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INTRODUCTION

Assessment of the current state of the scientific or scientific-technological
problems to be solved.According to a survey of the applicable literature, the strongly
charged or so called “quenched” polyampholytes are a less studied subject in
comparison with annealed polyampholytes [1, 2]. The present study focuses on the
synthesis of linear and crosslinked polyampholytes based on 2-acrylamido-2-methyl-
1-propanesulfonic acid sodium salt-co-(3-acrylamidopropyl)trimethylammonium
chloride (AMPS-co-APTAC). Further study was done on the structure and
morphology, physico-chemical and physico-mechanical properties of quenched
polyampholytes. The complexation ability of strongly charged polyampholytes with
respect to surfactants and dyes is shown. The mechanical and self-healing ability of
polyampholyte hydrogels was improved by the addition of a hydrophilic monomer,
N,N-dimethylacrylamide (DMA), and a hydrophobic monomer, N-octadecyl acrylate
(ODA). Gold nanoparticles were immobilized within the matrix of amphoteric
cryogels, and the catalytic properties of cryogel-immobilized gold nanoparticles in
hydrogenated nitroaromatic compounds were examined.

Basis and initial data. Strongly-charged polyampholytes of linear and
crosslinked structures based on anionic and cationic monomers undergo
conformational and volume-phase transitions and show stimuli-sensitive behavior in
response to temperature, ionic strength, and the thermodynamic quality of solvent.
The isoelectric effect of polyampholytes has been proposed for application in
purification of waste water, as well as separation and purification of proteins. Further,
macroporous amphoteric cryogels could be utilized as flow-through catalytic
reactors.

The general methodology for conducting research included synthetic, physico-
chemical, and catalytic components. The methods utilized include: free radical
polymerization, UV-polymerization, cryopolymerization, gravimetry, volumetry,
ultraviolet, visible and infrared spectroscopy, scanning electron microscopy,
differential scanning calorimetry and thermogravimetry, viscometric method, gel-
permeable chromatography, electrophoresis and dynamic laser light scattering, as
well as compression, tensile and rheological tests.

Justification of the need for research on the topic. This research is
important in furthering the understanding of synthetic polyampholytes. At the
International level, the results of the work may be interesting for specialists engaged
in both the theory and application of polyampholytes. The results obtained can
considerably expand knowledge of synthetic and naturally-occurring polyampholytes
in terms of modeling the behavior of proteins and nucleic acids, enzymatic catalysis,
molecular recognition, and self-assembling, among other areas [1, 3, 4].

From a practical point of view, the antipolyelectrolyte effect can be used for
water desalination and in polymer flooding technology, which is used in increasing
oil recovery in reservoirs.

The fundamental findings of strongly charged polyampholytes may be used for
solving of the following practical tasks:



1)  application of strongly charged polyampholytes as thickeners in saline
media for polymer flooding technology;

2)  desalination of saline water;

3)  purification of wastewater from metal ions, organic dyes, and
surfactants;

4)  separation and purification of proteins and development of drug delivery
systems;

5)  development of thermostable, active, and selective molecularly-
imprinted catalytic systems.

Strong, tough and highly stretchable physically-crosslinked hydrogels and
chemically-crosslinked polyampholyte hydrogels can be used in biotechnology and
medicine. Further, polymapholyte cryogels can be used as flow-through catalytic
reactors [1, 10, 11].

Information about the planned scientific and technical level of
development. In spite of the considerable success of scientists in the synthesis and
characterization of polyampholytes [5-10], in literature the information on strongly
charged polyampholytes is still marginal, except for older publications. As distinct
from weakly charged (or annealed) polyampholytes consisting of ionizable acidic and
basic monomers, in which the net charge and the charge distribution along the chain
are controlled mainly by changing the pH of the solution, the strongly charged (or
quenched) polyampholytes represent fully charged macromolecules prepared from
the charged cationic and anionic monomers retaining, in contrast to annealed
polyampholytes, their respective charges over a wide pH range. In the case of
strongly charged polyampholytes, the electrostatic attraction between oppositely
charged monomers at the isoelectric state is so strong and effective that collapse (or
precipitation) of the macromolecular chains can occur. Aqueous solutions of strongly
charged polyampholytes behave unusually in saline media, and at the isoelectric point
can cause the so-called antipolyelectrolyte effect, thus causing swelling instead of
shrinking, and the isoelectric effect, forcing out previously complexed, or adsorbed,
high- and low-molecular weight ions, such as metal ions, dye molecules, surfactants,
and proteins. Publications on complexation of strongly charged polyampholytes with
respect to metal ions, dye molecules, surfactants, proteins and enzymes have
appeared sporadically. The study of three-dimensional structures of strongly charged
amphoteric gels is absent, except for recent publications, such as that by a group of
Japanese scientists [1].

Conclusions of the patent research. Analysis of the research and patent
literature showed that charged polymers have attracted much attention both
theoretically and experimentally due to their unique properties and technological
importance [11]. They are the most important class of macromolecules due to their
wide range of industrial applications [12]. These types of polymers range from
naturally occurring biopolymers such as proteins and polynucleotides to synthetic
viscosity modifiers and soaps. Therefore, polyampholytes are attractive for tissue
engineering, cryopreservation, and drug delivery. This work involved synthesis of
strongly charged polyampholytes of linear and crosslinked structures, study of their

physico-chemical and physico-mechanical properties, and demonstration of the
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potential application in various areas, such as biomaterials, nanocatalysts and drug
delivery system, among others.

Information about the metrological provision of research. The Institute of
Polymer Materials and Technologies has certified, metrologically-verified methods
for carrying out scientific and applied research in the field of functional polymers, in
order to determine their structure, composition and properties. The certified precision
equipment that was utilized included: Nano-Z590 Malvern Zetasizer (UK), Eclipse
LV150N polarization microscope (Nikon, Japan), Bruker Avance 11l 500
spectrometer, Carry 660 (Agilent, USA) DSC 131 EVO Setaram and TGA «Labsys
EVO» Setaram (France), SEM (Jeol JSM-6490LA, Japan), and texture analyser
TA.XT plus, Stable Micro Systems, (UK). The viscosity of aqueous solutions of
polyampholytes was measured using a Ubbelohde viscometer at room temperature
25%0.1 °C (capillary length of 90 mm, capillary diameter of 0.86 mm, the range of
viscosity measurement is based on the National 40 Standard GOST 10028-81).

The relevance of the research topic. From a scientific point of view, the
qualities of linear and crosslinked amphoteric macromolecules are interesting,
including their ability to adopt globular, coil, helix and stretched conformations, and
to demonstrate coil-globule, helix-coil phase transitions, and sol-gel, collapsed-
expanded volume changes depending on the pH, temperature, ionic strength of the
solution, thermodynamic quality of solvents, and so forth. Synthetic polyampholytes
constantly attract the attention of theorists and researchers because the hierarchy of
amphoteric macromolecules can repeat, more or less, the structural organization of
proteins. That is why the study of polyampholytes falls within several disciplines,
including polymer chemistry and physics, molecular biology, colloid chemistry, and
catalysis.

Complexation of polyampholytes with polyelectrolytes, surfactants, transition
metal ions, and organic ions is important in understanding the problems of the
complementarity of macromolecules and molecular recognition.

Hydrophobically modified polyampholytes containing hydrophobic moieties at
the side chain or in the polymer backbone can self-assemble into micelles, vesicles,
and lamellar aggregates, among others. There are applications in several areas,
including immobilization of metal catalysts, enhanced oil recovery (as pour point
depressants and wax inhibitors), cryopreservation of living cells, and delivery of
drugs, genes and proteins. Water-swollen cross-linked polyampholytes, i.e.
polyampholyte (PA) hydrogels, also exhibit unique features, such as their sensitivity
to pH and salt concentration variations, low toxicity, good biocompatibility, and
similarity to many biological structures. Therefore, they have a variety of applications
including antibacterial, anti-fouling, and in the production of saline-resistant
materials. For instance, PA cryogels exhibit stimuli-responsive behavior and catalytic
properties when metal nanoparticles are immobilized within the cryogel network.

The novelty of the dissertation topic. Polyampholytes are macromolecules
that contain both acidic (anionic) and basic (cationic) monomers in the
macromolecular chain[1]. Proteins containing amino acid residues also belong to
polyampholytes [13]. Conditionally, synthetic polyampholytes can be divided into

three classes: annealed, quenched (or “fully-charged”) and betainic (or zwitterionic).
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Annealed polyampholytes consist of acid-base monomers that are ionized depending
on pH, whereas quenched polyampholytes containing strongly charged cationic and
anionic monomers retain their respective charges independently of pH. Betainic
polyampholytes are macromolecules containing identical numbers of acid-base (or
fully charged anionic-cationic) species in the same monomer units[1, 2, 11, 13, 14].
The macromolecules that exist via compensation of the cationic-anionic monomer
pairs without counterions are also zwitterionic polymers.The behavior of
polyampholytes in solution is controlled by either attractive or repulsive interactions
between the positively and negatively charged groups. If the overall charge of
polyampholyte is positive or negative, the electrostatic forces between monomers
become repulsive, and the polymer chain extends and adopts a necklace-like
conformation in dilute solution. If polyampholytes contain equal numbers of
positively and negatively charged groups they collapse due to attractive forces
between opposite charges. In a particular case, called the isoelectric point (IEP), the
overall charge of polyampholytes tends to be zero.

For the first time, charge-balanced and charge-imbalanced quenched
polyampholytes of linear and crosslinked structures based on anionic monomer — 2-
acrylamide-2-methylpropane-1-sulfonic acid sodium salt (AMPS) and cationic
monomer — (3-acrylamidopropyl) trimethylammonium chloride (APTAC) have been
synthesized. They were analyzed using H' NMR, FTIR, GPC, DLS, DSC,
viscometry, swelling-deswelling experiments, and mechanical tests.

Charge-balanced and charge-imbalanced quenched polyampholytes (QPAS)
were found to exist in core-shell state and exhibit antagonism in aqueous-salt
solution. Addition of low-molecular-weight salts tends to shrink the shell,
polyelectrolyte, region and to swell the core, polyampholyte, region. Such
antagonism between polyelectrolyte and polyampholyte effects can take place at
relatively high ionic strengths.

The complexation of charge unbalanced linear and crosslinked polyampholytes
was studied in aqueous solution with respect to ionic dyes and surfactants.
Complexation of QPAs was found to occur with the anionic surfactant, sodium
dodecylbenzenesulfonate (SDBS) and the cationic surfactant, cetyltrimethyl
ammonium chloride (CTMAC), and is accompanied by changes in turbidity, zeta-
potential and average hydrodynamic diameter of colloid particles, while
complexation of AMPS-APTAC hydrogels with SDBS and CTMAC is accompanied
by gradual shrinking of samples due to binding of anionic and cationic surfactants
with excessive anionic and cationic groups of hydrogels.

For the first time, hydrophobically modified quenched polyampholyte
hydrogels were prepared via micellar polymerization of cationic and anionic
monomers in the presence of the hydrophobic monomer ODA. Hydrogels containing
60-90% water sustain a high tensile strength (up to 202 kPa) and exhibit a high
stretchability (up to 1239%), demonstrating much better mechanical properties in
comparison with corresponding non-swolen ones. Cut-and-heal tests revealed that
non-swolen hydrogels exhibit a healing efficiency of 90£10% of their original
Young’s modulus.
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Macroporous amphoteric cryogels of annealed and quenched types were
initially prepared, then gold nanoparticles were immobilized inside of the porous
structure. Afterwards, the system was used as an effective flow-through catalytic
reactor for hydrogenation of nitroaromatic compounds into corresponding
aminoaromatic derivatives, with high conversion and low activation energy.

Relationship of the present research with other work. The research was
carried out in the framework of grant project Ne AP05131003 of the Ministry of
Education and Science of the Republic Kazakhstan: “Fundamental Problems of
Strongly Charged Polyampholytes at the Isoelectric Point” (2018-2020).

The purpose and tasks of the research. The research work was aimed at
synthesizing strongly charged linear polyampholytes, hydrogels and cryogels, and to
study their physico-chemical, physico-mechanical, complexation and catalytic
properties.

Main tasks of the research:

— synthesis of strongly charged polyampholytes of linear and crosslinked
structure and study of their physico-chemical properties;

— study of the hydrodynamic, conformational, and volume-phase
properties of polyampholytes in mediums of varying pH and ionic strength, and in
mixtures of water-organic solvents;

— study of the complexation properties of polyampholytes with respect to
dye molecules and surfactants;

— Synthesis of highly stretchable polyampholyte hydrogels by adding
DMA monomer, and study of the the mechanical properties;

— synthesis of hydrophobically modified polyampholyte hydrogels by
micellar polymerization, and study of mechanical properties and self-healing
efficiency;

— immobilization of gold nanoparticles in the amphoteric cryogel matrix, and
study of the catalytic properties of cryogel-immobilized gold nanoparticles as a flow-
through type catalytic reactor.

Objects of the research. Polymers of linear and crosslinked structures based
on APTAC, AMPS, MAA, DMAEMA, DMA, ODA monomers.

Main provisions to be defended:

1)  Quenched linear polyampholytes, chemically and physically crosslinked
quenched polyampholyte hydrogels and cryogels based on anionic and cationic
monomers (AMPS and APTAC) were synthesized and obtained

2)  The composition, structure, molecular weights, polydispersity,
conformation, swelling, shrinking, volume-phase behavior, rheology, morphology,
mechanical properties and thermostability of quenched polyampholytes of linear and
crosslinked structure were studied by various physico-chemical and physico-
mechanical methods.

3)  The complexation of linear and crosslinked quenched polyampholytes
with respect to ionic surfactants and dyes were studied,;
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4)  Tough and highly stretchable, chemically and physically crosslinked
polyampholytes, containing hydrophilic and hydrophobic monomers and possessing
self-healing properties were obtained;

5)  Flow-through catalytic reactors based on macroporous amphoteric
cryogels with immobilized gold nanoparticles was developed.

The personal contribution of the author. Consists of the collection, analysis,
and summarization of the available literature on polyampholytes, performing
experiments, and interpreting and discussing the results.

Approbation of work and publications. The results of the work can be found
in 18 publications: 3 publications in journals included in the Scopus database, 2
publications approved by the Committee for Control in the Field of Education and
Science of the Republic of Kazakhstan, 12 abstracts at International and National
Symposia and Conferences, and 1 innovation patent of the Republic of Kazakhstan.

Dissertation structure. The dissertation includes a review of applicable
literature, an explantion of methodology, a discussion of the results, a conclusion, and
a list of available sources. The total volume is __ pages, including _ figures,
tables, and a bibliography of __titles.
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1 STATE OF THE ART OF POLYAMPHOLYTES

1.1 Current state of polyampholytes

Charged polymers have attracted much attention both theoretically and
experimentally due to their unique properties and technological importance [11, 15-
71]. They are the most important class of macromolecules due to their wide range of
industrial applications [12]. These types of polymers range from naturally occurring
biopolymers such as proteins and polynucleotides to synthetic viscosity modifiers and
soaps. lon containing polymers can be classified into two major categories, namely,
polyelectrolytes and polyzwitterions. Polyelectrolytes contain either anionic or
cationic functional groups along the polymer chain, while polyzwitterions contain
both anionic and cationic groups. Common polyelectrolytes include polyacrylic and
polymethacrylic acids and their salts, sulfonated polystyrene, and other strong
polymeric acids and bases [72].

The intra - primarily governs the aqueous solution properties such as viscosity
and hydrodynamic volume of polyelectrolytes and polyzwitterions- and
intermolecular electrostatic interactions that occur among the cations and anions in
aqueous media. In dilute, salt-free aqueous solutions, the coulombic repulsions
between like charges along a polyelectrolyte chain lead to an expansion in the
hydrodynamic volume of the polyelectrolyte coil; however, the addition of
electrolytes like sodium chloride (NaCl) results in coulombic shielding and a
decrease in hydrodynamic volume and thus solution viscosity. This solution behavior
is termed the polyelectrolyte effect [72]. For polyzwitterions, the charges may be
located either on the pendent side chains of different monomer units, or in the case of
some polyesters, polyphosphazene, and polybetaines, one or both of the charges may
be located along the polymer backbone.[11] The distinction between zwitterionic
polyampholytes and polybetaines is not always clear from the literature. The term
polyzwitterion includes all polymers that possess both cationic and anionic groups.
Polyampholytes refers to those polymers that specifically possess charged groups on
different monomer units, while polybetaines refer to those polymers with anionic and
cationic groups on the same monomer unit. In contrast to polyelectrolytes, structure-
property relationships of polyampholytes are governed by coulombic attractions
between anionic and cationic polymer units [72].

The coulombic interactions between positively and negatively charged repeat
units of polyampholytes reduce hydrodynamic volume, as a result of which the
polymer adopts a collapsed or globular conformation in dilute, salt-free aqueous
media [72]. In some cases, the electrostatic interactions are so strong that the polymer
may become insoluble. On adding simple electrolytes like NaCl to a polyampholyte
solution in the dilute regime, the hydrodynamic volume of the polymer coil increases
due to the screening of the intramolecular charge-charge attractions, allowing the
transition from a globule to a random coil conformation. Such a solution behavior is
known as the anti-polyelectrolyte effect and is evidenced by increased polymer
hydrodynamic volume and solution viscosity.

In addition to interactions with small molecule electrolytes, other factors such

as charge density and distribution, charge balance, monomer sequence distribution
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(random, alternating, and block), and the nature of the ionizable groups along the
polymer backbone plays an important role in determining polymer conformation and
rheological behavior of polyzwitterions in aqueous solution [72]. For
polyampholytes, the magnitude of the globule-to-coil transition, the extent of
polymer solubility, and the hydrodynamic volume are typically governed by the
charge density of the system. Larger concentrations of electrolytes are needed to elicit
coil expansion as charge density is increased; however, the magnitude of
hydrodynamic volume increase observed is greater with an increased number of
zwitterionic interactions. As the degree of charge imbalance [73-75] on a
polyampholyte chain increases, the polymer tends to behave in a manner that is more
characteristic of a conventional polyelectrolyte.

Typically, polymers that have random incorporation of charged species exhibit
more profound antipolyelectrolyte behavior than polyampholytes with alternating
incorporation of anionic and cationic groups. This is due to long-range electrostatic
interactions in the random moieties versus the alternating ones, which are governed
by short-range interactions. The solution properties of polyampholytes also depend
on the chemical nature of the charged groups [72]. Polyampholytes bearing strong
acids or salt-like functionalities such as sulfonic acids and quaternary ammonium
ions are generally insensitive to changes in solution pH; thus, the charge balance and
charge density are determined solely by the relative incorporation of the anionic and
cationic monomers. However, in polyampholytes containing weak acid/base
functionalities such as carboxylic acid and primary, secondary, or tertiary amine
groups, the charge density and charge balance of the polymer are determined by the
relative incorporation of the ionizable monomers. An example is that of a
polyampholyte containing equimolar amounts of a carboxylic acid and quaternary
ammonium functional groups. At low pH, this polymer behaves as a cationic
polyelectrolyte due to an overall net charge that is a result of virtually no ionization
of the acidic groups.

As the solution pH is raised, these groups are ionized, eventually establishing a
charge balance, at which point the polymer exhibits polyampholyte behavior. For
polyampholytes in which the amphoteric repeat units (for example, in monomers
containing carboxylic acid units) are present more than permanently charged repeat
units, polyampholyte behavior is observed at the isoelectric point (IEP). The
isoelectric point (IEP) is defined as the pH at which the number of cationic and
anionic groups are equal. As the solution behavior is adjusted from the IEP,
polyelectrolyte behavior is observed due to the increase in the net charge [72]. The
first study of synthetic polyampholytes was reported by Alfrey, Morawetz, Fitgerald,
and Fuoss in their 1950 article “Synthetic Electrical Analog of Proteins” .

Polyampholytes are interesting for several reasons, not the least of which is the
fact that they are synthetic analogs of naturally occurring biological molecules such
as proteins, and find applications in areas such a lithographic film, formulation of
emulsions and drug reduction. Polyampholytes can be grouped into four subclasses,
based on their responses to changes in pH, as shown in figure 1.1 First; the
polyampholyte may contain both anionic and cationic species that may be neutralized

(1.1a). Secondly, the anionic group may be neutralized, but the cationic groups are
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insensitive to pH changes, for example, quaternary alkylammonium groups (1.1b).
Thirdly, the cationic species may be neutralized, with the anionic groups showing no
response to pH changes, for example, sulfonate groups — which called like highly
charged polyampholytes- (1.1c), and finally both the anionic and cationic species
may be insensitive to changes in the pH of the solution throughout the useful range
(1.1d).

(1.1a). The anionic group may be neutralized, but the cationic groups are
insensitive to pH changes (1.1b). The cationic species may be neutralized, with the
anionic groups are insensitive to pH changes (1.1c). Both the anionic and cationic

species may be insensitive to changes in the pH of the solution (1.1 d).The
polyampholyte may contain both anionic and cationic species that may be
neutralized

Figure 1.1 — Representative structures of the four subclasses of polyampholytes

More reports on the synthesis of polyampholytes first published in the 1950s.
These polyampholytes synthesized via conventional free radical polymerization.
Some examples include methacrylic acid-stat-2(dimethylamino)ethyl methacrylate
copolymers, synthesized by Ehrlich and Doty, acrylic acid-stat-2-vinyl pyridine
copolymers, synthesized by Alfrey and Morawetz, and acrylic acid-stat-2-(
dimethylamino)ethyl methacrylate copolymers reported by Alfrey and Pinner Since
then, numerous researchers have reported on the synthesis and properties of a variety
of statistical polyampholytes

These were block copolymers of 2-vinyl pyridine and trimethylsilyl
methacrylate (TMSMA). Poly(TMSMA) was readily hydrolyzed to poly(methacrylic
acid) using a water/methanol mixture. Subsequently, Varoqui and co-workers
synthesized AB diblock polyampholytes from styrene sulfonate and 2-vinyl pyridine.
Later, Morishima and co-workers reported the synthesis of block copolymers of
TMSMA and p-N,N-dimethylaminostyrene [76]. Creutz and co-workers have
developed the synthesis of block copolymers of methacrylic acid with co-monomers
like dimethylaminoalkyl methacrylates [77]. These were synthesized by anionic
polymerization using tert-butyl methacrylate (tBMA) as the protected precursor to
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poly (methacrylic acid) groups. Until recently, classical anionic polymerization was
the most attractive route to the synthesis of block polyampholytes. Patrickios and co-
workers, in 1994, reported on the synthesis of diblock, triblock, and statistical
methacrylic polyampholytes by employing group transfer polymerization (GTP) [78,
79]. Similar to anionic polymerization, monomers with labile protons, namely
methacrylic acid, could not be directly polymerized, and protected acid monomers
were required. Patrickios and co-workers selected TMSMA and 2-tetrahydropyranyl
methacrylate (THPMA) as protected methacrylic acid (MAA) monomers. TMSMA
was chosen because it is commercial and can easily be converted to MAA, and
THPMA can be converted to MAA under very mild acidic conditions. They
copolymerized the protected monomers with 2- (dimethylamino)ethyl methacrylate
(DMAEMA), and in the synthesis of the triblock copolymers, methyl methacrylate
(MMA) was introduced as the third hydrophobic comonomer. Subsequently, Lowe,
Billingham, and Armes synthesized AB diblock copolymers of DMAEMA with
MAA using THPMA as a protected precursor [80]. The recent developments in
controlled free radical polymerization techniques, such as nitroxide-mediated
polymerization (NMP) [81], atom-transfer radical polymerization (ATRP) [82], and
reversible addition-fragmentation chain transfer (RAFT) [83] polymerization, allow
for direct synthesis of many polyampholytic block copolymers without the need for
protecting group chemistry. McCormick and co-workers have prepared AB diblock
copolymers of DMAEMA with acrylic acid (AA) via RAFT. They also accomplished
the polymerization of sodium acrylate directly in agueous solution via RAFT as well
as the anionic acrylamido monomers, 2-acrylamido-2-methyl propane sulfonic acid
(AMPS) and 3-acrylamido-3-methylbutanoic acid (AMBA). Some typical examples
of polyampholytes are shown in table 1.1.

Table 1.1 - Typical examples of structures of polyampholytes.

Chemical structure Name, Acronym Ref.
polyampholyte cryogels*
[84]
; " ° allylamine-co-acrylic acid-co-acrylamide, P(AA-co-AAc-co-
CH,  COOH CONH, AAm)
b
NH -
. ; ; allylamine-co-methacrylic acid-co-acrylamide, P(AA-co- [85]
CH, COOH CONH, MAA-co-AAM )
L
NH,
COOH [86]
diallylamine-co-acrylic acid, P(DAA-co-AAC)
N
H
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Continuation of Table 1.1

CH; CHa
N,N-dimethylaminoethylmethacrylate-co-methacrylic acid,
?=o COOH P(DMAEM-CO-MAA)
7
CH,
|
CH,
\
Hac/ \CH3
. . . [87]
NM N,N-dimethylaminoethylmethacrylate-co-2-acrylamido-2-
$=o §=° methyl-1-propanesulfonic acid P(DMAEM-co-AMPS)
C:?Hz (I3(CH3)2
oL
. L : [88]
2-acrylamido-2-methyl-1-propanesulfonic acid sodium salt-
c=0 c=o co-(3acrylamidopropyl)trimethylammonium chloride,
L +H P(AMPS-co-APTAC)
(L(CHs)z (TH2)3
éHz ’;‘(CHs)s
éO? Na® Cle
f \ / : [85]
K&O/VNWSO3H Poly[2-(methacryloyloxy)ethyl]dimethyl-(3-
o sulfopropyl)ammonium hydroxide, Poly (
PMODMSPA)
Primary, secondary, tertiary amine and quaternary ammonium groups of
polyampholytes are in red, carboxylic and sulfonic groups are in blue

1.1.1 Annealed polyampholytes

Annealed polyampholytes are copolymers consisting of weak acid/weak base,
strong acid/weak base (or else weak acid/strong base), and strong acid/strong base
monomers in which the net charge and the charge distribution along the chain are
monitored mainly by changing pH of the solution. Typically annealed
polyampholytes consisting of the weak acid and weak base groups are copolymers of
acrylic (or methacrylic) acid and vinyl pyridines, which were first synthesized in the
1950s by Alfrey and Katchalsky as have written before [89, 90]. While copolymers of
vinyl- or styrene sulfonic acid and N-substituted allylamine derivatives belong to
strong acid/strong base polyampholytes. Usually, radical copolymerization of acidic
and basic monomers results in statistical copolymers due to the difference in
reactivity of monomers. A classic example is that of the copolymerization of 2-vinyl
pyridine (a weak base) and methacrylic acid (weak acid), which leads to the
formation of statistical copolymers. A significant influence of salt and hydrogen
bonds form between acidic and basic monomers on the kinetics and mechanism of
radical copolymerization has thoroughly been discussed by Kabanov et al. [91].
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Most of the early studies concerned annealed polyampholytes because of their
analogy with biological molecules, and until recently [92, 93].

