly contaminated by hydrated soft blocks. This clusters can be reversibly disassembled 

under high shear or melt at elevated temperature giving HYPAN viscoelastic and thixotropic 

character. Therefore it behaves like injectable diluted solutions of polymer. 3, 4   

Permanent networks are formed by the well-developed crystalline domains, which do not melt 

below a specific temperature. The crystalline clusters are embedded in a continuous amorphous 

phase. These networks can be dissolved by suitable polar solvents, so they are not truly 

permanent.4 

Continuous networks are formed by interconnected fibrillar clusters of a similar order of 

crystallinity as PAN itself, with discrete domains of amorphous blocks excluded around them. 

Such materials are very strong, with low water content in equilibrium and little or no elasticity. 

Their deformation is typically permanent due to the orientation of crystalline phase.4  

Interpenetrating networks are structures where both the crystalline phase and the amorphous 

phase are continuous, in intimate contact but not necessarily connected chemically with each 

other.4 

3.3.2 Soft blocks of HYPAN 

The amorphous blocks of HYPAN are composed of hydrophilic derivates of acrylic acid. 

According to these blocks, HYPAN hydrogels can be cationic, anionic or amphoteric. The final 

properties of hydrogels are determined by the character of crystalline blocks, the composition 

of soft blocks and also by the ratio between the crystalline and amorphous phase.4 The amount 

and composition of hydrophilic soft blocks influence ability to absorb water and swell. The 

more soft blocks are present in the structure, the more the hydrogel can absorb the water.22, 27 

Presence of the polar groups also increases the modulus of elasticity.27  

The composition of soft blocks is depended on the way of preparation of HYPAN (acid- or 

base-catalyzed hydrolysis). In Figure 8 we can see three main derivates of acrylic units, which 

can be formed by hydrolysis of PAN.3 

COOH  CONH 2 
C

NH2
NH

 
Carboxylic group Amidic group Amidines group 

Figure 8. Schematic illustration of acrylic derivates (neutralized state),  which form soft blocks. 
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3.3.3 Physical properties of HYPAN  

It is very difficult to generalize physical properties of HYPAN due to their diversity. The 

physical properties are directly influenced by chemical composition and type of configuration 

of the crystalline phase.  

HYPAN hydrogels are usually insoluble but swellable in water.28 They are generally stronger 

than corresponding covalently crosslinked hydrogels, due to the phase separation in the 

crystalline network. Also, the covalently crosslinked hydrogels rapidly lose their ability to resist 

tension with increasing amount of absorbed water. This phenomenon is also observable at 

HYPAN but losing the strength is significantly slower.4 

The permeability of HYPAN for an aqueous solution is not different than any other hydrogels 

and it has been widely described in the literature. Transport can be realized through the free 

water in hydrogels or penetration through a maze of mobile polymeric chains.29  

Other mechanical properties are too specific for each type of HYPAN, so they cannot be 

generalized.4 

3.3.4 Acid hydrolysis of PAN 

The easiest way how to hydrolyzed PAN is by homogenous acid-catalyzed hydrolysis. Many 

acids were used for this purpose for example formic acid, concentrated aqueous solution of zinc 

chloride or inorganic oxo-acids (nitric acid, sulfuric acid or phosphoric acid).31 

The whole process composed of two steps including dissolving solid PAN in acid, which also 

works as a hydrolytic agent. In the first step, isolated amide groups are formed on the carbon 

macromolecular chain by a slow primary reaction, while in the second step new amide groups 

arise, formed by a much faster hydrolysis of nitrile groups neighboring the amide ones.30 The 

reason for the increased speed of the second step is so-called zipper mechanism.24 The nitriles 

groups already transformed into amide ones are protonated and they have a catalytic function. 

They formed a transition six-member cyclic transition state (glutarimide cycles), which are 

extremely unstable.31  

Clarify the influence of neighboring amide groups leads to using copolymers of acrylonitrile 

and acrylamide in which about 0.01 to about 30 wt% of acrylamide were used. This 

incorporating amide groups into the macromolecular chain in advance of hydrolysis 

significantly shortened the time needed for full hydrolysis. 31   

The other way how to prepare MBAC by acidic hydrolysis is polymerizing acrylonitrile directly 

in an acid agent such an aqueous solution of nitric acid. The polymer is subjected to subsequent 

hydrolysis with the same acid agent without being isolated. 31  

The MBAC prepared by homogenous acidic hydrolysis is composed of nitrile and acrylamide 

groups only, see Figure 9. These groups form blocks, that is the main difference between 

hydrolysis of PAN and copolymerization of acrylonitrile and acrylamide, which leads to 

random copolymer only. Copolymers are unlike MBAC water soluble and no network is 

formed.31 
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AAA BBBB AAAAA BBBBBB AAA  

A  B  

CN  CONH 2 

Nitrile Amide 

Figure 9. The composition of HYPAN prepared by acid-catalyzed hydrolysis of PAN. 

3.3.5 Alkaline hydrolysis of PAN 

The mechanism of alkaline catalyzed hydrolysis of PAN is quite more difficult than acidic 

catalyzed hydrolysis. Even that reaction has been studied for few decades, its mechanism is not 

sufficiently clear.32 The first and the simplest scheme of consecutive transformations of 

functional groups assumed the same course as hydrolysis of low molecular nitriles, see Figure 

10.33  

 

R N R

N
-

OH
OH- H

2
O

-OH- R

NH

OH

R

NH2

O

OH--NH
3

R
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Figure 10. Alkaline hydrolysis of low molecular nitriles.34 

Since this reaction mechanism has not fit the PAN polymer, a few teams of scientists proposed 

new mechanisms, which have been continuously improved.32 One of the most spread 

mechanism is in Figure 11.20, 21 The PAN change color to brown during hydrolysis, which 

should be definitely caused by PAN cyclization. Opposite from acid-catalyzed hydrolysis the 

cyclic intermediates cannot be isolated.32 The base-catalyzed hydrolysis of PAN yielded 

MBAC, which consist of alternating sequences of nitrile groups and sequences containing 

acrylamide, acrylamidine, and acrylic acid salts. Schematic illustration of its structure is shown 

in Figure 12.3  



 

19 

 

NNNNN

OH
-

NNNNN
-

OH

NNNNNOHNNNNNO

OH
-

NNNN
COO

-

NH

OH
-

OH
-

NNNN
COO

-

NH2
OH

NNNN
-COO

-

NH
OH

NNNNH
COO

-

NH2 O

NNN

NH2

COO
-

NH

O

NN
COO

-

NH

NH2

COO
-

NH  

Figure 11. Reaction mechanism of base-catalyzed hydrolysis of PAN.20, 21 
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–BCDC–AAAAA–BCDBBCB–AAAA–CBCDCD–AAAAAAAAA–BCBCCDC– 

–A– –B– 

CN  CONH 2 

Nitrile Amide 

–C– –D– 

COO
-
Na

+

 NH2 NH 

Sodium carboxylate Amidine 

Figure 12. Schematic illustration of HYPAN polymeric chain prepared by base-catalyzed hydrolysis.3, 

21 

This type of HYPAN is amphoteric and depending on pH. HYPAN with ionized carboxylate 

groups and free-base amidine groups is poorly soluble in inorganic solvents, but it is soluble in 

certain inorganic solvents (a concentrated solution of NaSCN). The MBAC at this stage bears 

a negative charge and its fixed charge density is determined by the degree of ionization of 

carboxylate groups. Equilibrium water content and related mechanical properties depend 

primarily on the ratio between hydrophobic and hydrophilic groups.  Hydrogels with long and 

frequent nitrile sequences develop a stable permanent network which is formed by crystalline 

domains. These HYPANs are thermally stable and it is possible to liquefy them by applying a 

high shear. On the other hand, hydrogels with a lower content of nitrile groups organized in 

shorter sequences have a very low degree of crystallinity. These hydrogels with the transient 

network can be reversibly molten or liquefy by high shear.4  

If the HYPAN of Figure 12 is acidified by an excess of aqueous solution of a sufficiently strong 

acid such as phosphoric acid or hydrochloric acid and then its excess is removed by extraction 

with large excess of deionized water until pH rises to a value between about 3 and 4, the 

structure can be modified as is shown in Figure 13.3 
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CN  CONH 2 
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–C´– –E– 

COOH  

H

NH NH

O O

H

+

-

 

Carboxyl Inner salt 

Figure 13. Modification of HYPAN structure after acidification and extraction of an excess of acid.3 

That modification leads to forming an auxiliary network into the hydrophilic amorphous phase, 

which is achieved by forming an internal salt between carboxyl groups and amidine groups. 

