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ABSTRACT

Fuel cells are gaining increasing attention asearcland promising technology
for energy conversion. One of the key benefitsued tells compared to other methods
is the direct energy conversion that enables tliieaement of high efficiency. The
electrolyte membrane is the most essential paatfatl cell unit, and consequently has
been the subject of considerable research andaj@weht. Among the various types of
proton conducting electrolytes examined for fudl applications, polymer electrolyte
membranes are regarded as viable candidates siegemable operation of the cells at
desirably low temperatures. As novel proton congactmembranes siloxane based
membranes were prepared via tethering of azole umiv siloxane monomer and sol-
gel polymerization. Cross-linked, transparent argh tproton conductive membranes
were obrained. In addition novel copolymers wemdpced using vinyl triazole, vinyl
phosphonic acid, vinyl benzene boronic acid andylvimenzyl phosphonic acid.
Triazole containing copolymers were doped with jpiasic acid and this resulted in a
maximum proton conductivity of 6x10S/cm at 156C in anhydrous state.

Keywords: Fuel cell, proton conductivity, triazole, tetré&zovinyl phosphonic acid,
vinyl benzene boronic acid, vinyl benzyl phosphaia, copolymer, siloxane, sol-gel.
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Oz

Yakit pilleri enerji dong§uimu icin temiz ve gelecek vaadeden bir teknolagirak
dikkat cekmektedir. ¥er metotlarla kaulastinldiginda yakit pillerinin en 6nemli
ayricalgl yuksek verimi sglayan direk enerji doniimudur. Elektrolit membran, yakit
pili htcresinin en 6nemli kismidir ve bu nedenlestarma gelstirme faaliyetlerinin
cogunlugunu olwturur. Yakit pillerinde kullanilan proton iletkenle&trolitlerden
polimer elektrolit membranlar en uygulanabilir adayctnki yakit pillerini istenilgi
gibi distk sicakliklarda cajtirabilir. Bu tez caimasi kapsaminda, yeni proton iletken
membranlar olarak azol birimleri siloksan monomerlbalandi ve sol-jel yontemiyle
siloksan bazli membranlar sentezlendi. Capra#i bgeffaf ve yiuksek proton iletken
membranlar elde edildi. Ayrica vinil triazol, vinfibsfonik asit, vinil benzen boronik
asit ve vinil benzil fosfonik asit kullanilarak yiekopolimerler sentezlendi. Triazol
iceren kopolimerler fosforik asit ile katkilandi e@a yuksek iletkenlik nemsiz ortamda
ve 150°C’de 6x10° S/cm olarak elde edildi.

Anahtar Kelimeler: Yakit pili, proton iletkenlik, triazol, tetrazoljinil fosfonik asit,
vinil benzen boronik asit, vinil benzil fosfonikigkopolimer, siloksan, sol-jel.
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CHAPTER 1

INTRODUCTION

1.1 INTRODUCTION

Fuel cell systems are regarded as key componenexfoitation of the energy
stored in hydrogen molecules. In principle, fudlsceffer a number of key advantages
over conventional energy conversion devices, inold high energy conversion
efficiency (due to direct conversion of chemicaérgy into electricity), low emissions
and noise, flexibility in fuel selection, cogenévat capability, economy of scale, and
low maintenance requirements. These attractiveuffest have led to numerous

initiatives toward the realization of fuel cell tewlogy for practical applications.

Proton conducting polymers have received increastigntion due to their
potential applications in polymer electrolyte mear® fuel cells (PEMFCs). For proton
conductive membranes perfluorosulfonic acid memdgsarsuch as Nafion were
generally used. These materials have hydrophilid hAydrophobic regions and the

proton transfer occurs via water molecules presetiteir hydrophilic channels.

In order to produce membranes that have similapgties with Nafion, sulfonic
acid and phosphonic acid functional polymers weysthesized. For this purpose,
polystyrene, polysulfone, polyphosphazene, siloxand polyimide polymers were
sulfonated (Lufrano et al., 2008; Yen et al., 2007)

In addition, polyvinyl phosphonic acid and manyfeift phosphonated matices
such as siloxanes (Tripathi et al., 2008) and gudgphazanes (Allcock et al., 2002)
were used as proton conductive material. Althougdse acidic polymers have high

water uptake and proton conductivity, their usagdimited to 100°C and therefore



alternative systems should be prepared that haglk proton conductivity at high

temperature.

For this purpose heterogenic solvents such as iméstezole, imidazole and
triazole were intercalated in these acidic polymerprovide proton conduction at high
temperature §en et al., 2008; Goktepe et al., 2008). In addipotyvinyl imidazole,
polyvinyl triazole and polyvinyl tetrazole were dsas proton conductive polymer after
doping with phosphoric or triflic acid (Celik et a22008a).

In another approach copolymers that have both aaolk acid groups were
prepared using vinyl imidazole and vinyl triazoléhwinyl phosphonic acid (Celik et
al.; 2008b). High proton conductivity was obtaingd these studies in anhydrous

conditions and with no dopant.

Inorganic-organic hybrid materials are of incregsinterest as PEM materials
since they offer the prospect of combining the naeatal toughness and flexibility of
the organic component with the hardness and themstaility of the inorganic
component. These membranes are generally preparethdorporating inorganic
particles into organic polymer electrolytes or arahg functional groups onto stable
inorganic-organic hybrid matrices via chemical ben@ross-linking is a powerful and
simple method to suppress the methanol crossowkewater swelling of PEMs. After a
cross-linking treatment, the polymer matrix formseawork where the macromolecular
chain of polyelectrolyte is immobilized and compatilLee et al., 2006; Yang et al.,
2005).

In this study, inorganic-organic hybrid membranesrav produced via
immobilization of heterocyclic molecules into sime monomer and sol-gel
polymerization. In addition novel copolymers wepmthesized using 4-vinyl benzene
boronic acid (VBBA), 1-vinyl-1,2,4-triazole (VTri)inyl phosphonic acid (VPA) and
vinyl benzyl phosphonic acid (VBPA). Some of thespolymers were grafted with
polyethylene glycol methyl ether (PEGME) and thieeos were doped with phosphoric

acid to facilitate the proton transport.



