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STORAGE OF ELECTRICAL ENERGY IN ION DOPED GELS

SUMMARY

One of the most important problems that humanity has to deal with, is energy. After the
invention of transistors, researches and developments about microelectronic industry
has grown exponentially. With the development of organic materials which can be used
as an alternative circuit elements, scientists focused their studies mostly on organic
electronics. More specificially, conductive polymers and hydrogels are top materials
that has still been working on.

Besides its conductivity, these materials also can show compatible property with
human body. Nowadays it is common that biological implants such as artificial muscle,
is mostly produced by using hydrogels.

Polymers or industrially plastics, were known as good insulating materials until a few
decades ago. Following the invention of condutcive polymers, it has been possible to
produce synthetic materials that have tunable conductivity as it is in semiconductor
metals. This tunability of conductivity make possible to produce some microelectronic
circuit elements in an easy and flexible way.

Upon following all these developments in organic electronics and more generally
conductive polymers, this study is based on a different aspect of electrical property
within the polymeric hydrogels. In the introduction part it is briefly explained that
in this study it is worked on the novel property of hydrogels which has capability
of creating flowing current within the gel itself without applying any voltage. This
property made this study unique, because there is no any parallel or similar study. The
self current producing property was noticed accidentally, but after a while we realized
that it is worth to think about and develop brandnew ideas.

This unfamiliar property was very peculiar to us and straitened for better understanding
with continuous experiments. Bearing in mind that there is no enough infromation
in the current literature, these experiments are conducted fussily. In the first three
chapters, it is given some theoretical backround informations regarding with definition,
properties and applications of hydrogels. It is also informed to the reader about the
concept of elecrtical and ionic conductivity by giving simple examples from the current
literature.

Finally in the experimental part of this study, at first some information is given about
the synthesizing procedure of the gels and talked about their general properties. Later
it is given information about the system that has been used througout whole this
study, which was a handmade apparatus. After all these stuff it is discussed the
results of numerous experiments which also includes the current measurements during
the gelation process. The study is finished with a conclusion part in which there
some dicsussions about possible applications and developments about these specific
hydrogels.
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With all the deficits and limited time, these thesis is still a canditate to become a
milestone on this promising research area.
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IYON KATKILI JELLERDE ELEKTRIK ENERJISININ DEPOLANMASI

OZET

Polimerik hidrojeller yogun bir sekilde kullanilmakta olan malzemeler halini almistir.
Ozellikle iletken polimerlerin kesfi ve akabinde bazi kiiciik devre elemanlarinda
kullanilmaya baglanilmas:t bu ¢ok disiplinli ¢alisma alanina ilginin giinden giine
artmasina neden olmustur. iletken yapida polimerler iiretilmeye baslanmadan 6nce
polimerler genel olarak yalitkan yapiya sahip malzemeler olarak biliniyordu.

Hidrojeller ise genel olarak bugiin kullanildig1 alanin disinda kullaniliyordu. Polimerik
hidrojellerin su tutabilme 0zelli§i ve insan viicuduna biyolojik olarak uyumlu bir
yapida sentezlenebilmesi ile Onii acgilan caligmalar, giiniimiizde daha cok medikal
uygulama alanlarinda kullanilir hale gelmistir.

Bu caligmada ise biitiin bu bilinen 6zelliklerinin disinda polimerik hidrojellerin, daha
once literatiirde bir 6rnegi bulunmayan fakat ¢ok ciddi mana Onem arzedebilme
potansiyeli olan bir 6zelligi iizerinde durulmustur. Bilindigi gibi saf veya cesitli
molekiil katkili hidrojeller belli diizeylerde iletkenlik gosterebilmektedirler. %
90-95 oraninda suyu icerisinde barindiran hidrojeller ayn1 zamanda hidrofilik bir i¢
morfolojiye sahip olup, farkli varyasyonlardaki bu morfolojik yap1 da farkl: karakterde
iletken ozellik gostermektedir. Bu tezin genel konusunu olusturan ise {izerine bir akim
uygulandiginda akimi geciren yani iletken olan bu jellerin ayn1 zamanda herhangi bir
voltaja ya da daha farkl bir dis etkiye maruz kalmadan bulundugu ortamda bir dogru
akim iiretebilmesidir.

Gozlemlenen bu akim her ne kadar mikroamper seviyelerinde olsa bile, kendiliginden
boyle bir 6zellik gosterebilmesi calismay1 degerli kilmaktadir. Bu dikkat ¢ekici 6zellik
farkedildikten sonra caligmalar bu akima sebep olabilecek mekanizmalar iizerinde
yogunlagtirilimis olup deneysel ¢aligmalar ile ilgili olan bdliimiin giris kisminda
bunlardan kisaca bahsedilmistir.

Deneysel kisma gelmeden dnce akim, elektronik ve iyonik iletkenlik ile ilgili genel
hususlardan bahsedilip konuyla ilgili bir 6n ¢alisma yapilmis bunu takiben deneysel
kisimda detayli bir sekilde jellerin hazirlanmasi1 6l¢iime uygun hale getirilmesi ve
degisik i¢ yapiya sahip olan jellerin sentezlenmesi ile alakali bilgiler verilmistir.
Normal stokiyometriye bagli kalinarak jelller sentezlendikten sonra ¢apraz baglayici
konsantrasyonu normale gore iki kat fazla ve az olan jeller de sentezlenek degisik
sikliktaki ag yapisinin goriilmekte olan akim iizerindeki etkileri incelenmistir. Bu
kisma gelmeden Once hidrojelin % 90-95 lik bir kisminin sudan meydana geldigi
bilindigi i¢in saf suyunda bdyle bir akima sebep olup olamayacagi sorusu giindeme
gelmis bunun iizerine ilk dnce oda sicakliginda ve daha sonra jellesme reaksiyonunun
gerceklestigi sicaklik olan 60°C de saf su ile akim Olglimleri yapilmis (metal
elektrodlar arasina 6zel bir sistem ile enjekte edilerek) ve bu dl¢iimler sonucunda saf
suda meydana gelen akimin jeldekine kiyasla cok kiiciik bir degere sahip oldugu ve bu

xXxi



calisma i¢cin 6nemsenmeyecek bir siddette oldugu goriilmiistiir. Bu sonuca vardiktan
sonra asil sebeb olan mekanizmanin jelin i¢ yapisindan kaynaklandig: tesbit edilmig
olup jellesme aninda yapilan deneylere gecilmistir.

Jellerin farkli oranlarda ve saf ya da yiikli olarak sentezlendigi gibi jellesme
esnasinda yapilacak olan Olgiimler icin de ayri ayr jellesme Oncesi cozeltiler
hazirlanmigtir.  Elde edilen her bir jele karsilik gelen bir ilave jellesme reaksiyonu
Olciimii gerceklestirilmistir.

Yapilan ol¢iimlerde goriilmiistiir ki reaksiyonun ilk bagladigi esnada ciddi bir pik
gozlenmektedir. Reaksiyonun baslangicinmi takip eden ilk 10-15 dakika igerisinde
100 — 150 uA seviyelerine gelen akim degeri daha sonra siddetli bir diisiis gostermis
ve sifira dogru diismeye devam etmistir. Bu etki degisik konsantrasyonlara sahip olan
jeller icin de benzer nitelik gosterip ilk birka¢ dakika icerisinde siddetli bir pik verip
daha sonra sifira dogru azaldig1 gozlemlenmistir.

Bu yeni calisma sentezlenmis olan jelin neden akim gecirebilecegini anlamaya
yardimct olabilmesinin yaninda, jellesme aninin tesbiti icinde kullanilabilecektir.
Jellesme ile ilgili deneyler tamamlandiktan sonra, asil konu bashiini ilgilendiren ve
tartismalarin temelinde olan dl¢timlere gecilmistir.

Daha oOnce bahsedilen degisik oran ve katkilandirilan jeller, Ol¢clime hazir hale
getirildikten sonra sistem iizerinde gerekli kontroller yapilmis ve Olclimlere
baglanmistir. Her bir jel i¢in 6l¢iim sisme orani 1 ve 2 olmak iizere toplamda 2
defa tekrarlanmigtir. Sigme oraninin 1 olmasi jelin kuru halindeki agirliginin 2 katina
cikmasi, aym sekilde sisme oraninin 2 olmasi da kuru haldeki kiitlesinin iickatina
yiikselmesiyle agiklanmig ve ilgili formiil verilerek dogrulanmustir. Farkli sisme
derecelerinde olan jeller ile dlciim yapilmis ve deney sonuglarinda degerlendirilen
kriterlerden biri olmustur.  Sigsme oranindaki degisikligin yanisira jellerin ic
yapisindaki capraz baglayic1 molekiiliin miktarinda gore de bir siniflandirma yapilmis
normal stokiyometrik oranda hazirlanan bu jellere ilaveten normalin yaris1 ve iki kati
kadar olan jeller de sentezlenmistir. Saf ve belirlenen miktarda piranin molekiilii
katkilandirilmis olan bu jellerin hepsi yukarida bahsedilen siniflandirmaya tabi
tutulmus ve netice itibariyle toplamda 6 adet saf ve 6 adet piranin katkili 12 jel ile
Olctimler gerceklestirilmistir. Calismanin ana kismini olusturan bu 12 adet jel her
farkli elektrot konfigiirasyonu icin ayr1 ayr1 hazirlanmis, ve sismeden 6nceki ve sonraki
agirliklari, boyutlar1 ve yaklasik sisme oranlari tablo halinde sunulmustur.