This inner salt is stabilized by multiple ionic interactions that can be both inter- and 

intramolecular. Hydration and swelling of HYPAN having this network are much lower than 

hydration of HYPAN shown in Figure 12. However inner salt is stable in a relatively narrow 

pH range only (about 3 - 4). If the pH rises the inner salt decompose and hydrogel changes into 

the structure in Figure 12.3  

It is really necessary to stop hydrolysis at a certain point when amidine groups are present as 

high amount as possible because they form a secondary network. Behind certain point of 

conversion, amidine groups change into amide groups, which do not participate in 

networking.21 The hydrolysis of amidine group is shown in Figure 14. 

NH2 NH

OH-

-NH3

NH2 O  

Figure 14. Hydrolysis of amidine group into an amide group. 
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THE GOAL OF THE WORK 

The main goal of the work is the preparation of transparent hydrogels by base-catalyzed 

hydrolysis from a reactive form of PAN (AQG) for medical application in ophthalmology.  

Optimization of hydrolysis parameters and structure-property relationship characterization 

involve following steps: 

- Study the influence of different hydrolysis parameters like temperature, NaOH 

concentration and reaction time on the process of hydrolysis.  

- Describe physicochemical properties of hydrolyzates. 

- Evaluate visco-elastic properties of prepared hydrogels. 

- Results interpretation. 
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EXPERIMENTAL PART 

3.4 Chemicals 

- Polyacrylonitrile (Mn = 200 000 g·mol-1, MEDICEM Institute s.r.o., Czech Republic) 

- Rhodanide (NaSCN, MEDICEM Institute s.r.o., Czech Republic) 

- Sodium hydroxide (NaOH, micro pellets, p.a., Lach-Ner, s.r.o., Czech Republic) 

- Phosphoric acid (H3PO4, 85 %, p.a., Lach-Ner, s.r.o., Czech Republic) 

- Hydrochloric acid (HCl, 35 %, p.a., Lach-Ner, s.r.o., Czech Republic) 

- Tris(hydroxymethyl)aminomethane (NH2C(CH2OH)3, 99,8 %, Sigma – Aldrich, 

Germany) 

- Deionized water (deionization station at BUT) 

3.5 Preparation of aquagel 

Preparation of aquagel consists of several follow-up steps. The first step is an extrusion of fiber 

following by its processing and finally, storage of AQG in pellets form. 

3.5.1 Fiber extrusion 

At first, the reaction kettle was connected to tempering device and the temperature was set up 

to 70 °C. After 2 hours the temperature of the kettle was stabilized and the solution of rhodanide 

was prepared by dissolving 500 g of NaSCN in 409 ml of deionized water. The concentration 

of rhodanine solution was 55 wt%, which is enough to dissolve the PAN. 125 g of PAN was 

placed into the kettle and poured with rhodanide solution to gain final concentration 12 wt% of 

PAN. The mechanical stirrer was pasted into a kettle to reach approximately 1 cm above the 

bottom. The reaction kettle was sealed by a lid secured with bolts and nuts. After that, the 

stirring device made from desk drill was turned on (Figure 15). The speed of stirring was 

approximately 60 RPM.  

After 30 minutes the stirring was turned off and the lid was opened to check the solution. 

A large amount of material stuck on the wall of the kettle. So it was scraped off with a plastic 

spatula and inserted back into the resulting PAN solution. Then the kettle was sealed again and 

the stirring was turned on again. After another 12 hours, the kettle was open. The undissolved 

substance was loaded onto the walls of the reaction chamber. So it was thoroughly mixed with 

glass stick. The kettle was sealed and the solution was stirred for 30 minutes.  
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Figure 15. Stirring device with reaction kettle and tempering device. 

The final solution was perfectly homogeneous and had yellow-orange color. The solution was 

very dense and its consistency resembled honey-like. The PAN solution was highly 

contaminated by an air bubble, which had to be removed before extrusion.  

The lid with a stirrer was exchanged for the lid with an extension for extrusion and tempering 

device was disconnected from reaction kettle. The solution was left to stand for 5 days and 

checked daily. No change in the amount of air bubble was observed. Therefore the reaction 

kettle was sealed and the air was exhausted from the container by a water pump. It was not 

possible to seal the reaction kettle perfectly so the air pressure was normalized in few hours. 

This procedure was repeated for 4 days until almost all air bubbles were removed from the 

solution and it was ready for extrusion, see Figure 16.  

 

Figure 16. Photo of PAN/rhodanide solution. 
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The extrusion line was assembled from the reaction kettle connected to the central distribution 

of compressed air, nozzle, coagulating bath and pulling device. The nozzle was made of glass 

tube bent at the angle of 90° and its inner diameter was 3 mm. The coagulation bath was 2.5 m 

long tube with drain cock. The schema of the extrusion line is shown in Figure 17 and its photo 

is shown in Figure 18.  

 

Figure 17. Scheme of extrusion line.  

 

Figure 18. Photo of assembled extrusion line. 

When all parts of extrusion line were assembled and the joints of the individual parts of kettle 

and nozzle were secured by metal clamps to avoid loosening the connection hose after 

pressurizing the system, coagulation bath was filled by 15 dm3 of 1% solution of rhodanine. 

Then a pressure of 180 kPa was set on the pressure regulator and the kettle was pressurized. 

PAN solution was slowly pushed from the nozzle. The color changed immediately from 

transparent yellow to opaque ivory. The filament was first pulled manually with a tweezer and 

then attached to the pulling device. The fiber has been broken several times, so it was necessary 

to change air pressure and towing speed. The process was stable at a pressure set on 220 KPa 

and speed of pulling device with 1.5 RPM. The fiber was drawn into a plastic container filled 

with deionized water. The extrusion was carried out for 4 hours, with about 2 dm3 of coagulation 

bath substituted by 2 dm3 of fresh deionized water every 30 minutes to avoid dissolving the 

fiber.  

Input of compressed air 

Pulling device 

Reaction kettle 

Coagulation bath 

Nozzle 

Fiber 

PAN solution 
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The coagulated fiber has been left to stand for 6 days in the container with 10 dm3 of deionized 

water. The whole amount of water was exchanged once a day. Rhodanide solution was slowly 

washed from the fiber and replaced by water. This exchange is realized by diffusion so it was 

important to watch concentration of rhodanide in water. The concentration was monitored by 

UV-VIS spectroscopy. 

3.5.2 Processing of fiber and storage of aquagel 

Extrusion has obtained a fiber of aquagel several meters long which was washed from 

rhodanide. This form was not appropriate for next processing and storage. The fiber was cut by 

laboratory pelletizer SGS 25-E4 (Reduction Engineering SCHEER company, Germany). The 

configuration of pelletizer was set up according to Table 4.  

Table 4. Settings of the pelletizer. 

Rotor 

(tooth) 

Rotor speed 

(Hz) 

Feed roll 

(Hz) 

Fiber diameter 

(mm) 

Pellet length 

(mm) 

12 14 22.14 3 3 

The pellets were transferred into a closable container filled with deionized water. The AQG 

pellets were stored in the dark underwater at the laboratory temperature. 

3.6 Alkaline hydrolysis of PAN 

To produce multi-block copolymer from PAN aquagel was chosen a alkaline hydrolysis. The 

three-way how to achieve product was tried. There are many conditions which affect the course 

of reaction for example temperature, the concentration of hydroxide solution, reaction time etc. 

Some pattern was set up to clarify the influence of these conditions.  