1.1.2 Zwitterionic polyampholytes

Polymeric betaines or zwitterionic polyampholytes are polyampholytes whose
oppositely charged groups remote one from another are displaced on one pendant
substituents [80]. When the positive and negative charges are replaced on one
pendant group and form inner salt without counterions they are classified as
ampholytic ionomers. The synthetic strategy of polyampholytes with betaine
structure has been outlined in detail in pioneering works of Salamone et al. .
Polymeric betaines [94] can be synthesized directly by polymerization of betaine
monomers or modification of functional polymers [95, 96] studied the Kinetic
features of the radical polymerization of the betaine type monomers. The rate of
polymerization Rp was found to be proportional to the square root of the initiator and
monomer concentration, which is in good agreement with the general peculiarities of
radical polymerization. The enhancement of the polymerization process in the
presence of salt is accounted for the diminishing of electrostatic repulsion between
the reacting monomers. There are several types of polymers with betaine structure:
poly-carboxy betaines, polysulfobetaines, and polyphosphobetaines. poly(N-
ethyleneglycine) (1), poly[(N-3-sulfopropyl)-N-methacryloyloxyethyl-N,N-
dimethylammonium betaine] (2) and poly(2-
methacryloyloxyethylphosphorylcholine) (3) are typical examples of this kind of
zwitterionic polyampholytes.

The structural similarity of the latter to natural phospholipids is very useful to
model the cell membranes investigated the morphology of giant uni-lamellar
phosphatidylcholine vesicles in solutions of varying pH-gradient across the
membrane and found that raising the pH in the exterior of the vesicles induces
budding.

McCormick et al. [97] described the synthesis of a series of copolymers of
acrylamide (AA) and with a novel carboxy betaine monomers_ The novel carboxy
betaine monomers, 4-(2-acrylamido-2-methylpropyldimethylammonio )butanoate
(AMPDAB) and 6-(2-acrylamido-2 methylpropyldimethylammonio)
hexanoate(AMPDAH) involve the quaternization of the monomeric tertiary amine by
the reaction with ethyl 4-brombutyrate and 6-bromhexenoate. Free radical
polymerization of vinylbenzyl chloride or block copolymerization of vinylbenzyl
chloride and styrene resulted in reactive polymers with narrow molecular weight
distribution and hydrophilic/hydrophobic balance [98, 99]. The further modification
of polymer precursors leads to corresponding amphiphilic polycarboxybetaines
containing a hydrophobic styrene block. Kaladas et. al. [100] described the synthesis
of a series of zwitterionic copolymers based on the copolymerization of N,N-diallyl-
N,N-dimethylammonium chloride (DADMAC) (or N,N-diallyl-N-methylamine
(DAMA with 3-(N,N-diallyl-N-methylammonio)propane sulfonate (DAMAPS) (or 4-
(N,N-diallyl-N-methyl ~ ammonio)butanoate  ~ (DAMAB). A  series  of
polycarboxybetaines and polysulfobetaines with varying distances between the

positively and negatively charged groups were synthesized [101]. The synthesis of
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poly(ampholyte-electrolytes) via hydrolysis of the poly(N,N-diallyl quaternary
ammonium salts), which were prepared from the nonzwitterionic monomer, has been
described by authors [102]. The specific features of these polymers are that they
exhibit both polyelectrolyte and polyampholyte character simultaneously.

By adding AA to a solution of polyiminoethylene or polyiminohexamethylene
both, a protonation and a Michael addition reaction take place simultaneously.
Carboxyethylation reaction proceeding in pure chloroform yields a poly ampholyte
with more than 90% zwitterion structure. Ethyl ester of 3-amino-2-butenoic acid
existing in enamino and imino tautomeric forms has been involved in the
copolymerization process with unsaturated carboxylic acids. The reactivity of ethyl
ester of 3-amino-2-butenoic acid is very low due to the formation of intramolecular
hydrogen bonds that stabilize 1t-conjugated bonds.

1.1.3 Fully charged ““ quenched” polyampholytes.

A typical example of quenched polyampholyte is a copolymer of 2-
acrylamido-2-methylpropanesulfonate (NaAMPS) and 2-acrylamido-2-
methylpropoyldimethylammonium chloride (AMPDAC) (figure 1.2) Salamone et al.
first synthesized cationic-anionic monomer pairs either by neutralization reaction or
by precipitation of charged monomer counterions as silver salt. For instance, the
stoichiometric mixture of 2-methacryloyloxyethyltrimethylammonium iodide
(METMAI) and a silver salt of 2-methcaryloyloxyethanesulfonate (AgMES) gives
Agl as precipitation and METMA-MES as ion-pair monomers in solution (figure
1.3). The polymerization of such ion pairs produces equimolar quenched
polyampholyte without inorganic counterions. Quenched polyampholytes prepared in
solution tend to be alternative because of the strong electrostatic attractive forces
acting between the oppositely charged monomers. Whereas microemulsion
polymerization due to differences in copolymerization mechanism in
microenvironment leads to almost random quenched polyampholytes. A series of
polyampholytes of sodium-2-acrylamido-2- methylpropanesulfonate (NaAMPS) and
2-(methacryloyloxy)ethyl trimethylammonium chloride (MADQUAT) has been
synthesized by free-radical polymerization in aqueous solution and microemulsions
[103, 104]. The microstructure of NaAMPS-MADQUAT copolymers prepared in
microemulsion and inhomogeneous aqueous solution with and without neutral salt
was compared, taking into account their reactivity ratios.
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Figure 1.2 - Structure of quenched polyampholytes based on 2-acrylamido-2-
methylpropanesulfonate (NaAMPS) and 2-acrylamido-2-
methylpropoyldimethylammonium chloride (AMPDAC) [1]
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Figure 1.3 - Structure of 2-methacryloyloxyethyltrimethylammonium iodide
(METMALI) and a silver salt of 2-methcaryloyloxyethanesulfonate (AgMES) gives
Agl as precipitation [1]
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McCormick et al. [105] synthesized a series of low- and high-charge-density
ampholytic copolymers of AMPS and AMPDAC and thoroughly studied their
solution properties. In studied systems, the sulfonate and quaternary ammonium
groups are pH insensitive, and the composition of copolymers exclusively determines
the charge balance of these terpolymers. Low-charge-density polyampholytes were
derived from the polymerization of cationic and anionic monomers with acrylamide
or N-isopropyl acrylamide [106]. For terpolymers, the relationships between the
radius of gyration and molecular weight (R, — M) and between the intrinsic viscosity
and molecular weight ([n] — M) were found. Charge-balanced terpolymers exhibited
antipolyelectrolyte behavior at the isoelectric point (IEP) pH 6.5 + 0.2 while
unbalanced terpolymers exhibited typical polyelectrolyte character. The dilute
solution behavior of the terpolymers is in good agreement with the theoretical
predictions of authors [107].

In general, fully charged polyampholytes prepared in solution from charged
cationic and anionic monomers tend alternation, as a result of the strong electrostatic
attractive [108]forces acting between the opposite charges [109, 110]. However,
microemulsion polymerization leads to almost random polyampholytes, that is, to
copolymers more homogeneous in composition than those prepared in solution. This
result was accounted for by the marked differences in mechanism and
microenvironment between the two processes.

Polyampholyte  hydrogels based on cationic (quaternized N,N-
dimethylaminoethylmetharylate, 2-methacrylamido-2-propyl trimethyl ammonium
chloride) and anionic (2-acrylamido-2-methyl propane sulfonic acid, the sodium salt
of styrene sulfonic acid) monomers represent a new class of tough and viscoelastic
materials that can be tuned to change multiple mechanical properties over wide
ranges. These polyampholyte hydrogels exhibit excellent biocompatibility and anti-
biofouling properties, and due to excellent mechanical properties in physiological
solutions, they have high potential as structural biomaterials in medicine.

Quenched polyampholytes can also be classified as semi-quenched when one
of the monomer units bears permanent charge, while another contains ionizable
acidic or basic group. Typical examples of self-quenched polyampholytes are
copolymers of N,N’-dimethyl-N,N’-diallyl ammonium chloride (DMDAAC) with
acrylic acid (AA)] and maleic acid or alkyl (aryl) derivatives of maleamic acids,
sodium styrene sulfonate (SSS)-4-vinyl pyridine (4VP) [77, 111], etc. Such self-
quenched polyampholytes are pH-responsive and adopt globular or collapsed
confirmation at the IEP when the cationic and anionic charges are fully compensated,
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and the whole macromolecules are quasineutral. According to the literature survey,
the quenched polyampholytes are less considered in comparison with annealed
polyampholytes and polymeric betaines [4].

1.2 Studies of polyampholyte solutions

The conductivity, viscosity, and coil size of weakly hydrophobic
polyampholytes have minima at the isoelectric pH are basic findings for dilute
polyampholyte solutions [112]. Due to the collapse of the polymer coil because of
intramolecular electrostatic attractions between cationic and anionic repeat units
[109]. Hydrophobic polyampholytes [113, 114] precipitate close to the isoelectric pH.
The addition of salt to a nearly charge-balanced polyampholyte increases the
viscosity and coil-size [115]. For polyampholytes with a large net charge, the
viscosity and coil-size decrease as salt are added. In this case, the polyampholyte
behaves as a polyelectrolyte [74]. The viscosity and coil-size in pure water display a
strong minimum as a function of copolymer composition, where positive and
negative charges are balanced. Katchalsky and Miller studied the influence of
oppositely charged groups on dissociation, and they found that increasing the acid
content of their copolymers, caused a larger fraction of the basic monomers to
dissociate at a given pH [11]. As expected, the addition of salt screens the
electrostatic interactions and thus reduces the inductive influence of neighboring
groups. McCormick and co-workers have confirmed many of the classical findings
for dilute polyampholyte solutions, as described above [105, 116, 117].

Modern theories of polyampholytes also expect this behavior, as salt first
screens the charge repulsion on large scales that extends the chain, and only at higher
salt concentration the charge attraction, which compresses the polyampholyte locally,
IS screened, causing the chain to swell [118]. Candau and co-workers explored the
composition distribution of randomly prepared polyampholytes in detail [103, 119].
This paper reports the study of a low charge density terpolymer prepared using
microemulsion polymerization by incorporating acrylamide (AM) as a neutral water-
soluble monomer, along with sodium 2-(acrylamido)-2- methyl propane sulfonic acid
(NaAMPS) and [2-(methacryloyloxy)ethyl]-trimethylammonium chloride
(MADQUAT) as the charged monomers. In a medium of high salt content, the
electrostatic interactions are screened out, and all the chains are soluble. Below a
critical salt content, attractive electrostatic interactions are dominant, and the chains
with a zero or small net charge precipitate due to the polyampholyte effect. The
supernatant contains highly swollen oppositely charged polyampholyte molecules.
The polymer concentration in the supernatant decreases with decreasing salt content,
with increased swelling of chains [118]. Thus, salt can, in some cases, provide a
means of fractionation, in which the neutral chains precipitate. Theory of
Polyampholyte Solutions The properties of polyampholyte chains in solutions
depends not only on the fractions of positively and negatively charged monomers, but
also on the distribution of charged monomers along the polymer backbone [2].
Theoretical models as well as computer simulations of charge-balanced
polyampholytes usually consider ensemble average properties. This corresponds to
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averaging over all possible charge sequences along the polymer backbone with fixed
fractions of charged groups and charge asymmetry.

Consequently, the properties of the whole ensemble of chains are often
represented by the properties of the most probable member, which may not always be
valid. It is for this reason that model random polyampholytes having a random
distribution of compositions are needed to test the theory of polyampholyte solutions.
Random polymerization reactions produce synthetic polyampholytes. Such samples
contain chains with different fractions of positively and negatively charged groups.
The balance of four factors determines the overall size and shape of polyampholytes
in dilute salt-free solutions: (1) the fraction of positive and negative charges on the
chain, (2) the charge sequence, (3) the degree of polymerization, and (4) the ratio of
the Bjerrum length to the monomer size. The Bjerrum length is the distance at which
the electrostatic interaction energy between two elementary charges is equal to the
thermal energy in a medium of a given dielectric constant. As the polyampholyte
chain, approaches charge balance, its collapse into a globule due to intrachain
electrostatic attractions. In polyampholytes with a net charge, the globule elongates
and forms a charge-balanced necklace. For synthetic polyampholytes prepared by
copolymerization reactions, one only has control over the composition of the initial
monomeric mixture. Even for symmetric mixture with equal concentrations of
positive and negative monomers, the individual polymer molecules produced will
have an excess of positively charged groups or negatively charged groups, or be
neutral. The width of the charge asymmetry distribution is determined by the
propagation reaction rate constants between monomers that could favor alternating,
random, or blocky charge sequences. The charge sequence of a polyampholyte chain
consisting of weakly acidic or basic groups can be adjusted by either changing the pH
of the aqueous solution or by imposing an external electrostatic potential, for
example, by placing chains near charged surfaces. Such polyampholytes are called
annealed polyampholytes [2, 112, 120, 121].

A qualitative study of the properties of polyampholyte solutions was reported
by Katchalsky and co-workers [122]. The effect of net charge on the shape of a
polyampholyte chain was studied independently by Kantor, Gutin, and Dobrynin [93,
123, 124]. They found that excess charge deforms the polyampholyte chain into an
elongated globule, whereas fluctuation-induced attraction collapses the chain into a
globule. However, the interplay of globule surface energy and repulsion of the net
unbalanced charge elongates the globule. Applications of Polyampholytes, although
polyampholytes have not been extensively used in commercial applications, their
unusual solution properties present unique opportunities for formulation in the
presence of electrolytes. These include areas such as personal care, enhanced oil
recovery, and flocculation. Water-soluble and water-swelling polyampholytes could
be used in the desalination of water, sewage treatment, flocculation, and coagulation,
drilling fluids, and enhanced oil recovery. The ability of polyampholytes to swell and
be effective viscosity enhancers in high salinity media plays a crucial role in
enhanced oil recovery (EOR) processes. In the recovery of oil from oil-bearing
reservoirs, an important component is the formulation of drilling muds. A

conventional water-based drilling mud formulation includes water, clay such as
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bentonite, lignosulfonate, a weighting agent such as BaSO,, and a caustic material
such as sodium hydroxide to adjust the pH between 10 and 10.5. Amphoteric
terpolymers have been found to act as viscosity control additives for water-based
drilling muds. They are chemically and thermally stable in high ionic strength
environments. The solution viscosity remains essentially invariant to temperature
changes. Terpolymers composed of acrylamide, metal styrene sulfonate, and
methacrylamidopropyltrimethylammonium chloride show improved drag reduction in
water, while efficient drag reduction in a variety of organic solutions was exhibited
by terpolymers of styrene, metal styrene sulfonate, and 4-vinyl pyridine.Protein-
polyelectrolyte complexes have found application for protein separation and enzyme
immobilization. The interaction of proteins with DNA is central to the control of gene
expression and nucleic acid metabolism. One method for protein separation by water-
soluble polyampholytes that have random sequences is based on a selective
complexation of a polyampholyte with a protein that has a net complementary charge.
A prerequisite of the process is that the latter interaction is stronger than that between
other proteins in the same solution. Thus, only one of the proteins will form a
complex with the polyampholyte and phase separate, while the other proteins remain
in the supernatant phase. The resultant protein/polyampholyte assembly can be
removed from the system and redissolved at a different pH. The phenomenon of
adsorption of polyampholytes on a charged surface has great potential because many
biological and technological processes are closely connected with the adsorption
phenomenon [1, 125].

1.3 Interaction of polyampholytes with surfactants, dyes, and behavior in
water-organic mixtures

Many recent studies concern the interaction of ionic surfactants or micelles
[126] with homopolyelectrolytes [127, 128] or anionic surfactants and the natural
polyampholytes, such as gelatin, collagen, and lysozyme [87, 129, 130].

Similar to the interaction of individual polyanions and polycations with
surfactants, cationic detergents form cooperative complexes with acidic groups of
polyampholytes, and anionic ones - with their basic group. Interaction of statistical
copolymer of 1,2, S-trimethyl-4-vinylethynylpiperidinol-4, and acrylic acid
(TMVEP-AA) and the regular copolymer of styrene and N,N-
dimethylaminopropylmonoamide of maleic acid (St-DMAPMAMA) with sodium
dodecyl sulfate (SDS) and cetyltrimethylammonium chloride (CTMACI) has been
studied in water and water-methanol solutions. The addition of detergents leads to the
considerable variation of pH, electroconductivity, turbidity, and viscosity of the
system. This is connected with the formation of compact particles stabilized by
hydrophobic contacts of the long alkyl chain of surfactants. These particles are
preserved in solution with the help of noncomplexing components of copolymers.
The increasing of the reduced viscosity for the system [St-DMAPMAMA] / [SDS]
can be explained by additional adsorption of surfactant molecules to the complex
particles, which lead to recharge of the macromolecules. The conformational
transition from the compact structure of complex particles to expanded one is

observed for the water-methanol mixture. These results are interpreted as follows: up
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to a methanol content in the mixture of 60 vol.%, the compact conformation of the
complex is stabilized by hydrophobic interactions of the nonpolar part of the
surfactant. In the mixture from 60 to 80 vol.%, the complex particles are
cooperatively destroyed due to preferentially solvation of the hydrophobic parts of
the complex by methanol and hydrophilic ones by water [1, 131, 132].

1.4 Polyampholyte hydrogels

1.4.1 General knowledge of quenched polyampholyte hydrogels

PA hydrogels are usually prepared by free-radical copolymerization of cationic
and anionic monomers in the presence of a chemical cross-linker [23, 133]. However,
such chemically cross-linked PA hydrogels exhibit poor mechanical properties such
as a low modulus and tensile strength limiting their load-bearing applications. Gong
et al. synthesized high-strength charge-balanced physical PA hydrogels via random
copolymerization [127, 134] of cationic and anionic ionic monomers at a high
concentration. Formation of ionic bonds of various strengths due to the random
distribution of charges along the polymer chains provided the formation of both
permanent (strong) and sacrificial (weak) ionic bonds creating an effective energy
dissipation that prevents crack propagation [53, 135].

PA hydrogels also exhibit unique features such as their sensitivity against pH
and salt concentration variations, low toxicity, good biocompatibility [32, 136], and
similarity to many biological systems [24, 137] and hence, they have a variety of
applications including antibacterial, anti-fouling, and saline-resistant materials [138,
139].

By selecting the functional groups, polyampholytes have an isoelectric point
(IEP). IEP happens at pH when the whole polyampholyte is charged neutrally.
Furthermore, the IEP is the state where the polyampholyte will have the most
compact conformation due to electrostatic attractions between balanced, opposite
charged functional groups. As the pH increases or decreases from the IEP, the
polyampholytes total charge shifts beyond neutral, creating electrostatic repulsive
forces between similar areas, increasing and expanding polyampholyte. Similarly,
once salt ions occur, ions disrupt electrostatic interactions between oppositely
charged subunit regions. It allows the polyampholyte to swell as shown in figure 1.4.
The degree of pH or salt swelling depends on polymer structure and architecture [11,
140].
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Figure 1.4 - Schematic representation of the impact that changes in pH and
salt concentrations have on electrostatic interactions within a polyampholyte
hydrogel [140].

The important general characteristic of neutral polyampholyte polymers is
their inherent non-fouling properties. Previously, it has been widely shown and
examined that this native resistance to non-specific protein adsorption stems from
the development of a heavy hydration layer due to interactions between the
normal dipole distribution in water and the charged regions of the underlying
polyampholyte substratum. This is important because this non-fouling property is
assumed to contribute to a reduced response to foreign bodies in the in vivo
environment, as seen with similar zwitterionic systems [140-145].

1.4.2 Mechanical properties of quenched polyampholyte hydrogels

Polyampholyte systems composition-dependent tunability also provides a
unigue method to efficiently regulating biomaterials mechanical properties. An
implanted biomaterial mimic needs to facilitate better tissue regeneration and
integration, the tissue's native properties being supplanted [43, 146]. There is, of
course, tremendous variance in tissue mechanical properties, as properties vary from
soft and flexible (skin) to solid, with the ability to absorb impact forces (bone). Even
high water content.

Based on polymer matrix, these sacrificial bonds can be covalent bonds,
hydrogen bonds, ionic bonds, or hydrophobic interactions. Multiple approaches can
also be incorporated into the base matrix, including double network gels, ionically
linked gels, metal ion gelation, and composite gels [53]. The resulting hydrogels from
all these methods show great mechanical strength, heat dissipation, and dispersion to
slow down cracking and crack distribution [147]. The use of a double network
hydrogel consisting of poly(2-acrylamido-2-methyl propane sulfonic acid) and
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poly(acrylamide) was shown to increase compressive fracture pressure from 0.4-0.8
to 17.2 MPa [140, 148].

Nonetheless, with polyampholyte, double-network hydrogels exhibiting
permanent deformation attempts started to use other bond forms that could be reversible
and self-healing. Electrostatic interactions and hydrophobic interactions allowed some
work. Mechanical properties are highly pH-dependent as the interactions that bind the
system together may be weak or strong depending on the monomer charged state. The
substance also swells and drops with pH changes [111, 149]. One research paper added
partially quaternized poly (4-vinylpyridine) to an elastic hydrogel, introducing
electrostatic, hydrophobic, and hydrogen-bonding interactions to dissipate energy

better. It resulted in a 44-1000 J / m? rise in fracture power [140, 150],

For polyampholytes, it is normal to use electrostatic interactions as a secondary
sacrificial bond to toughen materials through the use of opposite-charged functional
groups spread throughout the process. Strong electrostatic interactions serve as
permanent crosslinks and weaker interactions split and restart reversibly [23]. These
bonds can also occur via inter and intra-chain interactions. Polyampholytes and
polyion-complex hydrogels (PIC) all contain opposite charged functional groups and
have the ability to be rough, self-healing. PICs arise from opposite electrostatic
interactions.

Gong et al. prepared high-toughness polyampholyte hydrogels using free-
radical copolymerization of opposite-charged ionic monomers at a high concentration
around the zero net charge point [146, 148]. It has been shown that random charges
contribute to several ionic bonds with a wide distribution of strengths. Although
strong bonds function as permanent cross-links, weak bonds acting as reversible
sacrificial bonds easily break under low stress and thus dissipate energy to prevent
crack spread [151]. Although the hydrogels exhibit high mechanical strength, they do
not display typical swelling characteristics of polyampholyte hydrogels due to their
low water contents, e.g., 52-61 wt.%, and the presence of strong electrolyte
functional groups.

Polyampholytes form the toughest hydrogels near-zero net charge, while PIC
systems can form tough gels in weakly off-balanced compositions. PICs are generally
stronger than polyampholytes when they have the same monomer compositions, as
PIC hydrogels are smaller than polyampholytes [127, 140].

Similar techniques were also used to improve the ionic bonding mechanical
properties of hydrogels. In one example, the removal of co-ions before gelation
facilitated improved ionic bond-forming [148]. In another research, Cui et al.
designed a pre-stretching system where hydrogels are prepared and extended. This
stretching helps to bind chains parallel to each other, as opposed to the original
random alignment when the chains are opposite, tighter ionic bonds, which in effect
strengthens the polyampholyte hydrogel overall [134]. Fang et al. explored a similar
approach to attain a tough and stretchable hydrogel by altering the structure of the
material [140]. Beginning with a protein-based hydrogel, they pressured globular
domain unfolding. The resulting collapse and aggregation of the unfolded material
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make for physical intertwining and electrostatic interactions. The resultant hydrogels
have a low swelling ratio, high stretchability, and durability unique properties [140].

Byette et al. got inspiration from the methods used to bind wet surfaces to
toughen polyampholyte materials. Mussels use byssus, a protein-based material, to
obtain solid surfaces. Byssus has a self-healing ability paired with strength partially
because metal ions form sacrificial bonds with amino acid subunits. Byette et al.
developed and treated the byssus protein hydrolysate with Ca** or Fe**. Fe** films
showed the biggest increase in strength and toughness. Huang et al. used a similar
method, forming a semi-interpenetrating polymer network of carboxymethyl chitosan
(CMCH), acrylamide, and maleic acid with carboxylic—Fe3+ interactions acting as
ionic sacrificial bonds. Through increasing maleic acid ratio and Fe** concentration,
the strongest hydrogels showed 1.44 MPa tensile stress. Additionally, CMCH
provided antibacterial properties against gram-positive Staphylococcus aureus and
gram-negative Escherichia coli [140, 152].