Icinde biiyiik oranda su bulunduran bu sismis jeller oda sicakliginda buharlagsmaya
maruz kalmakta ve sisirilip boyutlar1 saptandiktan sonra hizli bir sekilde ol¢iime
baglanmaktadir. Tasarlamis oldugumuz deney diizenegi her ne kadar havanin jele
niifuzunu engelleme maksadiyla yapilmis olsa bile, belli miktarda su kaybinin
Oniine gecilememistir. Fakat bu durum ayni ortamda bulunan biitiin jeller i¢in
gecerli oldugundan dolay1 olciimlerin biitiinii dikkate alindiginda, alinmis olan
sonuclara dogrudan bir etkisinin olmayacagi anlasilmistir. 3 farkli metal elektrot
konfigiirasyonunun denendigi sistemde ilk olarak iki eg biiyiikliikteki dairesel platin
tabakalar ile 6l¢ctimler alinmis, alinan bu 6l¢iimler sonucunda elde edilen sonuglardaki
genel davraniglara bakildiginda Platin kontaktlar arasindaki jeller iizerinden herhangi
bir akimin ge¢medigi gozlenmistir. Bu davranisin muhtemel nedenleri iizerinde
tartisihip ortaya makul bir 6neri atilmigtir. Calismanin devaminda hazirlanan diger
12 adet jel bu sefer dairesel platin tabaka ve platinden yapilmis olan enjektor ignesi
kalinligindaki platin tel arasina yerlestirilerek aym olgiimler tekrarlanmustir. 11k
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kisimdaki Olciimlerden farkli olarak, bu sefer farkli siddetlerde akimlar gézlenmis ve
bu akimlarin siddeti, akma siiresi ve akim-zaman grafigi iizerindeki genel davranis1 her
bir jel i¢in farklilik gostermistir. Degisen elektrot yapisina bagh olarak gozlemlenen
bu akim hareketinin muhtemel sebepleri iizerinde yine tartisilip bir sonuca baglanmaya
calisilmis ve jelin molekiiler diizeydeki i¢ yapisindan hareketle bazi tahminlerde
bulunulmustur.  Ucgiincii ve son kisimda ise aymi cins ama farkli sekillderdeki
elektrotlar yerine bu defa da aym1 geometrik yapiya sahip olan farkli iki metal elektrot
kullanilmistir.  Olgiim alinacak olan jeller platin ve aliminyum plakalar arasina
yerlestirilip daha 6nce oldugu gibi ayn1 sartlarda deneyler tekrarlanmistir.

Burada ilging olan akim siddetinin diger 6l¢iimlere gore ¢cok daha fazla olmasi ve ayni
zamanda bu akimin giddetinin ve siiresinin jelin sisme oranindan ciddi bir sekilde
etkilenmesidir. Jeldeki sisme orani artirildik¢a ulagilan maksimum akim degeri ve
sonlanana kadar gecen siirenin muazzam bir sekilde etkilendigi goriilmiistiir.

Biitiin bu deneylerden elde edilen sonuglar zaman karst dogru akim grafi§inde
yorumlanmis, yorum yapilirken her bir 6l¢ciim sisme derecesine ve capraz baglayici
oranina gore olmak iizere iki ayr1 kistas iizerinden tartigilmistir.

Calismanin en sonunda ise biitiin bir calisma derlenerek istenen amaca ulasilip
ulagilamadig1 konusunda fikirler beyan edilmistir. Ayrica bu enteresan olaydan yola
cikilarak, sistemin muhtemel uygulama alanlari iizerinde tartisilms, siirdiiriilebilirligi
ve gelistirilebilirligi tizerinden fikirler ortaya atilmistir.

Biitiin bu deneylerin sonucglarin ve yorumlarin yanisira, lizerinde calisilmis olan
konunun tamamiyla yeni bir bakis acisiyla ele alindigr akildan cikarilmamal,
tizerinde daha derin ve detayli ¢calismalarin yapilmasi halinde giintimiizdeki en 6nemli
problemlerden biri olan enerji konusunda pozitif bir katkida bulunabilecegi gz ardi
edilmemelidir.
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1. INTRODUCTION

Providing materials for the benefit of humanity is an indispensable necessity for
thousands of years. Before discovering synthetic materials like polymers; people were
insufficient to supply raw materials due to high cost, difficulties in processibility, lack

of resources.. etc.

In addition to its industrial utilization, polymers and polymeric materials are also used
in many areas such as electronics, solar energy systems, surgical implants and other

technological applications [3,4].

To achieve such a technological development, scientists and researchers are
continuously working on novel studies regarding Polymer Science, which includes

Polymer Chemistry, Polymer Engineering, Polymer Physics and etc.

Gels are defined as a substantially dilute cross-linked polymeric system, and are
categorised principally as weak or strong depending on their flow behaviour in
steady-state. The term hydrogel describes three-dimensional network structures
obtained from a class of synthetic and/or natural polymers which can absorb and retain

significant amount of water.

Hydrogels may be described as crosslinked hydrophilic polymers that are swollen
by, but do not dissolve in, water [5]. They are polymeric networks, which absorb
and retain large amounts of water. In the polymeric network, hydrophilic groups or
domains are present which are hydrated in an aqueous environment thereby creating
the hydrogel structure. As the term 'network’ implies, crosslinks have to be present to

avoid dissolution of the hydrophilic polymer chains/segments into the aqueous phase.

Increase of water content in hydrogels has been found to increase, in general,
molecular mobility, similar to an increase in temperature In particular, the water
content-dependent electrical conductivity has been found to reflect ionic mobilities

in the water-swollen gel.



By using this capacity to mobilize ions in swollen state, hydrogels has became a focus

of intensive research as an organic semiconductor material.

Organic electronics have become an active research area in recent years because they
are an alternative to the traditional semiconductor technology and challenges in design
on a smaller scale from microscale to nanoscale. Moreover, organic materials have
vast potential for integration in low-cost microelectronic devices. Organic based
semiconductors, for example polymeric gels, may have superior properties due to their
flexibility against to regulate some physical properties of the materials even after the
production, e.g., by changing the volume of the gel. Circuits and displays based on
organic electronics may also be flexible, low-weight, and environment friendly. Due
to great diversity and functionality of the polymers, they may also be produced for

specific requirements, like biocompatible semiconductors.

To produce an organic semiconductor material, insulating polymers have been made
conductive so far by using various methods such as ion implantation press contacting
and photochemical doping. The impressive properties of these materials that have been
taken advantage are the ability to manipulate electronic properties by changing their

molecular structure.

With these capability to manipulate molecular structure, it is possible to synthesize p
and n-type polymeric gels like metallic semiconductor materials [6]. Principle of the
electrical conductivity in polymeric gels can be changed by doping static (inactive) ions
having counter ions as charge carriers and these gels can be used to form pn junctions
that work similar to inorganic semiconductors. These semiconductor polymeric gels
can be doped with both negative (n-type) and positive (p-type) counter ions as charge

carriers.

Besides all these issues and developments about organic semiconductor materials, this
thesis is focused on very peculiar property that has never been mentioned before in the
literature which is observing a DC current through swollen hydrogel, when it is placed

between two metal electrodes such as Platinum, Aluminium or Gold.

As it is mentioned above dried Hydrogel is an insulating material itself and has no
capability to conduct electricity. Meanwhile if it absorbs enough water, hydrogel

become conductive and can easily conduct electricity due to gained mobility of



polymer molecules in its crosslinked structure [7]. Instead of applying any voltage,
this time Hydrogel is placed between metal electrodes and connected to an ampermeter

to observe current if there exist such a thing.

Suprisingly we observed a DC current on the order of microamperes. Even if the value
of current is too small, the result is still confusing. To figure out what is going on in
the internal structure of hydrogels and assert a plausible theory, this whole study is

dedicated to give a reasonable and satisfying explanation to this unexpected behaviour.

In the first part of thesis some basic concepts about polymers and hydrogels are
briefly explained. Types of polymerization reactions and gelation as a reaction is
simply mentioned. For the next chapter, mechanism of current flowing for both
metals and conductive polymers are described. It is important to build a theoretical
background for producing electrical current in materials to put forward an idea about
the possibility of current producing hydrogels if such a thing really exists. In the
experimental part of this study a simple explanation is made about how our hydrogels
are synthesized and also given information about our handmade system for making
measurements successfully. Before starting experiments on swollen hydrogels, it is
tried to understand the sol-gel transition mechanism by means of capacity to produce
electrical current. The technique was identical as in hydrogels, that pregel solution is

filled to a plastic tube which has platinum electrodes on both sides.

Finally synthesized hydrogels are swollen to some degrees to make the measurement.
Neutral and ion doped gels are prepared for measurements and with different
stoichiometric ratios. After finalizing all these measurements it is tried to understand
that why these gels produce a current and discussed if it is possible to produce organic

materials which can produce its own electrical energy.






2. BASIC CONCEPTS ABOUT POLYMERS AND HYDROGELS

2.1 Polymers

To understand the experimental part of this study, it is essential to know some basic
phenomena about polymers. It is also important to know about reacting monomers,
polymers, gels and polymerization reactions that take place under specific conditions

to obtain desired polymer.

2.1.1 Definition of polymers

Chemically, polymers are long-chain molecules of very high molecular weight, often
measured in the hundreds of thousands. For this reason, the term macromolecules
is frequently used when referring to polymeric materials. The behavior of polymers
represents a continuation of the behavior of smaller molecules which are called as
monomers at the limit of very high molecular weight. The entire structure of a polymer
is generated during polymerization, the process by which elementary units (chemical
monomers) are covalently bonded together. The number of monomers in a polymer
molecule is called chemical monomers are the repeating unit that corresponds to the
small molecules that were linked together to make the polymer chain. At a first glance,

we may consider the normal alkane hydrocarbon series, which shown in Figure 2.1 [8].

i T T
H-C-H H-C-C-H H-C-C-C-H
| | I
H H H HHH

(a) (b) (0

Figure 2.1: A schematic representation of simple alkanes, (a) Methane, (b) Ethane, (c)
Propane.

These molecules have the general structure as it is depicted in Figure 2.2.



H-¢CH, +-H

Figure 2.2: General structure of hydrocarbons.

where the number of —CH;— groups, n, is allowed to increase up to several thousand.

Macromolecules that contain monomers of only one type are called homopolymers.
—-A-A—-A-A—-A—-A—-A—-A—- homopolymer

Homopolymers are made from the same monomer, but may differ by their
microstructure, degree of polymerization or architecture. These factors determines
many properties of polymeric systems. If a molecule consists of only a small number
of monomers (generally, less than 20) it is called an oligomer. Linear polymers
contain between 20 and 10 billion (for the longest known chromosome) monomers.
Polymer architecture is one of the most important parameters that affect polymers
physical properties like crystallization,miscibility and glass transition temperature.
systems is polymer architecture. Types of polymer architectures include linear, ring,
star-branched, H-branched, comb, ladder, dendrimer, or randomly branched are also
combining several different types of monomers into a single chain leads to new
macromolecules, called heteropolymers, with unique properties [9]. The properties of
heteropolymers depend both on composition (the fraction of each type of monomers
present) and on the sequence in which these different monomers are combined into
the chain. Macromolecules containing two different monomers are called copolymers.
Copolymers can be alternating, random, block or graft depending on the sequence
in which their monomers are bonded together. In nature most of the polymers are

copolymers, like proteins which may be consisting of several types of amino acids [1].