3.6.1 AQG hydrolysis in NaOH solution 

The easiest way how to produce MBAC from aquagel is to treat it in NaOH solution. The 

amount of AQG was removed from the storage container, dried by rolling on filter paper and 

then weighed. About 5 g of the aquagel was transferred to 100 cm3 flask and 50 cm3 of the 

solution of the sodium hydroxide was added. The flask was tempered from outside by water 

bath and the solution with aquagel was stirred by electromagnetic stirrer for a predetermined 

time.  

When the time was gone the stirring was set off and the pellets were filtered through a plastic 

sieve. The remaining solution was used to determination of sodium hydroxide concentration if 

it was possible. After that pellets were dried by rolling on filter paper and weighed. Then were 

transferred to 250 cm3 round bottom flask, where were poured 200 cm3 of 3% solution of 

phosphoric acid. The acid was changed after 30 minutes of stirring and again after 120 minutes. 

The excess of acid solution was removed after next 12 hours by washing pellets in the 200 cm3 

of deionized water. Water was changed after 2 and 4 hours. Pellets were stirred in the water 

overnight. 

Pellets were dried in the hot air laboratory drier for 24 hours at 70 °C. Then was weighed and 

part of pellets was ground to a powder with a ceramic mill. 
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The made reactions are sum up in Table 5. 

Table 5. Summarization of alkaline hydrolysis of aquagel in a solution of NaOH. 

Temperature (°C) 
Ratio PAN/NaOH 

(mol/mol) 

NaOH concentration 

(mol∙dm-3) 
Time (hour) 

25 2/1 0.225 

24 

48 

72 

96 

120 

25 1/1 0.450 

24 

48 

72 

96 

120 

25 1/2 0.900 

24 

48 

72 

96 

120 

35 2/1 0.225 

24 

48 

72 

96 

120 

35 1/1 0.450 

24 

48 

72 

96 

120 

35 1/2 0.900 

24 

48 

72 

3.6.2 Hydrolysis of the AQG  on air 

5 g of AQG dried by rolling on the filter paper was transferred into round bottom flask. The 

50 cm3 solution of sodium hydroxide was added to the flask. The solution was stirred for one 

hour at predetermined temperature. Then the solution of sodium hydroxide was exchanged and 

the content of the flask was stirred for another hour.   

After that, the pellets were filtered through a plastic sieve and transferred to glass closable 

sampler. The temperature of the closed sampler was held by water bath for a predetermined 

time. When the time was gone the 50 cm3 of 3 wt% solution of phosphoric acid were poured 
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into a sampler and the solution was stirred by an electromagnetic stirrer. The acid was changed 

after 30 minutes of stirring and again after 120 minutes. The excess of acid solution was 

removed after next 12 hours by washing pellets in the 50 cm3 of deionized water. Water was 

changed after 2 and 4 hours. Pellets were stirred in the water overnight. 

Pellets were dried in the hot air laboratory drier for 24 hours at 70 °C. Then was weighed and 

part of pellets was ground to a powder with a ceramic mill. 

All reactions performed are shown in Table 6. 

Table 6. Summarization of alkaline hydrolysis of aquagel on air. 

Temperature (°C) NaOH concentration (wt%) Time (hour) 

30 5 

3 

24 

48 

144 

216 

60 10 3 

3.6.3 Hydrolysis of freeze-dried AQG in NaOH solution 

The water from AQG was removed by freeze-drying to give a product as small, very hard 

pellets. These pellets were stored in the desiccator to keep them dry.  

About 5 g of the pellets were transferred to 100 cm3 flask and 50 cm3 of the solution of the 

sodium hydroxide was added. The flask was tempered from outside by water bath and the 

solution with pellets was stirred at speed 250 RPM by electromagnetic stirrer for a 

predetermined time.  

When the time was gone the stirring was set off and the pellets were filtered through a plastic 

sieve. Then were transferred to 250 cm3 round bottom flask, where were poured 200 cm3 of 

3 wt% solution of phosphoric acid. The acid was changed after 30 minutes of stirring and again 

after 120 minutes. The excess of acid solution was removed after next 12 hours by washing 

pellets in the 200 cm3 of deionized water. Water was changed after 2 and 4 hours. Pellets were 

stirred in the water overnight. 

Pellets were dried in the hot air laboratory drier for 24 hours at 70 °C. Then was weighed and 

part of pellets was ground to a powder with a ceramic mill. 

All reactions performed this way are shown in Table 7. 

Table 7. Summarization of alkaline hydrolysis of freeze-dried aquagel in solution. 

Temperature (°C) 
Ratio PAN/NaOH 

(mol/mol) 

NaOH concentration 

(mol∙dm-3) 
Time (hour) 

30 1/1 1.900 

3 

24 

48 
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3.7 Preparation of gels 

 0.1 g of hydrolyzed PAN was put in a vial and supplemented to 10 g by 1 wt% solution of 

tris(hydroxymethyl)aminomethane. The vial was closed and the solution was stirred by an 

electromagnetic stirrer. The egg-shaped stirrer was removed after 24 hours and the vial was 

heated to 70 °C for 90 minutes to homogenize.  

After cooling down at ambient temperature (usually 30 minutes) were samples which made gel 

used for another characterization.  

3.8 Characterization of Aquagel 

3.8.1 UV-VIS spectroscopy 

The remaining concentration of rhodanide in aquagel fiber was determined by UV-VIS 

spectroscopy. The NaSCN and Fe2(SO4)3∙H2O create a dark red complex compound. The 

absorbance of prepared solutions was measured at spectrophotometer Libra S22 (Biochrom, 

United Kingdom) at a wavelength of 485 nm. 

Calibration solutions 

The calibration solutions were prepared in 50 cm3 volumetric flask by dilution 0.1 M solution 

of NaSCN. The final concentrations of solutions were 0; 0.001; 0.005; 0.010; 0.020 M. To each 

flask  0.5 cm3 of 7.5∙10-3 M Fe2(SO4)3∙H2O, 5 cm3 of 5 M HNO3 and 2.5 cm-3 of acetone was 

added by pipette, and then the flask was filled up to the line with deionized water.  

Solutions for washing bath 

The absorbance of the solutions prepared from washing bath for aquagel fiber was measured 

daily. To 50 cm3 volumetric flask was added by pipette 10 cm3 of the bath, 0.5 cm3 7.5∙10-3 M 

Fe2(SO4)3∙H2O, 5 cm3 5 M HNO3, 2.5 cm3 acetone and then the flask was filled to the line with 

deionized water. The final solutions were diluted five times, so the measured absorbance was 

multiply by five. The concentration of NaSCN in the bath was calculated according to equation 

got from linear regression of calibration curve.  

3.8.2 Determining the content of PAN in the AQG 

The AQG is some kind of porous material. So it consists of water and PAN. For the next usage 

was necessary to find out how much PAN it consists in the dry state. Six samples of AQG were 

prepared in total. Three of them were dried by heating up to 110 °C for 24 hours in the 

laboratory vacuum drier VUK-B2V/VU 55 (BMT Medical Technology s.r.o., Czech Republic) 

and the next three samples were dried by lyophilizer Epsilon 2-10D LSCplus (Martin Christ, 

Germany). The content of dry matter was calculated according to Formula 1:  

𝑊𝑃𝐴𝑁 = (1 −
𝑊𝑠𝑎𝑚𝑝𝑙𝑒 − 𝑊𝑑𝑟𝑖𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒

𝑊𝑠𝑎𝑚𝑝𝑙𝑒
) ∙ 100 = (%) 

(1) 

where WPAN is content of PAN, Wsample is the weight of the sample and Wdried sample is the weight 

of the dried sample.  
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3.8.3 Infrared spectroscopy  

To check the composition of the aquagel was used ATR-IR spectroscopy. The sample was 

measured at spectrometer with Fourier transformation Tensor 27 (Bruker, USA) with 

germanium crystal. Spectral range was set up from 4000 to 600 cm-1 and resolution was 

4 cm-1. A number of the scans was 32.  

The aquagel pellets were dried in laboratory hot air oven at 105 °C for 24 hours before 

measuring.  