1.4.3 Application of polyampholytes in tissue engineering, cryopreservation,
and drug delivery.

Besides of tunable, sensitive, and non-fouling properties, polyampholyte also
have a high moisture-holding capability that is generally associated with
biocompatibility.

Jian described advances in the application of polyampholyte hydrogels for
bioengineering, and Matsumura developed a nanocomposite hydrogel using COOH-
PLL and synthetic clay laponite XLG, which shows promise as a tissue engineering
scaffold due to its controlled release profiles, good mechanical properties, and cell
adhesion capability [153]. Such gels are cytocompatible and had flexible properties.
Furthermore, hydrogel formulation regulated cell adhesion. When the polymer chains
are covalently cross-linked with PEG-NHS, certain laponite surfaces were covered,
reducing cell adhesion. Conversely, when only mechanically crosslinked hydrogels
PEG-NHS (polyethylene glycol- N-hydroxy succinimide ) existed, there was more
visible laponite surface area, leading to increased cell binding [140].

Another important element of tissue engineering is deep-term scenario cell
survival. This is usually done using cryopreservation in liquid nitrogen cell freezer.
Usually, before freezing, a cryoprotective agent (CPA) is applied to a cell solution to
deter cell death. One of the most widely used CPAs is dimethyl sulfoxide (DMSO),
but it is extremely cytotoxic and must be removed quickly after thawing. DMSO also
mediated the division of many cell types. The need for a modern, more reliable CPA
has motivated work into using polyampholytes for cryopreservation.

Matsumura et al. showed the use of COOH-PLL (carboxylated e-poly-I-lysine)
as a modern CPA for human bone bone-derived mesenchymal stem cells (hBMSCs)
[140, 154].

Depending on the promising COOH-PLL tests, other polyampholytes were also
examined as CPAs. Such experiments were both to extend the CPA formulation
scope and to better understand how polyampholytes protect the cell membrane during
freezing. For one example, 2-(dimethylamino) ethyl methacrylate (DMAEMA) and

methacrylic acid (MAA) are copolymerized for different ratios of monomers [155].
27



Besides, N-butyl methacrylate (Bu-MA) and N-octyl methacrylate (Oc-MA)
hydrophobic groups were inserted into the polymer backbone at 2—10%of the total
monomer number. The range of polyampholyte polymers was checked, and the
subsequent freezing occurred at a total solution polymer concentration of 10%, with
5% consisting of Bu-MA or Oc-MA. Through testing this range of polyampholyte
compounds, cryoprotective properties are strongly correlated with hydrophobicity.
Often  suited for  closely  related  zwitterionic  polymers  3-(3-
acrylamidoproply)dimethylammonio)-propane-1-sulfonate and 2-(2-
methacryloyloxy))-dimethylamino acetate [156]. The zwitterionic  species
cryoprotective capabilities were compared to poly(MAA-DMAEMA), not exhibiting
comparable cell viability, giving more insight into the preservation process. Through
these experiments, it was concluded that the cryoprotective property is the result of
strong interactions between the polyampholyte CPA and the cell membrane, strongly
accompanied by minimal hydrophobic interactions [140, 155, 156].

Kudaibergenov et al. also used several guest molecules to characterize N,N-
dimethylaminoethyl —methacrylate and methacrylic acid with a N,N-
methylenebisacrylamide crosslinker [87]. The guest species tested included
methylene blue, methyl orange, sodium dodecylbenzene sulfonate (SDBS), and
lysozyme. pH 9.5 adsorbed lysozyme and methylene blue, and pH 7.5 adsorbed
SDBS and methyl orange Similar to the work by Barcellona et al.,, and
Kudaibergenov et al. [131, 157] electrostatic forces drove the binding interactions
between the cryogel and the guest molecules. Nonetheless, at pH 7.1 of the IEP,
amphoteric cryogel allowed 93-98% of the adsorbed species to be released.
Barcellona's findings are also backed by simulation-based research that suggests that
electrostatic interactions play a major role in mediating drug release from
polyampholyte systems [140, 158].

Mishra et al. used poly 3-[(methacryoylamino)propyl trimethylammonium
chloride-co-methacrylic  acid](PMAPTAC-MAAc) copolymers with  various
monomer concentrations and charged indomethacin (IND) [159]. IND is a semi-
steroidal non-inflammatory drug used to treat rheumatoid arthritis, ankylosing
spondylitis, and osteoarthritis. Hydrogel design played a major role in IND
continuous release, and PMAPTACMMAC-5 lead to the highest percentage of IND
release. This equation extracted 75% of entrapped IND within eight hours and 82%
after 12 hours. Certain formulations showed release levels ranging from ~44% to
77% after 12 h. The release was primarily diffusion-based, following non-Fickian
release kinetics. Though diffusion is often successful for drug delivery, a controlled
release approach will provide more targeted delivery. Salicylic acid has been used as
a model drug in a polyampholyte consisting of casein and poly(N-isopropyl
acrylamide), and temperature, pH, and crosslinker density influenced the
development [160]. This prompted Cao et al. to assume that this delivery vehicle is
perfect for oral drug delivery. Finally, Sankar et al. showed the pH-sensitive release
of promethazine hydrochloride from hydrogels including carbon nanotubes [161].
Such nanotubes are integrated into the hydrogel as a method to improve this delivery
system's mechanical properties without compromising drug delivery capabilities
[140].
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Researchers have started integrating polyampholytes into multi-component
structures to improve performance or provide additional benefits. For example, Wang
et al. tested a polyampholyte hydrogel-based pyromellitic diester diacid chloride
(PDDC) release system combined with diethylenetriamine (DETA) and triazine
combinations [162]. This polyampholyte system showed a pH-dependent release
capability that overcame previous problems with terephthaloyl chloride (TC)
encapsulants instead of PDDC. The latest microcapsule formulation demonstrated
high load strength and consistent, controlled release at pH = 7.4. It also demonstrated
increased release at both pH5 and pH10. The release properties were also tunable by
adjusting the DETA-triazine ratio, demonstrating the potential for tunable release
speed applications to optimize this microcapsule formulation [140].

Others have also incorporated polyampholyte polymers into their drug delivery
vehicles to add pH-responsive release characteristics. For example, Schulze et al.
[163-166] saw potential in lamellar liquid crystalline systems, but the structure did
not react to environmental stimuli such as pH. By inserting the polyampholyte poly
(N,N’-diallyl-N,N'-dimethyl-almaleamic  carboxylate) into a lamellar liquid
crystalline network of sodium dodecyl sulfate, decanol, and water, it was found that
release from the new structure could be controlled by varying pH or temperature.
This suggests a new structural structure for drug delivery systems [163]. In another
example, paracetamol, an analgesic drug, was extracted from a matrix of laponite,
polyacrylamide and poly (3-acrylamidopropyl) trimethylammonium chloride. Drug
release was tested based on environmental changes in pH and ionic strength and
electrical field activity. Without an electrical field, paracetamol was released at pH
1.1, but with the addition of an electrical field continued product release at other pH
values [167]. Eventually, Ali et al. produced a novel polymer containing alendronic
acid residues that display pH-sensitive responses suggested as a drug delivery
mechanism [140, 168].

Asayama et al. have integrated a polyampholyte polymer, carboxymethyl poly
(1-vinyl imidazole) (CM-PVIm) an existing system. CM-PVIm was used to bind
complexes of poly(ethylenimine)/DNA (PEI / DNA) to eliminate anti-specific protein
adsorption to this delivery platform. Results showed this coating did not significantly
decrease gene transfection or cell viability. Therefore The authors found that CM-
PVIm is an effective coating for better circulation of gene therapy agents [169]. The
use of applying polyampholytes to drug delivery vehicles is based on their good
holding power. Polyampholyte acrylic latexes are integrated into product tablet
coatings to minimize the amount of water lost during tablet drying [170]. In refining
this method, Ladika et al. focused on finding a polymer solution of comparable
viscosity to the industry standard but a much higher solid density. Today's standard
tablet coatings vary from 4-10 wt.%. The proportion of solids and new
polyampholyte acrylic latexes was 37-39 wt.% of solids. Three latex forms are
explored: soft acid / strong base latexes, strong acid / weak base latexes, and anionic
and cationic hybrids. Latex formulations for all three varieties are established with
viscosities similar to current coating solutions, higher solid structure, and pH-tunable
to enable selective delivery of active pharmaceutical ingredients [140].
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1.5 Polyampholyte cryogels in catalysis

Polyampholyte cryogels can consist of a primary, secondary and tertiary amine,
quaternary ammonium groups, on the one side, and carboxylic, sulfonic, or sulfonate
moieties, and acrylamide monomers, on the other [26]. Such polyampholyte cryogels
can be defined as «annealed» polyampholyte cryogels in addition to «quenched»
polyampholyte cryogels, consisting of fully charged amphoteric cryogels prepared
from temporarily charged cationic and anionic monomers. Whether cryogels contain
the same amount of pH-dependent acid-base or pH-independent anionic-cationic
groups in the same monomer units, they can be called "betaine” or «zwitterionic»
cryogels. Low-and high-charge-density polyampholyte cryogels. Low-charge
polyampholyte cryogels can be derived from cationic and anionic monomers with
nonionic species such as acrylamide [17-19] or N-isopropylacrylamide [20].

One of the key attributes of any polyampholyte is ionization constants for acid-
base groups (pKa or pKb) and isoelectric point (IEP) values in which the whole
macromolecule is quasi-neutral. Figure 1.6 shows the composition, continuous
ionization of allylamine groups and isoelectric pH of allylamine-co-acrylic acid-co-
acrylamide P(AA-co-AAc-co-AAm) cryogels crosslinked by N,N-methylene
bisacrylamide (MBAA) [18,19] .Amphoteric cryogels differ each other by the content
of acid-base and AAm monomers and abbreviated as ACG-550, ACG-442, ACG-
334, ACG-226, and ACG-118.

T”3 o
| o
CHZ COOH CONH2 T:O
NH2 TH
m: n: o ( mol/mol/mol) (CH»)»
50:50:0 ( ACG-550) |
40:40:20 ( ACG-442) NH
30:30:40 ( ACG-334) |
20:20:60 ( ACG-226) c==0
10:10:80 ( ACG-118)

p =10 mass.%

Figure 1.6 - Structural units of amphoteric cryogels derived from AA, MAA
and AAm crosslinked by MBAA [171]

Cryogel catalysts are attractive materials due to inherent features: macroporous
structures, customizable hydrophilicity and hydrophobicity, and the versatile catalytic
unit selection and mix. Remobilization of polymer-metal complexes, metal
nanoparticles, and biomolecules in the polymer matrix promises to model the
catalytic structures [172] that enhance the reactions of decomposition, hydrogenation,
oxidation [173], isomerization, etc. Such polymers will continually or
discontinuously alter conformation and morphology-based on environmental factors.
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This, in effect, allows the structure and properties of immobilized to be incorporated
into the polymer matrix, thereby regulating and controlling their architecture and
catalytic behavior.

In various chemical reactions, all polyampholyte cryogel and cryogel-
immobilized metal nanoparticles possess unusual catalytic properties. Cryogels main
advantage in catalysis is their macroporous structure, which can provide both metal
nanoparticles and unhindered liquid flux within cryogels. Superporous cryogels of
poly(2-hydroxyethylmethacrylate) and poly(3-sulfopropylmethacrylate), poly(acrylic
acid), poly(4-vinyl pyridine), poly(2-acrylamide-2-methyl-1-propane sulfonic acid),
poly[2-(methacrylate)ethyl]dimethyl(3-sulfopropyl)ammonium hydroxide and its
metal nanoparticles composites (Co, Ni, Cu, and Fe) were used in the redox reaction
of NaBH4 and hydrogenation of NaBH,. Substrate reduction is easily controlled by
calculating peak absorption at 414 nm, 400 nm, and 380 nm for 2-NP, 4-NP, and 4-
NA, respectively [171].

Modified polyacrylamide-based amphoteric cryogels were tested as
catalytically active substances in transesterification of glyceryl oleate. The highest
conversion of glyceride was equal to 88.4%, and the yield of methyl oleate is about
64.% [171].

The catalytic reduction of 4-NP by NaBH, and oxidation of D, L-dithiothreitol
(DTT) by hydrogen peroxide in the presence of AuNPs supported on cryogel matrix
of P(DMAEM-co-MAA) was evaluated and the kinetic parameters, turnover number
(TON), turnover frequency (TOF) and activation energy of hydrogenation of 4-NP
have been calculated [172].

Therefore, cryogels based on catalysts (DMAEM-co-MAA)/AuNPs exhibit
high catalytic activity and conversion in 4-NP reduction and DTT oxidation, as well
as can function as a catalytic flow-through reactor as well as provide cascade-type
reaction without inhibition of intermediary products. The main advantage of the
macroporous structure is a large catalyst-substrate contact region, reusability, and
ease of material isolation from the reaction medium [87, 171].
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2 EXPERIMENTAL PART
2.1 Objects of the research

Table 2.1- Objects of the research

Name, Abbreviation

Chemical structure

2-Acrylamido-2-methyl propane sulfonic O CHs
acid sodium salt (AMPS, 50 wt.% in| |, C\)J\ /|¥9
water), Mr = 229.23 g/mol from “Sigma- | = 2~ N S-ONa
Aldrich”, was used without further H CHy 1
purification. O
3-acrylamidopropyl) trimethylammonium 0 ClI™  CHag
chloride (APTAC, 75 wt.% in water), Mr H C\)I\ +ILJ—CH
= 206.71 g/mol ,“Sigma-Aldrich”, was | ' 2~ X~ N7 3
used without further purification. H CHg

— (0] o}

N,N’-Methylenebis(acrylamide), Mr
154.17 g/mol, “Sigma-Aldrich”, was used
without further purification.

Ammonium persulfate (APS), Mr = 228.2
g/mol, made by Changzhou Qi Di
Chemical Co. (China), was used without
further purification.

N,N’,N’'N'-Tetramethylethylenediamine

(TMEDA), Mr=116.2 g/mol, “Sigma-
Aldrich”, was wused without further
purification.

Methacrylic acid (MAA), Mr = 86.09
g/mol, “Sigma-Aldrich” was used
without further purification.

OH

2-(Dimethylamino)ethyl
(DMAEMA), Mr
“Sigma-Aldrich”,

further purification

methacrylate-
157.21 g/mol,
used without

was

N,N-Dimethylacrylamide (DMA)- Mr =
99.13 g/mol, “Sigma-Aldrich”, was used
without further purification.

Sodium dodecyl sulfate (SDS), Mr
288.38 g/mol, “Sigma-Aldrich”, was used
without further purification.
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Continuation of Table 2.1

Octadecyl acrylate (ODA), Mr = 324.54
g/mol, “Sigma-Aldrich”, was used
without further purification.

H.C
. %OCHg(CHg)wCHa

Cetyltrimethylammonium chloride
solution (CTMACI), Mr = 305.97 g/mol,
25 wt.% in H,O (Aldrich), AppliChem
GmbH, was used without additional
purification

b hH gy

HiC C C C C C C C
NN A N N A WA,

b H K H H KK /\
HC

Chy

Dodecylbenzenesulfonate (DDBSNa), Mr
= 348.48 g/mol, “Sigma-Aldrich”, was
used without further purification

§—ONa
QL
CH3 CH2 1()CH

2

Methylene blue, Mr = 319.85 g/mol, of
“Reachim”, was used without further
purification

3C\N/©[ j;j\+/CH3
C 3

Methyl orange, Mr = 327.33 g/mol, of the
company “Reachim” brand, was used
without further purification

H
O
ON—N S—ONa

O

Potassium chloride — KCI, Mr = 74.55
g/mol, “Reachim”, was used without
further purification

Sodium hydroxide — NaOH 0.1 M
Prepared from fixanal (the contents of
fixanal were quantitatively transferred
into a 1000 mL volumetric flask, and the
volume was made up to the mark with
water)

Sodium chloride — NaCl Mr =
58.44g/mol,“Reachim” brand, clean, was
used without further purification

Sodium  tetraborate  decahydrate—
Na,B,0,-10H,0, 0.05 M. 19.07 g of the
substance was dissolved in water, and the
volume was adjusted to the mark in a
1000 mL volumetric flask
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Continuation of Table 2.1

Disodium Phosphate (DSP) — Na,HPO,
Mr = 141.96 g/mol 0.2 M. 28.392 g of the
substance was dissolved in water, and the
volume of the solution was adjusted to
the mark in a 1000 mL volumetric flask

Ethanol (90%  aqueous  solution),
“Format”, was used without further
purification

0
HO—?—ONa
OH

H H H
| I /

H—C—C—0
H H

Acetone, “Format”, was used without
further purification
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2.2 METHODS OF THE RESEARCH

2.2.1 Synthetic protocol linear and crosslinked
polyampholytes

2.2.1.1 Synthesis of linear polyampholytes

Linear polymers were prepared using solution polymerization of AMPS and
APTAC in the presence of APS as an initiator at 60°C. Initial monomer concentration
was fixed at 5 wt.% with respect to the solution mass. (figure 2.2.1, table 2.2.1).

In order to prepare AMPS50 linear polyampholytes, APTAC (4.12 g) and
AMPS (4.49 g) were mixed at room temperature and stirred for 15 min to form a
homogeneous solution. After the addition of APS (0.05 mg) and stirring for 1-2 min,
nitrogen was bubbled 30 min to eliminate oxygen from the reaction mixture. The
solution then was transferred into cylindrical vessels of a volume of about 10 mL, and
set in a thermostatically-controlled environment of 60°C. The reaction mixtures were
kept at this temperature for 5 h. After preparation, unreacted monomers were
removed through a dialysis membrane in a 5 L distilled water tank followed by

lyophilization[174-180].

= [ AN

of strongly charged

Cc=0 Cc=0
NH NH . | |
| 60 OC NH NH
CH
C(CH3)2 ( 2)3 !CH )
| C(CHg), (CH2)s
CH, N(CH3)3 m ("
° e cl® 25 | 75 THZ N(:HS)S
SO; Na Cl
50 | 50 SO? Nae
AMPS APTAC 75 | 25

Figure 2.2.1 - Schematic illustration of polymerization of AMPS-APTAC
copolymers

Table 2.2.1 - The feed composition of linear polyampholytes

Code AMPS /g | APTAC /g APS / mg
AMPS 75 15.30 3.04 0.08
AMPS 50 10.52 6.01 0.05
AMPS 25 5.38 9.80 0.08

2.2.1.2 Synthesis of polyampholyte hydrogels
Hydrogels were prepared at 60°C in aqueous solutions of various AMPS
concentrations Cavps between 25 and 75 mol.% in the presence of MBAA as a cross-
linker. Initial monomer concentration was fixed at 5 wt.%, while the cross-linking
agent was 20 mol.% with respect to monomers (table 2.2.2).
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In order to prepare H-AMPS50 polyampholyte hydrogels, APTAC (0.28 g) and
AMPS (0.46 g) monomers and crosslinking agent MBAA (0.06 g) were mixed at
room temperature and stirred for 15 min to form a homogeneous solution. After the
addition of APS (30 mg) and stirring for 1-2 min, nitrogen gas was bubbled through
the homogeneous solution for 30 min to eliminate oxygen from the reaction mixture.
Then, the solution was transferred into cylindrical vessels of a volume of about 10
mL, and set in a thermostatically-controlled environment of 60°C. The reaction
mixtures were kept at this temperature for 24 h. After preparation, unreacted
monomers were removed using a beaker and poured into distilled water to remove
unreacted components until fully washing [174-180].

Table 2.2.2 - The feed composition of the hydrogels

Code AMPS / g APTAC / g MBAA/ g APS /g
H-AMPS25 | 0.24 0.43 0.06 0.03
H-AMPS50 | 0.46 0.28 0.06 0.03
H-AMPS75 | 0.68 0.14 0.06 0.03

The polymerization protocol and scheme of APMPS-APTAC hydrogels are
shown in figures 2.2.2 and 2.2.3, respectively.

AMPSNa APTAC MBAA o
= = = APS,  *7 /gn | /gm [ /@f
l l l 60°C
HN" S0 HN S0 HNTSo HN SO0 HNTSo  HNTYO
H< CH, H< CH,
. &0 N HN__O N HN__O
NaO”™ ~O ’Th i o NaO”™ ~O ITI+ a . i
k

Figure 2.2.2 — A schematic illustration of polymerization of AMPS-APTAC
hydrogels

@ AMPSNa
APS, 60°C @ APTAC
— \\ *hBAAm

@ chemical crosslinks

- L. .
\ + 1 jelectrostaticinteractions

Figure 2.2.3 — A schematic illustration showing the intermolecular electrostatic
interactions between ionized APTAC and AMPS segments, and chemical crosslinks
of polyampholyte hydrogels
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2.2.1.3 Synthesis of polyampholyte hydrogels using N,N-Dimethylacrylamide
(DMA).

AMPS-50H composition was fixed as a reference, and total monomer
concentration was increased from 5 to 30 wt.% (Cy = 1.35 M), whereas the chemical-
crosslinker was varied between 20-0.1 mol% with respect to total monomer
concentration. Also, DMA was added to the comonomer mixture to increase
stretchability. The volume of DMA in the feed composition was changed between 5
and 20 mol% (table 2.2.3). The above-mentioned synthesis procedure was followed
for the preparation of hydrogels at C, = 30 wt.%, MBAA = 0.5, and DMA mol.% =
20, in the presence of 10 mM APS initiator. AMPS (2.364 g), APTAC (0.948 g) and
DMA (0.169 g) were mixed and dissolved in 1.5 mL distilled water at room
temperature to form a homogeneous solution. After the addition of MBAA (5.3 mg),
nitrogen gas was bubbled through the homogeneous solution for 30 min to eliminate
oxygen from the reaction mixtre. Taking into account total monomer concentration,
APS (10 mM) was added, and the solution was transferred into plastic syringes of 1
mL volume. Polymerization lasted for 24 h at 60°C.

Synthesis parameters Xavps = 0.5 and Cy = 1.35 M are included in table 2.3.3,
showing hydrogels with the highest limit of initial monomer concentration and
minimal chemical crosslinker, in order to make stretchable material with additional
DMA monomer .

Table 2.2.3 - Synthesis parameters: AMPS Xavps =0.5and Cy,=1.35 M

Series MBAA / mol% DMA / mol% APS / mM
A 5-0.1 - 10
B 0.5 5-20 10

2.2.1.4 Synthesis of hydrophobically modified polyampholyte hydrogels

Two sets of hydrogels were prepared by free-radical copolymerization of
AMPS and APTAC using UV light in the presence of a 2-oxoglutaric acid initiator
(0.25 mol.%, with respect to the monomers). In the first set, the reactions were
carried out in a mixture of equimolar AMPS and APTAC monomers via micellar
copolymerization in the presence of the hydrophobic monomer C18A. Both the
amount of C18A in the monomer mixture and the total monomer concentration C,
were varied between 1 — 25 mol.%, and 1.0 — 2.5 M, respectively. An agueous
solution of SDS in 0.5 M NaCl was used as the micellar solution due to the
significant solubilization of the resulting worm-like SDS micelles. SDS concentration
was 7 and 14 w/v% for C18A contents below and above 10 mol.%, respectively. In
order to prepare hydrophobically modified hydrogels with 20 mol.% C18A at C, =
1.0 M, C18A (0.65 g) was first dissolved in 4 mL 0.5 M NaCl solution containing 1.4
g SDS at 35 °C for 2 h to form a homogeneous solution. The aqueous solutions of 50
wt.% AMPS (2.29 g) and 75 wt.% APTAC (1.38 g) were then added to the micellar
solution of C18A and stirred for 30 min. After the addition of 2-oxoglutaric acid (4
mg), the solution was transferred into plastic syringes of 4.6 mm in diameter to
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conduct the polymerization reactions at 23 = 2 °C using UV light at 2 = 360 nm for
24 h (tables 2.2.4 and 2.2.5). A schematic showing the structure (a) of physically-
crosslinked polyampholyte hydrogels before (b) and after (c) gelation of the
monomers via the micellar polymerization technique are shown in figure 2.2.4. The
feed composition of the hydrogels and synthesis parameters of the composition of
hydrophobically-modified hydrogels are shown in tables 2.2.4-2.2.5.
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Figure 2.2.4 - (a): Structure of 2-acrylamido-2-methyl-1-propanesulfonic acid sodium
salt (AMPS), (3-acrylamidopropyl)trimethylammonium chloride (APTAC), and n-
octadecyl acrylate (C18A) repeat units of physically-crosslinked polyampholyte
hydrogels. (b, c): Scheme showing before (b) and after gelation of the monomers via
micellar polymerization method (c)

Table 2.2.4 - The feed composition of the hydrogels. Initiator mass was fixed as 0.25
mol.% with respect to the total monomer concentratration

ODA,mol.% | Amps /g | APTAC/g | ODA/g | SDS/g | NaCllg 53;2:'/‘*3
1 2.0 1378 0.320 0.700 02925 | 5302
2 2.292 1378 0.065 0.700 02925 | 5274
5 2.202 1378 | 01625 0.700 02925 | 5175
7 2.202 1378 0.227 0.700 02925 | 5107
10 2.292 1378 0.325 1400 02925 | 4313
15 2.202 1378 0.488 1.400 02925 |  4.149
20 2.292 1378 0.650 1400 02925 | 3.087
25 2.202 1378 0.813 1.400 02025 | 3.824
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Table 2.2.5 - Synthesis parameters of the composition of hydrophobically-modified

hydrogels
Series X amps Cm/M MBAA/ mol.% | C18A/ mol.%
A (varied, 0 —1) 1 1.25 -
B 0.5 1 - (varied, 1 — 25)
C 0.5 varied 1 - 2.7 - -
D 0.5 varied 1 -2.7 - 2

" Respect to total monomers

2.2.1.5 Synthesis of polyampholyte cryogels.

Cryogels were synthesized at -12°C in aqueous solutions of various AMPS
concentrations Cawps between 25 and 75 mol.% in the presence of the MBAA cross-
linker and TEMED (0.25 v/v%) as a catalyst. The initial monomer concentration was
fixed at 5 wt.%, while the cross-linking agent was set at 10 mol.% with respect to the
monomers (table 2.2.5).