2.1.2 Types of polymerization reactions

The study of polymer science begins with understanding the methods in which these
materials are synthesized. Polymer synthesis is a complex procedure and can take place
in a variety of ways. Among all these complicated methods, there two main reactions
nearly all polymerization reactions take place in [10]: Addition polymerization and
Condensation polymerization. In condensation polymerization, monomers, oligomers
and polymer chains combine by the elimination of small molecules to form longer

chains in a process known as Step-Growth. Each monomers that contributes the
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growing chain during step growth reaction contains a minimum of two functional

groups.

In addition polymerization, monomers that contain double bonds are added squentally
to the growing end of a chain, that is why this polymerization is also called as chain

growth polymerization [1].

Because Polyacrylamide hydrogels are synthesized in chain polymerization, it is useful
to give some extra information about reaction mechanism which includes the initiation,

propogation and termination steps respectively.

The steps mentioned above are constitutes the so called free radical polymerization,
which is very common and as the name suggests that reaction is initiated with a free
radical in the media. The synthesis of poly(ethyl acrylate) will be used as an example
of free radical polymerization. Benzoyl peroxide is a common initiator. On heating,

benzoyl peroxide decomposes to give two free radicals as shown in Figure 2.3 [8].

O O O
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Figure 2.3: Decomposing of benzoyl peroxide upon heating.

In this reaction the electrons in the oxygen-oxygen bond are unpaired and become the
active site. With R representing a generalized organic chemical group, the free radical
can be written as (R-). It should be pointed out that hydrogen peroxide undergoes
the same reaction on a wound, giving a burning sensation as the free radicals “kill the
germs” . The initiation step usually includes the addition of the first monomer molecule
which is shown in Figure 2.4. In this reaction the free radical attacks the monomer and
adds to it. The double bond is broken open, and the free radical reappears at the far
end. After initiation reactions many monomer molecules are added rapidly, perhaps in

a fraction of a second.

On the addition of each monomer, the free radical moves to the end of the chain.
Finally in the termination reaction, two free radicals react with each other. Termination

is either by combination, where R now represents a long-chain portion, or by



H H
|

|
R+ CH> fi —s R—CH,—C-
C

O

—0—C:Hs O=(C—0—C>Hs
Figure 2.4: Initiation step of the reaction resulting a dimer molecule

disproportion, where a hydrogen is transferred from one chain to the other. This latter

result produces in two final chains.

H 1
R—(‘Il:—(l‘- + n('H:=(|'
()=(|‘—()—('3Hs ()=(|'—(J—('3Hf.
H H H
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Figure 2.5: Initiation step of the reaction resulting a dimer molecule [1].

While the normal mode of addition is a head-to-tail reaction, this termination step is
normally head-to-head. As a homopolymer, poly(ethyl acrylate) is widely used as an
elastomer or adhesive, being a polymer with a low Tg, —22°C. As a copolymer with

other acrylics it is used as a latex paint [8].

H H H
ER—*T'H:-'{I'- . R—{‘H:—[[‘—{I‘;(‘H:—R
0=C—0—C,Hs 0= O0=C—0—CHs
O—CaH

Figure 2.6: Termination step which result with two final chains of polymers [1].

2.2 Gelation

A polymer gel consists of an elastic cross-linked polymer network with a fluid filling

the interstitial space of the network. The network of polymer molecules holds the
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liquid in place and so gives the gel what rigidity it has. Gels are wet and soft and
look like solid material, but are capable of undergoing large deformations. This is in
contrast with most industrial materials, such as metals, ceramics, and plastics, which
are dry and hard. In this section it is aimed to give some brief description of basic
concepts about gelation, percolation and types of gels that is mostly studied for recent

years.

2.2.1 Definition of gelation

During gelation reaction, polymers may be cross-linked to several distinguishable
levels. At the lowest level, branched polymers are formed. At this stage the polymers
remain soluble, sometimes known as the sol stage. As cross-links are added, clusters
form, and cluster size increases. Eventually the structure becomes infinite in size
and becoming three dimensional network; that is, the composition gels. Continued
cross-linking produces compositions where, eventually, all the polymer chains are
linked to other chains at multiple points, producing, in principle, one giant covalently
bonded molecule. This is commonly called a polymer network. At the gel point the
viscosity of the system becomes infinite, and the equilibrium modulus climbs from
zero to finite values. In simple terms the polymer goes from being a liquid to being a

solid [8].

Alternatively, gelation may be conceived as the point where a three-dimensional
network is formed. From a physical point of view, the viscosity of the reacting mass

goes to infinity at the gelation point.

The general features of structural evolution during gelation are described by
percolation (or connectivity) theory, where one simply connects bonds (or fills sites)

on a lattice of arbitrary dimension and coordination number.

The first quantitative theories of gelation the mean-field theories were formulated in
the 1940s by Flory and Stockmayer. Critical percolation theory was successfully
applied to gelation in the 1970s [2]. A number of growth models (diffusion limited
aggregation, cluster-cluster aggregation, kinetic gelation) have been developed in the

1980s to describe the kinetic aspects of aggregation and gelation [11].



Figure illustrates a two-dimensional system at the gel point. It must be noted that gels
at and just beyond the gel point usually coexist with sol clusters. These can also be seen
in Figure. It is common to speak of the conversion factor, p, which is the fraction of
bonds that have been formed between the mers of the system. For the two-dimensional

schematic illustrated in Figure, p = 1/2 yields the gel point.

]
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Figure 2.7: Schematic represantation of gel point where p = 1/2.

According to Flory and Stockmayer [8], the critical extent of reaction, P. at the gel

point is given by the Eq. 2.1.

1
PC - m (2.1)

where f represents the functionality of the branch units that is, of the monomer with
functionality greater than 2. This simple equation has been modified many times for

particular stoichiometries and mixtures of monomers.

From the beginnig of this chapter it is aimed to make ourselves clear about some
phenomena about polymers, their sytnhesis and gelation processes. It is now time

to focus our attention to types of gels and of course mostly hydrogels.

2.2.2 Types of gels

There are several ways to classify gel according to desired manner. They can be
classified as physical and chemical gels, elastic and inelastic gels or hydrogels,
organogels and aerogels (xerogels). In this thesis, classification has been made
according to solvent which they synthesized in and they are simply; hydrogels,

organogels and aerogels (xerogels).
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Figure 2.8: Types of gelation processes [2].

Because it is dealt with polyacrylamide gels, hydrogels will be explained deeply in a

seperated caption.

Organogel, a viscoelastic system, can be regarded as a semi-solid preparation which
has an immobilized external apolar phase. The apolar phase gets immobilized within
spaces of the three-dimensional networked structure formed due to the physical
interactions amongst the self-assembled structures of compounds regarded as gelators.
In general, organogels are thermodynamically stable in nature.As it is stated above, the
main difference between and organogel and hydrogel is the polarity of the solvent. For

organogels, solvent is apolar and for hydrogels it is polar.

They behave like a solid at lower shear rates and hence shows an elastic property.
The organogels when viewed under polarized light appears as a dark matrix. This
can be accounted to the isotropic nature of the organogels which does not allow the
polarized light to pass through the matrix. As the organogels are heated up above
a critical temperature, the organogels loses its solid matrix- like structure and starts
flowing. But as the heated organogels systems are subsequently cooled down, the
physical interaction amongst the organogelators prevail and the organogels revert back
to the more stable configuration.This has been attributed to Thermoreversible propety

of organogel.

Initially, organogels were developed using various non-biocompatible organogels wh
ich rendered the organogels non-biocompatible. Of late, research on organogels using
various biocompatible constituents has opened up new dimensions for the use of the

same in various biomedical applications [12]. Xerogels designate dried gels with a
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very high relative pore volume. These are versatile materials that are synthesized
in a first step by low-temperature traditional sol-gel chemistry. A xerogel may be
defined as a polymeric network devoid of water. The water holding capacity of a
xerogel depends on the number of the hydrophilic groups and crosslinking density.
Higher the number of the hydrophilic groups, higher is the water holding capacity
while with an increase in the crosslinking density there is a decrease in the equilibrium
swelling due to the decrease in the hydrophilic groups [13]. As the crosslinking density
increases, there is a subsequent increase in the hydrophobicity and a corresponding
decrease in the stretchability of the polymer network. As xerogels combine the
properties of being highly divided solids with their metastable character, they can
develop very attractive physical and chemical properties not achievable by other means
of low temperature soft chemical synthesis. In other words, they form a new class of
solids showing sophisticated potentialities for a range of applications. The particularly
interesting properties of aerogels arise from the extraordinary flexibility of the sol-gel
processing, coupled with original drying techniques [14]. The wet chemistry is
not basically different for making xerogels and aerogels. Compared to traditional
xerogels, the originality of aerogels comes from the technique used to evacuate the
liquid. Conventionally, the term "aerogels" has been used to designate gels dried
under supercritical conditions. More recently, materials dried by other techniques
such as freeze-drying, produce materials initially known as cryogels, now also termed

aerogels.

2.2.3 Hydrogels

The hydrogel can be defined as a crosslinked polymeric network which has the capacity
to hold water within its porous structure [5]. The water holding capacity of the
hydrogels arise mainly due to the presence of hydrophilic groups, as amino, carboxyl
and hydroxyl groups, in the polymer chains. According to Hoffmann, the amount of
water present in a hydrogel may vary from 10% to thousands of times of the weight of

the xerogel [15].

Hydrogels can be classified into two groups depending on the nature of the crosslinking
reaction. If the crosslinking reaction involves formation of covalent bonds, then the

hydrogels are termed as permanent hydrogels. If the hydrogels are formed due to
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the physical interactions, as molecular entanglement, ionic interaction and hydrogen
bonding, among the polymeric chains then the hydrogels are termed as physical
hydrogels . The examples of physical hydrogels include polyvinyl alcohol-glycine
hydrogels, gelatin gels and agar gels. Hydrogels can also be categorized as
conventional and stimuli responsive hydrogels. Conventional hydrogels are the
crosslinked polymer chains which absorb water when put in an aqueous media and
there is no change in the equilibrium swelling with the change in the pH, temperature
or electric field of the surrounding environment while the stimuli responsive hydrogels
are the polymeric networks which change their equilibrium swelling with the change

of the surrounding environment [16].