3.9 Characterization of alkaline hydrolysis of aquagel 

3.9.1 Swelling of pellets 

The hydrolysis of aquagel in the NaOH solution was accompanied by swelling of AQG pellets. 

The swelling ratio was determined by weighing the pellets after sieving through the plastic 

strainer. Pellets were dried by tapping the sieve only because in a certain point of hydrolysis 

they started to be too soft for drying by rolling on filter paper.  

The swelling ratio was determined according to Formula 2: 

𝑆 =
𝑊ℎ𝑦𝑑𝑟𝑜𝑙𝑦𝑧𝑒𝑑 𝑎𝑞𝑢𝑎𝑔𝑒𝑙

𝑊𝑎𝑞𝑢𝑎𝑔𝑒𝑙
 

(2) 

where S is swelling ratio, Whydrolyzed aquagel is the weight of the sample after hydrolysis and Waquagel 

is the weight of the sample.  

3.9.2 Residual concentration of NaOH solutions 

The concentration of NaOH solution after hydrolysis of AQG in the solution was determined 

by acid-base titration of sodium hydroxide to hydrochloric acid. A 1% ethanolic solution of 

phenolphthalein was used as the indicator. The equivalence point can be clearly distinguished 

by changing the coloration of the solution from violet color in an alkaline environment to 

colorless in an acidic environment.    

The chemical reaction between sodium hydroxide and hydrochloric acid is shown in Figure 19. 

NaOH + HCl     NaCl + H2O
 

Figure 19. Chemical equation of reaction NaOH and HCl. 

A 5 cm3 of NaOH solution was transferred by pipette to 25 cm3 volumetric flask after hydrolysis 

of aquagel. The flask was filled to the line with deionized water and the closed flask was shaken. 

7 cm3 of prepared solution was transferred into 3 titration flask and to every one of them was 

added 1 drop of the indicator.  

The solutions were titrated and the concentration of NaOH solution was determined according 

to Formula 3. The final concentration was average of concentration estimated by 3 titrations. 
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𝑐𝑁𝑎𝑂𝐻 =
𝑐𝐻𝐶𝑙 ∙ 𝑉𝐻𝐶𝑙

𝑉𝑁𝑎𝑂𝐻
∙ 𝑓 = (𝑚𝑜𝑙 ∙ 𝑑𝑚−3) 

(3) 

Where cNaOH is a concentration of NaOH solution after hydrolysis, VNaOH is the volume of NaOH 

solution, cHCl is a concentration of HCl solution, VHCl is the volume of HCl solution and f is 

dilution factor.  

The 0.1 mol∙dm-3 solution of hydrochloric acid was used for titration and its exact concentration 

was determined by standardization on sodium carbonate. The methyl-orange was used as an 

indicator. The chemical equation is shown in Figure 20. 

2HCl + Na2CO3      2NaCl + H2O + CO2      
 

Figure 20. Chemical equation of reaction HCl and Na2CO3. 

The exact concentration of the solution of HCl was calculated according to Formula 4: 

𝑐𝐻𝐶𝑙 =
2 ∙ 𝑊𝑁𝑎2𝐶𝑂3

𝑀𝑁𝑎2𝐶𝑂3
∙ 𝑉𝐻𝐶𝑙

= (𝑚𝑜𝑙 ∙ 𝑑𝑚−3) 

(4) 

where cHCl is a concentration of HCl solution, WNa2CO3 is the weight of sodium carbonate, 

MNa2CO3 is the molar weight of sodium carbonate and VHCl is the volume of HCl solution.  

3.10 Characterization of dried HYPAN 

3.10.1 Liquid absorption of pellets  

Dried hydrolyzed pellets of AQG from each sample were transferred into vials and weight. 

Then a 10 cm3 of 1% solution of tris(hydroxymethyl)aminomethane was added into the vials. 

After 6 hours the pellets was toke out of solutions, dried by rolling on filter paper and weight 

again. After that, the pellets were put back into the solution.  This was repeated every 24 hours 

for several days. The measurements were finished when the weight of the sample was stable 

for 2 days or when sample started to degrade. 

The liquid absorption was determined according to Formula 5: 

𝑅 =
𝑊𝑠𝑤𝑒𝑙𝑙𝑖𝑛𝑔 𝑝𝑒𝑙𝑙𝑒𝑡𝑠 − 𝑊𝑠𝑎𝑚𝑝𝑙𝑒

𝑊𝑠𝑎𝑚𝑝𝑙𝑒
∙ 100 = (%) 

(5) 

where R is liquid absorption, Wswelling pellets is the weight of the sample after a predetermined time 

in solution bath and Wsample is the weight of the dry sample.  
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3.10.2 Conversion of -CN groups 

To determine the amount of CN group in the samples were used infrared spectroscopy. The 

samples were measured at spectrometer with Fourier transformation Tensor 27 (Bruker, USA). 

Spectral range was set up from 600 to 4000 cm-1 and the resolution was 4 cm-1. A number of 

scans were 32. 

The samples (powder form prepared from hydrolysis of AQG in NaOH solution) and potassium 

bromide were dried by laboratory vacuum drier at 105 °C in 24 hours. The exact amount of 

sample and KBr was mixed and ground in an agate friction dish. The fine powder was pressed 

into pellets by laboratory press.  

Conversion of -CN groups was quantified by determining the area under its vibration band by 

OMNIC software, which was then related to the weight of sample pressed into pellets, see 

Formula 6. 

𝐶𝐶𝑁 =
(𝐴𝑃𝐴𝑁 𝑊𝑃𝐴𝑁)⁄ − (𝐴𝑠𝑎𝑚𝑝𝑙𝑒 𝑊𝑠𝑎𝑚𝑝𝑙𝑒)⁄

(𝐴𝑃𝐴𝑁 𝑊𝑃𝐴𝑁⁄ )
 

(6) 

Where CCN is the conversion of -CN groups, APAN is the area under the peak of PAN, WPAN is 

the weight of PAN pressed into pellets, Asample is the area under the peak of the sample, Wsample 

is the weight of sample pressed into pellets. 

3.11 Characterization of gels 

3.11.1 Rheology 

The rheological properties of prepared hydrogels were investigated in a dynamic stress-

controlled rheometer AR-G2 (TA Instruments, USA) with cone/plate geometry (angle 2°, 

diameter 40 mm and gap 60 µm). The sample was transferred to the Peltier (temperature control 

system) by micropipette or spatula. The rheometer was prepared to the working position and 

before measurement, the solvent trap was filled with distilled water to prevent evaporation of 

the sample.   

Frequency sweep (angular frequency: 0.4-100 rad∙s-1, temperature: 23 °C), strain sweep 

(strain: 0.4 - 100 %, temperature: 23 °C) and thixotropy tests (temperature: 23 °C and 37 °C) 

were performed. The data were evaluated in Trios software.  

3.11.2 Optical properties 

UV-VIS spectroscopy 

To analyze optical properties of the prepared hydrogels was used UV-VIS spectroscopy V-730 

(JASCO, Japan). The transmittance and absorbance of samples were measured at a wavelength 

from 350 to 800 nm.  
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DISCUSSION 

4 CHARACTERIZATION OF AQUAGEL 

The AQG was used for following experiments so it was important to describe its properties. 

4.1 Rhodanide detection in AQG fiber  

The concentration of rhodanide in aquagel fiber during washing the fiber was measured by  

UV-VIS spectroscopy.  

The list of calibration solutions and its properties is shown in Table 8. The calibration curve 

was compiled based on the measured data, see Figure 21. The dependence of the absorbance on 

the concentration is linear and its equation is also shown in Figure 21. 

Table 8. Properties of solutions used for calibration. 

Solution Concentration of NaSCN (mol∙dm-3) Absorbance 

Blanc 0.000 0.000 

1 0.001 0.038 

2 0.005 0.154 

3 0.010 0.282 

4 0.020 0.556 

 

Figure 21. Dependence of absorbance on the concentration of NaSCN. 