In order to prepare AMPS50 polyampholyte cryogels, APTAC (0.5912 g) and
AMPS (0.982 g) were mixed at room temperature and stirred for 15 min to form a
homogeneous solution. Then the solution was cooled to 0°C and TEMED was added.
The reaction mixture was then purged with nitrogen for 10 min. After the addition of
APS (11 mg) and stirring for 1-2 min, nitrogen gas was bubbled through the
homogeneous solution for 30 min to eliminate oxygen. The solution was then
transferred into cylindrical vessels of a volume of about 10 mL, and set in a
thermostatically-controlled environment of -12°C. The reaction mixtures were kept at
this temperature for 48 hours. After preparation, unreacted monomers were removed
from the vessels, placed in a 200 mL beaker and poured into distilled water to remove
unreacted components. The synthesis of cryogels using DMAEMA-MAA, with a
molar ratio 50:50 mol.% and MBAA 2.5 mol.% with respect to total monomer
concentration, was performed by an identical method (table 2.2.6).

Table 2.2.5 - The feed composition of AMPS-APTAC cryogels (total 10 g)

Code AMPS / g APTAC /g MBAA /g Initiator / ¢
AMPS25 0.50 0.91 0.07 0.01
AMPS50 0.98 0.59 0.07 0.01
AMPS 75 1.44 0.29 0.06 0.01

Table 2.2.6 - The feed composition of DMAEMA-MAA cryogels (total 10 g)

Code DMAEMA /g MAA /g MBAA /g | Initiator/g

DMAEMA-MAA 0.626 0.343 0.031 0.01
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2.2.2 Characterization and identification of AMPS-APTAC copolymers

2.2.2.1 FTIR spectroscopy

A sample of the APTAC-AMPS copolymers were ground in an agate mortar to
a powder state, then a 2 mg sample of the powder was measured out and transferred
to a Cary 660 FTIR IR spectrophotometer (Agilent Technologies, USA) using a
single-bounce diamond attenuated total reflectance (ATR) accessory equipped with a
liquid nitrogen-cooled mercury-cadmium-telluride detector, and the spectrum of the
sample was recorded. Because the samples of linear polymers already had a powder-
like texture, they were studied without preliminary sample preparation on the FTIR
IR spectrophotometer, and the spectrums of the samples were also recorded.

2.2.2.2 H NMR spectroscopy

'H NMR spectra of the copolymers dissolved in D,O (10 mg/mL) were
recorded at room temperature on a Bruker 400 MHz Fourier NMR spectrometer
using tetramethylsilane as an internal standard. The peaks between d = 1.8-2.0 ppm
are assigned to methyl groups of amide, while the peaks between 3.4 and 3.6 ppm
characterize the methyl groups of the AMPS. The ionic segment content of the
copolymers was determined from the area ratio of meta-protons to methyl proton
peaks in 'H NMR spectra of AMPS-APTAC linear polymers in D,0.

2.2.2.3 Gel-permeable chromatography (GPC)

The average molecular weights (M,, and M,) of aqueous solutions of AMPS-
APTAC were measured by gel permeation chromatography (GPC) using a Viscotek
(Malvern) chromatograph equipped with 270 dual detectors (Malvern) and VE 3580
RI detector (Malvern). Two 6000M columns (Malvern) were used, and the flow rate
of DMF in mobile phase was 0.7 mL/min. Polystyrene standard samples
(PolyCAL™, Malvern) were used to plot the calibration curve. The injection volume
of the sample was equal to 100 pL.

2.2.2.4 Differential scanning calorimetry (DSC) and thermogravimetric
analysis (TGA)

10 mg of AMPS-APTAC copolymer powder was placed in a cuvette, and the
sample was analyzed using a DSC 131 device (Setaram, France). For TGA analysis, a
10 mg sample was placed in a cuvette and tested using Labsys Evo equipment
(Setaram, France).

2.2.2.5 Scanning electron microscopy (SEM)
The morphology of cryogels was studied using a scanning electron microscope,
JSM-6390 LV (JEOL, Japan).

2.2.3 Mechanical and rheological properties of AMPS-APTAC copolymers

2.2.3.1 Rheological measurements

The measurements were conducted on a Bohlin Gemini 150 rheometer system
(Malvern Instruments, UK) equipped with a Peltier device for temperature control.

Hydrogel samples were prepared and placed between rheometer plates at 60°C to
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monitor gelation. The frequency sweep tests were carried out over a frequency range
of 0.1 to 100 rad.s™, with the gels, following preparation, placed between the cone
and plates (diameter, 40 mm) of the instrument, and then set at a constant distance of
150 um. The frequency-sweep tests were carried out at a strain amplitude of yo =
0.01 and temperature of 25 °C.

2.2.3.2 Mechanical testings

Uniaxial compression and elongation tests were performed at 24 = 2°C on a
Zwick Roell Z0.5 TH test machine using a 500 N load cell. Load and displacement
data were collected using cylindrical hydrogel samples of 4.6 mm in diameter. For
uniaxial compression measurements, the hydrogel samples were compressed at a
strain rate of 1 min~". Before the test, an initial compressive contact of 0.05 N was
applied to ensure complete contact between the gel and the plates. For uniaxial
elongation measurements, the initial sample length between the jaws was set at a
strain rate of 10 + 1 mm and 1 min™", respectively. The stress was measured at
nominal o,om and true values oy (=4 onom), Which are the forces per cross-sectional
area of the undeformed and deformed specimens, respectively, with the strain
represented as 4, the deformation ratio (deformed length/initial length). The strain ¢ is
also defined as the change in the length of the gel specimen relative to its initial
length, i.e., e =1 —1ore=1 — ], for elongation and compression, respectively. The
Young's modulus E was calculated from the slope of the nominal stress-strain curves
between 5 and 15% deformation. The compressive strength of was calculated from
the maxima in true stress-strain curves [37]. Cyclic tensile experiments were
conducted at a strain rate of 5 min* to a maximum strain &, followed by immediate
retraction to zero displacement and a waiting time of 1 min and 2 min, respectively,
until the next cycle (figure 2.2.5).
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Figure 2.2.5 - Typical stress-strain curves of AMPS 50 hydrogel samples
under compression where the nominal stress o,,m (red curve) and true stress Gie
(blue curve) are plotted against the compressive strain . Dashed lines represent

calculations of the fracture stress o; and fracture strain g from the maximum in the
Otrue—€ CUIVE
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2.2.4 Conformational properties of linear quenched polyampholytes

2.2.4.1 Solution properties of quenched linear polyampholytes

The isoelectric point and zeta potential of linear polyampholytes were
determined using the dynamic laser light scattering (DLS) technique on a Malvern
Zetasizer (UK) at 25°C. Distilled water and solutions of potassium chloride with
0.05, 0.1, 0.5, 0.75, and 1.0 mol/L concentrations were used as solvents. The
concentrations of the APTAC-AMPS solutions were varied from 0.3 to 0.1.

Concentration dependence of the reduced viscosity of AMPS-APTAC in
solutions of different ionic strengths (u) is expressed as mol/L of KCI.

The intrinsic and reduced viscosities of linear polymers were determined by
viscometry on a water thermostat at a temperature at 25+ 0.1°C with the help of a
Ubbelohde viscometer. Distilled water and solutions of potassium chloride
concentrations with 0.05, 0.1, 0.5, 0.75 and 1.0 mol/L were used as solvents.

The intrinsic viscosity is determined by the formula:

BT Nred (2.2.1)
] ={im=c

where is the n,—reduced viscosity;
C — concentration of polymer.
Inherent viscosity n;,, s determined by the formula:

Inn, (2.2.2)
Ninn ZT

where is the 7,- — reduced viscosity;
The reduced viscosity was calculated by the formula:

n, = lsp (2.2.3)
TC

where is the 7, is specific viscosity
The specific viscosity of the polymer is determined by the formula:

taverage —to (2.2.4)
to

naverage -

where is the tg,erqqe — the average value of expiration of the dilute
polymer solution;
t, — expiry time for solvent.
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2.2.4.2 Complexation of quenched linear polyampholytes with surfactants and
dyes

The polyampholyte-surfactant and, dye complexes were studied by the
turbidimetric method. Optical characteristics were studied using a Specord 210 plus
UV spectrophotometer (Germany) at room temperature in quartz glass cells at a
wavelength of 340 nm.

The preparation protocol of solutions and molar ratio of interacting
components are described in tables 2.2.7 and 2.2.8.

The complexation schematic of APTAC-AMPS with surfactants and dyes is
shown in figures 2.2.7 , 2.2.8.

Table 2.2.7 - Ratio calculation of AMPS-APTAC — surfactants solution

APTAC-AMPS solution CTMACI, SDBS solution

Ratio V, mL | C=const, mol/L Ratio V, mL C, mol/L

1.11*10™
2.50*10™
4.29%10™
6.67*10™
1.00*107°
1.50*107°
2.30*107
4.00*10°3
9.00*10°

©

1.00 *10°®

R INDWROIO |0

orjorolo1o1| o101 01|01
OO NOOTPBAWIN|F-
orjorolo1o1 o101 01|01

Table 2.2.8 - Ratio calculation of AMPS-APTAC — dye solutions

APTAC-AMPS solution MB, MO solution
Ratio V, mL C, mol/L Ratio V, mL | C=const, mol/L
1 5 9.00*10™ 9 5
2 5 4.00*10™ 8 5
3 5 2.33*10™ 7 5 1.00*10™
4 5 1.50*10™ 6 5
5 5 1.00*10™ 5 5
6 5 6.67*10° 4 5
7 5 4.29%10° 3 5
8 5 2.50*10 2 5
9 5 1.11*10° 1 5
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Figure 2.2.8 - Complexation schematic based on [APTAC]:.[AMPS] with
surfactants: a) CTMACI, where R is C16H33, and b) SDBS, where R1 is C12H25

b)

Figure 2.2.9 - Complexation schematic based on [APTAC].[AMPS] with
dyes: a) MB and b) MO
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2.2.5 Swelling kinetics and complexation properties of quenched
polyampholyte hydrogels.

2.2.5.1 Swelling kinetics of (QPaH) hydrogels in aqueous and aqueous-salt
solutions

Hydrogels taken out of the syringes after a reaction time of 24 h were cut into
small pieces of about 1 cm in length, which were immersed in water. After reaching
an equilibrium degree of swelling, which was monitored by recording the mass and
the diameter of the gel, the specimens were taken out of the water and freeze-dried
(Christ Alpha 2-4 LDplus). The fraction of the monomers converted into a water-
insoluble polymer, that is, the gel fraction W, was calculated as:

W, = 4 (2.2.5)

9 - Coxmo

where myy, and mgy are the weights of the gel specimens in dried and as-
prepared states, respectively;

Cy - is the monomer concentration (w/w) in the initial reaction solution.

The relative weight (m,) and volume (v,) swelling ratios in comparison to the
initial states were determined as:

Mypy = WL (2.2.6)

where k is the swelling rate constant, n is a characteristic exponent indicating
the amount of penetrant (water) in the transport mechanism, t is absorption time, M, is
the mass of water absorbed at time t, M., is the mass of water absorbed at infinite time
t, .

dSW
Vier = (d_ol)S (2-2-7)

where dy and ds, are the diameters of the specimens in initial and swollen
states, respectively, while mg,, is the weight of the specimens in the swollen state.
Water content (W) of swollen hydrogels was calculated as,

0, 2 mdry
W% =10\ 1-— % (2.2.8)

for initial : W % = 102(1 — wy,),

for swollen: W % = 102 (1 — M)

mg
where mgy, M, and ms are the masses of hydrogels in dry, initial, and
equilibrium swollen states, respectively, wy, is the mass fraction of the monomers in
the reaction solution without SDS and NaCl. The water content of the initial
hydrogels was calculated from the composition of the reaction solutions.
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The swelling rate was expressed as:
kt" = MJ/M,, (2.2.9)

The values of k and n were calculated from the slopes and intersect of the plots
of In(M¢/M,,) vs. Int.
The equilibrium degree of swelling was calculated from the formula:

o = Dswelled ™Mo (2.2.10)

my

where Mgyeneq — 1S the mass of the swollen hydrogel; mg — is the mass of the
original hydrogel; o — degree of swelling (9/g).

2.2.5.2 Uptake and release of dye molecules and surfactants from AMPS-
APTAC hydrogels

In the evaluation, in order to assess the absorption characteristics of AMPS-
APTAC hydrogels, anionic and cationic dyes (MB, MO) and surfactants (DDBSNa,
CTMAC) were utilized. Fixed hydrogel samples were put into the aqueous solutions
of MB, MO, DDBSNa, CTMAC with a concentration of 1*10™° mol/L. The binding
kinetics and the amount of absorbed and desorbed dyes were determined
spectrophotometrically from calibration graphs of absorbance (or disturbance) versus
concentration at = 611 (or 662) nm for MB, A= 464 nm for MO, for DDBSNa and
CTMAC A =280 nm .

The release of dye molecules from the hydrogel matrix was performed in a
medium of 0.5 M KCI.

2.2.5.3 Healing efficiency of quenched polyampholyte hydrogels

To quantify the healing efficiency of the hydrogels, cut-and-heal tests were
performed on cylindrical gel samples of 4.6 mm in diameter and 1 cm in length. At a
stable temperature of 50+3°C quantify the healing efficiency of the hydrogels, cut-
and-heal tests were performed on cylindrical gel samples of 4.6 mm in diameter and 1
cm in length between 1 and 24 h. Healing efficiency was estimated from the ratios of
Young's modulus and fracture stress of the healed samples to those of the virgin ones.

2.2.6 Physico-chemical, mechanical, and catalytic properties of polyampholyte
cryogels

2.2.6.1 Post - preparation procedure of polyampholyte cryogels

The washed and swollen cryogels were transferred to Petri dishes and cut into
pieces of about 1 cm in length. The cryogels were then firstly dried in the air and then
in a vacuum drying oven at room temperature in order achieve a constant weight.
After the samples were dried, all the samples were weighed to determine the mass
fraction of the yield, and the resulting samples were then used for further studies.
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2.2.6.2 Immobilization of gold nanoparticles into cryogel matrix using 1)
DMAEMA-MA and 2) APTAC-AMPS, and study of the catalytic properties of
cryogel-immobilized gold nanoparticles

Solution of 2 ml of HAuCl, with a concentration of 100 mg/L was mixed with
18 mL of water and boiled. After 30 min of heating, the colorless cryogel sample
turned into a raspberry-red color. To obtain and verify that the colorization of the
cryogel was connected to the plasmonic spectra of the AuNPs, the sample was
stabilized by 1) poly(DMAEM-co-MAA) or 2) poly(AMPS-co-APTAC). The
maximum adsorption peak at 530 nm confirms the formation of gold nanoparticles
stabilized by 1) poly(DMAEM-co-MAA) or 2) poly(AMPS-co-APTAC).

2.2.6.3 P-nitrobenzoic acid (p-NBA) as a flow-through type catalytic reactor
for hydrogenation

NaBH, was used to evaluate the catalytic activity of AUNPs in a cryogel matrix
with respect to reduction p-NBA. Hydrogenation of p-NBA was carried out in the
flow-through catalytic reactor shown in figure 2.2.10, which is comprised of a glass
tube with an inner diameter of 6-7 mm and height of 100 mm, which is filled with dry
cryogel pieces that have a diameter of 5 mm and a height of 10 mm. The bottom part
of the glass tube is closed by a Shott filter, ending in a valve. At first, 10 or 15 mL of
deionized water is passed through the cryogel sample. Due to the quick swelling of
the cryogel, a tight seal develops between the inner wall of the glass tube and the
swollen sample.

Nitro Hydrogen
Compolmd\\ R / Donor f i
+ NaBH; - /
NO,
N = B
® %a
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Figure 2.2.10 - Schematic representation of the flow-through catalytic
reactor for the catalytic reduction of p-NBA using a cryogel-AuNPs catalyst. A-
thermostatically-controlled glass reactor, B-aqueous solution of initial nitro
compound, C- cryogels sample/AuNPs catalyst, D- Schott filter, E- aqueous
solution of amino product
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In the case of p-NBA hydrogenation, a 10 mL aqueous solution composed of 1
mL 5*10™ mol/L p-NBA, 1 mL 1*10™ mol/L NaBH, and 8 mL of deionized water
was pumped through the cryogel sample containing AuNPs as described above. The
concentrations of p-ABA and p-NBA were determined at 266 and 274 nm,
respectively on Specord 210 plus UV spectrophotometer (Germany). After passing
the solution through the cryogel matrix additional times, further reduction of Au®*
takes place, leading to further accumulation of gold nanoparticles in the macropores.
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3 RESULTS AND DISCUSSION

3.1. Identification and characterization of AMPS-APTAC copolymers

The prepared linear copolymers were dissolved in distilled water, dialyzed with
deionized water and freeze-dried. '"H NMR spectra of AMPS-75, AMPS-50 and
AMPS-25 in D,0 are shown in figures 3.1.1-3.1.3.

The identification of the AMPS:APTAC structure using "H NMR spectroscopy
[9] established that the resonance bands observed at 3.0-3.8 ppm strongly overlap,
suppressing the peaks of the vinyl groups in the monomers. However, the proton
NMR spectroscopy spectra obtained can be used to establish the feed and copolymer
composition of AMPS:APTAC from the integrated proton intensities of the CHj
groups of the structural units of each comonomer (figures 3.1.1-3.1.3, table 3.1.1).

Following determination of the equimolar ratio of AMPS:APTAC, one proton
unit of APTAC has been shown to correspond to the 9H protons of 3 methyl groups
in the region of 3.03 ppm (figure 3.1.1).

Moreover, one structural unit of AMPS corresponds to the 6H protons of 2
methyl groups, resonating in the region of 1.36 ppm (figure 3.1.1, table 3.3.1).
Accordingly, the copolymer composition of AMPS:APTAC at a molar ratio of 50:50
is equal to [AMPS]:[APTAC] = ([H] AMPS /6 )/([H] APTAC / 9) = (6/6)/(9.19/ 9)
=1:1.02 =0.98:1.
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Figure 3.1.1 - 'TH NMR spectum of a polyampholyte composition:
[AMPS J:JAPTAC] = 50:50 mol.% in D,0O

The following experimental ratio was found with regards to the 9H protons of
3 methyl groups of one structural unit of AMPS, whose resonance signal is located at
3.14 ppm and the 6H protons of 2 methyl groups of one structural unit of AMPS,
which manifests itself at 1.47 ppm of AMPS:APTAC composition: 75:25 mol.%
(figure 3.1.2, table 3.1.1): [AMPS]:[APTAC] = ([H] AMPS/6)/([H] APTAC/9) =
(17.65/6)/(9.0/9) = 2.942:1.
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Figure 3.1.2 - 'TH NMR spectrum of a polyampholyte composition:
[AMPS].[APTAC ] = 75:25 mol.% in D,0

The chemical shift of 9H protons of 3 methyl groups of one APTAC structural
unit is 3.21 ppm (APTAC 75 mol.%), one AMPS structural unit where 6H protons of
2 methyl groups reside at 1.54 ppm (AMPS:APTAC-25:75 mol.%, respectively)
(figure 3.1.3, table 3.1.1). The experimentally calculated composition of APTAC for
AMPS is equal to [AMPS]:JAPTAC=([H] AMPS/6)/([H]
APTAC/9)=(6.12/6)/(27.0/9) = 1.03:3.
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Figure 3.1.3 - 'H NMR spectrum of a polyampholyte composition:
[AMPS ]J:.[APTAC] = 25:75 mol.% in D,0O
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Table 3.1.1 - Theoretical and experimentally calculated the molar composition of
AMPS-APTAC copolymers

No. samples Theoretically prescribed Experimentally found from 'H NMR spectra
1 [75]:[25] [74.4]:[25.6]
2 [25]:[75] [25.4]:[74.6]
3 [50]:[50] [50.5]:[49.5]

FTIR spectrum of AMPS-50 (figure 3.1.4), together with the identification of
characteristic bands of functional groups of AMPS-25 and AMPS-75, are presented
in figure 3.1.5 and table 3.1.2.
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Figure 3.1.4 - FTIR spectrum of AMPS-50
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Figure 3.1.5 - FTIR spectra of polyampholyte hydrogels. The mole fraction
of AMPS in the comonomer feed for spectra 25:75, 50:50, and 75:25 mol.%,
respectively
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Table 3.1.2 - Identification of FTIR spectra of AMPS-25, AMPS-50, and AMPS-75

Functional groups v(NH) v(CH) \:A(\Cm?d':kll) Xﬁ%’:ﬂ) S(CH) | v(S=0)
: 4 | 3434, 1186,
Band assignments, cm 3304 2934 1650 1548 1204 1039

Thus, both *H NMR and FTIR spectra confirm the compositional closeness of
copolymers to that of the monomer feed, indicating the formation of homogeneous
AMPS-APTAC copolymers in the course of radical polymerization. The conversion
of AMPS-APTAC copolymers observed in *H NMR spectra exceeded 80%.

Gel permeation chromatography results for AMPS-75 and AMPS-50 are
shown in figures 3.1.5 and 3.1.6.
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Figure 3.1.5 - Gel chromatogram of the AMPS-75 sample
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Figure 3.1.6 - Gel chromatogram of AMPS-50 sample

The weight-average molecular weight (M,,), the number-average molecular
weight (M,), and z-average molecular weight (M,) together with a polydispersity
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index (PDI) of AMPS-APTAC copolymers according to GPC measurements are
summarized in table 3.1.3.

Table 3.1.3 - Weight-average molecular weight (M,,), number-average molecular
weight (M,) and z-x average molecular weight (M,), also polydispersity index
(My/M,) of AMPS 50 and 75 polyampholytes, respectively

Abbreviation M,,-10° M,-10° M,-10° M./M;,
AMPS-75 6.40 6.37 6.50 1.01
AMPS-50 3.31 2.01 511 1.65

The molecular weight distribution of AMPS-75 is rather narrow (M,/M, =
1.01) compared to AMPS-50 (M,,/M,, = 1.65). This indicates the regular structure of
polyampholytes.

An important characteristic of polyampholytes is their thermal stability in
various temperatures. The results of thermal studies of APTAC-AMPS copolymers in
various ratios are presented in figure 3.1.7. In all samples, the temperature of the
onset of mass loss is in the range 121.98-143.73°C. All samples of polyampholytes
are characterized by a stepwise change in mass with increasing temperature.

Initial weight reduction of copolymers is observed within the temperature
range of 65-120°C, and is associated with moisture loss. In the temperature range of
310-325°C, thermal decomposition of the copolymers is observed, accompanied by a
sharp decrease in mass (curves 1-3, figure 3.1.7). TGA data are in good agreement
with DSC analysis. The DSC curve of all polyampholyte samples exhibited an
exothermic effect, revealed in the temperature range of 310-325°C. The first
exothermic effect, occurring at maximum at 310°C, could be attributable to the
decomposition of the carbonyl groups of APTAC and AMPS. The second exothermic
effect, occurring at a maximum of 325 °C, is characterized by oxidation of C-C
bonds in APTAC and AMPS molecules (curves la — 3a, figure 3.1.7).
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Figure 3.1.7 - TGA and DSC curves of polyampholytes based on AMPS-APTAC
composition: 1 — AMPS 50; 2 — AMPS 75; 3 — AMPS 25 mol.%, respectively
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CONCLUSION TO CHAPTER 3.1

Highly charged linear and crosslinked polyampholytes based on the AMPS
anionic monomer and APTAC cationic monomer were synthesized using free radical
polymerization.

NMR and FTIR spectroscopy were used to analyze the structure and
composition of highly charged polyampholytes of linear and crosslinked copolymers.
The composition of the prepared copolymers were shown to coincide with the
composition of the initial monomer mixture. The results are in good agreement with
theoretical expectations and prior literature. The copolymer composition of
AMPS:APTAC at a molar ratio of 50:50 is equal to [AMPS]:JAPTAC] -50.5:49.5,
and the copolymer composition of AMPS:APTAC at a molar ratio of 75:25 and
25:75 are equal to [AMPS]:.[APTAC] -74.4:25.6 and 25.4:74.6 respectively.

Gel permeation chromatography (GPC) determined the weight average and the
average molecular weights, as well as the molecular weight distribution of the
samples. The average number (M,) and weight average (M,,) molecular weights of
polyampholytes determined by GPC are in the range of (2-6.4)*10° and (3.3-6.4)*10°
Daltons. Due to polydispersity, highly charged linear polyampholytes have a narrow
molecular weight distribution, with M,,/M, equal to 1.01-1.65.
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3.2. Solution properties and complexation of linear quenched
polyampholytes

3.2.1 Solution properties of linear quenched AMPS-APTAC polyampholytes

Concentration dependence of the reduced viscosity of polyampholytes, AMPS-
75 (1) and AMPS-25 (2), in distilled water is shown in figure 3.2.1. As seen in the
figure, the reduction in reduced viscosity upon dilution of the polyampholytes based
on AMPS-ATAC, in ratios 25:75 and 75:25 mol.% in distilled water, means that the
polyampholyte initially behaves in solution as an uncharged polymer.