As stated above, the hydrogel starts to imbibe water when it is put in an aqueous
media. Hence, determination of the amount of water imbibed within the hydrogel is an
important criterion for characterizing the hydrogel and is often represented in terms of
% percentage swelling S%. The % of percentage swelling of the hydrogel is directly

proportional to the amount of water imbibed within the hydrogel [17].

Amount of water imbibed within the hydrogel influences the diffusional properties of
a solute through the hydrogel. In general, the higher the % percentage swelling, the
higher is the amount of water imbibed and the higher is the diffusion rate of the solute,
though other factors, as micro-architecture of the polymer chain, may also play an
important role. Experimentally, % percentage swelling can be determined by weight

difference method and is expressed by the following equation:

WS - Wd
d

S% =

x100 (2.2)

where, W 1s weight of swollen gel and W, is weight of dry gel. The % percentage
swelling or so called degree of swelling plays a key role in this study, because
the experiments for current measurements has been done according to different
degree of swollen gels, so it is vital to understand the swelling concept in terms of

intra-molecular forces and interactions [18].
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3. MECHANISM OF CURRENT FLOW

For a material, the conductivity is to allow moving charged particles flowing in
one direction. In electronic conduction, moving charges are simply electrons. The
movement of the charges due to any external applied electric field cause the electric
current. Metals are known as the most conductive materials in nature while ametals
or synthetic materials are insulating. Between these two types of materials, there exist
semiconductors, which are insulating but capable of gaining conductive characteristic
due to increase of the temperature or doping with atoms.The basic unit of resistance
is ohm () , conductance is the reciprocal of resistance and its unit is Siemens (0U).
Conductivity is the measure of conductance between the opposite faces of a 1 cm cube
of material. This measurement has the unit of Siemens/cm. The electrical conductivity
of metallic solids generally decreases with increasing temperature although more
electrons are excited. This is because of the thermal motion of the atoms that lead
to collisions between electrons and atoms. Subject to these collisions, the electrons

become less efficient in transporting charge [19].

3.1 Current flow in metals (Electronic conductivity)

We can visualize our perception about current flow with a simple example; marbles
in a tube. As each electron moves uniformly through a conductor, it pushes on the
one ahead of it, such that all the electrons move together as a group. The starting
and stopping of electron flow through the length of a conductive path is virtually
instantaneous from one end of a conductor to the other, even though the motion of each
electron may be very slow. An approximate analogy is that of a tube filled end-to-end

with marbles:

Tube

0 —00000000000000000 -0

Marble Marble

Figure 3.1: An example of how electrical current flow in a direction..
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The tube is full of marbles, just as a conductor is full of free electrons ready to be
moved by an outside influence. If a single marble is suddenly inserted into this full
tube on the left-hand side, another marble will immediately try to exit the tube on the
right. Even though each marble only traveled a short distance, the transfer of motion
through the tube is virtually instantaneous from the left end to the right end, no matter

how long the tube is.

If we explain it more scientifically; the electric current depends on the mobility of
the electrons in valence band. The valence band is the band made up of the occupied
molecular orbitals and is lower in energy than the so-called conduction band. 1t is
generally completely full in semiconductors. When the semiconductors are heated,
electrons from this band jump out of the band across the band gap and go into the

conduction band, making the material conductive [19].

The occupancy of valence band determines the thermal and electrical property of any
metal. To complete the theory scientists suggested an upper band called as conduction
band which is completely empty at 7 = 0 Kelvin. In semiconductor materials the
Energy gap (Eg) between these two band are relatively bigger than metals, so they

need energy to breakdown the covalent bond and to jump into the conduction band.
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Figure 3.2: Energy band gaps for different types of materials.
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The semiconductor is neutrally charged. This means that, as the negatively charged
electron breaks away from its covalent bonding position, a positively charged "empty
state" is created in the original covalent bonding position in the valence band. As the
temperature further increases, more covalent bonds are broken, more electrons jump to
the conduction hand, and more positive "empty states" are created in the valence band.
The numbers of charge carriers in semiconducting solids, such as silicon, can also be
increased by the addition of small amounts of foreign atoms into the otherwise pure
material. If these so-called dopants carry fewer electrons than the host, an additional
narrow band is formed in the energy gap, which accepts electrons. The electrons from
the valence band can move easily into this acceptor band and the semiconductor is
called p-doped or a p-type semiconductor. The introduction of such a dopant does not
inject a charge into the system. It does, however, lead to the formation of additional
states between the valence band and the conduction band, which were not present
before. Alternatively, a dopant with more electrons than the host leads to a donor band

in the energy gap and an n-type semiconductor [20].
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Figure 3.3: Schematic representation of p-type and n-type semiconductors in atomic
scale.

Materials that has energy bands either completely empty or completely full is an
insulator. The resistivity of an insulator is very large or, conversely, the conductivity
of an insulator is very small. There are essentially no charged particles that can
contribute to a current. Up to here it is tried to give some information about
current flow mechanism in metals and other non-metallic solid materials conduct
with electronically. All the informations above constitutes the main structure about
our knowledge about current flow and conductivity. By using these facts we are
now feel more confident to assert ideas about electrical properties about organic

materials, especially polymers and hydrogels.In the following section it is aimed to
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finalize thoretical backround with the most important part. It is now time to talk
about ionic conductivity, which is more relevant to our study because conductive
polymers and hydrogels may exhibit conductive property via ionic conduction due

to their specialized internal structure.

It is now time to talk about ionic conductivity, which is more relevant to our study
because conductive polymers and hydrogels may exhibit conductive property via ionic

conduction due to their specialized internal structure [20].

3.2 Current flow in polymers and gels (Ionic conductivity)

Electrochemistry is the study of reactions in which charged particles (ions or electrons)
cross the interface between two phases of matter, typically a metallic phase (the
electrode) and a conductive solution, or electrolyte. A process of this kind can always
be represented as a chemical reaction and is known generally as an electrode process.
Electrode processes (also called electrode reactions) take place within the double layer
and produce a slight unbalance in the electric charges of the electrode and the solution.
Much of the importance of electrochemistry lies in the ways that these potential
differences can be related to the thermodynamics and kinetics of electrode reactions.
In particular, manipulation of the interfacial potential difference affords an important

way of exerting external control on an electrode reaction [21].

In analogy to electrical conductivity in metals, ionic materials produce a current under
an external applied electric field due to diffusion or movement of anions and cations.
In order for an ion to move through a crystal it must hop from an occupied site to a
vacant site. Thus ionic conductivity can only occur if defects are present. The two
simplest types of point defects are Schottky and Frenkel defects [22]. One of the most
important aspects of point defects is that they make it possible for atoms or ions to
move through the structure. If a crystal structure were perfect, it would be difficult
to envisage how the movement of atoms, either diffusion through the lattice or ionic
conductivity (ion transport under the influence of an external electric field) could take

place [23].

Ionic conductivity, o, is defined in the same way as electronic conductivity o = nZepl,

where n is the number of charge carriers per unit volume, Ze is their charge (expressed
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as a multiple of the charge on an electron, e = 1.602189x10~!° C), and u is their
mobility, which is a measure of the drift velocity in a constant electric field. Table
below lists the sort of conductivity values one might expect to find for different
materials. As we might expect, ionic crystals, although they can conduct, are poor
conductors compared with metals. This is a direct reflection of the difficulty the charge
carrier (in this case an ion, although sometimes an electron) has in moving through the

crystal lattice.

Table 3.1: Typical Values of Electrical Conductivity.

Material Conductivity(S/m)
Ionic crystals < 10716101072
Solid elecrolytes 10~ 'to103
Strong(liquid electrolytes) 10~ 't010?
Metals < 10°to10’
Semiconductors 10~3to10*
Insulators < 10710

Before the spectecular work of Shirakawa and his collegues in 1977, polymers were
known as good insulating materials. After publishing their study on halogen derivatives
of polyacetylene, scientists w suddenly diverted their studies mostly on conductive
polymers [24]. The conductivity mechanism is easy to understand, as current flows
on alternating double and single bonds in polymer. In saturated polymers, such as
polyethylene, all valence electrons are used in covalent o-bonds. Hence, the gap
between the valence band and the conduction band is very large and the material shows

typical insulating properties [25]. In conjugated polymers a 7 system is formed along

the polymer backbone.
H H H H
Lol lpintni.
HIHIHIH!IHIH
H H H H H

(a) (b)

Figure 3.4: Simple model of polyethylene oligomer and particle polymer.
(a)molecular structure of polyethylene. (b) A particle of insulating
polyethylene polymer.

The carbon atoms typically involved in the formation of the polymer backbone form

three o-bonds with neighboring atoms and the remaining 7 orbitals typically described
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as pz orbitals engage in the 7w system. In some conjugated polymers, such as
polyaniline, nitrogen atoms are also involved in the conjugation path. Polyacetylene is
the simplest conjugated polymer. Each carbon is 6-bonded to two neighboring carbon

atoms and one hydrogen atom.

Figure 3.5: Molecular Structure of Polyacetylene.

If the carbon-carbon bonds were equally long, the remaining 7 electrons would be
found in one half filled continuous band. In the case of polyacetylene, a lattice
distortion leads to a repeat unit with two carbon atoms closer together and the next
two carbon atoms further apart. Hence, the repeat unit can be described as -CH=CH-
instead of -CH-. The electronic result is an energy gap between a completely filled
band and an empty 7* band. The energy savings due to the new band gap outweighs

the energy cost of rearranging the carbon atoms [26].

This bond alternating structure is typical for all conjugated polymers. Since there are
no partially filled bands, conjugated polymers are typically semiconductors. Similar
to inorganic semiconductors, such as silicon, conjugated polymers show very low
conductivities in their pristine state. However, since they are organic molecules, there
is a variety of ways to introduce charges into this material and to radically change
their electronic properties. The first way of charge introduction is so-called chemical
doping. If, for example, Polyacetylene is treated with iodine, the latter oxidizes the
polymer chain [27]. The polymer becomes positively charged and iodide is formed
as counterion. The term doping is in some way misleading since it was originally
used in solid state physics for the introduction of a foreign neutral atom into a host
lattice, changing the electronic structure in that lattice. In the context of conductive
polymers, doping refers to a chemical reaction oxidation or reduction. However, in
both cases new electronic states are created and a previously semiconducting material
becomes conductive. Both electron donating (n-type) and electron accepting (p-type)
dopants, that is, reducing agents and oxidants, have been used to introduce charges into

conjugated polymers and render them conductive. The charges can also be introduced
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electrochemically. The necessary counterion is drawn from the surrounding solution

[27].