Measured absorbances and calculated concentrations of the bath are summed up in Table 9. 
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Table 9. Measured absorbance of washing bath and calculated concentration of NaSCN. 

Time (hours) Absorbance The concentration of NaSCN (mol∙dm-3) 

24 1.820 0.066 

48 0.515 0.019 

72 0.125 0.004 

96 0.015 0.0002 

120 0.000 0.0000 

144 0.000 0.0000 

 

The concentration of rhodanide declined in time of washing rapidly as is shown in Figure 22. 

Rhodanide was almost washed out after 3 days which means that the washing bath was changed 

2 times. The rhodanide was all removed after 5 days, which means that all rhodanide solution 

in aquagel was exchanged for a deionized water. The water in the bath was exchanged one more 

for sure.  

 

 

Figure 22. The dependence of NaSCN concentration on the time.  

4.2 Determining the content of PAN in the aquagel 

The aquagel was dried by heating and by the freeze-drying. The results of both methods are 

sum up in Table 10 and they were almost the same, but the products looked differently. The 

aquagel dried by freeze-drying was white and opaque (Figure 23a), but the aquagel dried by 

heating was mild yellow and almost transparent (Figure 23b). It means that freeze-drying 
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technique is not that effective for PAN drying as heat-drying since the bonded water within 

PAN sample was removed only when heating was applied. White color shows still some bonded 

water inside the sample forming visible (white) water-polymeric particles, whereas transparent 

pellets from heat-drying represent fully removed water resulting in dry PAN. 

  
a) b) 

Figure 23. Photo of aquagel: a) dried by freeze-drying, b) dried by heat. 

Table 10. The content of dry matter in aquagel. 

Method Sample 
Sample weight 

(g) 

Dried sample 

(g) 

PAN content 

(%) 

Average PAN 

(%) 

Heating 

1 1.0048 0.2243 22.33  

22.45 

 

2 1.0023 0.2215 22.10 

3 1.0076 0.2261 22.44 

Freeze-drying 

1 1.0038 0.2229 22.21  

22.37 

 

2 0.992 0.2271 22.89 

3 1.0049 0.2211 22.00 

The aquagel consisting approximately 77.5 % of water and 22.5 % of polyacrylonitrile. That 

information was used for calculation of the amount of NaOH for hydrolysis.  

4.3 Chemical composition of PAN 

The measured ATR-IR spectrum of aquagel was compared to measured ATR-IR spectrum of 

default PAN, which was used for the preparation of aquagel. Both spectra are shown in Figure 

24. Measured IR spectrum of default PAN and aquagel.  

It can be assumed that preparation of aquagel did not involve any significant chemical reaction 

because spectra of PAN and AQG are almost identical. The little differences could be caused 

by preparation of samples. PAN was measured in powder form, however, AQG was measured 

in form of pellets, so some water could stay locked in inner structure and affect the 

measurement.     
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Figure 24. Measured IR spectrum of default PAN and aquagel. 

Absorption band of strong intensity at 2941 and 2872 cm-1 can be assigned to -CH3 and -CH2- 

group. The strong band at 2241 cm-1 is the response of -CN group. That samples are 

hygroscopic is subjected to the occurrence of the weak band at 1627 cm–1 which belongs to  

-OH group of crystal water. The rest of bands such as 1454 cm-1, 1361 cm-1, 1251 cm-1 and 

1075 cm-1 belong to different modes of vibrations of -CH2 and -CH3 groups.  

 

5 CHARACTERIZATION OF ALKALINE HYDROLYSIS OF AQG 

5.1 Hydrolysis of AQC in NaOH solution 

During the reaction, pellets changeD their color from white through yellow, orange to brown. 

That pointed to running hydrolysis and derivating the -CN groups into cyclic compounds. Also, 

their volume raiseD because they swell, which is connected to releasing of structure and 

creating of 3D network of clusters.  

The speed of this changes depended on sodium hydroxide concentration and the temperature. 

Samples hydrolyzed at a lower temperature (25 °C) with NaOH solution of lower concentration 

(0.225 mol∙dm-3) changed its color very slowly. It was visible circa from 20 minutes of reaction 

and the change of color stopped at bright orange. Also, swelling of pellets was almost 

undetectable, see Figure 25b. However, pellets started to change their color during the first 

10 minutes of reaction at a higher temperature (35 °C) and the final color was brown. Swelling 

of pellets was also quicker and the volume of pellets raised with reaction time, see Figure 25c.   
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a) b) c) 

Figure 25. Demonstration of alkaline hydrolysis of AQG, where a) AQG; b) early hydrolysis stage; c) 

late hydrolysis stage. 

It was assumed that with raising temperature and concentration of NaOH solution the hydrolysis 

is going on quicker. And the degree of conversion of -CN groups is higher for the same reaction 

time, but longer reaction time at higher temperature and concentration led to dissolving of 

pellets (yellow, transparent solution), which meant it was impossible to continue by 

acidification and isolation of the product. So, the series of experiments were not realized with 

longer reaction time. This phenomenon was caused by the too high degree of conversion  

of -CN groups. Thus, an insoluble block copolymer was not formed, but only a random 

copolymer which is soluble in the water solutions. The list of reactions which led to the 

dissolving of pellets is shown in Table 11.  

Table 11. The list of the first reactions which led to the dissolving of product. 

Temperature (°C) 
Ratio PAN/NaOH 

(mol/mol) 

NaOH concentration 

(mol∙dm-3) 

Time 

(hour) 

35 
1:1 0.450 120 

1:2 0.900 72 

The neutralization was accompanied by changing the color of pellets (Figure 26b) to mild 

yellow and the shrinking of pellets (Figure 26c), which was described only visually. The 

discoloration indicated the breakdown of the cyclic compound. The shirking could be caused 

by forming a secondary 3D network consisted of inner salt formed by amidine and carboxylic 

groups, which is a stable in the acidic environment only. Pellets hydrolyzed by concentrated 

NaOH solution for a longer time did not shrink to the origin volume, but they stayed swelled a 

little. That could be caused by decreasing number of amidine groups, which further reacted with 

the NaOH solution to form amide groups. The amide groups are not involved in network 

forming, so the inner structure remains loose. 
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a) b) c) 

Figure 26. The acidification after hydrolysis. a) pellets before acidification, b) pellets after a few minutes 

of acidification, c) pellets after acidification and washing with deionized water. 

Formation of the product after drying depended on the condition prior to drying. If due to 

acidification, the pellets were reduced to almost original volume, small yellow pellets were 

obtained (Figure 27). But if the volume of pellets was significantly higher (experiment 35 °C, 

PAN/NaOH = 1/1, 96 hours and experiment 35 °C, PAN/NaOH = 1/2, 48 hours), the pellets 

were slightly deformed or destroyed and a dried film remained od the slide.   

 

Figure 27. Dried pellets. 

5.1.1 Swelling of pellets during hydrolysis 

One of the ways how to describe the course of the hydrolysis was to estimate the swelling ratio 

of the pellets during hydrolysis. The swelling was almost undetectable during the hydrolysis at 

mild condition (25 °C) by NaOH solution of low concentration (0.225 mol∙dm-3), but it grew 

with raising concentration and reaction time. The swelling ratio steeply raised with higher 

temperature and concentration of NaOH solution as was expected.  
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It was assumed that conversion of -CN groups was quicker at a higher temperature or with more 

concentrated NaOH solution. Therefore the inner structure started to form clusters and three-

dimensional network, which allowed pellets to swell. At mild conditions was hydrolysis slower 

and no such phenomena were observed. 

The swelling was limited by the volume of NaOH solution. The pellets drained all solution 

when the hydrolysis was carried out at elevated temperature or when more concentrated 

solution was used (25 °C, PAN/NaOH = 1/2, 96 hours.; 35 °C, PAN/NaOH = 1/1, 72 hours and 

35 °C, PAN/NaOH = 1/2, 48 hours). The conversion of -CN groups did not stop when all the 

solution was drained. It continued because the sodium hydroxide was only defunded into 

pellets, were further reacted.  

 
Figure 28. Dependence of swelling ratio of pellets on hydrolysis time. 