The samples were characterized with NMR, FT-IR alamnental analysis. The
thermal properties of the samples were analyzed WA and DSC. Morphology of
siloxane membranes was investigated with SEM. Theop conductivity of the

membranes was studied using impedance spectrometer.

1.2 FUEL CELLS

Afuel cellis a device that converts the chemiealergy from a fuel into
electricity through a chemical reaction with oxygeor another oxidizing
agent. Hydrogen is the most common fuel, but hyahlmens such as natural gas and
alcohols like methanol are sometimes used. Fuld ag? different from batteries in that
they require a constant source of fuel and oxygerun, but they can produce
electricity continually for as long as these inparts supplied.

Welsh Physicist William Grove developed the firstide fuel cells in 1839. The
first commercial use of fuel cells was in NASA spairograms to generate power for
probes, satellites and space capsules. Since fihelncells have been used in many
other applications. Fuel cells are used for primamyg backup power for commercial,
industrial and residential buildings and in rematénaccessible areas. They are used to
power fuel cell vehicles, including automobiles,sés, forklifts, airplanes, boats,

motorcycles and submarines.

There are already over 85 hydrogen refueling statio the U.S. The National
Research Council estimated that creating the itnfretsire to supply fuel for 10 million
fuel cell vehicles through 2025 would cost the gaweent US$8 billion over 16 years.
The first public hydrogen refueling station was @@ in Reykjavik, Iceland in April
2003. As of June 2011 California had 22 hydrogdoeteng stations in operation. In
2010, fuel cell industry revenues exceeded a $78@ommarket value worldwide,
although, as of 2010, no public company in the stiduhad yet become profitable.
There were 140,000 fuel cell stacks shipped glgball2010, up from 11 thousand
shipments in 2007, and in 2010 worldwide fuel atlipments had an annual growth
rate of 115%. Approximately 50% of fuel cell shipmein 2010 were stationary fuel
cells, up from about a third in 2009, and the fdaminant producers in the Fuel Cell

Industry remain the United States, Germany, JapdnSauth Korea. Bloom Energy, a



major fuel cell supplier, says its fuel cells wileet a return on investment in 3-5 years,
as its fuel cells generate power at 9-11 centskpewatt-hour, including the price of
fuel, maintenance, and hardware (Wesoff, 2011; Astamand Clint, 2011; Faur-
Ghenciu, 2003).

1.2.1 Polymer electrolyte membrane fuel cell (PEMFC

PEMFC is the most useful type for transportatiopliaations (Starz et al., 1999).
The PEMFC has very high power density and a redgtibw operating temperature (20
- 100°C). Therefore PEMFC is self-starting without theedef external warm up and
readily generating electricity which makes it pautarly promising. A hydrogen-
powered PEMFC consists of two electrodes and aratpapolymer membrane as
shown in Fig. 1.1.

Anode: H: = JHT 4+ Je
Cathode: L0+ 2H "+ 2 = H:20
Net reaction: Hi + ¥ O3 - H:0

Figure 1.1.Polymer Electrolyte Membrane Fuel Cell (PEMFC).

Hydrogen is supplied to the anode and air is cHadn® the cathode. At the
anode, a platinum catalyst causes the hydrogermplibisto positive hydrogen ions
(protons) and negatively charged electrons. Thgnpet electrolyte membrane (PEM)
permits only the transfer of proton to the cathdde electrons travel along an external
circuit to the cathode and create an electricalerur At the cathode, the electrons and
protons combine with oxygen to form water whichtlie only waste product of
hydrogen fueled PEMFCs.



1.2.2 Solid oxide fuel cell (SOFC)

Solid oxide fuel cells are considered as the besfull fuel cell for stationary
power generators that could provide electricity &edt for houses, factories or towns
(Singhal, 2008). The operation temperature is vegi (700-1000C) for this type of
fuel cell. This high temperature results a reliépibroblem, since parts of the fuel cell
can break down after cycling on and off repeatediywever, solid oxide fuel cells are
very stable under continuous use. The SOFC hasmgnated the longest operating life
of any fuel cell under certain operating conditiohise high temperature may also be an
advantage: the steam produced by the fuel cell lm@archanneled into turbines to
generate more electricity and the heat can be f@ggdteating purposes. This process is
called co-generation of heat and power and it imgsothe overall efficiency of the

system.

1.2.3 Alkaline fuel cell (AFC)

Alkaline fuel cellis one of the oldest designs for fuel cells; thetéthStates space
program has used them since the 1960s (Van denclBrd®93). The AFC is very
susceptible to contamination, so it requires py@régen and oxygen. Alkaline fuel
cells use an aqueous solution of potassium hydeoixich porous stabilized matrix as an
electrolyte. The operating temperature ranges f@Bnto 200°C. It is also very
expensive, so this type of fuel cell is unlikelylie commercialized, but research has
revisited this type of fuel cells recently agaira(g, 2009).

1.2.4 Molten-carbonate fuel cell (MCFC)

Like the SOFC, molten-carbonate fuel cells are aiseful for large stationary
power generators (Bischoff, 2006). The fuel cebg molten alkaline carbonate (e.g.,
sodium bicarbonate NaHGDas electrolyte. Since the operation temperatii@DC

they can generate useful steam and improve thalbediiciency.

1.2.5 Phosphoric-acid fuel cell (PAFC)

The phosphoric-acid fuel cell has its potential usesmall stationary power-

generation systems (Kumura, 2004). Molten phosphagid (HPQs) is used as



electrolyte. The optimum operating temperature eaisg150-200C. It operates at a
higher temperature than polymer electrolyte membriarel cells, so it has a longer

warm-up time. Therefore, it is not possible to tieam in cars.
1.2.6 Direct-methanol fuel cell (DMFC)

Methanol fuel cellsare comparable to a PEMFC in regards to its opeyati
temperature (90-126C), but yet are not as efficient (Bolufer, 2008hey use a
polymer membrane as electrolyte. Also, the DMFQines a relatively large amount of
platinum to act as a catalyst, which makes theskdells expensive. Methanol as fuel
must be reformed to yield.Hrior to the electrochemical processes. This is tilse for
the use of natural gas. Yet the PEMs are not seiffily tight, methanol crossover is a
problem (Jiang, 2009).