If we talk about conductivity and electrical properties of gels we must start with the
definition of polyelectrolytes and gel electrolytes. A polyelectrolyte gel is a charged
polymer network with macro ions fixed on the polymer chains and micro counter-
ions are localized in the network frame. Polyelectrolyte gels exhibit the ability to
absorb a significant amount (up to 2000 times the polymer weight) of water within
its network structure, but do not dissolve in water [28]. When a polyelectrolyte gel is
interposed between a pair of plate electrodes and a DC current is applied, it undergoes
electrically-induced chemomechanical contraction and concominant water exudation
in the air. Polyelectrolyte gels exhibit various unique electrical responses different
from those of linear polyelectrolyte solutions [29]. The replacement of the solvent by
liquid electrolyte having high value of conductivity results in polymer gel electrolytes.
They are generally salt-solvent-polymer hybrid systems in which first a salt solution is
prepared and then it is immobilized with the help of a suitable polymer matrix. Since
the first report of high conductivity in lithium ion conducting polymer gel electrolytes
(Feuillade and Perche 1975), these materials are receiving much attention due to some
of their unique properties like high value of conductivity at room temperature (102 —
10~45/cm), ease of preparation, wide range of composition and hence wider control

of properties, good adhesive properties [21, 30].

Figure 3.6: Molecular Structure of Polyacetylene.
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Flexible, long-chained polyelectrolyte polymers are crosslinked by covalent bonds into
a three-dimensional network. The network imbibes a solution and swells, resulting in a
polyelectrolyte gel. The ionizable groups on the polymers dissociate, so that polymers
carry fixed charges. The counterions and the co-ions, as well as solvent molecules,
are mobile and can cross the interface between the gel and the external solution [31].
Polymer electrolytes and nowadays, particularly gel polymer electrolytes can be used
in several different cases. In accumulators and supercapacitors they can replace liquid
electrolytes, as they are more stable in the meaning of chemical and electric stability
and also in electrochromic displays and devices as it is very handful to prevent devices

from drying out or leaking electrolyte [21].

With the information of electrical conductivity in polymers and gels, it is finalized
our theoretical background part. Next section will be about my experimental studies,

outcomes and analysis about certain elecrtical properties of polyacrylamide hydrogels.
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4. EXPERIMENTAL

Throughout this whole study, it is aimed to enlighten ourselves about newborn property
of neutral and ion doped polyacrylamide hydrogels. To do so, 2 Mol/L neutral and
charged hydrogels are stynhesized with different crosslinker ratios in our laboratory,
and tried to measure its electrical properties with our handmade system. Besides this
investigation of DC current, we also measured the DC current during gelation of our
solution to put forward more concrete ideas. Here it is important to note that no voltage

was applied for current measurements.

In this part of the thesis, everything is tried to explained in a detailed manner including,

sytnthesizing and preparing gels, designing of the measuring system and etc.

4.1 Synthesis of gels for current measurements

For measurements, sytnhesized gels are separated into two groups which are neutral
and charged gels. The molecular structures and general informations about the

molecules that is used in the synthesis are explained and illustrated below [32].

Monomer: Akrilamid (AAm) H

Molecular Weight: 71.08 g/mol (! )
Appearance: White — Crystal Powder "_//-f’/f \'\-\ /,,-’{/
Molecular Formula: C3HsNO

Density: 1.13 g/cm? |

IUPAC Name: prop-2-enamide NHE
Solubility in Water: 2.04 kg/L (25°C)

Acrylamide is used as monomer throghout all studies, resultant gel was Polyacry-

lamide (PAAm) hydrogel.
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Cross Linker: Bisakrilamid (BIS) 0 0
| H
Molecular Weight: 154.17 g/mol H.C CH>
/ > PAON _/Cx _/’C\ o
Appearance: White — Crystal Powder 1‘;{ ; ; I[—:[

Molecular Formula: C;H 9N;O,

Density: 1.235 g/cm?

IUPAC Name: N-[(Prop-2-enoylamino)methyl]prop-2-enamide
Solubility in Water: 0.01-0.1 g/100mL (18°C)

BIS (N,N’-methylene bisacryrlamide) has the characteristic of establishing multiple
chemical bonding, meaning multiple fucntionality which is four, it constitutes a
network structure by bonding monomers with each other. As it is stated above this

monomer is used as cross-linker during this study.

Initiator: Amonyum persiilfat (APS) Lo O
SHTAROLE: Amonytm p NHy N
Molecular Weight: 228.18 g/mol O,///S\
Appearance: White — Crystal Powder © O— O\ )z O
Molecular Formula: (NHy4),S,03 7 5
O/ \@' NH,"

Density: 1.98g/cm?
IUPAC Name: diammonium sulfonatooxy sulfate

Solubility in Water: 80 g/100mL (25°C)

APS, ammonium persulfade is been used as initiator in this study. By thermal energy

The oxygen bond breaks, and occuring radical initiates the reaction.

Doped Molecule: Pyranine Na‘ 0S OH
MMolecular Weight: 524, 38g/mol g/mol O
Appearance: Yellow — Crystal Powder O‘
Molecular Formula: C;H7NA3010S3 ‘

Na' "0, SO; Na'

Density: 1.98g/cm?
IUPAC Name: 8-hydroxy-1,3,6-pryenetrisulfonate
Solubility in Water: : 2.04 kg/L (25°C)

Pryanine is used as doping molecule for charged hydrogels. Because of its structure it

enables to ions to move and contribute the ionic conductivity [6].
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When preparing pregel solutions, the required amount of monomer (AAm) and
cross-linker (BIS) weighed on balance and solved in distilled water according to the
stoichiometry. After obtaining solution, the tube is deoxyganated with Nitrogen gas
for 20 minutes and sealed immediately before inserting into the heat bath in 60° C.
Solutions are kept at least 24 hour in a heat bath to complete the gelation successfully.
Obtained gels via free radical polymerization reaction are sliced 1.5 mm thickness
each and kept in room temperature for one week. In order to eliminate the roughness
of gels, they become smoother by using sandpaper to make them ready for electrical
measurements. While synthesizing natural and ion doped Polyacrylamide gels, it is
obeyed to the stoichiometric raitos for molecules which is defined in similar studies as

(0.62 Mol/L AAm + 70 mg BIS/50 ml water + 50 mg APS/50 ml) [33].

In addition to this ratio, we also synthesized the gels by double and half amount of
BIS that introduced in normal stoichiometric ratio. Stoichiometric ratio is defined for
determining the minimum required amount of molecules to obtain gel. By changing
the ratio of cross-linker, it is aimed to loose and tighten the network and investigate its

influence on electrical properties.

The required amount of substances for 1ml Polyacrylamide gel is calculated and

tabulated in Table 4.1.

Table 4.1: Stoichiometric ratios for synthesis of neutral PAAm gel.

AAm BIS APS
mol/l mg/ml mol/l mg/ml mol/l mg/ml
1 71.08 0.0146 2.258 0.0071 1.613

142.16  0.0293 4.516 0.0141 3.226
21324  0.0439 6.774 0.0212 4.839
284.32  0.0586 9.032 0.0283 6.452
35540 0.0730  11.290  0.0355 8.065

N W

Schematic representation of Polyacrylamide network structure is given 4.1 [32].
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Figure 4.1: Schematic representation of Polyacrylamide network structure.

4.2 Experimental setup and designing of the system

Gels which has been synthesized in a heath bath under certain circumstances (sealed
from the top, in 60°C) are sliced about 1.5 to 2.5 mm thickness and kept in an oven

for nearly one week until they dried. After getting dried, two ends of sliced gels are

Sandpaper (
\/

Figure 4.2: Sliced hydrogels before and after smoothened with sandpaper.

smoothed by using sandpaper.

While making it smoother with sandpaper, sliced pieces of gels became thinner due to
the friction between surfaces of the gel and sandpaper. It is continued to rubbing gel

on sandpaper until it smootheness well enough and the thickness became about 1 mm.

26



After completing this task, our gels are ready to make measurement with our designed

handmade system.

By designing system it is aimed to keep environmental effects stable so that our
discussions and comments about the results would be more appropriate. Because our
measurements taken with swollen hydrogels, it was very important to be sure about
there is no contact with air, in order to prevent the water to be vaporized. It was also
crucial to make the experiment in a dark site, because direct sunlight or light bulb
could initiate any reaction as we familiar with photoinitiation reactions. In addition to
all these constraints, Platinum and Aluminum electrodes should have been stayed still

during the measurement.

Electrodes Pt-Plates

Figure 4.3: Designed system for current measurements of swollen gels.

As you can see from the figure, our system is opaque and electrodes are fixed so that
there would not be any shift during the experiment.The system is kept closed by using

an acrylic shutter in order to prevent the contact with air as it is stated above.

Besides making experiment with this system, numerous measurements during gelation
has also been taken. To succeed that experiments we used plastic tubes and elastic
tampons with platinum electrodes attaches on one side, and make the measurements
under 60 °C in the heat bath. Our intention was to be sure that there was no leakage of

solution from the tube or any water from heat bath.
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Figure 4.4: Experimental set-up for current measurements during gelation.

4.3 Current Measurements

In this part, the results of the current measurements of PAAm hydrogels during the
gelation and after the gelation will be discussed. In both conditions no potential

difference was applied between the terminals of the cell which contains the sample.

4.3.1 Current measurements during gelation

Here 15 ml stock solution of 2 Mol/L neutral and 2 Mol/L ion doped, which includes
5x10~* Mol/L pyranine as doping agent, pregel solutions were prepared. The chemical
composition of the pregel solutions are given in Table 4.1. After bubbling the stock
solutions with nitrogen gas for 10 minutes, the stock solutions were put in refrigerator.
For the measurement, enough amount of stock solution was transferred to the cell of
the measurement system which was kept at 25°C and 60°C in a heat bath and the
current values with respect to time were recorded automatically via a computer based
high sensitive multimeter. Before discussing the results of the current measurements
during the gelation, the results of the current measurements of the distilled water must
be discussed first as background information. Here it was aimed to see whether the
characteristics of the current have been affected by water or simply to find out that
if the distilled water make any contribution to the current flowing through the pregel

solutions.
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Figure 4.5: Current measurement for disttiled water in 25°C.