This appears to be due to oppositely charged molecules prevailing over the
mutual repulsion of like-charged groups, folding the polymer into a coil. As the
solution of polyampholyte AMPS-25 becomes more dilute, reduced viscosity
increases.

This is caused by so-called polyelectrolyte swelling, i.e. an increase in the
electrostatic repulsion of the positively charged chain links prevailing in APTAC,
leading to an increase in the macromolecular coil. Polyelectrolyte swelling is weakly
expressed in the polyampholyte AMPS-75, where the negatively charged units of
AMPS mainly predominate.
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Figure 3.2.1 - Concentration dependence of the reduced viscosity of
polyampholytes AMPS-75 and AMPS-25 in distilled water

The average hydrodynamic dimensions of the AMPS-75 and AMPS-25
macromolecules, measured in distilled water, are shown in figure 3.2.2. The average
hydrodynamic sizes of the AMPS-75 and AMPS-25 macromolecules tend to increase
with dilution. This is especially pronounced for AMPS-75, the average hydrodynamic
size of which reaches 2100 nm at a concentration of [AMPS-75] = 0.05%.

Concentration dependence of the reduced viscosity of AMPS-APTAC at
different ionic strengths of the solution (), expressed as mol/L of KCI, is shown in
figures 3.2.4 -3.2.7.

55



£ 2000 - ® AMPS 25

© 5 1500

T e B

O © r

% S 1000 [

©

o C

2 500 -
:\\‘\\\\‘\\\\‘\\\\‘\\

00 01 02 03
C,%

Figure 3.2.2 - Concentration dependence of the average hydrodynamic
dimensions of polyampholytes AMPS-75 (1) and AMPS-25 (2) in distilled water
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Figure 3.2.4 - Concentration dependence of the reduced viscosity of AMPS-25
at p=0 (1), 0.1 (2), 0.5 (3), 0.75 (4) and 1.0 mol/L (5) of KCI
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Figure 3.2.5 - Concentration dependence of the reduced viscosity of AMPS-75
atpu=0(1),0.1(2),0.5(3),0.75 (4) and 1.0 mol/L (5) of KCI
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Figure 3.2.6 - Concentration dependence of the reduced viscosity of AMPS-50
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Figure 3.2.7 - Dependence of the intrinsic viscosity of AMPS-APTAC
copolymers on the ionic strength of the solution based on KCI content

The unbalanced AMPS-APTAC polyampholytes, to which belong AMPS-25
and AMPS-75, can be considered a combination of the polyampholyte and
polyelectrolyte effects, because the charge imbalance causes an increase in the net
charge of the macromolecules. In such a case, the conformational state of AMPS-25
and AMPS-75 in aqueous solution can be said to have a core and shell structure. The
core part contains an equal amount of positive (25 mol.%) and negative (25 mol.%)
charges, which are mutually compensated and belong to the polyampholyte region.
The shell part contains an excess of either positive or negative charges, is responsible
for water solubility, and provides the macromolecules with a polyelectrolyte
character. Because the core part of AMPS-50 is comprised of an equal number of
positive and negative charges, making it a balanced polyampholyte, and has no
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excess positive or negative charges in the shell, it forms a fine suspension in water,
but is soluble in a salt solution. Surprisingly, in pure water, AMPS-25 and AMPS-75
do not exhibit a polyelectrolyte effect, in spite of the excess of positive (Z = +50 mV)
and negative (Z = -40 mV) charges. The concentration dependence of the reduced
viscosity has a linear character (figures 3.2.4 and 3.2.5). The decrease in the reduced
viscosity upon dilution is probably connected with the domination of the
polyampholyte effect over the polyelectrolyte effect. Intramolecular salt bonds (50
mol.%), formed between 25 mol.% positive and 25 mol.% negative charges
(polyampholyte effect), provide electrostatic repulsion of similar charges
(polyelectrolyte effect) in macromolecular chains. In other words, due to the
counteraction of the polyampholyte and polyelectrolyte effects, the conformation of
the macromolecules remains unchanged (or only slightly changed) upon dilution,
despite the excess of positive or negative charges. As seen in figures 3.2.4 and 3.2.5,
the reduced viscosity of AMPS-25 and AMPS-75 decreases with increasing ionic
strength.

In contrast, the reduced viscosity of AMPS-50 increases upon the addition of
KCI, demonstrating antipolyelectrolyte behavior (figures 3.2.5 and 3.2.6). Because
AMPS-25 and AMPS-75 contain an excess of positive and negative charges and have
a polyelectrolyte character, the addition of low-molecular-weight salts shields the
electrostatic repulsions. In turn, the addition of low-molecular-weight salts to AMPS-
50 shields the electrostatic attraction between the opposite charges in macro chains,
which results in an increase in reduced viscosity. In the case of AMPS-25 and
AMPS-75, the simultaneous realization of both polyelectrolyte and polyampholyte
behavior is expected. Screening of similarly charged monomers by low-molecular-
weight salts tends to shrink the shell (polyelectrolyte part), while the low-molecular-
weight salts that surround the oppositely charged monomers tend to swell the core
(polyampholyte part). Such antagonism between the polyelectrolyte and
polyampholyte effects may not cause a dramatic decrease in the intrinsic viscosity
upon increasing the ionic strength.

3.2.2 Behavior of linear polyampholytes AMPS-APTAC at the isoelectric point
(IEP)

In pure water, the isoelectric points (IEP) of AMPS-APTAC copolymers
corresponding to zero net charges (quasi-electroneutral) of macromolecules are
around of pH 6.1 + 0.1 (figure 3.2.8). At IEP, the average hydrodynamic size of
quenched polyampholytes is minimal due to the strong electrostatic attraction of
oppositely charged monomers. Increasing the average hydrodynamic size of
amphoteric macromolecules from both sides of IEP is interpreted in terms of
expanding the macromolecular chains due to strong electrostatic repulsion of anionic
or cationic groups, respectively [16-18].
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Figure 3.2.8 - pH-dependent average hydrodynamic size of AMPS-50
(1), AMPS-75 (2) and AMPS-25 (3) in aqueous solution

In the presence of KCI, the position of IEP shifts to higher values of pH up to
6.5-7.0. The specific binding of chloride ions with quaternary ammonium groups that
diminishes the number of positive charges (leading to an apparent change of
copolymer composition) and increases the value of IEP in comparison with the
nonsalted solution [21].

The different behavior of unbalanced (AMPS-25 and AMPS-75) and balanced
(AMPS-50) polyampholytes upon increasing the ionic strength is illustrated in figure
3.2.9. In aqueous solution AMPS-25 and AMPS-75 have an excess of positive (Z =
+50) and negative (Z = -40) charges, while AMPS-50 is in electroneutral state (Z =
0).

AMPS-25, Z = +50
i)

lonic strength increasing
—_—

Shrinking

lonic strength increasing
—_—
Swelling

Figure 3.2.9 - Schematic representation of “core-shell” structure and
behavior of AMPS-25, AMPS-50, and AMPS-75 in aqueous-salt solution
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Increasing the ionic strength screens the electrostatic repulsion between
uniformly charged groups, if polyelectrolyte effect dominates and shields the
electrostatic attraction between oppositely charged monomers if polyampholyte effect
prevails (table 3.2.1). In the former case, the macromolecular chain diminishes,
whereas in the latter case, it expands.

Table 3.2.1 - Intrinsic viscosities of AMPS-APTAC copolymers depending on the
ionic strength .

Code Intrinsic viscosity(dL/-g) dependence on ionic strength, KCI (mol/L)

0 0.05KCI | 0.1KCI | 0.5KCI | 0.75KCI | 1.0KCI

mol/L mol/L mol/L mol/L mol/L
AMPS-25 | 46.4 - 2.68 - 2.32 1.12
AMPS-50 - 0.88 1.40 2.15 1.90 1.96
AMPS-75 | 53.8 - 2.93 - 2.42 1.47

The viscometric data reveal that in aqueous solutions of KCI, the intrinsic
viscosities of AMPS-25 and AMPS-75 decrease while the intrinsic viscosity of
AMPS-50 increases demonstrating antipolyelectrolyte behavior. In aqueous solution
the conformation of AMPS-25 and AMPS-75 can be considered as core and shel
structure where the core part exists in the polyampholyte regime, the shell part
represents a polyelectrolyte regime. The addition of low-molecular-weight salts tends
to shrink the shell part (polyelectrolyte region) and to swell the core part
(polyampholyte region). Such antagonism between polyelectrolyte (shell) and
polyampholyte (core) effects may cause a gradual decreasing of the intrinsic viscosity
at relatively high ionic strengths.

3.2.3 Complexation of linear AMPS-APTAC polyampholytes with ionic dyes
and surfactants, as well as the behavior of AMPS-APTAC polyampholytes in
aqueous-organic solvents

3.2.3.1 Complexation of linear AMPS-APTAC polyampholytes with
surfactants

Linear quenched AMPS-APTAC polyampholytes in solutions can form
intramolecular and intermolecular associations upon interaction with low molecular
weight surfactants. Complexes are formed as a result of interactions of positively and
negatively charged links of the polymer chain with complementary charged
surfactant groups (figures 3.2.10, 3.2.11).

Surfactants of the anionic (sodium dodecylbenzene sulfate) and cationic
(cetyltrimethylammonium chloride) types were used to establish the complexation
properties of polyampholytes. The presence of two potentially complexing groups
determines the bifunctional nature of polyampholytes and contributes to a change in
the hydrodynamic and conformational properties of the polymers [12].

The formation of intermolecular polyampholyte-surfactant associations, upon
mixing sodium dodecylbenzene sulfate and cetyltrimethylammonium chloride with
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AMPS-APTAC linear polyampholytes, was established using dynamic laser
scattering and UV-spectroscopy (figures 3.2.10, 3.2.11). At a certain ratio of the
reacting mixture, the formation of insoluble complexes is possible due to the
hydrophobization of individual sections of the polymer chains, leading to the
formation of compact phases, accompanied by the appearance of weak opalescence.

Linear AMPS-APTAC polyampholytes in solutions are capable of forming
intra- and intermolecular associations when interacting with low-molecular-weight
surfactants. As a result of interactions of positively and negatively charged links of
the polymer chain with complementarily charged groups, surfactant complexation
occurs. At a certain ratio of the reacting mixture, it is possible to form insoluble
complexes due to the hydrophobization of individual sections of the polymer chains
leading to the formation of compact phases accompanied by the appearance of weak
opalescence.
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Figure 3.2.10 - Concentration dependence of the average size, zeta potential,
and turbidity of AMPS-25 in SDBS solution

The results presented in figures 3.2.10 and 3.2.11 demonstrate that the
complexation of AMPS-APTAC polyampholyte with the corresponding surfactants is
accompanied by a change in the total charge of the macromolecule. Gradual
compensation of charges leads to a change in the zeta potential. The formation of a
stable complex is achieved at a 2:3 molar ratio of AMPS-75 and CTMAC. Similarly,
this occurs for AMPS-25 and SDBS at a ratio of 3:2. This stability is due to the fact
that the formation of the intramolecular structure is achieved as a result of
electrostatic binding of surfactant molecules to polyampholytes, and causes a more
compressed conformation of the polymer coil. Subsequent sorption of surfactant
molecules on polymeric sites of polyampholyte results in the recharging of
macromolecules.
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Figure 3.2.11 - Concentration dependence of the average size, zeta potential,
and turbidity of AMPS-75 in CTMAC solution

The formation of a polyampholyte-surfactant complex is accompanied by the
appearance of turbidity of the system. The dependence of the change in the optical
density of the solution that is obtained by adding surfactants to the polyampholyte is
shown in figures 3.2.10 and 3.2.11. The maximum cloud point of the solution AMPS-
75 and CTMAC is set at a molar ratio of 2:3, and for the AMPS-25 and SDBS at 3:2
(figure 3.2.11). The turbidity of the solutions, due to the collapse of the
macromolecule and the subsequent precipitation of the precipitate, causes the
interaction of the surfactant with the polyampholyte (figure 3.2.10). This interaction
is evidenced by the results of a change in the size of the polymer molecules during
complexation with surfactants.

3.2.3.2 Complexation of linear AMPS-APTAC polyampholytes with dyes

In order to study the complexation behavior of linear polyampholytes with
dyes, methylene blue (MB) and methyl orange (MO) were chosen.

The results show that the intensity of UV absorptions of the AMPS-APTAC
solution:MB solution increase dramatically in higher concentrations of AMPS-
APTAC solution. The combined solution does not fluoresce with a low polymer
concentration dissolved in water (figures 3.2.12 and 3.2.13).

As seen in figure 3.2.12, the MB dye interacts easily with AMPS-75, but does
not with the two other polymer compositions, AMPS-50 and AMPS-25. Oppositely,
MO interacts only with AMPS-25 (figure 3.2.13).

This occurs because the polyampholyte with the highest concentration of the
negative charged monomer AMPS interacts with the positively charged MB dye to
form an associate stabilized by ionic bonds. In the case of MO, the interaction occurs
with positively charged AMPS. However, as AMPS-50 has balanced charges, the
dyes cannot interact with this polymer composition.
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Figure 3.2.13 - Absorption of MO by AMPS-25 linear polyampholyte a),
Sorption kinetics of MO by AMPS-APTAC linear polyampholytes b)

The binding of dyes with polyelectrolytes is accompanied by a characteristic
spectral shift, which is a consequence of the effects of the electrostatic interaction. As
a result, the interaction of dyes with the functional groups of a polymer leads to
quenching of the absorption intensity, which is used in order to determine the
polymer-dye associate.

As a result, the composition of the [AMPS-75 solution]:[MB] complex was
determined to Dbe approximately 1:3 (figure 3.2.12), whereas [AMPS -25
solution]:[MO] is 1:2 (figure 3.2.13).

63



3.2.3.3 Behavior of linear AMPS-APTAC polyampholytes in water-organic
solvents

The dependence of the reduced viscosities of AMPS-APTAC polyampholytes
on the composition of aqueous-organic solvents are shown in figures 3.2.14 and

3.2.15.
A significant decrease in the reduced viscosity of AMPS-25 and AMPS-75 is

observed in an agueous-organic mixture containing 40 vol.% ethanol and 60 vol.%
acetone (figures 3.2.14 , 3.2.15). The decrease is due to a reduction in the dielectric
constant of the solution, leading to the condensation of counterions with polyions,
and to deterioration of the thermodynamic quality of the solvent with respect to the
anionic and cationic groups of polyampholytes.
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Figure 3.2.14 - Dependence of the reduced viscosity of AMPS-25 (1) and
AMPS-75 (2) on the composition of the water-ethanol mixture
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Figure 3.2.15 - Dependence of the reduced viscosity AMPS-25 (1) and AMPS-75 (2)
on the composition of the water-acetone mixture
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CONCLUSION TO CHAPTER 3.2

Quenched (or high-charge-density) polyampholytes were prepared from
anionic AMPS and cationic APTAC monomer pairs. Copolymers with large charge
asymmetries (AMPS-25 and AMPS-75) exhibited good solubility in water.
Equimolar polyampholyte (AMPS-50) was dispersed in water but soluble in aqueous
solutions of KCI. Polyampholytes with an excess of anionic (AMPS-75) or cationic
(AMPS-25) charges behave as neutral polymers, meaning that at a concentration
range of 0.05-03 g/dL, the reduced viscosity linearly diminishes upon dilution. The
viscometric data reveal that in aqueous solutions of KCI, the intrinsic viscosities of
AMPS-25 and AMPS-75 decrease, whereas the intrinsic viscosity of AMPS-50
increases, demonstrating antipolyelectrolyte behavior. In aqueous solution, the
conformation of AMPS-25 and AMPS-75 can be considered to have a core and shell
structure, where the core part exists in the polyampholyte region and the shell part
represents the polyelectrolyte region. The addition of low-molecular-weight salts
tends to shrink the shell part and to swell the core part, and such antagonism between
the shell and core may cause a minor decrease in the intrinsic viscosity at relatively
high ionic strengths. In aqueous solution, the positions of the isoelectric points of
strongly charged polyampholytes determined by DLS experiments showed a pH of
around 6.3 +0.2. In the presence of KCI, the position of the IEP shifts to pH 6.5-7.0,
due to the specific binding of chloride ions by quaternary ammonium groups of
APTAC. The results suggest that the alterable structure of the polyampholyte core of
the IEP consists of a high density globule, low-density globule, dense coil and low-
density coil.

The formation of a stable complex is found at a 2:3 molar ratio of [AMPS-75]
and [CTMACI]. Similarly, [AMPS-25] and [SDBS] have a ratio of 3:2. The
composition of the [AMPS-75]:[MB] complex was determined to be approximately
1:3, while that of [AMPS-25]:[MO] is 1:2.

A significant decrease in the reduced viscosity for AMPS-25 and AMPS-75
was observed in an aqueous-organic mixture containing 40 vol.% Ethanol and 60
vol.% Acetone, which caused a decrease in the dielectric constant of the solution, and
led to condensation of counterions with polyions, as well as deterioration of the
thermodynamic quality of the solvent containing the ionogenic groups of
polyampholytes.
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3.3 Mechanical and complexation properties of quenched polyampholyte
hydrogels based on AMPS and APTAC

3.3.1 Swelling properties of AMPS-APTAC hydrogels

Figure 3.3.1 shows photographs of as-prepared and swollen (immersed in
water) QPA hydrogels, as well as graphs of their relative weight m, volume V., and
gel fraction W,. All as-prepared (or initial) hydrogel samples have the same size.
After immersion and equilibration in agueous solution, the QPA hydrogels of AMPS-
75H and AMPS-25H are transparent in the swollen state, while AMPS-50H is cloudy
and in a shrunken state. The Donnan effect explains these results. In the case of
AMPS-25H and AMPS-75H, due to an excess of positive and negative charges in the
hydrogel network, the number of osmotically active ions in the hydrogel phase
increases, leading to swelling of the hydrogels. Whereas, in the case of AMPS-50H,
the equimolar amount of cationic and anionic charges compensate each other, and the
excess free counterions that are not needed to satisfy the electroneutrality of the chain
are effectively dialyzed from the hydrogel interior.
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Figure 3.3.1 - Images of as-prepared (top) and swollen (bottom) QPA
hydrogels in water (a). The relative weight m, (red bars), volume V. (blue bars),
and gel fraction W, (green symbol) of polyampholyte hydrogels as a function of
[AMPS] in the feed (b)

3.3.2 Gelation of AMPS-APTAC hydrogels

The dynamics of gel formation were monitored by rheometric measurement
using oscillatory deformation tests at an angular frequency ® of 6.3 rad-s™ and strain
amplitude vy, of 0.01. Figure 3.3.2 a and b show the loss G and storage modulus G’
of the reaction solutions plotted against the reaction time, together with the loss factor
tan 0 (G”/G’) of the reaction system. As seen in figure 3.3.2 b, the gelation time
decreases when the AMPS content of the reaction mixture is increased. According to
previous research on determination of the monomer reactivity ratio and composition
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[15-17], AMPS has a reactivity ratio of rayps = 0.62-0.43, whereas that of APTAC is
rartac =0.360, which predicts that increased AMPS content in the initial monomer
solution decreases the gelation time.
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Figure 3.3.2 - Storage G' (filled symbols), loss modulus G" (open symbols),
and loss factor tan 0 (red lines) of the reaction mixture as a function of reaction
time. ® = 6.3 rad.s™. T = 60 °C. Blue arrows show the gelation point of the system.
a) Gel points ty (tan & = 1, open symbols) are plotted as a function of AMPS
content in the reaction mixture. Error bars are smaller than the symbols where the
bars are not shown b)

3.3.3 Mechanical and rheological properties of AMPS-APTAC hydrogels

The mechanical and rheological characteristics of polyampholyte hydrogels
with different AMPS content are shown in table 3.3.1.

As seen in table 3.3.1, by increasing the AMPS content in the copolymer
composition, the mechanical properties improve, as measured by Young’s modulus
(Ec), which increased by 3 times, and fracture stress (of), which rose by 2 times. Such
results demonstrate that higher ionic interaction in the system raises the mechanical
properties of polyampholyte gels.

Figure 3.3.3 shows the results of rheological measurements, including storage
G, loss modulus G~ and loss factor tano, of as-prepared QPA hydrogels. APMS-75H
demonstrates stronger mechanical properties, but exhibits brittleness (lines on the
third graph are approximated). These results are in good agreement with the loss
factor tan 0 (G ”/G’) of the reaction system.

Polyampholyte hydrogel AMPS-75 H in the as-prepared state has a higher
viscous modulus than the others because of greater ionic bonding, resulting in
increased bonding interactions in the hydrogel in the as-prepared state.

The corrected strain-stress curves of as-prepared and swollen QPA hydrogels at
various AMPS concentrations are shown in figure 3.3.4 a and b. The Young’s
modulus E, fracture stress o¢ and elongation characteristics of QPA hydrogels as a
function of AMPS content are presented in figure 3.3.5 a and b. The highest values of
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Young’s modulus E and fracture stress o; are seen in the as-prepared sample of
AMPS-75H.

Table 3.3.1 -. Compositions, swelling, and compressive mechanical properties of the
hydrogels. Standard deviations less than 5% for H,O and W, values. Chemical cross-
linker (MBAA) fixed to 20 mol.% with respect to monomers and initiator (APS) set
as 10 mM

XamPs Myel H.O, % | W, As prepared state Swollen state

E / kPa of/ kPa E / kPa of/ kPa
AMPS-25H 9.2+0.1 99.4 098 | 5.2+04 24+1 |11.2+0.7| 6.0+0.8
AMPS-50H | 0.82 +0.02 99.5 1.00 12+1 30+2 23+2 147 £ 12
AMPS-75H 79+05 93.8 0.92 19+4 55+ 3 33+1 27 %3

10° 3 100
10* 3
E 101
103 ) 3
Dc? 2 | - :‘IPAE; 102
~ 10 H 1 - - - » ~ ': «Q
H CAH r‘— N l,‘,I"l' = c
o 1 sl 7 s
ED. 10 ] N 103
109 E
10 3 107
AMPS-25H AMPS-50H AMPS-75H 3
10-2 Il HHH‘ L1 HHH‘ 1 lHHH‘ lHHH‘ Il lHHH‘ Il lHHH‘ L lHHH‘ Il lHHH‘ L lHHH‘ 10—5

10° 10' 102 10° 10* 102 10° 10* 102

o/ rad.s™ w/rad.s™ w/rad.s™

Figure 3.3.3 - Storage G’ (filled symbols), loss modulus G ”(open symbols),
and loss factor tan ¢ ( red lines) of QPA hydrogels prepared between rheometer
plates at 60 °C for 1 h at 25 °C. yo = 0.01. Hydrogel codes are indicated in the
graphs. Note that the green lines are approximated data for AMPS-75H

However, in a swollen state, the AMPS-50H shows significantly improved
mechanical characteristics. Of note is that the dialysis of as-prepared hydrogel
samples in pure water plays a crucial role in enhancing ionic bond formation, at
which point the polymer concentration governs the complexation between intra-chain
and inter-chain ionic and hydrogen bonding, which forms a tough hydrogel [46, 48,
151, 181-183]. The results of the current study show that in dialyzed AMPS-50H
hydrogels, the intra-ionic complexation between oppositely charged monomers leads
to the formation of tough hydrogels (figures 3.3.4 b, 3.3.5 b).

Photographs of compression tests of swollen hydrogel samples are displayed in
figure 3.3.6.
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Figure 3.3.4 - Compressive stress-strain curves of as-prepared (a) and
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Figure 3.3.5 - The compressive modulus E; (a), fracture stresses of (b) and
fracture strain €% (c) of hydrogels in the as-prepared (filled symbols and bars) and

swollen states (open symbols and bars) plotted against the AMPS mol ratio Xawps
in the comonomer feed

Due to the fact that AMPS-25H is a polyelectrolyte gel and contains more
water in comparison with collapsed AMPS-50H, which has a small amount of water
and a lower degree of swelling, it ruptures under compression, whereas swollen
AMPS-50H is stable under the same conditions. Therefore, AMPS-50H hydrogels
have increased fracture stress (of) in the swollen state at a level 6 times more than in
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the as-prepared state. In the swollen state, those hydrogels with other compositions
are more brittle and have reduced fracture stress (o).

Figure 3.3.6 - Photographs of AMPS-75H (a) and AMPS-25H (b) hydrogel
samples in the swollen state during compression tests. Images al — a3 show uniaxial
compression up to a strain € of 40%. Images b1-b3 show the rupture of the hydrogel

specimen upon compression

3.3.4 Complexation of AMPS-APTAC hydrogels with dyes and surfactants,
and the behavior of AMPS-APTAC hydrogels in organic solvents.

3.3.4.1 Sorption and desorption of dye molecules by AMPS-APTAC hydrogels
Figures 3.3.7 and 3.3.8 show the time-dependent absorption of MB and MO by
AMPS-75H and AMPS-25H, respectively.

Absorbance, a.u.

500 550 600 650 700 750 800

A, nm.

Figure 3.3.7 - Absorption of MB by AMPS-75H. [MBAA] = 20 mol.%
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Figure 3.3.8 - Absorption of MO by AMPS-25H. [MBAA] = 20 mol.%

The gradually decreasing intensity of MB and MO in the presence of AMPS-
75H and AMPS-25H confirms the absorption of dye molecules by the hydrogels.
Sorption kinetics of positively charged dye, methylene blue (MB), and negatively
charged dye, methyl orange (MO), by AMPS-APTAC hydrogels are shown in figures
3.3.9 and 3.3.10, respectively [4].

Hydrogels containing an excess of negative (AMPS-75H) and positive (AMPS-
25H) charges effectively absorb MB and MO, respectively, due to electrostatic
binding. No binding of MB is observed for AMPS-25H and AMPS-50H. The reason
is that both AMPS-25H and MB are positively charged. In the case of AMPS-50H,
the oppositely charged chains compensate each other, thus positively charged MB
molecules are not able to penetrate the hydrogel matrix. The same phenomenon is
observed for AMPS-75H and AMPS-50H, with respect to negatively charged MO
molecules [4].