1.3 POLYMER ELECTROLYTE MEMBRANE (PEM) FOR FUEL CEL LS
1.3.1 Perfluorosulfonic acid membranes

Development of PEMs for fuel cells has undergoneumber of technological
transformations since their inception. PEMFCs weriginally introduced in early
1960's, based on using GE's sulfonated polystyasrt@e electrolyte. Due to problems
associated with the oxidative degradation of makgrthis system was soon replaced by
Du Pont's Nafion® ionomer, which proved to be sigrem both performance and
durability. Further progress in this field resuliadhe development of perfluorosulfonic
acid polymers such as Naffdrand Flemiofi (Fig. 1.2). Several models have been
proposed for the morphology of NafidHeitner-Wirguin, 1996; Mauritz and Moore,
2004; Gierke et al., 1981; Schmidt-Rohrand Chef®820For instance, Fig. 1.3 shows
the Yeager 3-Phase Model, which is based on a-fittase clustered system with
interconnecting channels within the polymer (Yeaged Eisenberg, 1982). The three
regions consist of (A) a fluorocarbon backbone, s@mhwhich is microcrystalline, (B)
an interfacial regions of relatively large fractabvoid volume containing some pendant
side chains, some water, and those sulfate or xg@ib@roups and counter ions which
are not in clusters, and (C) clustered regionshickwthe majority of the ionic exchange

sites, counter ions, and absorbed water exist (8nam and Nicholson, 1986).
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Figure 1.2.Chemical structures of perfluorinated polymer &tdgte membranes
(Rikukawa and Sanui, 2000).
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Figure 1.3.The Yeager 3 Phase Model of NaffoGlusters (Yeager and Eisenberg,
1982).

Perfluorosulfonic acid-based materials are widedgdias the PEM in fuel cell
systems. The transport properties in these maidaedely depend on the water content.
Thus, in order to be practical, such systems mesigerated at temperatures below the
dew point of water (Kreuer et al., 1993). Otherrgtmmings and limitations, such as
high cost, high susceptibility of proton condudivio low humidity and temperatures
above 80°C have motivated research toward finding altereafREMs with higher

efficiency and performance at desired conditions.



1.3.2 Mechanisms of proton transport

The mechanism of proton transport in water moleculas been studied
extensively (Eigen, 1964; Agmon, 1995; Agmon, 1998)e proton transport based on
the “Grotthuss mechanism” (also called the “hoppimgchanism”, “chain mechanism”
or “structure diffusion”) comprises rapid intermolgar proton transfers (hopping)
down a chain of hydrogen bonds, for which the ti@mnavents are assumed to be highly
correlated, with reorientation of water dipolesptoduce a configuration which allows
for the next hopping event (Grotthuss, 1806; Kre@887). The first process leads to a
polarization of the hydrogen bond chain, i.e., tocal relative charge displacement, but
not to DC conductivity. The second process causedepolarization of the chain by
reorientation of the water dipoles. A fast Grotgiiygppe mechanism must enable the
formation of protonic defects, and provide strondlyctuating proton donor and
acceptor functions in an otherwise non-polar emritent. The latter avoids strong
solvent effects that tend to suppress proton teansfactions (Kreuer, 1996; Kreuer,
1997). However, this mechanism cannot explain &lhoamal proton conductive
systems. Based on NMR spectra and self-diffusia@ffioients, Kreuer et al. proposed a
“Vehicle mechanism”, also called molecular diffusidor the interpretation of the
conductivity of fast proton conductors, such adisy Nafion etc (Kreuer et al., 1982).
According to this model the proton does not migraseH but as HO®, NH,", etc.,
bonded to a “ vehicle” such as,®, NH;, etc. The unloaded vehicles move in the
opposite direction. Sequential hydrogen bonds atenecessary for proton transport

with this model.

1.3.3 Anhydrous proton conductive membranes

Problems associated with the PEMs present majotadles for widespread
acceptance of PEMFCs. First, the existing PEMs expensive and mechanically
unstable, especially for operation at moderateededated temperatures. Second, these
materials typically require the continuous presesfdeumidity in order to perform their
function in electrode reactions and conducting guisf not only limiting the operating
condition of fuel cells to temperatures below ab80t°C, but also with a negative
impact on the performance of PEMFCs, through slgwihe process kinetics in

electrodes, combined with decrease in CO toleraimcaddition, existing membranes



are highly susceptible to degradation at eleva¢edperatures due to the shrinkage of
electrolyte within the catalyst layer, which congeqtly reduces the electrochemical
surface area in electrodes. Therefore, one of élyedikections in development of PEMs
is to implement novel designs in producing matseri&lth sufficiently high chemical
and mechanical stability with effective operatidnréermediate temperatures (100-200
°C) and relatively low humidity (RH~25-30 %) levélsreuer, 2002).

Essentially, the development of PEMFCs capablepafrating at temperatures
approaching 200 °C can result in several key imgnaaents in widespread use of fuel
cells. For example, systems operating at elevagetperatures are more efficient and
reduce the overall cell cost by decreasing theiredyplatinum loading. In addition, the
overall heat management of the device is simplifiedet al., 2003; Lecolley et al.,
2003). This also will eliminate some of the wateanagement issues such as membrane
swelling and water dynamics (Perrin et al., 2008).addition, operating at high
temperatures would play an important role in impmgwthe overall performance of fuel
cell operating with fuel containing impurities (g.garbon monoxide) and issues related
to the efficiency of the heat rejection and watemagement (Li et al., 2009; Pu et al.,
2005). Progresses on these criteria would haverncajatributions in cutting the costs

associated with the PEMSs.