5.1.2 Residual concentration of NaOH solutions 

The next way how to describe the alkaline catalyzed hydrolysis of AQG was to estimate the 

concentration of NaOH solution. The only slight decrease of concentration of NaOH solution 

in time was occurred, which is shown in Figure 29. And it was partly caused by dilution of 

NaOH solution by water contained in aquagel which was exchanged for sodium hydroxide 

solution by diffusion.  

Surprisingly no effect of elevated temperature was observed and the individual curves of the 

same concentration but different temperature overlapped. Even decrease in concentration was 

almost the same with 0.225 mol∙dm-3 and 0.450 mol∙dm-3 of NaOH solution, slightly more 

significant decrease was observed at hydrolysis by 0.900 mol∙dm-3. 
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This phenomenon supports the idea, that the main role of sodium hydroxide is to catalyze 

hydrolysis and its higher concentration causes reactions with -CN groups at multiple points of 

the polymeric chain.  

 

Figure 29. Dependence of NaOH concentration on reaction time estimated by acid-base titration. 

5.2 Hydrolysis of freeze-dried AQG in NaOH solution 

During the reaction with sodium hydroxide, pellets changed their color from white through 

orange to brown. The reaction was not accompanied by significant swelling of pellets.  

The neutralization was accompanied by changing the color of pellets to yellow, but not all 

pellets changed their color (Figure 30a). Some pellets stayed brown or orange. In some cases, 

the pellets have not changed the color at all (Figure 30b). That indicated that cyclic compounds, 

which usually cause the coloration, were not decomposed. So it was assumed that reaction did 

not follow the theoretical mechanism (Figure 11) and AQG was no longer reactive after freeze-

drying.  

Due to this finding, it was decided to not perform further analysis. The products were used only 

for experiments to create a gel.  
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a) b) 

Figure 30. Demonstration of alkaline hydrolysis of freeze-dried aquagel. Photo of pellets after 

drying: a) reaction time 24 hours, b) reaction time 48 hours. 

5.3 Hydrolysis of AQG on air 

The pellets were swelling during hydrolysis and they also changed their color. The swelling 

ratio was not estimated, because the time which pellets spent in the NaOH solution was equal 

so was swelling.  

Pellets at the vessel wall have gained a darker shade of brown during hydrolysis. That was 

caused because the vessel was heated by water bath from the outside and the walls were warmer. 

The higher temperature catalyzed hydrolysis only of pellets touching the wall. Therefore air is 

not good warm conductor the temperature in the middle of the vessel was slightly lower and 

hydrolysis was slowlier. 

Because of a heterogeneous environment, some pellets have not discolorated during 

neutralization. Due to this finding, it was decided to not perform further analysis. The products 

were used only for experiments to create a gel.  

6 CHARACTERIZATION OF DRIED HYPAN 

The products of alkaline hydrolysis of aquagel in the solution of sodium hydroxide (chapter 

3.6.1) were characterized by IR spectroscopy and their ability to absorb water was also 

estimated. 

6.1 Liquid absorption of pellets  

The ability of HYPAN pellets, prepared by hydrolysis by NaOH solution of the same 

concentration, to absorb alkaline solution is shown in Figure 31-33. The ability of pellets to 

swell raised with temperature, NaOH concentration and time of the hydrolysis. These 

parameters affect the degree of conversion of -CN groups into hydrophilic groups which form 

soft blocks. The ability to absorb liquid of the primary network made of the hard and soft block 

has manifested since a certain point of conversion. The swelling was not almost observed in the 

samples 25 °C, PAN/NaOH = 1/2, 24 and 48 hours and 25 °C, PAN/NaOH = 1/1, 24 hours. 

The conversion was not probably big enough to form a network with the ability to swell.  

The most of samples has stopped to absorb liquid at a certain point – equilibrium. When the 

declination of number of -CN groups was too high, the network did not stand stable and it 

started to degrade.  
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There was detected an anomaly that sample prepared by hydrolysis for 120 hours absorbed less 

liquid than the sample prepared by hydrolysis for 96 hours (25 °C, PAN/NaOH = 2/1 and 1/2). 

It indicated that the optimal ratio between hard and soft blocks has been exceeded and the ability 

of the network to swell declined.  

The expected influence of the secondary network formed by amidine groups and carboxylic 

groups were not observed with exception of series samples 25 °C, PAN/NaOH = 2/1. The speed 

of absorption increased significantly during the experiment which is shown in Figure 31. Such 

a trend was not observed for other samples. That could be caused by the conversion of amidines 

to amides during hydrolysis, so there was a small number of amidine groups to create a network 

or the environment during absorption test was too much basic and the secondary network was 

decomposed to quickly to observe its influence. 

The results of the absorption tests are sum up in Table 12. There is given the maximum 

absorption of samples (R), a time when the maximum was accomplished (Timemax)  and the 

actual state of the samples (Shape stability). Most of the samples stayed in cylindric shaped 

(Stable), but some samples become unstable and started to degrade or dissolve.  

Table 12. The summarization of ability of HYPAN to absorb the liquid. 

Sample R (%) 
Timemax 

(hour) 
Shape stability 

25°C, PAN/NaOH = 2/1, 24 hours 13.53 ± 0.4 144 Stable 

25°C, PAN/NaOH = 2/1, 48 hours 13.89 ± 1.2 144 Stable 

25°C, PAN/NaOH = 2/1, 72 hours 475.96 ± 8.3 120 Stable 

25°C, PAN/NaOH = 2/1, 96 hours 713.28 ± 0.2 96 Stable 

25°C, PAN/NaOH = 2/1, 120 hours 453.25 ± 0.4 96 Stable 

25°C, PAN/NaOH = 1/1, 24 hours 58.95 ± 1.8 144 Stable 

25°C, PAN/NaOH = 1/1, 48 hours 312.82 ± 1.1 144 Stable 

25°C, PAN/NaOH = 1/1, 72 hours 930.17 ± 2.0 48 Stable 

25°C, PAN/NaOH = 1/1, 96 hours 4015.37 ± 63.0 48 Stable 

25°C, PAN/NaOH = 1/1, 120 hours 4533.51 ± 29.6 48 Unstable 

25°C, PAN/NaOH = 1/2, 24 hours 838.44 ± 0.2 96 Stable 

25°C, PAN/NaOH = 1/2, 48 hours 3793.49 ± 55.1 48 Stable 

25°C, PAN/NaOH = 1/2, 72 hours 25240.72 ± 445.7 24 Unstable 

25°C, PAN/NaOH = 1/2, 96 hours 14536.77 ± 280.8 24 Unstable 

35°C, PAN/NaOH = 2/1, 24 hours 25.17 ± 1.8 72 Stable 

35°C, PAN/NaOH = 2/1, 48 hours 408.79 ± 7.1 96 Stable 

35°C, PAN/NaOH = 2/1, 72 hours 726.38 ± 1.4 96 Stable 

35°C, PAN/NaOH = 2/1, 96 hours 1655.25 ± 11.1 72 Stable 

35°C, PAN/NaOH = 2/1, 120 hours 2367.31 ± 35.7 48 Stable 

35°C, PAN/NaOH = 1/1, 24 hours 905.76 ± 9.6 96 Stable 

35°C, PAN/NaOH = 1/1, 48 hours 4741.72 ± 49.2 48 Stable 

35°C, PAN/NaOH = 1/1, 72 hours 25718.13 ± 467.6 48 Unstable 

35°C, PAN/NaOH = 1/1, 96 hours - - Dissolved 
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Continuation of Table 12. 

Sample 
Liquid absorption 

(%) 

Timemax 

(hour) 
Shape stability 

35°C, PAN/NaOH = 1/2, 24 hours 22821.59 ± 173.8 48 Unstable 

35°C, PAN/NaOH = 1/2, 48 hours - - Dissolved 

 

Figure 31. HYPANs liquid absorption. Ratio PAN/NaOH = 2/1. 

  

Figure 32. HYPANs liquid absorption. Ratio PAN/NaOH = 1/1. 
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Figure 33. HYPANs liquid absorption. Ratio PAN/NaOH = 1/2. 