Nevertheless, AMPS-50H absorbs a small amount of MB, which is probably
due to stronger electrostatic interaction between the quaternary ammonium groups of
AMPS-50H and the sulfonate groups of MO. AMPS-75H and AMPS-25H absorb up
to 80-90% of MB and MO molecules respectively (figure 3.3.11). As seen in figure
3.11, the initial hydrogel samples are transparent when in the swollen state, but
following addition of the dye, are colored and in a shrunken state [4].

Penetration of dye molecules into the hydrogel matrix proceeds via the ion-
hopping transport mechanism, resulting in gel contraction [33]. The driving force of
this process is electrostatic binding of dye molecules with negative or positive
charges in the hydrogels, thus continuous migration occurs as dye molecules
penetrate deeply into the gel by exchanging one fragment of the network for another
vacant place. Each transfer takes place at the gel-solution interface, and is directed
towards the hydrogel phase, thus leading to the formation of a vacancy within the

71



network, which in turn is accessible to other dye molecules for transfer in the same
direction (figure 3.3.12)[4].
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Figure 3.3.9- Sorption kinetics of MB by AMPS-APTAC hydrogels.
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Figure 3.3.10-Sorption kinetics of MO by AMPS-APTAC hydrogels.
[MBAA] =20 mol.%

Figure 3.3.11 - Hydrogel samples of AMPS-25H (1,2) and AMPS-75H (1,3)
before (1,3) and after (2,4) sorption of MO (2) and MB (4)
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Figure 3.3.12 - Schematic illustration of penetration of dye molecules into the
hydrogel matrix via the ion hopping transport mechanism and shrinking of hydrogel

[4]

The release of dye molecules from the hydrogel matrix was performed in the
medium of 0.5 M KCI (figure 3.3.13). The driving force of dye release from the
hydrogel matrix is the replacement of electrostatically-bonded dye by low-molecular-

weight salt ions. The quantity of dye molecules released over a period of 24 hours is
70-75%[4].

0.8

0.6

Concentration of MB, 10“ mol /L
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0.2
0.0 L1 1 1 I | I I | I | I I | I | I I | I | I I | I 1
0 1 2 3 4 5
Time/h

Figure 3.3.13 - Release kinetics of MO (1) and MB (2) from AMPS-25H and
AMPS-75H hydrogel matrices, respectively

Isotherms of dye sorption are shown in figure 3.14.
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Figure 3.3.14 - Isotherm of dye sorption for a)AMPS-25H; b) AMPS-75H;
hydrogels.

3.3.4.2 Sorption and desorption of surfactants by AMPS-APTAC hydrogel

The sorption kinetics of sodium dodecyl benzyl sulfonate (DDBSNa) and
cetyltrimethylammonium chloride (CTMAC) by AMPS-APTAC hydrogels in
aqueous solution is shown in figure 3.3.15.

m/m

0_0_||||||||||||||||||||||||||||
0 5 10 15 20 25

Time/h

Figure 3.3.15 - Sorption kinetics of CTMAC (1, 3) and DDBSNa (2, 4) by
AMPS-50H (1, 2) and AMPS-75H (3) and AMPS-25H (4). [DDBSNa] = 1*10°
mol/L; [CTMACI] = 1*10°° mol/L

It is seen that AMPS-25H and AMPS-75H shrink due to the complexation of
AMPS-25H and AMPS-75H shrink due to the complexation of excessive anionic and
cationic groups of hydrogels with cationic and anionic surfactants, accompanied by
penetration of surfactant molecules into the hydrogel matrix. Consequently, the
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formation of micellar structures within the hydrogel matrix and hydrophobization of
the system leads to the overall shrinking of hydrogel volume (figure 3.3.16).

Shrinking

»
»

Figure 3.3.16 - Schematic representation of the penetration of SDBS into
AMPS-25H hydrogel and formation polyampholyte-surfactant complexes with
micellar structure

An analogous mechanism is expected to operate in the case of an anionic gel
(AMPS-75H) and a cationic surfactant (CTMAC). The driving force of the formation
of AMPS-25H/SDBS (or AMPS-75H/CTMAC) complex is the electrostatic binding
of surfactants by excessive positive or negative charges of polyampholytes.
Insignificant change and slight swelling of equimolar AMPS-50H in the presence of
anionic and cationic surfactants are probably due to absorption of a small number of
surfactant molecules into the hydrogel matrix.

3.3.4.3 Behavior of AMPS-APTAC copolymers in water-organic solvents

Dependence of the reduced viscosity and swelling degree of crosslinked
AMPS-APTAC copolymers on water-acetone and water-ethanol mixture are shown
in figures 3.3.17 and 3.3.18.

The effective shrinking of AMPS-50H, AMPS-75H, and AMPS-25H in water-
ethanol mixture starts at volumes of 44, 63, and 63 vol.% of ethanol, respectively.
The same tendency is also observed for AMPS-50H, AMPS-75H, and AMPS-25H at
volumes of 20, 47, and 54 vol.% of acetone, respectively. Deswelling of AMPS-25
and AMPS-75 in water-organic mixtures is probably due to enhanced condensation of
counter ions onto polyions and to the poor thermodynamic quality of the solvents,
with respect to anionic and cationic groups.
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Figure 3.3.17 - Dependence of the swelling degree of AMPS-APTAC
hydrogels on the water-ethanol mixture. 1 — AMPS-75H; 2 - AMPS-50H; 3 —
AMPS-25H. [MBAA] = 20 mol.%
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Figure 3.3.18 - Dependence of swelling degree of AMPS-APTAC hydrogels
on water-acetone mixture. 1 — AMPS-50H; 2 — AMPS-75H; 3 — AMPS-25H.
[MBAA] =20 mol.%

3.3.5 Technological part
The technological scheme for the scaled up synthesis of equimolar AMPS-50

hydrogels is shown in figure 3.3.20.
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Figure 3.3.20 - The principle scheme for the synthesis of AMPS-50H hydrogels

As seen in figure 3.3.20, the monomers AMPS and APTAC, with the addition of a
crosslinking agent and water as a solvent, are bubbled using nitrogen, which requires
up to 1 h to purge the solution of all oxygen. Next, the initial monomer mixture
passes through a jet pump, where it is injected with an APS initiator to begin the
polymerization process. Further, in order to continue the polymerization process, the
initial monomer mixture is passed into a tape polymerizer, with a constant
temperature of 60 °C and where the solution is continuously maintained under
atmospheric pressure.

The tape polymerizer is a metal sheet, stretched between two cylinders. The
maximum permissible tape thickness is 2 mm, and the maximum tape size is 1.5 m.
after polymerization, the as-prepared hydrogels are sliced with a cutter and pass
through the washing and drying processes before finally entering the packaging
process.

The material balance is provided in tables 3.3.2-3.3.3 where consumption
indices of raw materials per 1 metric ton of prepared material are determined.

Table 3.3.2 - The feed composition of the AMPS-50H in percent ratio

Component code Amount, mass % | Functional purpose
Technical Chemical
Monomer AMPS 4.60 Initial components
Monomer APTAC 2.80 of the mixture
Cross-linking agent MBAA 0.60
Initiator APS 0.30
Water Water 91.70 Solvent
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Table 3.3.3 - Material balance of free-radical polymerisation processes in 1 ton

calculation
Component code | Credit, kg / day Losses, kg / day Debit, kg / day

AMPS 46.00 0.92 45.08
APTAC 28.00 0.56 27.44
MBAA 6.00 0.12 5.88
APS 3.00 0.06 2.94
Water 917.00 18.34 898.66
Total 1000.00 20.00 980.00

The formula used to calculate total heat flow rate Q+:
Qr = Q¢+ 0Qr + Q4 (3.3.1)

where Qr — is the total heat loss; Q¢ — heat loss through conduction; Qg — heat
loss to the reaction mixture; Qa — heat loss through natural air exchange.

Heat loss through conduction:
QC == mc X CC X AT (332)

where m, is the mass flow rate of material, 1000 kg; c. — is the specific heat
of steel material “St3” brand is 0.47 kJ-(kg'K); AT — temperature differences.

The formula used to calculate heat loss to reaction mixture:

where Q. — is the heat loss through a material; my — is the mass flow rate of
material; AT — temperature differences.

cg - Is the specific heat of material which calculated by the formula:

Cr = (CHZO + Camps + Caprac + Cupaa + Caps)/4=2.05 (kg *K) (3.3.4)
Heat loss through natural air exchange:
Qs =FXax AT x 1t x 3600 (3.3.5)

where F — is the flow rate area, 0.75 m* 1-3.5 h; AT — Temperature differences;
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A — heat transfer coefficient which calculated by the formula:
a =9.74 + 0.07AT = 9.74 4+ 0.07 x 33.15 = 14.38 W/(m? x K)

Heat loss through conduction:

Q. = 100 x 0.47 x (333.15 — 298) = 1652.05 K]
Heat loss to reaction mixture:

Qr = 1000 kg x 2.05 x 35.15 = 72.06 k]
Heat loss through natural air exchange:
4 = 0.75 % 14.38 X 33.15 X 3.5 X 3600=4504.79 kJ
Total heat flow rate is equal:
Q1 =4504.78 + 1652.05 + 72.06 = 13362.83 kJ

Heat balance is 13,363 kJ for synthesis of 1 metric ton of AMPS-50 hydrogels
using a tape polymerizer.
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CONCLUSION TO CHAPTER 3.3

Three samples of quenched, or high-charge-density, polyampholyte hydrogels
were prepared from anionic AMPS and cationic APTAC monomers in the presence
of MBAA as a cross-linking agent. They were characterized by swelling
measurements, rheological experiments, and mechanical tests. The swelling and
mechanical properties of initial and equilibrated QPA hydrogels are different due to
excess or equal numbers of anionic and cationic monomers. Independent of
composition, such hydrogels behave as either polyelectrolytes or polyampholytes. A
dramatic increase in fracture stress accompanies the shrinking of the AMPS-50H gels
op and fracture strain €%. Dialysis of initial hydrogel samples in pure water plays a
crucial role in the disparity between the repulsive polyelectrolyte effect of AMPS-
25H and AMPS-75H, and the attractive polyampholyte effect of AMPS-50H, due to
intra-ionic complexation between oppositely charged monomers. Both the fracture
stress (of) and fracture strain (€%) of swollen AMPS-50 are much higher than AMPS-
25H and AMPS-75H. This is explained by the globular structure of AMPS-50H,
stabilized by ionic bonds between oppositely charged monomers. Upon stretching,
the globular parts unfold and extend, exhibiting improved mechanical properties.
Supramolecular QPA, prepared by random copolymerization of oppositely charged
ionic monomers at relatively high monomer concentration and equimolar monomer
ratio, represents a new class of hydrogels, containing both strong and weak ionic
bonds.

The swelling kinetics of AMPS-APTAC hydrogels in aqueous solution
depends on copolymer composition. Shrinking of crosslinked QPAs in water-ethanol
and water-acetone mixtures resulted. The sorption and desorption ability of QPAs
was evaluated with respect to dyes and surfactants. Hydrogels containing an excess of
negative (AMPS-75H) and positive (AMPS-25H) charges effectively absorb up to
80-90% of MB and MO respectively, due to electrostatic binding. Approximately 70-
75% of dye molecules were released from the hydrogel matrix into the medium of
0.5M KCI over a period of 1 day. The driving force of dye release is the replacement
of electrostatically bound dye molecules by low-molecular-weight salt.

The technical schematic for the synthesis of AMPS-50 hydrogels using a tape
polymerizer is shown. Material balance and heat balance were calculated, where
consumption indices of raw materials per 1 ton of prepared materials are provided.
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3.4 Highly stretchable chemical cross-linked QPA hydrogels. DMA effect
on mechanical properties of QPA hydrogels

3.4.1 Gelation. Swelling kinetics and rheological properties of chemically
cross-linked QPA hydrogels

The previous chapter considered the mechanical properties of quenched
polyampholyte (QPA) hydrogels synthesized by free-radical copolymerization in the
presence of N,N-methylene bisacrylamide (MBAA\) as a crosslinking agent, with the
varying dependence on the molar amount of AMPS, abbreviated as AMPS-75H,
AMPS-50H and AMPS-25H. The swelling, rheological, and mechanical properties of
QPA hydrogels were evaluated for different compositions of copolymers at fixed
initial monomer concentration Cy, = 5 wt.% and a constant amount of [MBAA] = 20
mol.%, showing that the attractive polyampholyte effect of AMPS-50H is due to
intra-ionic complexation between oppositely charged monomers. Both the fracture
stress (of) and fracture strain (¢ %) of swollen AMPS-50 are much higher than
AMPS-25H and AMPS-75H. However, these samples were still brittle and not
stretchable.

The present chapter examines the limit of initial monomer concentration for
gelation depending on the crosslinking agent. Gong et al. [112, 143] claim that the
limit of initial monomer concentration Cy, is about 1.5 M, which is close to the result
of the present study, 1.35 M (table 3.4.1).

Hydrogels are denoted as C30-x and C30-x/y, where x and y are the amounts
of the chemical crosslinker, MBAA, and the hydrophilic monomer, DMA,
respectively. Initial monomer concentration was fixed as 30 wt.% (1.35 M).

Table 3.4.1 - Synthesis parameters: Xaups = 0.5 and Cyy =1.35 M

Series MBAA / mol% DMA / mol% APS / mM
a 5-0.1 - 10
b 0.5 5-20 10

For the purpose of studying the mechanical properties of polyampholyte
hydrogels, an increased initial monomer concentration of 30 wt.% and proportionally
decreased crosslinker concentration were chosen, in order to improve ionic
interaction and make fewer chemical crosslinks. As a result, the present study
achieved gelation by decreasing the cross-linking agent, MBAA, to 0.2 mol% with
respect to total monomer concentration. Whereas, no gelation occurred at 0.1 mol%.

Table 3.4.2 shows the swelling properties of mg, gel ratio W, and the
mechanical properties of polyampholyte hydrogels based on APTAC and AMPS. The
highest mechanical properties and best gel ratio were found in the C30-5 sample.
However, it is the most brittle, in comparison to the other samples, because of the
large amount of cross-linker, 5 mol%, with respect to total monomer concentration.
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As seen in figure 3.4.1 and 3.4.2, gelation time changes in accordance with
increased concentrations of MBAA. As the amount of MBAA in the monomer
mixture increases, gelation time decreases.

102
10t
10°

101

G', G"/kPa

107

103

10

Time / min

0123456780 10 20 30 40

Time / min

Lgel

I

t
e 9¢ 1 gel
o b b M T

100

101

102

| 10-3

Time / min

Time / min

&
50 10 20 30 40 50 10 20 30 40 50

60

80

Time / min

100

Figure 3.4.1 - Storage G’ (filled symbols), loss modulus G™ (open symbols),
and loss factor tan o (red lines) of the reaction solutions plotted against the reaction
time. ® = 6.3 rad.s™. Temperature = 60 °C. Blue arrows show the gelation point of
the system. MBAA contents (mol % with respect to monomers) are indicated on the
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Figure 3.4.2 - Gel point ty, (tan 6 = 1, open symbols) plotted as a function of
the mole ratio of the chemical crosslinker to total monomers. Error bars are smaller
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loss factor tan & (triangles) of the reaction solutions of the hydrogels prepared
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Figure 3.4.3 shows that with increased MBAA concentration in the monomer
mixture, the mechanical properties also increase. The 0.1 mol.% of the MBAA does
not have a straight line, which means the sample is nearly soluble, and can not be
utilized as a real hydrogel, despite improved mechanical properties.

Table 3.4.2 - Compositions, swelling, and mechanical properties of hydrogels.

Code Mgl H.O% | W, Compression Tensile
E / kPa ot | MPa E / kPa ot | kPa
C30-5 29x20.1 90 1.00 199 + 18 0.33+£0.01 Brittle Brittle
C30-1 54+04 96 098 | 183+£09 | 3.99+£0.03 | 108+1.1 | 128+1.1
C30-05 | 139+1.0 98 086 | 11.7x1.2 40+0.2 1.8+0.2 71205
C30-0.25 | 8.0x0.9 96 0.69 58+05 1.7£0.2 1.8+0.6 6.0x04
*C30-0.1 - - - - - -
*No data
MBAA mol. % = 109
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Figure 3.4.3 - Frequency o dependences of the storage modulus G’ (a,
symbols), and loss factor tan & (b, lines) of chemically crosslinked polyampholytes
(after preparation) at 25 °C. y, = 0.01. MBAA contents of hydrogels shown in the
figure

The swelling kinetics shown in figure 3.4.4 demonstrate that decreasing the
MBAA concentration causes more swelling and eliminates the possibility of
achieving an equilibrium state because of the loss of total monomer mass, where
hydrogels C30-5 has about Wy =1 while C30-0.2 is just 0.69.
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Figure 3.4.4 - Swelling kinetics of hydrogels according to swelling time. (a),
Relative weight swelling my (bars), and gel ratios W, (symbols) of polyampholyte
hydrogels as a function of MBAA mol% (b)

3.4.2 Mechanical properties of chemically cross-linked QPA hydrogels

The corrected strain-stress curves of the initial and swollen QPA hydrogels, at
various MBAA concentrations, are shown in figure 3.4.5 a and b. The Young’s
modulus E and fracture stress o; of QPA hydrogels, as a function of MBAA content,
are presented in figure 3.4.5 b. The highest values of Young’s modulus E and fracture
stress of are exhibited in the initial C30-5 sample.
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Figure 3.4.5 - Stress-strain curves of chemically crosslinked hydrogels (in the initial
state) prepared in the presence of various ratios of MBAA. Total monomer
concentration Cy, = 1.35 M. The inset shows the curves on a semi-logarithmic scale
(a), Young’s modulus E and fracture stress o7 of hydrogels as a function of MBAA
mol% (b)
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However, it was brittle, with fracture strain €% of about 50%, which is half as
much as C30-0.2. Average mechanical properties were found in the samples, MBAA
0.5 and 0.2 mol.%, with respect to total monomer concentration. Nevertheless, the
stress-strain curves of the hydrogels in their initial state in the presence of various
amounts of MBAA, ranging from 0.2 to 1 mol %, with respect to total monomer
concentration, showed that C30-0.5 has the best tensile test with regards to Young’s
modulus E (1.8 kPa) and fracture stress o7 (7.1 kPa), shown in figure 3.4.6 a and b.
Therefore, C30-0.5 was chosen for its mechanical properties, as it is less brittle and
more stretchable in the presence of DMA.
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Figure 3.4.6 - Stress-strain curves of the hydrogels (in the initial state) prepared in
the presence of various ratios of MBAA. Total ionic monomer concentration Cy, =
1.35 M. MBAA contents of hydrogels shown on the graph (a), Young’s modulus E
(red circles) and fracture stress of (green triangle up) and elongation at breaks ¢%
(blue triangle down) of hydrogels as a function of MBAA content (b)

3.4.3 Effect of DMA on the mechanical and rheological properties of cross-
linked QPA hydrogels

Table 3.4.3 shows the mechanical and other characteristics of polyampholyte
hydrogels with various amounts of DMA.

Table 3.4.3 Compositions, swelling, and mechanical properties of the
hydrogels prepared in the presence of DMA. Standard deviation is less than 5% for
H,O and W, values. The chemical cross-linker (MBAA) was fixed as 0.5 mol% with
respect to monomers and the initiator (APS) set as 10 mM.

E / kPa or | MPa E / kPa ot kPa
C30-0.5/0 | 29+0.1 98 086 | 11.7+1.2 | 40+0.2 | 1.8+£0.2 7.1+05
C30-05/5 | 54+0.4 96 0.87 - - 43+05 10.2+1.2

C30-0.5/10 | 139+1.0 95 0.93 - - 54+0.1 14.0+0.6

C30-0.5/20 | 8.0+0.9 93 1.00 | 49.7+39 | 47+04 | 224+16 | 36.8+3.9
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As shown in the table, as the DMA content was increased in the reaction
solution, tensile strength rose, with E. increased by 21 times and of by 5 times,
compared to QPaH without DMA, as a result of enhanced ionic interaction within the
system, thus increasing the mechanical properties of the polyampholyte gels (figure
3.4.7).
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Figure 3.4.7 - Storage G' modulus of the reaction solutions plotted against the
reaction time. ® = 6.3 rad.s™. Temperature = 60 °C. Blue arrows show the gelation
point of the system. MBAA contents fixed as 0.5 mol%. (a), Storage G’ (filled
symbols), loss modulus G’ (open symbols) and loss factor tan & (red lines) of the
hydrogels prepared in the absence (b) and presence (c) of 20 mol % DMA between
rheometer plates at 60 °C for 1 h plotted against frequency at 25 °C. y, = 0.01 (b, ¢)

The effect of DMA significantly decreases the swelling properties of hydrogels
by 3 times, compared to hydrogels without DMA (figure 3.4.8 a, b), with the mass
ratio correspondingly increasing up to 1, which is a desirable result. The strain curves
of the hydrogels prepared in the presence of various amounts of DMA demonstrate
that adding it dramatically increases the tensile strength of hydrogels, up to 22.4 kPa.
Elongation, ¢%, remains the same, regardless of the addition of DMA, which only
alters the mechanical properties of hydrogels, as demonstrated by the change in
Young's modulus E, making the addition of DMA a beneficial improvement (figure
3.4.9a, b).

The polyampholyte hydrogels were studied using cyclic mechanical
experiments to further examine the presence of a reduced number of bonds from the
initial state. figure 3.4.10 shows the typical tensile cycles of five subsequent loading
and unloading steps of the copolymer gel specimens C 30-x 0.5 and x 0.5y 20. The
tests were carried out by increasing maximum strain up to €ma 300% over the five
steps, as indicated by the arrows. In the first cycle, the polyampholyte hydrogels
exhibited permanent deformation, whereas in the second through fifth cycles the
copolymer gels fully and immediately recovered to their original sizes within 1 min
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after unloading. This behavior is also illustrated in figures 3.4.11 a and b, and shown
in the photograph of the x0.5 hydrogel sample being manually stretched by around
300%, both without (c) and with the addition of 20 mol% DMA, x 0.5y 20 (d).

After stretching the specimens to 800%, they self-recover to their original sizes
within 1 min upon releasing the load. Thus, DMA significantly contributes to the
elasticity of polyampholyte hydrogels. The solid symbols in figure 3.4.11 show the
hysteresis energies Uy of the copolymer hydrogels, with and without the addition of
DMA, as calculated from the area between the loading and unloading curves plotted
against the maximum strain gy.. Incorporation of DMA significantly increases the
hysteresis energy, which reflects the number of bonds reversibly broken under strain.
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Figure 3.4.8 - Swelling kinetics of hydrogels based on swelling time. (a)
Relative weight swelling m (bars) and gel ratios W, (symbols) of polyampholyte
hydrogels as a function of DMA mol% in the comonomer feed (b)
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Figure 3.4.9 - Stress-strain curves of the hydrogels (in the initial state) in the
presence of various amounts of DMA. Total ionic monomer concentration Cy= 1.35
M. MBAA contents of hydrogels fixed as 0.5 mol%. (a), Young’s modulus E (red
triangles up) and fracture stress o (blue circles) and elongation at breaks ¢% (green
triangle down) of hydrogels as a function of DMA content (b)
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Figure 3.4.10 - Five successive tensile cyclic tests conducted without (red)
and with 20 mol. % hydrogels (blue) up to a constant &y, 300%. Strain rate = 1
min™. Loading and unloading curves are shown as solid lines and dots, respectively.
The insets show loading curves
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Figure 3.4.11 - Uy (circle, a), energy dissipation fraction fgs (triangle, b) of
hydrogels without (open symbols) and with 20 mol.% DMA (filled symbols) after
preparation plotted against the number of cycles. (a, b): Photograph of w/o hydrogel
sample without (c) and with 20 mol.% DMA, w (d) during stretching and releasing
manually to around 300% stretch ratio (c, d)
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Table 3.4.4 and figure 3.4.12 show water contents and compressive mechanical
properties of the hydrogels with (w) and without (w/0) 20 mol % DMA in the initial
and swollen states. As seen in the table, adding DMA increased the compressive
mechanical properties. Thus, the initial fracture stress, o7, was 4.7 MPa, which rose by
10 times to 55 MPa after the addition of DMA while the hydrogel was in a swollen
state. However, without the addition of DMA, o; increased by just 3 times.

Table 3.4.4 - Water content and compressive mechanical properties of the hydrogels
with (w) and without (w/0) 20 mol.% DMA in initial and swollen states. Standard
deviations are less than 5% for H,O and ¢% values

Code After prep. Swollen
H,0% | E/kPa o/ MPa | ¢% | H,O0% E / kPa ot | kPa €%
w/o 70 11.7+12 (4002 |97 98 29+0.1 124+0.1 |68
w 70 49.7+39 |47+04 |58 93 18.1+04 54.8+6.0 |64
Sr (a) = 510t (b)
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Figure 3.4.12 - (a): Compressive stress-strain curves of hydrogels in
swollen (dashed lines) and initial states (solid lines). The inset shows the curves
on a semi-logarithmic scale. (b): Young’s modulus E (bars) and compressive
stress of (Symbols) of the hydrogels in swollen (filled) and initial (open) states
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CONCLUSION TO CHAPTER 3.4

Calculations were made in order to find the limit of initial monomer
concentration to achieve highly stretchable hydrogels based on the crosslinking agent.
Further, gelation was achieved by decreasing the cross-linking agent, MBAA, down
to 0.2 mol%, with respect to total monomer concentration.