A principal approaches for enabling operation ofViREat higher temperature is
the replacement of water with alternative protoilvesats possessing higher boiling
points. Investigations over the past few years hasellted in the development of
several kinds of anhydrous proton conducting mengsaPreparation of polymer—acid
blends was among the early trials in which basioeutral polymers and copolymers
(often containing functional groups such as imidane, ether, etc) were blended with
strong acids (Alberti and Casciola, 2001; Bozkurd Meyer, 2001; Kreuer, 2001). In
these blend systems, acids such gB® or H,SO, act as proton donor and plasticizer,
and the transport is carried out mainly throughekehange of protons between the ions
derived from the acid. A number of polymer electtes have been examined
extensively, exhibiting high proton conductivity ihe anhydrous state. However, one
of the major drawbacks is that the acidic units susceptible to self-condensation at
high temperatures (Bozkurt and Meyer, 2001). Onfigva systems, mainly those based
on polybenzimidazole (PBI) membranes, have beeortegh demonstrating efficient
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operation at temperatures above MQWei et al., 1995). Li et al. revealed that
operation of acid-doped polymer electrolytes inl feal at temperatures below 10D

could result in washing the proton solvent awayrfrthe system. This indicates that
special attention must be paid to the operatiosuch systems in a defined temperature
range (Li et al., 2004). Schuster et al. providezbmprehensive review on the various
types of protogenic groups as PEM separator mé&ddaintermediate temperature and

low humidity conditions) (Schuster et al., 2005).

Aiming to overcome the challenges faced in the axqtion of polymer-acid
systems, an alternative kind of proton conductilegteolytes was introduced by Kreuer
(Kreuer, 1997; Kreuer et al., 1998) operating veitidic polymers in combination with
amphoteric nitrogen-containing heterocyclic stroesu as a proton solvent. As
speculated, the performance of these systems didepend on the humidity. In fact,
heterocycles behave similar to water but are abferm hydrogen bond networks that
undergo auto-protolysis at much higher extent legdio high proton conductivity
(Kreuer et al., 1998). On the other hand, the Ipadymer improves the mechanical
properties enabling fabrication of thin free-stamdfilms with higher stability in the
presence of electrode materials (Bermudez et @82)1 In addition, the host polymer
functions as a source of protons by supplying pretéo heterocyclic protogenic
solvents. This results in enhanced defect-typeoprobnductivity.

Despite progress made in the development of higipéeature electrolytes and
replacement of water with alternative protons soisge the volatility of these low
molecular weight solvents remains as one of the #®ytcomings hampering their
widespread acceptance. This has led to new reseaesiues in order to address this
issue. For instance, researchers have tried to biiz® these heterocyclic compounds
on the polymer structure. Based on the findings thust be achieved carefully by
using flexible spacers to avoid sacrificing the hhigcal mobility of proton solvent
molecules and protonic charge carriers. Due tartimeobilization of the proton solvent
molecules, proton transfer is anticipated to retytioe structural diffusion mechanism
based on dynamic hydrogen bonds networks. The lemrse of this mechanism is well
investigated in case of Im immobilized systems (bturt al., 2001; lannuzzi et al.,
2004; Schuster et al., 2001). Simulation studaslshown that the structural diffusion

iIs much more complex than the single jump of aresggroton from one molecule to
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another. Also, the proton transfer requires extensreorientation of adjacent
heterocycles and reorganization of the hydrogendbooordination sphere of the
migrating protonsin this respect, an ideal tethering should be caonttd of flexible
and sufficiently long spacers to enable high lounability. In addition, it must possess
sufficiently high concentrations of proton solvetdsmaximize the charge carriers and
enable sufficient percolation (Scharfenberger et 2006). Another approach in the
development of proton conducting electrolytes isctoimbine the functions of the
protogenic group and the proton solvent in a simgtdecule. Such molecules must be
amphoteric in the sense that they behave as bgttotan donor (acid) and proton
acceptor (base) and they must form dynamical hyalrdgpnd networks.

1.3.3.1 Azole-based heterocyclic compounds as proton solvents

The concept of using heterocycles was first intoedu by Kreuer et al. who
suggested exploitation of nitrogen-containing hatgcles as protogenic solvents for
proton conduction (Kreuer et al., 1998). Most hatgclic groups have high boiling
points which makes them attactive for the develapnoé more temperature-tolerant
proton conductive membranes. In addition, unlikeewahey can be incorporated into

the polymer structure to further reduce their vbtatduring operation.

In these heterocycles, the basic nitrogen sitea@strong proton acceptors with
respect to strong acid groups such as sulfonic acid phosphonic acid group
(Jannasch, 2003; Kreuer, 2007; Steininger et @072 The rather isometric molecules
are advantageous for extended local dynamics agid photonated and unprotonated
nitrogen functions may act as donors and accepopsoton transfer reactions while
the ring itself is non-polar and avoids strong ealv effects. Furthermore, pure
heterocycles in the liquid state show higher cotiditg than pure water due to the high
degree of self-dissociation indicating small solveffects, which is also advantageous
for high proton mobility. The Iga values of various heterocycles are provided inl€la
1.1.
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Table 1.1.Melting points, boiling points and pKa of the hretgycles.

Heterocycle Melting point CC) Boiling point (°C) pK,
Imidazole a0 257 7.2
Benzimidazole 170 - 12.9
Methyl imidazole -60 198 7.4
Pyrazole 68 187 2.5
1H-1,2,3-Triazole 23 203 1.17
1H-1,2,4-Triazole 120 256 2.39
1H-Tetrazole 157 220 4.89
5-Aminotetrazole 202 - 8.1

Imidazole (Im)

Imidazole (Im) is one of the most simple and widabged heterocycles (Fig. 1.4).
Im has also found other applications such as imdsdewith ionic liquids (Sun et al.,
2001; Noda et al., 2003). In physical aspects,sia solid material at standard condition
with a boiling point of ~257 °C. Its proton condwdly at its melting point (90°C) is
approximately 18 S/cm (Kreuer, 1997). The<g for Im is reported to be approximately
14.9 while the K, for imidazolium is about 7 (Minch et al., 2001).

..ImH ..ImH (ImH) Him.. (HImH)*  ..ImH .ImH

VA T T T NS 1co) VI N A W
“H... “HoN N—H---NZ SN—H----N_ _N-H
N Mo "N AN N

Figure 1.4.Proton conduction in imidazole through the Groghmechanism,
schematically showing the reorientation of thentmiety (Minch et al., 2001).