The photos of three different samples after 48 hours in basic solution are shown in Figure 34. 

The samples in the picture a) and b) were stable and were not absorbed more solution after 

48 hours. However, the sample in picture c) was not compact after 48 hours and started to break 

down into smaller parts. 

   
a) b) c) 

Figure 34. Photos of swelled HYPAN samples after 48 hours: a) 25 °C, PAN/NaOH = 1/1, 72 hours; 

b) 25 °C, PAN/NaOH = 1/1, 96 hours and c) 25 °C, PAN/NaOH = 1/1, 120 hours. 

6.2 Conversion of -CN groups 

The results of measurements are sum up in Table 13 and the graphical dependence of conversion 

of -CN groups on hydrolysis time is shown in Figure 35 where single curves represent 

hydrolysis under same conditions. The trend of raising conversion with temperature, NaOH 

concentration and time of hydrolysis was confirmed. Also, the connection between conversion 
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and dissolution of the product was founded. The conversion of -CN groups was almost 1 at 

samples 25 °C; PAN/NaOH: 1/2; 96 hours, 35 °C; PAN/NaOH: 1/1; 96 hours or 35 °C; 

PAN/NaOH: 1/2; 48 hours and that explains that pellets dissolved when the longer time of 

hydrolysis was applied. The hard blocks were too short and there were too few to keep the 

network together. 

The measured spectra of series 25 °C; PAN/NaOH: 2/1 are shown in Figure 36, with raising 

time of hydrolysis the intensity of the peak of -CN groups (2244 cm-1) got lower, but the peaks 

of different functional groups appeared. The peaks of amidic -NH2 group are in  

3510-3050 cm-1, some peaks at that region can be attached to a =NH group (3500-3300 cm-1). 

The peaks of carboxylic groups are in region 1705-1720 cm-1.  

The rest of spectrums of each series are shown in Appendix 1-5. The same phenomenon can be 

observed but it is more pronounced because the speed of conversion was higher. 

Table 13. Properties of KBr pellets for MIR-IR spectroscopy and its results. 

Sample Weight of sample (mg) CN conversion 

25 °C, PAN/NaOH: 2/1, 24 hours 0.0205 0.373 

25 °C, PAN/NaOH: 2/1, 48 hours 0.0202 0.503 

25 °C, PAN/NaOH: 2/1, 72 hours 0.0202 0.551 

25 °C, PAN/NaOH: 2/1, 96 hours 0.0201 0.673 

25 °C, PAN/NaOH: 2/1, 120 hours 0.0204 0.740 

25 °C, PAN/NaOH: 1/1, 24 hours 0.0200 0.591 

25 °C, PAN/NaOH: 1/1, 48 hours 0.0206 0.700 

25 °C, PAN/NaOH: 1/1, 72 hours 0.0200 0.746 

25 °C, PAN/NaOH: 1/1, 96 hours 0.0205 0.808 

25 °C, PAN/NaOH: 1/1, 120 hours 0.0206 0.856 

25 °C, PAN/NaOH: 1/2, 24 hours 0.0203 0.836 

25 °C, PAN/NaOH: 1/2, 48 hours 0.0200 0.894 

25 °C, PAN/NaOH: 1/2, 72 hours 0.0201 0.902 

25 °C, PAN/NaOH: 1/2, 96 hours 0.203 0.998 

35 °C, PAN/NaOH: 2/1, 24 hours 0.0199 0.670 

35 °C, PAN/NaOH: 2/1, 48 hours 0.0200 0.718 

35 °C, PAN/NaOH: 2/1, 72 hours 0.0203 0.749 

35 °C, PAN/NaOH: 2/1, 96 hours 0.0204 0.779 

35 °C, PAN/NaOH: 2/1, 120 hours 0.0203 0.788 

35 °C, PAN/NaOH: 1/1, 24 hours 0.0203 0.758 

35 °C, PAN/NaOH: 1/1, 48 hours 0.0204 0.774 

35 °C, PAN/NaOH: 1/1, 72 hours 0.0199 0.947 

35 °C, PAN/NaOH: 1/1, 96 hours 0.0201 0.994 

35 °C, PAN/NaOH: 1/2, 24 hours 0.0204 0.892 

35 °C, PAN/NaOH: 1/2, 48 hours 0.0206 0.999 

PAN 0.0204 - 
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Figure 35. Dependence of conversion of -CN groups on time of hydrolysis.  

 

 

Figure 36.The MIR-IR spectrum of series 25 °C; PAN/NaOH: 2/1. 
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7 PREPARATION AND CHARACTERIZATION OF GELS 

Not all samples were able to form a gel in a water solution of a base. This ability is perhaps 

connected with a degree of conversion of -CN groups and forming a multi-block copolymer. 

The AQG hydrolyzed at mild condition (25 °C; PAN/NaOH: 2/1) created the only suspension. 

The first sample which created gel was 35 °C; PAN/NaOH: 1/1; 120 hours. The number of 

samples from every series which formed gel increased with raising conditions (temperature, 

NaOH concentration and hydrolysis time).  

The list of samples which formed a gel is listed in Table 14 and their photos are shown in Figure 

37. 

Table 14. List of the samples which turned into a gel in 1% THMAM solution. 

Sample Figure 

25 °C; PAN/NaOH: 1/1; 120 hours a) 

25 °C; PAN/NaOH: 1/2; 48 hours b) 

25 °C; PAN/NaOH: 1/2; 72 hours c) 

25 °C; PAN/NaOH: 1/2; 96 hours d) 

35 °C; PAN/NaOH: 2/1; 96 hours e) 

35 °C; PAN/NaOH: 2/1; 120 hours f) 

35 °C; PAN/NaOH: 1/1; 48 hours g) 

35 °C; PAN/NaOH: 1/1; 72 hours h) 

35 °C; PAN/NaOH: 1/1; 96 hours ch) 

35 °C; PAN/NaOH: 2/1; 24 hours i) 

35 °C; PAN/NaOH: 2/1; 48 hours j) 

 

   
a) b) c) 

Figure 37. Photos of gels prepared from dried HYPANs samples. 



 

48 

 

   
d) e) f) 

   
g) h) ch) 

  

 

i) j)  

Figure 37. Continuation of photos of prepared gels from dried HYPANs. 

7.1 Optical properties of gels 

Due to possible applications of these type of hydrogels in ophthalmology, it was necessary to 

describe their optical properties. The hydrogels prepared from samples of lower conversion of 

-CN groups released less of light than hydrogels prepared from samples of higher conversion. 

That could be caused by the creation of 3D network from crystalline clusters (hard blocks from 

nitrile groups). The lower conversion means the bigger number of -CN groups and longer 

blocks and the bigger clusters absorb more light.  

The individual curves in Figure 38 represent the dependence of transmittance on the wavelength 

of light. The hydrogels absorb less at the region of wavelength of visible light than at region of 
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UV radiation. The permeability for UV radiation of materials decreases under 20 % so they can 

partly protect from the influence of UV radiation. 

 

Figure 38. Dependence of transmittance of hydrogels on wavelength. 

All of the hydrogels stayed slightly yellow and the scale of their color is shown in Figure 39 by 

the system of color means constants a, b and L. The a, b put together color by coordinate system 

and L gives the transparency. The labeling of the samples is shown in Table 15. The coloration 

can be caused by the incomplete disintegration of complex compounds created during the 

hydrolysis. 

Table 15. Labeling of samples at color scale (Figure 39 ). 

Sample Labeling in Figure 38 

25 °C; PAN/NaOH: 1/1; 120 hours a) 

25 °C; PAN/NaOH: 1/2; 48 hours b) 

25 °C; PAN/NaOH: 1/2; 72 hours c) 

25 °C; PAN/NaOH: 1/2; 96 hours d) 

35 °C; PAN/NaOH: 2/1; 96 hours e) 

35 °C; PAN/NaOH: 2/1; 120 hours f) 

35 °C; PAN/NaOH: 1/1; 48 hours g) 

35 °C; PAN/NaOH: 1/1; 72 hours h) 

35 °C; PAN/NaOH: 1/1; 96 hours ch) 

35 °C; PAN/NaOH: 2/1; 24 hours i) 

35 °C; PAN/NaOH: 2/1; 48 hours j) 
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a 
 

Figure 39. Colors of prepared hydrogels.  