The purpose here was to see if any current exist in the system without any pregel
solution. If it would be observed such a current in the system, there were a high
possibility that the current during the gelation is affected directly by distilled water.
Distilled water has a pH value around 5.5, which could contribute the current with
its H* ions in acidic manner.After making measurements a few times it is observed
that the current produced by distilled water is relatively ignorable if we compare it
with the current of pregel solution. In distilled water the current increases up to 0.30
microampere ({A), which is very low in contrast to the pregel solutions. From the
Figure 4.5: Current measurement for distilled water in 25°C we can also see that the
current is changing its direction after one hour approximately. This behaviour reinforce
our conclusions about distilled water because if something triggered the current in the
system it should have been in the same direction forever. After analyzing this result, the
experiment is repeated with same distilled water this time at. 60°C. This temperature
is chosen because we did all the gelation experiments in 60 °C. Increasing temperature

may trigger something in the system so that we observe a DC current.

The result of second measurement were meaningful because if we set the temperature
to 60°C, we see an increase in the DC current.This result would be very useful if it

was measured with all the remaining parameters stayed same.But the amount of water
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and physical situation of electrode contacts may differ the result. Considering this fact
it is avoided to give a conclusive comment about the increasing DC current but we can
still say that the increase may come from the increasing temperature which possibly
gave moving ions some kinetic energy. In addition to these comments we thought
that the fluctuation of this current from one direction to another, may cause from the
multimeter. In order to measure the current flow in the system, the multimeter could

be apply some alternating voltage which may give rise to a current in both directions.

[ Distille d W ater at 60°C
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= T T T T T T T T
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Current(pA)

Time(s)

Figure 4.6: Current measurement for disttiled water in 60°C.

4.3.1.1 Measurement of neutral gels during gelation

Here the current measurements were performed during the gelation experiments. First

we started with normal stoichiometric neutral pregel solution.

According to ratios which are tabulated in Table 4.1, we prepared 15 ml solution and
kept it in a cell. For each measurement approximately 3-4 ml solution is consumed
because the volume of the cells were around 3-4 ml. After filling the cell with the

solution, the remaining part is kept in refrigerator roughly in —10°C.

Each measurement has been taken for 24 hours or less and this procedure is repeated
four times with every single sample. The stock solution was kept in refrigerator

because the initiator molecule Ammoniun persulfade (APS) could initiate the gelation
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at room temperature before we use them [34]. As we can see from the Figure 4.7 the

DC current increase up to a maximum level, making a peak and starts falling down

immediately.
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Figure 4.7: Current measurements during the gelation of 2 Mol/L pregel solution with
normal stoichiometry. The inset figure shows the whole range of time
during the gelation. S1, S2, S3 and S4 show the repeated experiments for

the same concentrations.

If we compare four of these samples in a row, all of them are making a peak then

suddenly current decreases and goes to O (A in a general perspective.

The peak point may represent the critical point pc which has the meaning of the starting

point of formation of network or simply gelation. It is also noticed that except first

sample, for all measurements, direction of the current changes. This could be very

meaningful because the current flow in one direction should indicate ion movement

from one end to the other.

Even if we put stock solution under very low temperatures, they still may had a

chance to react and polymerization could start.After observing these results the same

experiment repeated with neutral pregel solutions with amount of cross-linker (BIS) is

doubled.
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Figure 4.8: Current measurements during the gelation of 2 Mol/l pregel solution with
doubled cross-linker. The inset figure shows the whole range of time
during the gelation. S1, S2, S3 and S4 show the repeated experiments
for the same concentrations.

Parallel to the results of the first part, again it is observed some oscillations

immediately after measurements were started. If we compare the results of Figure 4.7

and Figure 4.8 from the smaller graphs, we can say that changing ratio of cross-linker

molecule does not effect the general behaviour of the system. Because the network
is formed in 1500-4000 seconds, the remaining parts are similar to each other. It is

also verified by checking the cell in heat bath that the gelation occurred after 20 to 45

minutes.

4.3.1.2 Measurement of ion doped gels during gelation

Same technique is used for Pyranine doped gels. To prepare the gels doped with
the charged molecules, pyranine was added to the pregel solutions in different
concentrations. That is, the other chemicals: monomer, initiator, crosslinker and water
were mixed with pyranine when the solution was prepared for polymerization.[ref].
Obeying the stoichiometric ratios for neutral PAAm gel, we needed (0.62 mol/l AAm +

70 mg BIS/50 ml water + 50 mg APS/50 ml) amount of molecules as it was mentioned
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before. In addition to this, if we doped with pyranine for 5x10* mol/l for 1ml pregel
solution, we would need 0.26 mg pryanine molecule. We prepared 15 ml solution for

measurements so required amount of pyranine molecule was 3.9 mg.

In Figure 4.9 below, it is depicted the gelation of 2 Mol/L PAAm gel with 5x10~4

mol/L pyranine doped, with normal crosslinker ratio.
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Figure 4.9: Current measurements during the gelation of 2 Mol/l pregel solution with

5x10~* mol/L pryanine doped.

Like we did in previous measurements for neutral pregel solutions, we kept remaining
solution in refrigerator under —10°C. After the first sample is put in heatbath,

multimeter started to measure the results immediately.

It is known that the pyranine was free in the sample before the polymerization,
and bound chemically to the strands of the polymer via radical addition during the
polymerization. So it was really important to monitor the electrical current results
while pyranine molecules binding chemically to the strands of polymer. The pyranine
binds to the polymer chains, over its OH group, chemically during the polymerization
as it is discussed in detail in references, and they form stable charged sites doped with
positive counter ions. Thus, the polyacrylamide gel is doped with pyranine having

SO~ ions as side groups and Na+ as counter ions, so-called p-type gel. In Figure 4.10
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there is a schematic depiction of pyranine that is bounded to polymer strands during

polymerization, or more specifically gelation reaction.

Figure 4.10: Schematic representation of (p-type) gel doped with pryranine.

In Figure 4.9, it is tried to depict both first 50 minutes of reaction and whole
measurement which spanned around 120000 seconds, approximately 32 hours.
Because gelation occurs at first hour of the reaction, we put first 3000 seconds as main
graph, then whole measurement is added as inset to see the general trend of the current

measurement.

S1 is the first sample that is used for measurements and S2 is the second.While the
measurement is going on, S2 is kept in refrigerator with ammonium persulfade added,
meaning that between two measurement there is approximately one day and a half.
Before making any comment about these two measurements we again have to notice
that the included initiator (APS) could start the polymerization very slowly even if the

temperature is very low.

As it is observed from the Figure 4.9, Sample 1 is started around -20 ptA and increased
up to 120 u A while making a sharp peak. Reaching 0 A and then increasing to 120
UA means, the current changes its direction by reversing the sign from negative to
positive then continued to 120 ttA and started to decrease and increase again in a short

time interval.
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If we look at second sample S2, the behaviour in first 3000 seconds is very similar
except one difference. In S2, the current did not change its direction which was
always positive and going to zero. After passing first 3000 seconds, the currents in
both cases followed same path; they decayed very sharply and gone to O u. Before
explain these experimental results, it is beneficial to give some information about the
concept of blob as preliminary workout. The internal structure of polyacrylamide gels
consists of polymer dense regions with different densities, which are denoted as blobs
[35]. The density difference between these blobs decreases when a gel is doped with
charged molecules as has been shown experimentally and theoretically acrylamide
(AAm)-based hydrogels exhibit inhomogeneous cross-linking distributions. Highly
intra-molecular cross-linked blob clusters are formed in the pre-gel period due to the

high extent of cyclization acting as junction points.

Here, one may consider that these different sized blobs could possibly played a key
role concerning about the current flow for those two cases.When reaction is started at
60°C, different sized blobs and blob clusters are started to form.The different sized
blob means different number of Na+ counter-ions in the system which was affecting
the current flow. Forming fatherly bigger blobs will hold more counter ions and this
trapping affect will alter the current flow in S1 and S2. Following the forming of blob
clusters system will stabilize and current flow will cease due to decrease of the mobility

of counter ions in the network.

Following this experiment, it is then measured for DC current with double cross-linked
pre-gel solution which has been doped with same amount of pryranine molecule as in

first part.

In the first hour of reaction, current for both for two samples were not stable, meaning
that for S1 it was giving two peaks which are close to each other and for S2, the peak
was appeared in 360th second or sixth minute. The maximum values for currents of S1
and S2 were nearly the same. This similiarity on the insentisities of the currents were
attributed to BIS concentration, which was doubled according to the stoichiomtery. In
contrast to first measurements with normal stoichiomtery, in these measurements it is

observed that the current changed its direction in both samples.
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Figure 4.11: Current measurements during the gelation of 2 Mol/l double cross-linked
pregel solution with 5x10-4 mol/L pryanine doped.
This behaviour can be explained in this way; even crosslinker (BIS) molecule mixed
homogeneously in pregel solution, at the moment we make the experiment in heatbath,
the random distribution of crosslinker momoners will react with acrylamide monomer

and bind them. The density difference of crosslinkers in the sample may cause different

current flow either from left to right or visa versa.

4.3.2 Current Measurements for hydrogels

In this section of the study, current measurements have taken for the gels, that were
already cut and sliced for experiments.By using the experimental system in Figure
4.12, these measurements have been taken with Pt-Pt electrodes with two different
geometries and with Pt-Al electrodes. By changing the geometry of electrodes, it is
aimed to see the influence of different shaped electrodes on the system so to the current
and, with changing the type of electrodes, is used to see the disparity between the same

and the different metal electrodes.
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Figure 4.12: Schematic representation of the experimental set up for measurements.

4.3.2.1 Measuring with platinum-platinum electrodes

We begin with Platinum-Platinum electrodes with same geometry, in disc shaped. In
the Table below the dimensions, degree of swellings (or mass ratio) and the types of

gels which were used for current measurement were presented.

Table 4.2: Dimensions and swelling degrees of prepared gels for Platinum-Platinum
measurements.