The proposed mechanism for the proton conductidmibased systems involves
proton transfer between the neighboring protonatsdi unprotonated guest molecules
(the Grotthuss mechanism) (Kreuer, 1997; Cascipdd. £1991). This occurs as a result
of aggregation of Im moieties in hydrogen-bondedimh (Bozkurt et al., 2003; Yamada
and Honma, 2005; Sevil and Bozkurt, 2004). Invesiions using quantum chemical
calculations on nitrogen atoms as mediator for@ratonduction have indicated the
possibility for hydrogen bond between nitrogen at@and lower proton transfer barriers
(Zhou et al., 2006; He et al.,, 2003). The schemagmresentation of the Grotthuss
mechanism along the neighboring imidazole molecuesllustrated in Fig. 1.4.

According to this schematic, the proton transfetwieen the adjacent Im molecules
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involves reorientation of the Im moiety. While highoton mobility has been observed
in Im-based materials, this reorientation step nm rholecules is regarded as a rate
limiting factor for the long range proton transtaross membranes based on Im. As a
result, the overall proton conductivity of Im-baseembrane electrolytes, such as in
ionic liquids, oligomers and polymers is relativébyv. In addition, the electrochemical
stability of Im appears to be inadequate for fugdl applications, largely due to the high
electronic density of the Im ring and also duehte diffusion and absorption of Im on
the surface of the catalytic electrodes (Schudtat.£2005; Noda et al., 2003; Yang et
al., 2001; Li et al., 2005).

1-Methylimidazole (Melm) (Fig. 1.5a) is a heterogydrom among the Im
derivatives. Although theKy; value of Melm molecule is much higher than thatnof
the conductivity of the complexes made from Melmmas as high as those complexes
made from Im (Schechter et al., 2002). This isitaited to the provision of strong
interactions between the Im molecules that can folusters of up to 20 molecules
through hydrogen bonding (Acheson, 1976).

CHgy
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Figure 1.5.The structures of (a) 1-methyl imidazole, (b) bendazole, Bnim and (c)

pyrazole, Py.

Benzimidazole (Bnlm)

Benzimidazole (Bnim) (Fig. 1.5b) is a heterocyammpound comprised of the
fusion of benzene and Im with a melting point 003C. Similar to Im, the neighboring
protonated and non-protonated nitrogens in Bnlmaactionor and acceptor in proton
transfer reactions. It should be noted that this isontrast to acidic molecules such as

phosphoric and sulfuric acids described as protonos and acceptors with the
formation of protonic defects (e.g.oP ; HSQ, ) and intermolecular proton transfer

reactions (Dippel et al., 1993). The reportd€, for Bnim and benzimidazolium are
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12.9 and 5.3, respectively (Munch et al., 2001}héligh these values are slightly less
than those for Im, benzimidazole can be used agard in acidic polymers to facilitate
the proton transfer via Grotthuss mechanism. Intehdunlike Im, Bnim does not have

electrochemical stability problem in fuel cell ajgptions.

Pyrazole (Py)

According to Kreuer et al., molecular diffusion ffagents for pyrazole (Py) (Fig.
1.5c) are generally higher than those for Im. Tikisn accordance with the lower
melting and boiling points (b.p.= 186 °C ) of Pydaalso less tendency to form
hydrogen bonded structures. On the other hand, d®ggss a lower rate of proton
conduction compared to Im. This is ascribed to weaker tendency for molecular
association by hydrogen bonding and also lowerciigsof Py (Kreuer et al., 1998).
The proton conductivity of Py is 1.4x2@®/cm (at 120 °C) (Casciola et al., 1991).

Based on the findings, proton diffusion for Py almd is similar, occurring
through a chain of suitably oriented molecules,haitt rotation of the protonated
molecule (Casciola et al., 1991). This is attrildute the presence of the hydrogen
bonded to the nitrogen in the neutral molecule. éOte proton has been transferred
through the chain, the neutral molecules can ratatas to be ready for a new proton
transfer. Fig. 1.6 shows the proposed Grotthuss tygnsport mechanism in pyrazole. It
is reported that pyrazole molecules possess lowibagpK,;=2.61) and thus do not act
as proton donor and acceptor in composite matkiigely due to the fact that non-
protonated —N= group of pyrazole ring cannot sthpnigteract with the free protons
from the host material in complexes (Yamada andrikpn2005). Therefore, pyrazole
has not been preferred as a proton source in tipasite membranes of polyacids in
PEM synthesis.
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Figure 1.6.Proton conduction in pyrazole through Grotthussimeism (Casciola et
al., 1991).
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Triazole (Tri)

Triazoles are another class of heterocyclic pratagesolvents exhibiting
promising results. Several triazoles are of interébl-1,2,4-triazole (Fig. 1.7a) is a
crystalline solid at standard condition with medtiand boiling points of 120°C and
260°C, respectively; 1H-1,2,3-triazole (Fig. 1.7®) liquid at room temperature, with
melting and boiling points of 2@ and 203C, respectively (Zhou et al., 2005). As
shown in Fig. 1.7, the molecular structure of Esembles that of other heterocyclic
structures such as Im and Py, with the differera Tri comprises three nitrogen
atoms in the five-membered ring. In this regarce frevalent proton conduction
mechanism in Tri has been expected to be similaatare to that of other heterocyclic

compounds.

H NH,
v A
N—NH N N

Ly NI )

N N NH
a) (b) (©)

Figure 1.7.The molecular structures of (a) 1H-1,2,4-triazble1H-1,2,3-triazole (c) 3-
amino-1,2,4-triazole.

Neutral Tri (Fig. 1.7b) has two tautomers, 1H-1;®i8zole and 2H-1,2,3-triazole,
and so does protonated Tri, 1,3-diH-1,2,3-triazuliand 1,2-diH-1,2,3-triazolium
cations (Zhou et al., 2006). These isomers intered by tautomerisation, which may
occur through intra- or inter-molecular proton stan (Rauhut, 2003). Although 2H-
1,2,3-triazole is more stable in the gas phasel BB-triazole becomes more stable in
solution because of its larger dipole moment (Minkt al., 2000). The presence of
these tautomers and their interactions has maketaletl study of the systems very
complex. Zhou et al. employed quantum mechanidalizions and conducted a study
on the intra- and intermolecular proton transfefli(2H)-1,2,3-triazole based systems
in order to gain an understanding on the interastibetween the neutral Tri and
triazolium cations, and its effect on the short bordy range proton conduction (Zhou et
al., 2006). Their findings indicated the formatiohstable complexes between a -NH
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group on the protonated Tri as the proton donorandrogen atom on the neutral Tri
as the proton acceptor. The ionic conductivity mfeplH-1,2,3-triazole is 1.3x¥08/cm

(at room temperature) which implies its considezgiioton conductivity in liquid state
and also produces protonic charge carriers updrdssiociation of 1H-1,2,3-triazole

molecules (Zhou et al., 2005).