The highest mechanical properties and gel ratio were found in the C30-5
sample. However, it was the most brittle compared to other samples, because of the
large amount of cross-linker, 5 mol.%, with respect to total monomer concentration.

The highest values of Young’s modulus E and fracture stress o; were exhibited
by the initial C30-5 sample, but it was brittle. With respect to average mechanical
properties, C30-0.5 and C30-0.2 were the best.

DMA introduced into the reaction solution raised the tensile strength, with the
result that Ec increased by 21 times and of increased by 5 times above the initial state
without DMA, which means increasing the ionic interaction and hydrogen bonding in
the system raises the mechanical properties of polyampholyte gels. Additionally,
DMA significant decreases the swelling properties of hydrogels by 3 times.

Strain curves of the hydrogels prepared in the presence of various amounts of
DMA demonstrated that adding it into the monomer mixture dramatically increases
the tensile strength of hydrogels up to 22.4 kPa according. However, elongation at
breaks ¢% were not altered by increasing the content of DMA, which, although
raising the mechanical properties of hydrogels, does not improve self-healing ability.

90



3.5. Hydrophobically modified physical polyampholyte hydrogels based
on AMPS-APTAC.

3.5.1 Chemically cross-linked AMPS-APTAC hydrogels fabricated by UV
induced polymerization

Before highlighting the extraordinary properties of hydrophobically modified
PA hydrogels, first have shown the behavior of the classical, chemically cross-linked
PA hydrogels prepared at various mole fractions of AMPS in the comonomer feed. In
the following subsections, have shown the properties of the physical PA hydrogels
prepared at various hydrophobic monomer contents.

Chemically cross-linked PA hydrogels were prepared from oppositely charged
AMPS and APTAC monomers at various mole fractions yames 0f AMPS between 0
and 1 in the comonomer feed. They were synthesized at a monomer concentration Cy
of 1.0 M in the presence of 1.25 mol% MBAA cross-linker. Figure 3.5.1 a shows the
equilibrium weight swelling ratio my, ¢q, and the gel fraction W, of the hydrogels
plotted against yamps. Wy equals to 0.66 and 0.9 in the absence and presence of
AMPS, respectively, whereas it becomes unity at yamps = 1. The increase in the gel
fraction after incorporation of AMPS segments into the gel network could be
attributed to the formation of hydrogen bonds between the polymer chains
contributing to the cross-link density of the hydrogels [38]. As expected, visual
observation showed that the hydrogels assume their most compacted state at yamps =
0.5 (figure 3.5.1 b). At this state, the degree of swelling my, q Of the hydrogel is 14-
and 11-fold smaller than that formed at yamps = O and 1, respectively, due to the
charge balance of the comonomer units.

All as-prepared hydrogels were too brittle in tension, and hence, they cannot be
subjected to uniaxial tensile tests. Therefore, uniaxial compression tests were
performed at a constant strain rate of 1 min™ (figure 3.5.2). Figure 3.5.1 ¢ shows
Young’s modulus E and compressive fracture stress o of the hydrogels as a function
of yamps. The modulus E attains a maximum value at yamps = 0.5 (63 £ 3 kPa) while
the fracture stress os exhibits a minimum, i.e. below 2 MPa due to the ionic bonds
between AMPS and APTAC segments in addition to the chemical MBAA cross-
links, as well as low amount of water in the charge-balanced hydrogel. The results
thus reveal poor mechanical properties of chemically cross-linked PA hydrogels due
to the lack of an effective energy dissipation mechanism. In the following, was fixed
the comonomer composition at yaves = 0.5, whereas no cross-linker was used for the
gel preparation.
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Figure 3.5.1 - The equilibrium weight swelling ratio my ¢, and the gel
fraction Wy of the hydrogels plotted against yames. (a), Young’s modulus E and
compressive fracture stress os of the hydrogels shown as a function of yames. (b),
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Figure 3.5.2 - Compressive stress-strain curves of chemically cross-
linked PA hydrogels in their as-prepared states. The inset is a semi-
logarithmic presentation of the data below 60% strain. The mole fraction
Xamps In the AMPS-APTAC monomer mixture is indicated
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3.5.2. Hydrophobically modified polyampholyte hydrogels: rheological,
swelling, and mechanical characteristics

Instead of the chemical cross-linker, the hydrophobic monomer n-octadecyl
acrylate (C18A) was incorporated into the backbone of PA chains to create
hydrophobic associations between alkyl side chains of C18A units. It was observed
that even adding a small amount of C18A creates gel. For example, images in figure
3.5.3 a, b display charged-balanced physical hydrogels formed with and without 2
mol at different monomer concentrations C,. Comonomer feed ratio C18A,
respectively. With C18A, a physical gel could be obtained at the lowest CM
monomer concentration of 1.0 M, while without C18A, no below Cy = 2.5 M.
Opacity presence in hydrophobically modified polyampholyte hydrogels shows nano-
sized regions with hydrophobic interactions. The monomer concentration Cy, was set
at 1.0 M and the sum of C18A in the comonomer mixture ranged between 5 and 20
mol.%.

Figure 3.5.3 - Images of charge-balanced PA hydrogels at various monomer
concentrations Cy, without (a) and with 2 mol % C18A (b)

Figure 3.5.4 shows angular frequency (w) dependences of the storage modulus
G, loss modulus G, and loss factor tan ¢ of charge-balanced hydrogels in their as-
prepared states, formed at Cy; = 1.0 M and at various C18A contents. The dynamic
moduli and tan ¢ of the hydrogel without C18A are shown by the open symbols and
dashed lines, respectively. Incorporation of C18A into the hydrogel leads to an
increase of G’ from the Pa to kPa level, and its frequency dependence decreases. For
instance, G’ at 10 rad s is 0.4 kPa in the absence of C18A, while it around
three-orders of magnitude increases at 25 mol.% C18A (31 kPa). Moreover, tan ¢
remains above 0.1 for all hydrophobically modified PA hydrogels revealing the
existence of dynamic cross-links and hence their vicious character. The physical gels
formed above 1 mol.% C18A were insoluble in water, similar to their chemically
cross-linked analogs, as discussed in the previous section. Figure 3.5.5 a shows the
equilibrium swelling ratio my, ¢, and the gel fraction W, of the hydrogels plotted
against their hydrophobe contents. Wy is above 0.8 and it increases with increasing
C18A content from 2 to 25 mol.%. Moreover, the swelling ratio of hydrophobically
modified PA hydrogels is 2.5 + 0.4 and almost independent on the amount of C18A,
as compared to 6.1 + 0.2 for chemically cross-linked PA hydrogel at the same AMPS
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mole fraction (figure 3.5.1a). The lower swelling ratio after hydrophobic modification
IS attributed to the increased hydrophobicity of the resulting hydrogels.
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Figure 3.5.4 - Storage modulus G, loss modulus G ", and loss factor tan ¢ of
charge-balanced hydrogels shown as a function of the angular frequency w. Cy, = 1.0
M. C18A contents are indicated

Another characteristic feature of hydrophobically modified PA hydrogels was
their unusual swelling kinetics in water, as shown in figure 3.5.5 b. The swelling ratio
My first increases up to a maximum value (M max) Within one day while at longer
swelling times, they start to deswell until attaining their swelling equilibrium after 10
days. Moreover, the lower the C18A content, the higher is myy max Of the hydrogel.
Similar swelling kinetics was reported before for non-ionic polyacrylamide hydrogels
prepared via micellar polymerization in aqueous SDS solutions [32]. Because all
hydrophobically modified PA hydrogels are charge-balanced, they behave as non-
ionic hydrogels when immersed in water. However, the existence of Na* counterions
of the surfactant SDS inside the gel network makes them ionic when immersed in
water. Because of the osmotic pressure of SDS counterions, they significantly swell
in water, as seen during the 1* day of the swelling time (figure 3.5.5 b). However, as
SDS is extracted from the hydrogels, they gradually turn into non-ionic ones so that
their swelling ratio decreases at longer times. As seen below, the cross-linking
density of the hydrogels decreases with a decreasing amount of C18A. Thus, at a low
cross-linking density, the diffusion of water inside the gel network is faster than the
extraction of SDS from the hydrogel so that the hydrogels with lower C18A content
exhibit higher maximum swelling ratios My, max-
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Figure 3.5.5 - The equilibrium weight swelling ratio my ¢, and the gel
fraction Wy of the physical hydrogels plotted against C18A mol%. (a) The weight
swelling ratio m, plotted against the time of swelling of the hydrogels with various
C18A contents (b)

In contrast to the chemically cross-linked PA’s, all hydrophobically modified
PA’s were highly stretchable and the stretch ratio at break varied depending on the
C18A content and on the gel state during the tensile tests. figures 3.5.6 a, b show
tensile stress-strain curves of as prepared and water-swollen hydrogels, respectively.
The results of the water-soluble hydrogels with < 2 mol. The dashed curves show %
CI18A. The Young’s modulus E, tensile strength o5, and elongation ratio at break & of
the hydrogels are compiled in figure 3.5.6 ¢ and table 3.5.1 as a function of C18A
mol %. The modulus E and tensile strength J; increase with increasing hydrophobe
content for both as-prepared and swollen hydrogels and they become 175 £ 25 and
202 + 24 kPa, respectively, for swollen hydrogels with 25 mol.% C18A. The open
circle in figure 3.5. 5 c¢ representing the modulus E of the chemically cross-linked
charge-balanced PA hydrogel in the as-prepared state reveals that, at above 10 mol.%
C18A, hydrophobically modified physical PA hydrogels are much stiffer than the
chemical hydrogel in both as-prepared and swollen states. The stretch at break is a
decreasing function of C18A content and varies between 137 — 1400%.

An interesting point from figure 3.5.6 ¢ and table 3.5.1 is that the swollen
hydrogels at high C18A contents are stiffer than in their as-prepared states. This
finding is unexpected as swelling of the hydrogels increases their water contents and
hence, decreases the number of elastically effective cross-links in a unit gel volume.
For instance, at 25 mol.% C18A, although the water content of the hydrogel increases
from 60 to 87 + 1% upon swelling in water (figure 3.5.7 a), its modulus E increases
from 103 to 175 kPa.

95



(a) (b)
C18A mol % =

---

-—- ]

10

15
20
25

ess .
- 11
T ITET AT AN RN AN AN AN AT AT AT ™ [

0 400 800 1200 1600 300 600 900

% %

(c)

E/kPa o,/ kPa g%

1500

200 @ as-prepared
A swollen

150
1000

100

500

50

BAAm-x-linked y
\HH‘HH‘HH‘HH‘\ H‘HH‘HH‘HH‘HH‘\ \\H‘HH‘HH‘HH‘HH‘\ 0
0 5 10 15 20 25 5 10 15 20 25 5 10 15 20 25

C18A mol % C18A mol % C18A mol %

0

Figure 3.5.6 - Tensile stress-strain curves of hydrophobically modified
physical PA hydrogels in as-prepared (a) and swollen (b) states at various C18A
contents, The modulus E, tensile strength 5, and elongation ratio at break & of the
hydrogels plotted against C18A mol% (c). The open circle represents the modulus of
chemically cross-linked charge-balanced PA hydrogel

This behavior is attributed to the presence of surfactant is as-prepared
hydrogels. Surfactant micelles are known to weaken hydrophobic interactions due to
their solubilization effect and hence decreasing the lifetime of hydrophobic
associations resulting in a decrease in the effective cross-link density of the hydrogels
formed by micellar polymerization. To verify this hypothesis, the effective cross-
linking density of the hydrogels was calculated using the theory of elasticity as,

E=3v,RT (1/2)]/3 (vg)]/3 (3.5.1)

where v and v, are the volume fractions of the crosslinked polymer at the state of
gel preparation, and during the mechanical tests, respectively, R is the gas constant,
and T is the absolute temperature. Note that equation 3.5.1 assumes affine network
behavior, which is reasonable for such hydrogels. Using the water contents (W)
shown in figure 3.5.7 a v and v, of the hydrogels were calculates as dp'1 1-wW
where d, is the polymer density, which was taken as the density of PAMPS (1.44
g/mL). Figure 3.5.7 b shows the calculated cross-link densities v, of PA hydrogels in
their as-prepared and swollen states plotted against C18A mol%. v, of swollen
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hydrogels containing more than 10 mol.% C18A is higher than that in their as-
prepared states, reflecting the strengthening effect of surfactant removal on the
stiffness of the hydrogels.

Table 3.5.1 - Water content (W %), Young’s modulus E, tensile strength o, and
elongation at break ¢ of as-prepared and water-swollen hydrogels PA hydrogels with
various C18A contents.

C18A W % E / kPa or | kPa e %
mol%
as- swollen as- swollen as- swollen as- Swollen
prepared prepared prepared prepared
1 71+3 | soluble | 14+3 - 34+1 - 1403 £155 -
2 71 +2 88 +2 22+3 2+1 401 8x1 1239+162 | 464 +48
5 70 £3 0+1 | 23+11 9+2 40+ 1 68 + 14 910 +47 | 523 +27

7 69 +3 88+1 31+2 19+ 2 50+1 103 +9 921 +3 484 + 36
10 64 +2 M0+1 45+ 6 65+7 75+5 112 +13 | 929 +146 | 490 +50
15 63 +2 6+ 1 64+ 7 76 +2 99+10 | 122+20 | 77945 | 33134
20 61 +1 87+1 99+8 |97+11 145+15 | 213+27 | 662+16 | 257 +14
25 60+1 87+1 | 1037 | 17425 172+ 9 202 +24 | 608 +11 137 £ 22
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Figure 3.5.7 - The water contents W (a) and cross-link density v, (b) of
hydrophobically modified physical PA hydrogels in as-prepared and swollen states
plotted against C18 A mol%.

In addition to the C18A amount, the mechanical properties of hydrophobically
modified PA hydrogels can also be tuned by varying the monomer concentration Cy,
at the gel preparation at a fixed C18 mol%. For instance, with increasing Cy, from 1.0
to 2.0 M at 2 mol.% C18A, both E, and o: increased from 2 to 16 + 2 kPa and 8 to 89
+ 13 kPa, respectively, whereas the stretch at break slightly reduced from 1100 to
900% (figure 3.5.8). The 8-fold increase in the modulus by doubling the
concentration Cy, reveals the increasing extent of hydrophobic interactions between
hydrophobically modified PA chains at high concentrations.
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Figure 3.5.8. - (a): Tensile stress-strain curves of hydrophobically modified
physical PA hydrogels in the as-prepared state formed at various monomer
concentrations Cy,. C18A =2 mol%. (a), The modulus E (b), and tensile strength s
(c) of PA hydrogels without and with 2 mol% C18A plotted against Cy, (b, c)

3.5.3. Self-healing behavior of hydrophobically modified polyampholyte
hydrogels

Because hydrophobically modified PA hydrogels have poly(AMPS-co-
APTAC) chains interconnected by non-covalent bonds, one may expect that they all
can self-heal after damage. Cut-and heal tests indeed revealed the self-healing
function of all hydrogels triggered at an elevated temperature, whereas those prepared
via chemical cross-linker MBAA described in the first subsection cannot be healed.
Cyclic mechanical tests are mean to understand the nature and reversibility of the
intermolecular bonds in PA hydrogels. Figures 3.5.9 a, b show typical cyclic tensile
stress-strain curves of a gel specimen with 20 mol.% C18A in its as-prepared and
swollen states, respectively. During the tensile tests, the specimens were first
stretched to 200% elongation at a fixed strain rate of 5 min™ and then unloaded at the
same rate to zero stress. These loading and unloading steps shown in the figures by
solid and dotted curves, respectively, were repeated 4-times with waiting time
between cycles of 1 min.

A negative deviation of all unloading curves from the loadings is seen in the
figures reflecting the occurrence of damage in the intermolecular bonds during
stretching. The hysteresis energies Uy calculated from the difference between the
areas under the loading and unloading curves are much larger in the as-prepared state
as compared to the swollen state, and it decreases with the cycle number, as seen in
figure 3.5.9 c. This reveals that a much larger number of bonds are broken in as-
prepared hydrogels, which is, attributed to their weakness because of the surfactant
micelles. Similar to surfactant micelles, ethanol is a good solvent for C18A segments
able to solubilize their associations. Also was conducted successive cyclic tensile
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tests on the hydrogel with 20 mol % C18A equilibrium swollen in ethanol (figure
3.5.10). It was found that Uy significantly increases when measured from swollen
ethanol hydrogels supporting this finding. The fraction of energy dissipated per
loading energy fgiss 1S 40-57% and 6% for the as-prepared and swollen hydrogel,
respectively, revealing that the hydrogels containing surfactant have a much effective
energy dissipation mechanism as compared without surfactant. This also predicts a
higher self-healing efficiency of as-prepared hydrogels as compared to their swollen
states. Another feature of the hydrogels is their excellent self-recoverability in a short
period after deformation. For instance, figure 3.5.9 d shows images of a gel specimen
with 5 mol.% C18A during stretching to 500% deformation and just after unloading.
The specimen recovers its initial length within seconds. This also highlights the good
elastic behavior of the hydrogels due to the existence of dual intermolecular
interactions, namely ionic interactions between AMPS and APTAC segments, and
hydrophobic interactions between the polymer chains via C18A associations.

To highlight the self-healing behavior of the hydrogels, cut-and-heal tests were
conducted at 50 + 2 °C and at various healing times between 1 — 24 h. Figure 3.5.11
a, b show stress-strain of virgin and healed hydrogels containing 5 and 20 mol.%
C18A, respectively, after various healing times. The recovery of the original modulus
after cut-and-heal tests was complete within 1 and 4 h for hydrogels with 5 and 20
mol.% C18A. The healing with respect to ultimate properties required longer healing
times. For instance, after one day off, the healing efficiency with respect to the tensile
strength is 100 and 56 + 6% for hydrogels with 5 and 20 mol.% C18A. In figure
3.5.11 c, the modulus E and tensile strength J; of virgin and one-day healed hydrogels
together with the healing efficiencies are shown as a function of C18A mol%.
Independent on the hydrophobe content, i.e., the stiffness of the hydrogels, the
healing efficiency with respect to the modulus E is complete, revealing recovery of
the virgin network structure and the cross-link density. However, recovery of tensile
strength J¢ continuously decreases with increasing C18A content and reduces to 40%
at 25 mol.% C18A. Different healing behavior of initial and ultimate mechanical
properties suggests that, although the virgin microstructure is recovered after healing,
some weak points remain in the gel specimens leading to crack propagation at lower
strains. It was found that these weak points locate at or in the vicinity of the cut
regions of the healed hydrogels. For instance, Figures 3.5.12 a, b show images of
one-day healed hydrogels with 5 and 20 mol.% C18A, respectively, during stretching
up to their fracture points, were healed the blue arrows indicate cut regions. 5 mol.%
C18A hydrogel sustaining up to around 1200% strain and exhibiting a complete
healing efficiency fractured at any location in the middle of the gel specimens, as
indicated by red circle. In contrast, the fracture of 20 mol.% C18A hydrogel occurred
at the healed region, as indicated by the red arrow, revealing the existence of
microcracks at the cut surfaces.
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Figure 3.5.9 - Five successive cyclic tensile test results conducted on a gel
specimen with 20 mol % C18A in its as-prepared (a) and swollen states (b). Solid and
dotted curves, respectively, show loading and unloading steps. It is waiting time
between cycles = 1 min. Hysteresis energies Uy (circles), and fraction fgss Of
dissipated energy (triangles) plotted against C18 A mol%. (d): Images of a hydrogel
specimen with 5 mol % C18A demonstrating its self-recoverability after stretching to
500% elongation (c)
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Figure 3.5.10 - (a): Five successive cyclic tensile test results conducted on a gel
specimen with 20 mol.% C18A in its as-prepared, water-, and ethanol-swollen states.
Solid and dotted curves, respectively, show loading and unloading steps. Waiting
time between cycles = 1 min. (b): Hysteresis energies Uy, and fraction of dissipated
energy fqiss plotted against the number of cycles
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Figure 3.5.11 - Stress—strain curves of virgin and healed hydrogels with 5 (a)
and 20 mol.% C18A (b) at various healing times at 50 £ 2 °C. (c): The modulus E
(upper panel), and fracture stress of (bottom panel) of virgin and healed hydrogels
and the corresponding healing efficiencies (blue circles) plotted against C18A
mol%. Healing time =24 h

Figure 3.5.12 - Images of healed hydrogel specimens with 5 (a) and 20 mol.%
C18A (b) during stretching. Healing time at 50 £ 2 °C 24 h. Healed areas, indicated
by blue arrows, were colored with a dye for clarity. The locations of the fracture
points are indicated by a red dashed circle, and a red arrow for (a) and (b),
respectively
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CONCLUSION TO CHAPTER 3.5

Polyampholytes attract interest for more than half a century due to their several
interesting properties, such as their similarity to proteins, antipolyelectrolyte and
isoelectric effects in aqueous solutions. Hydrophobically modified polyampholytes
have found several application areas, including immobilization of metal catalysts,
enhanced oil recovery, pour point depressant, wax inhibitor, cryopreservation of
living cells, and drug/ gene/protein delivery. PA hydrogels also exhibit unique
features such as their sensitivity against pH and salt concentration variations, low
toxicity, good biocompatibility, and similarity to many biological systems, and hence,
they have a variety of applications including antibacterial, anti-fouling, and saline-
resistant materials. However, PA hydrogels generally exhibit poor mechanical
properties such as a low modulus and tensile strength limiting their load-bearing
applications. Here was presented self-healable hydrophobically modified physical PA
hydrogels based on oppositely charged AMPS and APTAC monomers. PA hydrogels
were prepared via micellar polymerization technique in the presence of n-octadecyl
acrylate (C18A) as the hydrophobic monomer in aqueous solutions of SDS micelles.
Charge-balanced PA hydrogels containing 60-90% water sustain a high tensile
strength (up to 202 kPa) and exhibit a high stretchability (up to 1239%). Above 7
mol% C18A, swollen hydrogels containing around 90% water exhibit much better
mechanical properties as compared to the corresponding as-prepared ones because of
the stronger hydrophobic interactions in the absence of surfactant micelles. Cut-and-
heal tests reveal that both as-prepared hydrogels exhibit a healing efficiency of 90 £
10% with respect to their Young’s modulus.
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3.6 Hydrogenation of nitroaromatic compounds using gold nanoparticles
immobilized within macroporous amphoteric cryogels

A survey of applicable literature reveals that the most studied superporous
cryogels including metal nanoparticles have anionic or cationic characteristics.
Superporous poly(acrylic acid), poly(4-vinylpyridine) and poly(2-acrylamido-2-
methyl-1-propansulfonic acid) cryogels and their nanoparticle composites were used
in hydrogen production using NaBH, hydrolysis and p-nitrophenol hydrogenation.
Betaine type microgel based on poly(2-(methacryloyloxy) ethyl) dimethyl (3-
sulfopropyl) ammonium hydroxide p(SBMA) was used as a template for in-situ
synthesis of Ni nanoparticles and as a catalyst for hydrogenation of substrates-4-
nitrophenol (4-NP),2-nitrophenol(2-NP) and 4-nitroaniline (4-NA) nitro-groups [172,
184].

The catalytic reduction of p-nitrobenzoic acid (p-NBA)[172, 184, 185] to p-
aminobenzoic acid (p-ABA) has been widely described in the literature, and has been
carried out in the presence of Pt / C and Pd / C, Pd and Ag nanocomposites, colloid
Ag nanoparticles, cis-[Rh(CO)(2)(amine)(2)](PF6), and electrochemically. P-NBA
and p-ABA derivatives are widely used as pharmaceuticals, dyes and pesticides,
among others. P-ABA is the main source of anesthetics such as novocaine, butamben,
procaine and risocaine, and is used as an ingredient in sunscreen formulations.
Recently, magnetically recoverable gold nanorods and Fe;O,4-C-supported palladium
nanoparticles, hollow aluminosilicate microsphere and magnetic graphene oxide have
been applied in the selective reduction of nitroarenes to corresponding aminoarenes.

In manufacturing, catalytic reduction of nitrogen compounds by hydrogen is
usually performed at relatively high pressures (10-50 bar) and temperatures (100-150
°C), requiring the use of special and safe catalytic reactors. The literature suggested
that the simple catalytic reduction of p-NP using gold nanoparticles (AuNPs)
immobilized within poly(DMAEM-co-MAA)[173, 186] and other types of
amphoteric cryogel matrixes [187-192] would also work with p-NBA.

Klivenko et al. [87, 184] demonstrated that the optimal catalytic properties of
AuUNPs immobilized within the macroporous polyampholyte cryogel, poly(DMAEM-
co-MAA), which is of equimolar structure and crosslinked by 2.5 mol.% N, N-
methylenebisacrylamide, was useful for flow-through catalytic studies.

In the present work, a specific composition for flow-through catalytic
experiments of polyampholyte cryogels DMAEM-MAA was chosen with an
equimolar structure and 2.5 mol.% N,N-methylenebisacrylamide with respect to total
monomer concentration. For study of the flow-through catalytic properties, cryogels
based on APTAC-AMPS were synthesized at different molar ratios, where the
content of AMPS was varied between 25 and 75 mol.% in the presence of MBAA as
a cross-linker and TEMED (0.25 v/v%) as a catalyst. Initial monomer concentration
was fixed at 5 wt% and the cross-linking agent set at 10 mol.% with respect to
monomers. Then, the mechanical properties and catalytic properties of the chosen
cryogels were studied.

The main advantage of this approach is that aqueous solutions of nitroaromatic
compounds passing through the macroporous heterogenic polymer matrix are
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converted to final products — amino aromatic compounds, excluding the separation of
key products from the catalysts.