Romm) do(mm) my(g) Rymm) dy(mm) my(g) Am/mo

H1 4.05 0.80 0.0148 4.65 1.30 0.0296  1.0000
H2 4.60 0.90 0.0144 7.40 1.30 0.0455  2.1597
N1 4.8 1.40 0.0225 5.50 1.42 0.0455  1.0222
N2 4.00 0.85 0.0149 5.50 1.00 0.039 1.6174
D1 4.30 0.97 0.0142 5.20 1.35 0.0278  0.9577
D2 4.10 0.60 0.0095 4.70 0.90 0.0286  2.0105
HP1 4.05 0.85 0.0125 4.90 1.00 0.025 1.0000
HP2 4.10 0.95 0.0151 6.45 1.65 0.0449  1.9735
NP1 4.37 1.00 0.0165 5.25 1.40 0.0338  1.0485
NP2 4.20 0.80 0.0136 5.10 1.50 0.0308  1.2647
DP1 4.20 0.90 0.0151 4.75 1.30 0.0302  1.0000
DP2 4.10 0.75 0.0127 6.50 0.98 0.0385  2.0315

As it can be seen from the Table 4.2 each type of gel is measured twice by changing
the mass ratio (ﬁl—’(’)’). Reminding from Equation 2.2, the degree of swelling ratio can be
approximated as the ratio of weight difference between swollen and dried gel to dried
gel, considering that the density difference between the water and polymer is small
enough. Each type of gel is measured twice with having the degree of swelling is 1
and 2. By doing this it is aimed to see some difference in the current rising from the

free volume of polymer chains due to increasing volume. Gels are named in a simple
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manner; the gels prepared with normal stoichiometric ratio are denoted as N1 and N2,
while double crosslinked gels are denoted as D1 and D2 and gels which prepared with
half amount of crosslinked ratio is denoted as H1 and H2 where the numbers indicate

the degree of swelling for each gel.

Similarly pyranine doped gels are named with the same logic. This time it is added the
letter “P” indicating that the gel is doped with pryanine.The doping concentration was

the same for all those charged gels, which was 5x10~* mol/L.

Pt-Plate / Gel / Pt-Plate

LN

Figure 4.13: Schematic representation of Pt-gel-Pt configuration.

After making experiments with every single gel from Table4.13, no considerable DC
current was observed. The only thing that was observed is some single pulses. These
pulses were have some intensity around 0.2 and 0.8 pA. This result showed that in
order to observe a current, there should have been some factors which could trigger the

current flow similar to applied voltage or electric field.

Having the electrodes with same configuration in shape, somehow constitutes a kind
of symmetry, that prevents ions to move along a direction. In order to distrupt this
balance, the geometries and the types of the electrode were changed. In the following

section the measurements with different geometrical shaped electrodes are discussed.

4.3.2.2 Measuring Platinum Electrodes with Different Geometries

To overcome this situation mentioned above, this time a different method is applied
to see if any DC current within the gel. Instead of placing the gel between the two
circular discs, this time we put it between a platinum disc and a platinum needle as

shown in the Figure 4.14;

The expected result was that the current will flow to some direction due to this
geometrical difference between these two metal electrodes. The different geometry
causes an ionic current flow in a certain direction because of the different interactions

of the ions near the interfaces of the gel with the electrons of the electrodes.
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Pt-Needle / Gel / Pt-Plate

a

Figure 4.14: Schematic representation of Pt needle-gel-Pt configuration.

Table 4.3: Dimensions and swelling degrees of prepared gels for Platinum-Platinum
needle measurements.

Ro(mm) do(mm) my(g) Ry(mm) dy(mm) my(g) Am/mo0

H1 4.1 0.8 0.0136 5.1 1.05 0.028  1.0588
H2 4.25 1.2 0.0194 5.7 1.75 0.058  1.9897
N1 4.35 1 0.0186 5.5 1.75 0.0392  1.1075
N2 4.2 1 0.018 6.75 2 0.0563  2.1278
D1 4.15 1 0.018 5.2 1.35 0.036  1.0000
D2 4.2 1 0.0144 6.7 1.2 0.0444  2.0833
HP1 3.9 1.15 0.0194 5.35 1.6 0.038  0.9588
HP2 4.1 1.17 0.0197 6 1.6 0.057  1.8934
NP1 4.1 0.95 0.0175 6 1.6 0.057  2.2571
NP2 4.1 1.08 0.0196 7 1.75 0.0598  2.0510
DP1 4.15 1 0.0174 5.25 1.35 0.0346  0.9885
DP2 4.1 1 0.0156 6.9 1.65 0.0423  1.7115

As it was given in Table 4.2, the classification of gels is the same. For each
measurement it is tried to prepare gels which have a degree of swelling 1 and 2
respectively. As it can be seen from the last column of Table 4.3, the degree of swelling
for each gel were nearly 1 and 2. The minor deviations from the desired degree of
swellings come from the elapsed time to insert them in to our measuring system. We
put the gel as quick as possible to the system when it reaches the desired degree of
swelling, it was inevitable for some water molecules to vaporize. All these small
deviations on the degree of swelling are ignorable effects on our current measurements,

without effecting the general behaviour of the DC current vs. time scale.

Here the results of the experiments are discussed according to two criteria; first the
results discussed according to the degree of swelling of the gels and after it is discussed

according to their crosslinker (BIS) concentration.

As we see from the Figure 4.15, swollen gels exhibit different characteristics of current
flow mechanism depending on their internal structure. Because it is focused on the
effects of degree of swelling on the gels, we left this issue just for a moment and try

to analyze only for swelling degrees. To do so, we need to see the other figure and

39



compare two of them. In Figure 4.16 it is shown the current trends which have a

swelling degree around 2.
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Figure 4.15: Current measurements for neutral gels of swelling degree around 1.

One of the most important result of the figures is that the current flow is taken more
longer time with increasing swelling degree for all gels N1, H1 and DI1. If we deal
with them separately, for N1 the current was flowing until 12500th second which is
approximately three hours and a half, while in N2 the current is ceased around nearly
in 15000 seconds. This effect on the gel HI and H2 is more dominant. If we compare
the results from the Figure 4.15 and Figure 4.16, we can easily see that the duration of
current flow is increased up to 5 times. Same thing is happening with the gels D1 and
D2. From these observations it can be said that the degree of swelling directly affects

positively to current flow for three different hydrogels.

This can be explained as follow: when the gel is swollen more and more, the counter
ions which were trapped in blobs become free to move gradually. When this blobs
start to swell by imbibing water, the counter ions diffuse into water at some rate.
Because undoped neutral gels are more inhomogeneous than that of the doped ones
with pyranine, the blob structures are more dense which cause current intensity get

lower [35].
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Figure 4.16: Current measurements for neutral gels of swelling degree around 2.

After completing this discussion it is time to put some ideas forward regarding the gels
whose internal structure is different from each other. By saying internal structure it is
implied their network formation. In the gels D1 and D2 the network is the most tighten
one because it has double amount of crosslinker monomer to the gels Nland N2. By
the same logic, the gels H1 and H2 has half amount of crosslinker inside meaning that

their network is more loose according the all other gels.

Using the information in Figure 4.15 this time it will be discussed that whether the
current flow is affected by this tightness or looseness of network. In N1, the current is
rapidly decaying until 1.5 A and suddenly increases up to 2 tA by making a peak,
then continues to decrease until it reaches to O A. Here there are two mechanisms.
First, free ions in the water move through a certain direction resulting a current. While
this ion movement become smaller when it approaches to 1.5 A, the current is making
a peak by increasing its intensity. The reason of this peak is that the coiled blobs are
start to uncoil and become loose, which results an increase on the intensity of the
current. This property did not appear in the other gels D1 and H1 because the BIS

concentration was altered form the normal stoichiometry. This experiment is repeated
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with pyranine doped gels as well as in neutral ones and the results are summarized in

Figure 4.17
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Figure 4.17: Current measurements for charged gels of swelling degree around 1.

As we did in the first part with the neutral gels, this time experiment is conducted with
pyranine doped gels. To analysis the results in Figure 4.17; we need another figure

which represents us the results of the gels whose degree of swelling is around 2.

The first remarkable conclusion form the Figure 4.17 and Figure 4.18 is the intensities
of currents does not depend on the degree of swellings as they were in the neutral gels.
When it comes to elapsing time for current flows, there is a peculiar behaviour for
these gels which is the duration of the current did not changed significantly for H and
D type of gels. As we see from the Figures above they are nearly same for both degree

of swelling 1 and 2.

The only different result is observed from the gel NP1 and NP2 which are the gels
synthesized according to normal stoichiometry. In N1 the duration of current was 7500
seconds, nearly 2 hours and a half but when we make it swell two times and measure
the current, this time reaches up to 20000 seconds meaning 5 hours and a half. The
reason of this behaviour could not be explained definitely but it is attributed to intrinsic

property of the gels.
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Figure 4.18: Current measurements for charged gels of swelling degree around 2.

Secondly if we give some comments about BIS concentration of the charged hydrogels,
this time we see a different result than the neutral gels. In the H type of gels, which
were synthesized with half of the crosslinker concentration according to stoichiometry,
the current were making a sharp peak around 5.5 yA in the first 15 minutes of the
experiment, then start to decrase as it happens for the other gels. All the gels are
making a peak with some intensities of current but H type of gels have the most
insensive and sharp peak among the others. In addition to these, it is also observed
that the double crosslinked gels are making serious oscillations in the swollen state
where it was equal to 2. When we tighten the network structure it will be difficult for
pyranine counter ions to move freely in water. But after we swell the gel up to some
level, it is obvious from the Figure 4.16 that these counter ions found a chance to move

in water and contribute to current.

To finalize this section it can be concluded that pt-gel-needle configuration definitely
produce some current in various intensities and this current were always positive
meaning that the currents were flowing always in the same direction that was from
disc to needle side, but there are some doubts and uncertainties about the reasons that

affect the intensity and the duration of DC current for whole experiments.
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In the last part of the study, this current measurement are conducted by using different

metal electrodes, namely Platinum and Aluminum.

4.3.2.3 Measuring with platinum-aluminium electrodes

In this final part of the study, it has been used a different technique that would gave us
a novel idea about the electrode effects on the current flow. As it is mentioned above
sections, there was no observed DC current for platinum-platinum contacts because
these same contacts were constitute a kind of symmetry that current could not flow
within the solution. Because trapped ions inside the gel structure, cannot be triggered

themselves in order to observe any current.

Here it is tried to show that the different metal electrodes distrupt this balance or
symmetry and let the current flow throughout the swollen gel. These experiments
were performed with the same system just replacing one of the platinum electrodes

with aluminium. As you can see from the Figure 4.19 below system was quite simple.