The proton conductivity of pure 1H-1,2,4-triazaderéported to be 1.5x10S/cm
(at 115°C) and about 1.2x¥®/cm (at the melting point) (Li et al., 2005). Ftan be
related to the low I9.1 where self dissociation of 1H-1,2,4-triazole proels! highly
mobile proton charge carriers (Li et al., 2005; @déw et al., 2006). Zhou et al.
suggested the proton conduction for triazole-bagstems to be different from that for
Im largely due to the presence of several protanytey isomers for triazoles (Zhou et
al., 2006). Therefore, Tri can be doped into acitist polymers and may improve the
anhydrous conductivity of the materials in the ditate. Based on the reports, in
polyelectrolyte/Tri systems the heterocyclic grof@sn a hydrogen bonding networks
and promote long-range proton transport that ibé&ter than that with Im (Zhou et al.,
2005). Results of an investigation using computetionethods on the reactions paths
for different proton transfer reactions in 1,2 @tole suggested that Tri forms clusters
that favor intermolecular proton transfer reactigRauhut, 2003). Therefore, blending
of Tri with an acidic polyelectrolyte can be usefior the development of high
temperature resistive free-standing films due t® plossibility of long-range proton

transport via structural diffusion.
Tetrazole (Tet)

Tetrazoles are a class of heterocyclic moleculgk fur nitrogen atoms in the
ring (Fig. 1.8). 1H-tetrazole is solid at room teerggture and has melting and boiling
points of 157°C (Mihina et al., 1950) and 220°Gpectively. It has al, of 4.9 and
several forms such as 5-aminotetrazole (Fig. 1.Blmethly 5-aminotetrazole and 1,5-
diaminotetrazole (Satchell and Smith, 2002). Teties are thermally stable compounds
and 5-aminotetrazole shows tautomerization as irameh amino forms (Lesnikovich et
al., 2002; Levchik et al., 1992). Since it has kighitrogen units in its ring, Tet is
expected to perform easier proton transfer wheml & a proton solvent in PEM

materials.
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Figure 1.8.The molecular structure of (a) 1H-tetrazole (@rbinotetrazole.

1.3.3.2 Siloxane Based Proton Conductive Membranes

Siloxane based polymers are commonly producedoliged method. The sol-gel
process is a wet-chemical technique used for thection of both glassy and ceramic
materials. In this process, the sol (or solutiorghees gradually towards the formation
of a gel-like network containing both a liquid pbaand a solid phase. Typical
precursors are metal alkoxides and metal chloridsch undergo hydrolysis and
polycondensation reactions to form a colloid. Thsib structure or morphology of the
solid phase can range anywhere from discrete dallgarticles to continuous chain-
like polymer networks (Klein and Garvey, 1980; Ben et al., 1982).

Under certain chemical conditions (typically in dcciatalyzed sols), the
interparticle forces have sufficient strength tasm considerable aggregation and/or
flocculation prior to their growth. The formatioh ® more open continuous network of
low density polymers exhibits certain advantageth wegard to physical properties in
the formation of high performance glass and glasafoic components in 2 and 3
dimensions (Sakka et al., 1982).

A well-studied alkoxide is silicon tetraethoxider oetraethyl orthosilicate
(TEOS). The chemical formula for TEOS is given 8{OGHs),, or Si(OR) where the
alkyl group R = GHs. Alkoxides are ideal chemical precursors for sal-gynthesis
because they react readily with water. The reactowialled hydrolysis, because a

hydroxyl ion becomes attached to the silicon atsrfodows:

Si(OR), + H,0 — HO-Si(OR), + R-OH
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Depending on the amount of water and catalyst ptesgdrolysis may proceed to
completion, so that all of the OR groups are regddzy OH groups, as follows:

Si(OR), + 4 HO — Si(OHY, + 4 R-OH

Any intermediate species [(ORBEI-(OH)] or [(OR):—Si-(OH)] would be considered
the result of partial hydrolysis. In addition, tyartially hydrolyzed molecules can link

together in a condensation reaction to form a amex|Si—O-Si] bond:
(OR)Si-OH + HO-Si-(OR)— [(OR)%Si-O-Si(OR}] + H-O-H
or
(OR):-Si-OR + HO-Si-(OR)— [(OR):Si—O-Si(OR})] + R-OH

Thus, polymerization is associated with the foromatof a 1, 2, or 3- dimensional
network of siloxane [Si—O-Si] bonds accompaniedhgyproduction of H-O-H and R-

O-H species.

By definition, condensation liberates a small molecsuch as water or alcohol.
This type of reaction can continue to build largand larger silicon-containing
molecules by the process of polymerization. Thupplymer is a huge molecule (or
macromolecule) formed from hundreds or thousandsnis called monomers. The
number of bonds that a monomer can form is catkeéunctionality. Polymerization of
silicon alkoxide, for instance, can lead to compbeanching of the polymer, because a
fully hydrolyzed monomer Si(OH)s tetrafunctional (can branch or bond in 4 dfar
directions) (Matijevic, 1986; Brinker and Mukherjd®81; Sakka and Kamiya, 1980).

There are several proton conducting polymer systprepared via sol-gel of
silane groups in different polymers such as suliethgoly(arylene ether ether ketone),
Nafion and polyvinyl phosphonic acid. However ies$k studies the proton transport is
performed by the humidity and the sulfonic acidugp® of the polymer. Previously, in
order to obtain siloxane based anhydrous protodwding systems, imidazole (Lee et
al, 2006), benzimidazole (Herz et al., 2003) araktie (Li et al., 2005; Granados-Focil
et al., 2007) were immobilized into silane matridesthese studies triazole containing
materials were reported to have better proton cotdty (5x10°) compairing to
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imidazole based membranes. In addition the presehfiexible chains also affects the
proton conduction where azoles are attached to digis chains and the segmental
motions have high contribution on the proton cotiduc The chemical structures and
maximum proton conductivity values of several silo& based polymer matices are
illustrated in Table 1.2.