3.6.1 Swelling and mechanical characteristics of polyampholyte cryogels

Swelling properties were calculated according to the formulas 3.6.1,3.6.2.

Firstly, equilibrium weight (q,) and volume (qg,) swelling ratios were
determined with the following equations:

qy = Mgy (361)
v mdry
Dsw
4 = () (3.6.2)
dry

where Dgyry and D, are the diameters of the specimens in the dry and swollen
states while mqyy and mg, are the weights of the specimens in the dry and swollen
states, respectively.

Figure 3.6.1 shows equilibrium weight (g,) and volume (q,) swelling ratios of
the polyampholyte cryogels prepared at fixed initial monomer concentrations with
respect to swelling time in water. As seen in figure 3.6.1, C-AMPS 50 swell less due
to their composition, because of charge-balanced monomers. C-AMPS 25 and C-
AMPST5 cryogels have approximately the same results.

The compression tests were performed at room temperature on a Zwick Roell
machine using a 500 N load cell. Initial compressive contact to 0.05 N was applied to
ensure complete contact between the sample and the surface. Load and displacement
data were collected during the experiments at a constant crosshead speed of 3
mm/min. Compressive stress was presented in its nominal o,y and true values oiye,
which are the force per cross-sectional area of the undeformed and deformed
specimens, respectively. Assuming the sample volume remains constant during
deformation, the true stress oy Was calculated as oyye = 4 onom, Where 1 is the
deformation ratio (deformed length/original length). The compressive strain is given
by the compression ratio ¢ which is the change in the sample length relative to its
initial length, i.e., e = 1 - 4. Figure 3.6.2 shows typical stress-strain curves of C-
AMPS50 cryogels, where the o,,0m and oy are plotted against the strain e.

The samples were compressed in a dry state. The green dashed lines indicate
calculations of the compressive g, and fracture strain &, while black dashed lines
show fracture of and compressive o strain from the maximum and beginning of
plateau in oy - A plot, respectively

Figure 3.6.3 a and b show corrected strain-stress curves of polyampholyte
cryogels, prepared with various amounts of AMPS, in the initial and swollen states.
As seen in these graphs, the highest values of Young’s modulus E and fracture stress
os are seen in the C-AMPS-50 sample. C-AMPS-75 and C-AMPS-25 showed lower
mechanical characteristics. Charge-balanced cryogels have both good electrostatic
interaction and hydrogen bonding, which improve all mechanical properties. The
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compressive modulus E, compressive oqmp and fracture stress o; of dry cryogels are
shown in table 3.6.1.
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C.ﬁ. NP 3H4 wi.%

Figure 3.6.1 - The weight g,, and volume swelling ratios g; of cryogels plotted
against AMPS composition
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Figure 3.6.2 - Typical stress-strain curves of cryogel samples, where the
nominal stress nom and true stress oy are plotted against the compressive strain e.
R =3 mm/min.
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Figure 3.6.3 - a) Stress-strain curves of cryogel samples (C-AMPS25: black, C-
AMPS50: red, C-AMPS 75:green lines) where the nominal stress 6,0 IS plotted
against the compressive strain €. R= 3 mm/min. b) The compressive modulus E and
fracture stress o of dry cryogels are plotted against the amount of AMPS.

Table 3.6.1. Compressive modulus E, compressive ocmp, and fracture stress oy of dry
cryogels.

Code E / MPa ot | MPa A* Ocomp* Acomp*
C-AMPS25 10.33 +£0.50 3155+1.14 | 0.12 1.80 0.89
C-AMPS50 20.44+ 2.13 35.92+156 | 0.11 1.83 0.88
C-AMPS75 9.75+ 0.86 32.13+0.58 | 0.10 1.61 0.86

*Standart deviations are less than 10%.

As a result, C-AMPS 50 was chosen as the best composition for the flow-
through catalytic experiments using polyampholyte cryogels based on APTAC-
AMPS.

3.6.2 Morphology of DMAEM-MAA, AMPS-APTAC cryogels, and AuNPs
immobilized macroporous cryogels

According to SEM images, the average pore size of DMAEM-MAA and
AMPS-APTAC samples is varied from 40 to 80 pm. The structure of AuNPs
immobilized within macroporous amphoteric cryogel represents the myriads of gold
nanoparticles distributed in both surface and inner parts of macropores. Most of them
are triangular, although the hexagonal, spherical and rod-like species are observed
(figures 3.6.5 and 3.6.6). The bigger sizes of AuNPs triangles immobilized within
DMAEM-MAA cryogels are varied from 3 to 10 um. For APTAC-AMPS cryogels
are varied from 1to 5 um. The photo of cryogels before and after immobilizing of
gold nanoparticles (AuNPs) into the matrix of cryogels have shown in figure 3.6.4.
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Figure 3.6.4 - Images of cryogels :A-poly(MAA-DMAEM) cryogel, B-
poly(APTAC-AMPS) cryogel, C-AuNPs/poly(MAA-DMAEM) catalyst, D-
AuNPs/poly(APTAC-AMPS) catalyst [172]

16kV. X1,200 10pm 0000 1162 60Pa

Figure 3.6.5 - Morphology of pristine (a) and AuNPs immobilized
macroporous amphoteric DMAEM-MAA cryogel (b,c) [172]
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Figure 3.6.6 - Morphology of pristine (a) and AuNPs immobilized
macroporous polyampholyte APTAC-AMPS cryogel (b,c)

3.6.3 Catalytic activity of AuNPs immobilized into cryogel pores in the
hydrogenation of p-NBA

The advantage of the reduction of p-NBA to p-ABA by NaBH, catalyst over its
analogs is its durability. The catalyst does not lose activity for even 50 catalytic
cycles, while the conversion of 4-NBA on other catalysts begins to decrease after 5
cycles.

The reduction of p-NP to p-AP by [3, 49, 184, 185, 193-197] NaBH, as a
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model reaction is easily monitored by measurement of the absorption spectra of
substrate and reaction product at 400 and 300 nm, respectively [172]. The reaction of
The reduction of p-NBA to p-ABA by NaBH,; and progress analysis by UV-
spectrometry have shown in figures 3.6.7 and 3.6.8, respectively.

NO, NO NHOH

Cryogel/AuNPs, NaBH,
S —
T=298K, P =1atm
COONa

COONa COONa COONa

Figure 3. 6.7 - The model reaction of the reduction of p-NBA to p-ABA by
NaBH, [172]
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Figure 3.6.8 - Reaction progress analysis by UV-spectroscopy

The equation expresses the kinetics of p-NBA reduction:

A S L (3.6.3)
A C

0

where A; and A, are absorbance of nitrophenolate-anions corresponding to
concentrations of nitrophenolate-anions C; and C,at definite time tand t = 0.

The conversion of p- p-NBA to p-ABA was calculated by equation :

Co— C 6.4
Conversion (%) = OC £ % 100 (364)
0

where C, is the initial concentration of p-NP, C; is the concentration of p-NP at
definite time t.
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The lifetime of the catalyst is usually expressed through the turnover number
(TON) that is the number of moles of the substrate that a mole of the catalyst can
convert before inactivation [33]. The stability of AuNPs/poly(DMAEM-co-MAA)
catalyst, the so-called TON that is defined as

ToN =P~ NPLoer (36:5)

[AuNPs]

where [p-NP] and [AuNPs] are the molar concentrations of substrate and catalyst,
OCT is the overall catalytic time) and the turnover frequency (TOF) calculated (for
the first cycle) according to the equation

p — NP] x[conversation] (3.6.6)
[AuNPs] xt

ToF =1

The activation energy and thermodynamic parameters of p-NP reduction by
NaBH, were calculated according to the Arrhenius and Eyring equations from the

LnKvs. /T (3.6.7)
and Ln (K/T) vs. 1/T (3.6.8)
where K — the constant reaction rate, T — the temperature of the reaction.

3.6.3.1 Catalytic activity of AuNPs immobilized into poly(DMAEM-co-MAA
cryogel pores in the hydrogenation of p-NBA

Absorption spectra of p-NBA and p-ABA mixtures at various volume ratios
have shown in figure 3.6.9.

In the course of p-NBA hydrogenation, the adsorption peak at 274 nm that
belongs to p-NBA gradually increases and shifts to 264 nm that is characteristic for
adsorption of p-ABA. The time-dependent conversion of p-NBA to p-ABA was
calculated from the 1% to 5" cycles. The average reduction degree of p-NBA during
18-21 min is 58% (figure 3.6.9) [3].

It should be noted that starting from the 6™ cycle of p-NBA hydrogenation, an
additional two absorption peaks at 285 nm and 311 nm are observed (figure 3.6.9 b).
The intensity of these peaks does not change up to the 12" cycle. The appearance of
two peaks is connected with formation of p,p’-azodibenzoate due to catalytic
coupling condensation of nitroso compound with hydroxylamine with participation of
hydrogen atoms that are generated from sodium borohydride through formation of
azoxy compound which is reduced in a series of consecutive steps to the
azocompound (figure 3.6.10) [3].
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Figure 3.6.9 - Absorption spectra of p-NBA hydrogenated from the 1% to 5"
cycles. (b) Absorption spectra of p-NBA hydrogenated from the 6" to 12" cycles.
Molar ratio of [p-NBA]:[NaBH,] = 1:200. [p-NBA] = 5-10° mol/L. [NaBH,] = 1-10°
mol/L. T = 298K [3]
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Figure 3.6.10 - Possible mechanism of formation of p,p -azodibenzoate [3]

The formation of p,p’-azodibenzoate is confirmed by Raman spectroscopy.

Spectra were registered on NTEGRA Spectra spectrometer (NT-MDT), using 473 nm
excitation.(figure 3.6.11, table 3.6.2).

hydrogenated p-MBA ()

T T T T T T
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Raman shift (cm )

Figure 3.6.11 - Comparison of Raman spectra of p-NBA, p-ABA and
hydrogenated product of p-NBA in solid-state and aqueous solution (where s is solid,
I'is liquid) [3]
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Table 3.6.2 - Raman spectra of p-NBA, p-ABA, and hydrogenated products of p-

NBA
p-NBA, cm™ p-ABA, cm™ Hydrogenated Band assignments* and Refs
product of P-NBA,
cm
Solid | Aqueous | Solid | Aqueous | Solid | Aqueous
solution solution solution
866 s 870 s NO, bending
856 s 860 s 839 vw COO" bending
1076 w | 1063 m | Peaks can be assigned to p-
ABA adsorbed on the surface of
AUNPs
1106 s | 1107 s C-NOg; stretches coupled with
C-H in-plane bending
1133 m | 11335 Peaks can be assigned to p,p -
azodibenzoate
1143 1143w | 1139m | 1143s C-CO; stretches coupled with
VW C-H in-plane bending
1149 m | 1153 m | Peaks can be assigned to p,p -
azodibenzoate
1183w 1183w | C-N stretching coupled with C—
H in-plane bending
1275w | 1266 w 1276 w | C-N stretching
1344 vs | 1344 vs NO, symmetric stretching
1357 vs Symmetric stretches of the
carboxylate groups
1394 w COO" symmetric stretching
1394 1393w | N=N stretching coupled with
VW C—C stretching
1425s | 1413w | 1431s | 1422s Can be ascribed to photo-
induced reduction products of
PNBA
1447 vs | 1451 vs | N=N stretching coupled with
C—C stretching
1518 w | 1519w in-plane benzene ring stretching
vibrations
1598 vs | 1599 s C-C stretching of benzene
1601s |1602s or C-C stretching in two
benzene rings
1617 vs | 1614 s NH; bending
* ldentification of Raman spectra is based on literature data [3, 193, 195, 198-207].
Notes: s-strong; m-medium; w-weak; vs-very strong; vw-very weak.

Surface-enhanced Raman scattering (SERS) is an effective tool to detect, at
trace level, the reactants, products, or by-products in reactions that take place on the
surface of the metal nanoparticles. The formation of azodibenzoate from p-NBA
adsorbed on Ag nanoparticles or films were observed by SERS and evidenced by the
appearance of a strong band near 1460 cm™ and a strong doublet near 1150 cm™.
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Later on this statement was confirmed by authors Liang et al. [3, 134, 147, 208-210]
using the SERS experiments. Raman spectra of hydrogenated p-NBA contain mostly
the characteristic bands of p-ABA. However, additional bands at 1133, 1149, 1447
cm™ in powder, and at 1133, 1153, 1451 cm™ in aqueous solution have appeared in
the hydrogenated product of p-NBA. They may belong to —N=N- groups of p,p -
azodibenzoate. A. Gainar and co. [211, 212] compared the catalytic activity of mono-
and bimetallic nanoparticles composed of pure Ag and Ag/Pd (96:4 mol/mol) colloids
and the SERS spectra of p-NBA. In pure Ag colloid, only bands attributable to the
carboxylate anion of p-NBA are seen, while in Ag/Pd colloid after 1 day, the SERS
bands that belong to the p,p -azodibenzoate anion are detected (figure 3.6.12) [3, 6,
10, 128, 198, 213, 214].
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Figure 3.6.12 - SERS spectrum of p-NBA in the presence of Ag/Pd colloid
obtained after 1 day. The excitation wavelength is 514.5 nm[3, 6, 10, 128, 198, 213,
214].

Comparison of Raman spectrum of the hydrogenated product of p-NBA over
DMAEM-co-MAA/AuUNPs catalyst (as powder and aqueous solution) and SERS
spectrum of p-NBA over Ag/Pd colloids (figure 3.6.12) shows that the characteristic
bands of functional groups in both cases are the same, and they belong to p,p -
azodibenzoate. Only one difference is the appearance of additional bands at 1063 and
1076 cm™ in Raman spectra of the hydrogenated product of p-NBA over DMAEM-
co-MAA/AUNPs catalyst. These bands can be can be assigned to p-ABA adsorbed on
the surface of AuNPs. Thus, intensive Raman bands at 1133, 1149, 1153, 1447 and
1451 cm™ that exist in the hydrogenated products of p-NBA can be used for the
identification of reaction products and prediction of reaction mechanisms [3].

The *H NMR spectra of p-NBA, p-ABA, and hydrogenated products of p-NBA
are compared in figure 3.6.13. The '"H NMR spectra of p-ABA contain the doublets at
& = 6.65 and 7.55 ppm that belong to H*® and H*® protons of the aromatic ring.
However, NH, groups in p-ABA are not seen in *H NMR spectra due to the easy
replacement of amine protons to deuterium. The *H NMR spectra of p-NBA consist
of doublets at = 7.75 and 7.87 ppm that belong to H*® and H** protons of the
aromatic ring. In the hydrogenated product of p-NBA together with doublets at & =
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6.65 and 7.55 ppm, a new intensive signal at 5 = 8.28 ppm appears. It can be related
to NH groups of amide bonds due to the condensation of terminal NH, and COONa
groups of p-ABA (figure 3.6.14). According to Lili , a peak around & = 8.31 ppm is
attributed to NH groups|[3].

Reaction products

ccccccccccccccccc

Figure 3.6.13 - Comparison of *H NMR spectra of p-ABA (a), p-NBA (b), and
hydrogenated product of p-NBA (c) in D,O. The signals of reaction products are
related to benzene rings of p-ABA (1) and p-NBA (2), respectively. The signal at 6 =
8.28 ppm can be referred to NH groups of sodium 4-(4-aminobenzamido)benzoate

3) 3]

-NaOH
NaOOC—QNHQ +NaOOCONH2 —» NaOOC—@—N C—@—NHQ

Figure 3.6.14 - Proposed mechanism of formation of sodium 4-(4-
aminobenzamido)benzoate

Verneker and co-workers performed a direct condensation polymerization of
N-alkylated p-ABA, containing methyl, propyl, butyl, pentyl, heptyl, octyl, and
heptadecyl substituents, to obtain N-alkylated poly(p-benzamide) using
hexachloroethane, triphenylphosphine, and pyridine as condensation reagents (figure

3.6.15) [3].
PPhs, CCICCly Q
HN COOH . N C
| pyridine, reflux, 24 h | n
R
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Figure 3.6.15 - Condensation polymerization of N-alkylated p-aminobenzoic
acid. R is H or alkyl groups.
Analysis of integral peaks of '"H NMR spectra of p-NBA and p-ABA reveals
that approximately 62.6% of p-NBA is converted to p-ABA (figure 3.6.16).
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Figure 3.6.16 - Scaled *H NMR spectra of hydrogenated p-NBA over
DMAEM-co-MAA/AuUNPs catalyst [3]

To confirm the condensation of p-ABA and formation of sodium 4-(4-
aminobenzamido)benzoate, we have run 10 times an aqueous solution of pure p-ABA
through DMAEM-co-MAA/AuUNPs. As seen from ‘*H NMR spectra, in addition to
H>® and H*® protons of an aromatic ring the intensive signal at & = 8.28 ppm appears
that is specific for NH groups (figure 3.6.17) [3].
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Figure 3.6.17 - *H NMR spectra of pure p-ABA passed 5-10 times through
DMAEM-co-MAA/AuUNPs [3]
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From the results of figure 3.6.13, the content of NH groups was calculated. It
was found that the amount of NH groups is 44.6%, meaning that such amount of p-
ABA is converted to sodium 4-(4-aminobenzamido)benzoate.

The reduction rate kinetics was treated as a pseudo-first-order in p-NBA
concentration. The absorbance A; at time t divided by the absorbance A, measured at t
= 0 gives the corresponding concentration ratios C/Cy of p-NBA. Thus we get the
following equation:

acy _

Co A
== lnA_(: = _kappt1 (369)

Ct

where C; is the concentration of p-NBA at time t, and Kk, is the apparent rate
constant.

Based on the linear plots of In(C/C,) versus t, the values of the apparent rate
constant K, at different temperatures were calculated. The apparent constants of p-
NBA reduction at temperature intervals from 25 to 55 °C are in the range of 0.030
min™ and 0.051 min™. The activation energy calculated from the Arrhenius equation
is equal to 13.80 kJ/mol.Proposed mechanism of p-NBA hydrogenation over
DMAEM-co-MAA/AuUNPs [3].

The proposed mechanism of p-NBA reduction is based on literature data [3,
195, 199-202]. According to the literature survey, the reduction of p-NBA as the
heterogeneous catalytic reaction takes place on the surface of AuNPs adsorbed on the
cryogel surface. At first, the p-NBA is fixed on the surface of amphoteric cryogel via
electrostatic attraction between tertiary amine groups of cryogel matrix and
nitrocarboxyalate ions of p-NBA. Three different routes of p-NBA conversion are
proposed. In all cases, the immobilized AuNPs in cryogel pores generates hydrogen
atoms from the NaBH, that, in turn, hydrogenate the nitro groups and participate in
the formation of intermediate nitroso and hydroxylamine compounds.

According to the first route, the AuNPs react with NaBH, and form the metal
hydride on the surface of AuNPs (step 1). In step 2, the formation of a nitroso
compound is accompanied by the elimination of water molecules. In step 3, the
nitroso compound is converted to hydroxylamine. In steps 4-6, the hydroxylamine is
reduced to the amine (figure 3.6.18 a).

The proposed mechanism of formation of p,p -azodibenzoate on DMAEM-co-
MAA/AUNPSs is in good agreement with the reaction route for photoreduction of p-
NBA on nanostructured silver through photoinduced surface catalytic coupling
reactions suggested by authors [3].

Finally, in the frame of the third route, the aminocarboxylate ions fixed on the
surface of cryogel matrix undergoes the further conversion to form sodium 4-(4-
aminobenzamido)benzoate according to figure 3.6.18 c.

Thus the preparation protocol of amphoteric cryogel based catalyst is very
simple, and the catalytic reduction of nitroaromatic compounds with the help of a
flow-through catalytic reactor is green and cost-effective exhibiting a great potential
for practical application.
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According to the second route, the condensation of the nitroso compound with
hydroxylamine produces the azoxy compound (Step i). It is reduced in a series of
consecutive steps (Steps ii and iii) to the azo groups (figure 3.6.18 b).
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Figure 3.6.18 - b - The proposed mechanism of formation of p,p -
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Figure 3.6.18 - ¢c- The proposed mechanism of formation of sodium 4-(4-
aminobenzamido) benzoate [3].
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Figures 3.6.19 showed absorption spectra for poly(APTAC-co-AMPS) of p-
NBA and p-ABA mixtures at various volume ratios. From the 3rd cycle of p-NBA
hydrogenation, two additional peaks of 285 nm and 311 nm are observed (Figure
3.6.19 b). The presence of two peaks is related to the formation of p, p'-azodibenzoate
due to catalytic coupling condensation of nitroso compound with hydroxylamine with
the involvement of hydrogen atoms produced from sodium borohydride by the
formation of azoxy compound which is reduced to azocompound in a series of
consecutive steps.
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Figure 3.6.19 - Absorption spectra of p-NBA and p-ABA mixtures at various
volume ratios. Curve A is an adsorption peak of pure p-ABA, curve K is the
adsorption peak of pure p-NBA. [P-NBA:NaBH,] [5x10™ M:0.05M] in 25 °C

In the course of p-NBA hydrogenation, the adsorption peak at 274 nm that
belongs to p-NBA gradually increases and shifts to 264 nm that is characteristic for
adsorption of p-ABA. The time-dependent conversion of p-NBA to p-ABA was
calculated from the 1% to 2" cycles. The average reduction degree of p-NBA during
18-21 min is 89.01% Rate constants (K) lie (or fall) is 0.058 min™ at 25 °C.

As have seen from table 3.6.3 according to dependence cryogel type on rate
constants the better catalytic properties poly(APTAC-co-AMPS) with conversation
89.01% than poly(MAA-co-DMAEM) with conversation 76.31%.

Table 3.6.3 - Comparison of the effectiveness of cryogel carriers

Cryogel support poly(APTAC-co-AMPS) poly(MAA-co-DMAEM)
T

, Min 0.058 0.128
app

Conversion, % 89.01 58
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CONCLUSION TO CHAPTER 3.6

The AuNPs were immobilized within the cryogel matrix of poly(DMAEM-co-
MAA) and poly (APTAC-co-AMPS) by boiling HAuClI, solution in the presence of
cryogel samples. Both the outer surface and matrix of the cryogels are mostly
covered by triangular, hexagonal and spherical AuNPs of different sizes. NaBH,, run
through amphoteric cryogel containing AuNPs, leads to an additional reduction of
Au** to AW’ and a reduction of p-NBA to p-ABA. The average size of AuNPS
accumulated on both the surface and in the longitudinal parts of the cryogel was less
than 100 nm.

According to UV-Vis and *H NMR data, approximately 58-62.6% of p-NBA is
converted to p-ABA at a level of activation energy for poly(DMAEM-co-MAA) is
equal to 13.80 kJ/mol for poly(APTAC-co-AMPS) 35.48 kJ/mol. The cryogel catalyst
AuNPs/poly(DMAEM-co-MAA) and poly (APTAC-co-AMPS) shows highly
catalytic activity in the hydrogenation of p-NBA, and sustains 12 cyclic conversions
of the substrate in the range of 75-90% at 25°C.

Moreover, partial leaching of AuNPs was observed in the course of the
reduction of sequential portions of the substrate. In the reduction of 4-NBA, the
values of TON and TOF of cryogel catalysts were equal to 38.17 and 21.56 h™
respectively.

In the case of DMAEM-co-MAA/AuUNPs, starting from the 6™ cycle of p-NBA
hydrogenation, an additional two absorption peaks at 285 nm and 315 nm are
observed. The appearance the additional two absorption peaks seems to be connected
with the formation of p,p’-azodibenzoate. Another by-product of p-NBA
hydrogenation is sodium 4-(4-aminobenzamido)benzoate, due to the condensation of
amine and carboxylic groups of p-ABA molecules. The proposed mechanism of
formation of p,p -azodibenzoate, and 4-(4-aminobenzamido)benzoate is confirmed by
Raman spectroscopy and 'H NMR. Amphoteric cryogel samples with immobilized
AuUNPs are shown to be effective flow-through units for continuous hydrogenation of
p-NBA. The results obtained may provide a new strategy for the syntheses of amino
compounds, azo dyes, or benzamides from aromatic nitro compounds on gold
nanoparticles immobilized within a cryogel matrix.
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Laboratory test report

Synthesis and characterization of a series of hydrophobically modified physical
polyampholyte (PA) hydrogels under various reaction conditions were carried out at the
Polymeric Gels Research Laboratories of the Chemistry Department of Istanbul
Technical University, Istanbul, Turkey. The reactions were conducted via micellar
polymerization in aqueous solutions of worm-like sodium dodecyl sulfonate micelles. 2-
acrylamido-2-methylpropane-1-sulfonic acid sodium salt (AMPS) and (3-
acrylamidopropyl) trimethylammonium chloride (APTAC) were used as anionic and
cationic monomers, respectively. The results obtained were reproducible and showed
that:

a) Micellar copolymerization of charge-balanced AMPS and APTAC in the presence
of the hydrophobic monomer n-octadecyl acrylate (C18A) without a chemical
cross-linker leads to physical PA hydrogels that are stable in water.

b) The hydrophobically modified PA hydrogels contain 60-90% water.

c) They sustain a high tensile strength (up to 202 kPa) and exhibit a high
stretchability (up to 1239%).

d) Above 7 mol % CI18A, swollen PA hydrogels containing around 90% water
exhibit much better mechanical properties as compared to the corresponding as-
prepared ones.

e) The hydrogels exhibit self-healing ability. Cut-and-heal tests conducted at 50 °C
reveal a complete healing efficiency with respect to Young’s modulus for all as-
prepared PA hydrogels.

The results thus indicate that these novel PA hydrogels with self-healing ability will have
a wide range of application areas including enhanced oil recovery, immobilization of
metal catalysts, wax inhibitor, pour point depressant, drug/gene/protein delivery, and
cryopreservation of living cells.
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