Al-Plate / Gel / Pt-Plate

_a
Figure 4.19: Schematic representation Al-gel-Pt configuration.
Paralleled to previous experiments the gels cut into 1 mm diameter thickness and

smoothened with sandpaper. The physical properties of the gels as diameter, radius

and the weight are tabulated in Table 4.4

Here it was aimed to swell the gels up to two and three times on weight meaning
swelling them to the degree of 1 and 2, referring from Equation (2.2), but due to
environmental factors such as vaporization the results are a little deviated from the

desired values. It is started with neutral gels firstly.

When one of the electrodes replaced with Aluminum and repeated the same
measurement, a notable difference now becomes obvious. The intensity of the DC
current is much more greater than that of the experiments which has been made with
needle. It is almost 6 or 7 times greater than the platinum plate-needle system showing
that the different type of metal electrodes would interact ions in a different way. This

difference is producing the current greater but duration of the current was shorter.

44



Here it can be said that Aluminum is an active metal which belongs to group 2A in
periodic table. Increasing intensity of the current may be explained in such a way
that Aluminum interacts with polymer surface in unique way. Because polymeric gel
is consisting of water mostly when it make a contacts with Aluminum metal, it may
cause Aluminium to oxide and this oxidation may give rise to the current even in a
very short time [36].

2A1+43H,0 — Al,O3 4+ 3Hz(g)
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Figure 4.20: Current measurements for neutral gels of a swelling degree around 1.

According to this reaction, Aluminum metal could be oxidated and this could cause
instant current flow in the system [37,38]. For the polymeric gel of which inside
water does not diffuse out surface could make it impossible to interact with aluminum
electrode, but the water molecules in hydrogel diffuse out upon exposing to air.
Under this diffusion, water molecules could oxidate the aluminum which results to
a contribution the DC current in the system. Criticizing Figure 4.20 with Figure 4.21

may reveal the swelling effect on the current.

After collecting data from the computer and sketching on a current vs. time graph we
have seen that if we double the swelling ratio, the intensity of the current will increase
nearly twice. In Figure 4.18 the amplitude of D1 was 35 tA nearly. When it comes
to Figure 4.19 meaning the doubled swelling ratio, the amplitude is reached to 70 pA.

The results were very interesting as we look for the other gels N1, N2 and H1, H2. For
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having a degree of swelling 1, the maximum intensity for N1 was 12 uA. When the gel
swells until reaching the degree of swelling becomes 2, the intensity becomes almost
50 1A as it can bee seen for N2. The situation is valid for HI and H2 also. For H1 the
maximum amplitude was 17 A while it reaches to 80 LA increasing approximately 5
times larger than its initial value. The increment is more dominant when the crosslinker

concentration decreases.
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Figure 4.21: Current measurements for neutral gels of a swelling degree around 2.

One of the striking results obtained from the graphes is the duration of current
flows.For every type of gels the current flow increased at least two times. This effect
is more obvious on the gel which includes double amount of crosslinker concentration
namely D2. Results obtained from the neutral gels made us wonder about the situation
for doped hydrogels. In Figure 4.20 and Figure 4.21 pyranine doped gels are discussed

from the same point of view.

The results were very similar with neutral gels for both intensities and durations. All
the samples were making a peak and then decrease suddenly as happened in former
examples. As it can be seen from the Figure 4.23, this time the amplitude or the
intensity of the current did not change considerably from each other. There are some
increases on the duration of the current for the gels but if we compare with the other

examples this increase was not really big. It is can also bee seen from the Figure
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4.22 that in HP2 there is a serious oscillation with decreasing to 0 A several times.
It seems that double crosslinked gels did not change its character by swelling more,

while the others made some oscillations including O point.

Table 4.4: Dimensions and swelling degrees of prepared gels for Aluminium-Platinum
measurements.

Ro(mm) do(mm) my(g) Ry(mm) dy(mm) my(g Am/m0

H1 4.1 0.85 0.0148 5.5 1.45 0.02969  1.006081
H2 4.15 0.8 0.0132 5.7 1.75 0.0386  1.924242
N1 4.5 1 0.0195 5.3 1.55 0.039 1

N2 4.05 0.9 0.0134 5.3 1.55 0.0393  1.932836
D1 4.35 0.9 0.0154 54 1.35 0.0313  1.032468
D2 4.15 1 0.0163 4.9 1.4 0.0345 1.116564
HP1 4 1.1 0.0162 5 1.45 0.0323  0.993827
HP2 4.2 12 0.0189 6.4 1.7 0.0534  1.825397
NP1 4.1 1.1 0.0162 5.25 1.5 0.0311  0.919753
NP2 39 0.95 0.0133 5.55 1.6 0.0413  2.105263
DP1 4.1 0.95 0.0154 4.9 1.35 0.0306  0.987013
DP2 4.3 1 0.0176 6.7 1.85 0.0521  1.960227

One notable event for this measurement is that the duration increase almost 8 times for

H1 and this effect is appeared 3 times on D1 while it is 2 times for N1.
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Figure 4.22: Current measurements for charged gels of a swelling degree around 1.
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Up to here it is focused on the electrical characteristics of neutral and pryanine doped
polyacrylamide hydrogels and also their behaviours when contacted with electrodes

which have different geometrical shape and different materials.

50

45

Current (uA)

| I B I & I A I d 1 Y I L I B I bl
0 2000 4000 6000 8000 10000 12000 14000 16000 18000
Time (s)

Figure 4.23: Current measurements for charged gels of a swelling degree around 2.

In the final chapter, all these results and discussions will be summarized and concluded
with the ideas about what it could be done for further investigaton or to find out whether

there could be a possible application for this current producing hydrogels.
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S. CONCLUSIONS AND RECOMMENDATIONS

During throughout this whole study, it has been synthesized neutral and ion doped
polyacrylamide hydrogels (PAAm) with different crosslinker ratios and it has been
analyzed the electrical properties of these different structured hydrogels. While
studying this exciting subject one of the most difficult tasks was to put forward some

concrete logical theories about our studies.

It was really difficult to say something to be sure because this study was completely
newborn and there was no example in the literature regarding the current producing
property of metal-polymeric hydrogel contacts without applying voltage. Bearing in
mind that this work is unique for all those studies about polymer physics, organic
electronics and all relevant areas of studies, it is established a good theory about storage

of electrical energy of hydrogels.

In the first part of the study, 2 Mol/l neutral and 2 Mol/l ion (pyranine) doped (with
the amount of 5x10~* Mol/l) hydrogels are synthesized carefully. By changing one of
the parameter for gel formation (BIS) it is aimed to alter the tightness of the network
formation. To do so, it might have been possible to see if any contribution comes from

the loose or tighten networks.

After synthesizing these gels separately, they were treated well enough (the
smoothening the surface of gels and waiting enough time to dry them up) to get ready
for the measurements. These procedures took almost two weeks. Besides dielectric
and conductivity studies about hydrogels, wtih these thesis it is intended to constitute a
new research area dealing with observing DC current from hydrogels without applied

any voltage.

Before measuring with hydrogels, it is thought that the occuring DC current during
the gelation process may help us to understand the mechanism better. It may also a

candidate to be a novel study which is determining the critical point (sol-gel threshold
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point) by using electrical current method. This idea is just an assumption, which needs

further discussion with numerous of examples.

During the experiments for gelation processes it has been observed that there is a
serious amount of current produced, even its on the order of 1076 amperes the results
and conclusions are still promising. Current measurements during gelation processes
showed us that the actual gelation process is completed in the first 30 minutes, because
immediately after that time the current was started to decrease. This showed us by
forming the 3 dimensional network in the plastic tube, the mobility of the ion restricted
so that the electrical current became very low compared with the first 30 minutes. This
result is confirmed by a conventional method that the plastic tube is taken away from
the heat bath after 30 minutes and it is observed that the pre-gel solution transformed
to a solid non-fluid gel. For each experiments the duration time of the measurement is

limited with 24 hours.

In upcoming studies, it is thought that this electrical study will be improved by extra

methods and analyzed in a more detailed version.

After making some measurements with gelation, it is focused the main part of this
study which was, measuring the DC current for neutral and ion doped hydrogels. To
do exact and specific experiments it was nearly important to make up a system that
will measure the current, provide stability and protect the gel form the external effects
such as direct sunlight, vaporizing, squeezing.. etc. With satisfying our necessities, a

handmade system is constructed as seen in Figure 4.3 and tested before using it.

By using the lever which is located down side of the apparatus it is maintained that
the sample gels are gently fixed within the system so that there is no possibly shifting
from the initial position that could cause eliminate the effective current. In the second
part of the experimental study, prepared gel have been used for current measurements
by using this handmade system. Analyzing the results for neutral and doped gels could
help us to understand the reason behind the ionic conductivity, because by doping the
gel with pyranine, the internal structure of the gels became more homogeneous and

including more counter ions which come from the pyranine molecule.

Second task was the configuration of the electrodes, which were also part of the

system yet without these electrodes it was not possible to observe any current. By
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configuration it is implied the different geometry of the electrodes and different types
of electrodes. For each configuration there is a caption exist. After conducting these
experiments one by one, the data are stored and started to analyze them correctly. It is
clearly seen that if we use same type of electrodes like platinum-platinum, there is no
considerable current observed. This behaviour is attributed to the symmetry of the gel
itself and immobility of ions in the structure. The ions are kept in the system so tight
that without any external triggering effect they are not tend to move, which results in a

current of microampers.

To unbalance this symmetry in favour of a DC current, at first it is tried to change the
geometry of the electodes by replacing one of the platinum plate’s with a platinum
needle. The surface area between needle and plate was enormously big and this
difference could achieve to trigger a current. Assumptions were turned out to be true
that a DC current is observed in the platinum-needle system. With different type of
gels which are neutral and doped or having loose and tightened network, it is verified
that the current within the gel both depends on the electrodes and the gels internal
morphology. Even the observed current is so small, this results still look promising

with possible developments.

In the final part of the study the swollen gels with two different degrees were measured
with different metal electrodes which had nearly same geometry, as circular plates.
Most striking results and data are collected in this part of the study, because the current
were rising up to 80 uA and degree of swelling affected the amplitude of current
vigorously. It could be possible to increase the current by 5 times greater than its
initial value increasing the swelling two fold. The crosslinker concentration was also

important for the current. The internal system of the gel affects the gel.

Finally considering the whole study and the results, it can be said that if we are able
to overcome the short duration of the current, this study shows us it could be possible
to produce new industrial products that can be used as an alternative to conventional

batteries.
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