Table 1.2.The chemical structures and maximum proton comndtictalues of several

siloxane based polymer matices.

Material Max. Cond. (S/cm) Ref.
0.015 at 25C, Chen et al
(I) —S0;H 56.7 % RH 2007)
| _{—‘%f}-i_o-ﬁ;i-o_
5(_)-:!!? (IJ
® Eae ] 1o ] [ 0.01at >80°C, (Kato et al.,
= 1 jl 100% RH 2007)
& 0.142 at 1206C, (Pezzin et al.
=Si-CH,—CH;—P-OH | 100% RH 2008)
OH
(contains 40% polysilsesquioxane
and 80% phosphonated SPEEK)
~{onon), o 0.037 at 8GC, (Yazawa et al.
T OV;FHVO“\%T_‘)_S'% %100 RH 2008)
/- 10* at 160°C, anhydrous state (Lee et al, 2006)
O/
N
Nl\) ClmSs
N 1073~ at 160 °C, anhydrous state | (Sanghi et al.
N\/J%ﬁ“” d /sﬁm & (contains 2.5 mol gPQO,/Tri) 2010)
e
BN
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Q\ f(“© 7x10°at 150°C, anhydrous state (Herz et al,
- 5 2003)
{ ’K:‘“""‘“ e

ooy 5x10°at 140°C, anhydrous state (Li et al., 2008)

{_o—él—];[—u—gl—l;[o—i—m zL—u—
f’__‘\\ Sfﬂ'::,m

| o‘ 5x10°at 170°C, (Granados-Focil
i s

q--n‘m (contains %75 triflic acid) et al., 2007)

N

L CJ( 7 (Tz28i)
e 3 0

'! /| 107 at180°C,

04{(”‘*” (contains %75 triflic acid)

I 8 (Tz8Si)
Jud-

o 5x10* at 190°C,

,P_‘:F?f (contains %15 triflic acid)
H
9 (FBz2Si)

1.3.3.3 Proton Conductive Copolymer Membranes

The development of copolymer membranes is amondgateet areas of research
on PEMFCs. This is largely driven by limitations time capabilities of conventional
materials and the need to design and fabricateneaggd membranes through adoption

of appropriate molecular architecture strategies.

Martwiset et al. synthesized random copolymer anplalymers of 1,2,3-triazole-
containing acrylates and poly(ethylene glycol)metbther acrylate (PEGMEA) with
composition of 0 to 52 % of PEGMEA (Martwiset ¢t 2007). A typical structure of
the polymers is shown in Fig. 1.9. The proton cantidity of membranes changed from
0.5 to 1.5 orders of magnitude upon addition dfuloro acetic acid at various levels.
The authors examined the effect of the chargearadgnsity on the proton conductivity
by doping the Tri rings with a strong acid, andoatsy substitution of the Tri groups
with low molecular weight poly(ethylene glycol).vitas found that substitution of Bnim
by 1,2,3-triazole in polyacrylate containing 30 XEGMEA resulted in higher proton
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conductivity and weaker dependence on temperatius.was attributed to the possible
effects of the lower Ig,, smaller size and lower melting point of Tri. Imgoration of
PEGMEA up to levels of 30 % mol in 1,2,3-triazolgstems resulted in improved
conductivity. In contrast, the reduction in proteonductivity of terpolymers by
addition of PEGMEA was attributed to the pronounedfitct of decreasing charge
carrier concentration rather than the effect oféased backbone mobility.

Figure 1.9. Structure of prepared co- and terpolymers (Madtwvet al., 2007).

Woudenberg et al. conducted a systematic studynvestigate the effect of
backbone mobility on the proton conductivity of fh@ymer and copolymer electrolyte
membranes (Woudenberg et al., 2007). They immaaliBnim units to several ether

acrylate polymer backbones (Fig. 1.10). Monomersewaepared containing Bnim

moieties attached to the respective functional gyraesulting in polymers with I

values ranging from 88 °C to 113 °C. The increasd§ over expected values was
attributed to the decreased mobility induced byragagtion, hydrogen bonding, anédr
interactions of the Bnim side chains. The acrytailymer B5A showed conductivity of
0.015 mS/cm at 200 °C, nearly an order of magnitizdger than both B5S5NB and
B5MA, 0.0024 mS/cm and 0.0048 mS/cm, respectivEhe conductivity curves of the
electrolytes showed VTF behavior. The positive@ften the conductivity by increasing
mobility and the competing effect of charge cardensity reduction was observed in
comparing B5A and B5MA. Similarly, heterocycle irdalated proton-conducting
polysiloxanes have been synthesized via hydrosibyleof vinyl or allyl functionalized
weakly basic heterocyclic motifs with a poly(methydrosiloxane) precursor. The

resulting polymers showed the highest reportedopratonductivities of up to 0.1
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mS/cm at temperatures below 80 °C and up to 5 m&#tcB80 °C when doped with
trifuoroacetic acid (Granados-Focil et al., 2007).

e
5

Figure 1.10.Structure of prepared copolymers (Woudenberg g2@07).

Bozkurt et al. (Bozkurt et al., 2003) synthesizedt@n-conducting polymers by
free-radical copolymerization of vinylphosphoniedafVPA) as a proton source with 4-
vinylimidazole (4-VIm) as a proton solvent (Figll). The copolymers were produced
with 4-VIm/VPA mole ratio ranging from 4:1 to 1:2 ithe feed. Thermogravimetric
analysis revealed that copolymers were stable ug0® °C, with no distinct glass
transitions observed up to the onset of degradattowas found from FTIR analysis
that a donor—acceptor interaction between imidamolion and phosphonic acid,
resulted in the formation of inter- and intramolecwcomplexation. DC conductivities
of copolymer samples increased ranging fror? 1® 10*? S/cm within the measured
temperature span, with increase in Im units immodd in the chains. The overall low
conductivity in poly(4-Vim-co-VPA) membranes wadridnuted to restrictions in the

segmental motions of the polymer chains by ionass#inking.

%CHE—TII J‘K }_ L’]]E—L"]]—-f

—_— - }}

HO— P—OH [\
[ N NH
0 X

Figure 1.11.Structure of poly(VPA-co-4-VIm) copolymers (Bozket al., 2003).