7.2 Rheology 

The prepared hydrogels are non-newtonian materials. It was proven by performing frequency 

sweep. The hydrogels behaved like visco-elastic materials with the wide linear region in the 

measured interval of angular frequency. The complex viscosity of samples was decreasing with 

rising frequency. The graphical results of frequency sweep for samples of series 25 °C; 

PAN/NaOH: 1/2 are shown in Figure 40. The rest of results get from frequency and strain sweep 

are shown in Appendix 6-13. 

 

Figure 40.The results of frequency sweep of hydrogels of series 25 °C, PAN/NaOH: 1/2. 
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The properties of the 3D network formed by clusters from hard and soft blocks of copolymer 

predetermine the stiffness of the hydrogel. The way how to compare individual samples was 

performed the strain sweep that provided values of storage modulus (elastic component) and 

loss modulus (viscous modulus). The samples with higher storage modulus have firmer 

structure. This modulus changed with different degree of conversion of -CN groups. The raising 

conversion has a positive influence on storage modulus,  but only to certain point. After that, 

the solidity of structure starts to decrease. This phenomenon is shown in Figure 41, where the 

strain sweep of samples of series 25 °C; PAN/NaOH: 1/2 are shown. The hydrogel prepared by 

hydrolysis for 72 hours had higher storage modulus than hydrogel prepared by hydrolysis for 

48 hours and sample after 96 hours long hydrolysis had lower storage modulus. That indicated 

that hydrolysis longer than 72 hours under the same conditions led to either too few hard blocks 

or to too short blocks for forming the stronger network. 

 

Figure 41. The strain sweep of hydrogels from series 25 °C; PAN/NaOH: 1/2. 

The all prepared hydrogels are thixotropic at 23 °C and 37 °C. The dependence of shear rate on 

the shear stress of sample 25 °C; PAN/NaOH: 1/2; 48 hours is shown in Figure. 42. The rest of 

tests of thixotropy are shown in Appendix 14-21. All samples are more thixotropic at 23 °C 

than at 37 °C due to the influence of the temperature on the firmness of the network. The clusters 

can be more mobile, so the strenght of the bonding decreases. Also the gels with higher modulus 

of elasticity are more thixotropic, which is also connected with strenght of the network.   The 

firmer network is more resistant to the higher shear rate and the deufalt state is recovered faster.  

This phenomenon is shown in Figure 42 and 43. 
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Figure 42. The test of thixotropy of sample 25 °C; PAN/NaOH: 1/2; 48 hours. 

 

Figure 43. The test of thixotropy of sample 25 °C; PAN/NaOH: 1/2; 72 hours. 
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CONCLUSION 

The AQG was prepared by extrusion of PAN and processed into pellets. It is a very reactive 

form of PAN containing only about 22.5 % of PAN, the rest is water. The main advantage of 

this type of material is its reactivity, easy to manage and it can proceed into various shape (in 

our case cylindric pellets). The fact that PAN was not in powder form made possible to perform 

hydrolysis and isolate the product. The prepared AQG was characterized via ATR-IR 

spectroscopy to eliminate the possibility that it changed its chemical composition during the 

proceeding.  

The base-catalyzed hydrolysis of AQG was carried out under various conditions. The 

hydrolysis of freeze-dried AQG and hydrolysis of AQG on air by sodium hydroxide were due 

to the heterogeneous products and their incapacity to form a gel in water solution evaluated as 

the inappropriate way how to produce multi-blocks copolymer derivated from PAN. The most 

successful way how to produce MBAC able to create gel was washing the wet AQG by NaOH 

solution to keep its highest reactivity. The reaction was carried out under different temperature, 

NaOH concentration and reaction time. All these parameters have a major influence on speed 

and degree of conversion of -CN group into its derivatives. The declination of -CN groups was 

estimated by MIR-IR spectroscopy. The conversion was equal to 33.7%  if the hydrolysis was 

carried out under the mild condition and 99.9% when the temperature, NaOH concentration and 

hydrolysis time were higher. 

The ability to form a gel in water solution proved the samples with the conversion of -CN 

groups over 77,9 % only. The prepared gel had different optical and visco-elastic properties. 

The transparency of gels raised with the conversion of -CN groups, because clusters forming 

crystalline domains were smaller. This phenomenon was accompanied by raising ability to 

absorb water and swell. All prepared gels were thixotropic at 23 °C even at 37 and visco-elastic 

in tested range of frequencies. The firmness of network decreased when conversion of -CN 

groups crossed the optimum. 

The prepared hydrogels with appropriate optical and visco-elastic properties can find the 

applications in the medicine e.g. in ophthalmology. 
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APPENDIX 

 

Appendix 1. The MIR-IR spectrum of series of samples 25 °C; PAN/NaOH: 1/1. 

 

Appendix 2. MIR-IR spectrum of series of samples 25 °C; PAN/NaOH: 1/2. 

6001 0001 4001 8002 2002 6003 0003 4003 800

A
b

so
rb

an
ce

Wavenumber (cm-1)

PAN 24 hours 48 hours 72 hours 96 hours 120 hours

6001 0001 4001 8002 2002 6003 0003 4003 800

A
b

so
rb

an
ce

Wavenumber (cm-1)

PAN 24 hours 48 hours 72 hours 96 hours



 

63 

 

 

Appendix 3. The MIR-IR spectrum of series of samples 35 °C; PAN/NaOH: 2/1. 

 

Appendix 4. The MIR-IR spectrum of series of samples 35 °C; PAN/NaOH: 1/1. 
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Appendix 5. The MIR-IR spectrum of series of samples 35 °C; PAN/NaOH: 1/2. 

 

Appendix 6. The results of frequency sweep of hydrogel 25 °C, PAN/NaOH: 1/1; 120 hours. 
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Appendix 7. The results of frequency sweep of hydrogels of series 35 °C, PAN/NaOH: 2/1. 

 
Appendix 8. The results of frequency sweep of hydrogels of serie 35 °C, PAN/NaOH: 1/1. 
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Appendix 9. The results of frequency sweep of hydrogel 35 °C, PAN/NaOH: 2/1; 24 hours. 

 

Appendix 10. The strain sweep of hydrogel 25 °C; PAN/NaOH: 1/1; 120 hours. 
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Appendix 11. The strain sweep of hydrogels from serie 35 °C; PAN/NaOH: 2/1. 

 

Appendix 12. The strain sweep of hydrogels from serie 35 °C; PAN/NaOH: 1/1. 
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Appendix 13. The strain sweep of hydrogel  25 °C; PAN/NaOH: 1/2; 24 hours. 

 

Appendix 14. The test of thixotrophy of sample 25 °C; PAN/NaOH: 2/1; 120 hours. 
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Appendix 15. The test of thixotrophy of sample 25 °C; PAN/NaOH: 1/2; 96 hours. 

 

Appendix 16. The test of thixotrophy of sample 35 °C; PAN/NaOH: 2/1; 96 hours. 
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Appendix 17. The test of thixotrophy of sample 35 °C; PAN/NaOH: 2/1; 120 hours. 

 

Appendix 18. The test of thixotrophy of sample 35 °C; PAN/NaOH: 1/1; 48 hours. 
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Appendix 19. The test of thixotrophy of sample 35 °C; PAN/NaOH: 1/1; 72 hours.

 

Appendix 20. The test of thixotrophy of sample 35 °C; PAN/NaOH: 1/1; 96 hours. 
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Appendix 21. The test of thixotrophy of sample 35 °C; PAN/NaOH: 1/2; 24 hours. 

 

 

 

0

50

100

150

200

250

300

350

400

0 20 40 60 80 100

S
h
ea

r 
st

re
ss

 (
P

a)

Shear rate (1/s)

Tixotrophy 23 °C Tixotrophy 37 °C