Novel proton-conducting copolymers based on VPA andnyl-1,2,4-triazole
(VTri) were synthesized using conventional free icad polymerization of the
corresponding monomers (Fig. 1.12). The molecukigit of the resultant copolymers

was low and the presence of a glass transitiomencopolymers indicated that ionic
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interactions do not prevent segmental relaxatidnh® polymer chains (Celik et al.,
2008b). The proton conductivity increased with tatent of phosphonic acid units in
the polymer chain. In particular, poly(VPA-co-VTrgample S2 (~70 % PVPA mole
ratio) showed a conductivity of ~E®/cm at 120 °C in the anhydrous state. The proton
transfer in this copolymer structure was analyzéith wolid state NMR methods and
hydrogen bonding formation was verified (Celik ket 2008b).

n m

A

N

Figure 1.12 Structure of poly(VPA-co-VTri) copolymer (Celik al., 2008b).

In another study, Pu et al. employed normal frekced polymerization and click
chemistry techniques to prepare a series of N-beyele side-chain copolymers,
namely  poly(1,2,4-vinyltriazole) (PVTri) and polyRl4-vinyltriazole-co-5-
vinyltetrazole-co-acrylonitrile) (P(VTr-VT-AN)) (Pet al., 2007). The glass-transition
temperatures of the polymers were between 70 arftC83 he proton conductivity of
doped materials was about8/cm at 60 °C under anhydrous condition, and stowe

Arrhenius behavior.

Proton conducting electrolyte membranes were pegpbased on the free-radical
copolymerization of 2-acrylamido-2-methyl-1-propankonic acid (AMPS) and 1-
vinyl-1,2,4-triazole (VTri) (Fig. 1.13) (Celik anBozkurt, 2010a). The AMPS content
of copolymer was varied by the feed ratios from %6up to 62 %. The resultant
copolymers were thermally stable up to approxinya2&l0°C. In addition, the presence
of a glass transition in the copolymers indicatieak the presence of ionic interactions
did not prevent cooperative relaxations of the tgpers. Based on the cyclic
voltammetry results, the electrochemical stabitiymain extended to over 3 V. In
addition, the temperature dependence of condugtiglaxation times indicated that the

proton conductivity occurred by a hopping mechansarstructure diffusion.
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HO,S

Figure 1.13.Structure of P(VTri-co-AMPS) copolymers (Celik aBdzkurt, 2010a).

Pu and coworkers synthesized copolymers basednyhhenzyl phosphonic acid
and vinyl imidazole. They studied proton conductprgperties of the membranes in
100 % humidified condition and obtained a protonadctivity of 0.1 S/cm at 36C.
(Pu et al., 2009).

Sezgin et al. prepared copolymers based on vinytdree boronic acid and vinyl
imidazole (Sezgin et al., 2009). In anhydrous cbodithe copolymers resulted a proton
conductivity of 0.0027 S/cm.

HO OH

Figure 1.14.The structure of poly(vinyl benzene boronic acidvinyl imidazole)

copolymer (Sezgin et al., 2009).
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CHAPTER 2

EXPERIMENTAL

2.1 SYNTHESIS OF TRIAZOLE FUNCTIONAL SILANE NETWORKS

3-Glycidoxypropyl trimethoxy silane (GPTMS) (>97%erck), 1H-1,2,4-triazole
(>97%, Aldrich), 3-aminotriazole (>95%, Aldrich}jftuoromethane sulfonic acid (TA)

(>98, Fluka), methanol (Merck) and hydrochloricda@ilerck) were used as received.

GPTMS was modified with 1H-1,2,4-triazole (Tri)daB-aminotriazole (ATri) by
ring opening of the epoxy group of GPTMS in metHaatxording toFig. 2.1 0.0085
mol of Tri or ATri was dissolved in 10 mL metharentid 0.0085 mol of GPTMS was
added. The reaction mixture was purged with nitnogad the modification reaction
was performed at 8%C for 24 h. Then polymerization of silane groupssvparformed
using simple sol-gel process. The resulting pallwesolution was poured on Teflon
petri dish and for hydrolysis of methoxide groupsitlof 1 M HCI was added together
with dopant (TA) and mixed. For condensation remcthe solution was kept on room
temperature until evaporation of methanol and theated stepwise until 10C (5 h)
and dried in vacuum oven at 6C for 2 days. The resulting crosslinked materias wa
transparent, mostly flexible and free standing memé (Fig. 2.2). The addition of

dopant acid (TA) softens the material and becomae rikexible.

Since the crosslinked material is not soluble inteweand common organic
solvents, doping of the triazole functional sampies done before sol-gel procedure.
The ratio of trifluoromethane sulfonic acid wasigdras x=0.5 and 1 with respect to
azole unit. The resulting membranes were calle®iabriTAx and Si-ATriTAX. In
order to confirm that all the triazole units aremwbilized into the epoxy ring, Si-Tri

membrane was grinded, washed with water and dfs&dce there was no weight
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difference with the initial sample, the tetherirfglee all trizole units into the epoxy ring
was confirmed. In addition the filtrate was anatyzeith ‘H NMR and there was no

peak.
NH, / /"’V\m
g X ] ;
(e}
\ - N XN \O/Si—o/ io/Si—o/%
\O/SI—O \ \ \
\ \__NH CH2 CHz
CH, / /
l 3-aminotriazole H,C Hydrolysis Hzc\
HZC\CH + methanol /CHz %’ /CHZ
2 H 0\ Condensation 0\
0/ /N 80°C, 24 h CH, 100 °C CH,
\CH N\ ? HC/_OH Hc/_OH
2
\ N \ \
/c“ 1H-1,2,4-triazole CH, CH,
HZC\X

3-glycidoxy propyl trimethoxy silane @ @

Figure 2.1.The synthesis of azole functional silane netwd@gisTri and Si-ATri).

T

Figure 2.2. Transparent and free standing film of SI-ATriTAG&mple.
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2.2 SYNTHESIS OF TETRAZOLE FUNCTIONAL SILANE NETWORKS

GPTMS was modified with 5-aminotetrazole (ATet)riyg opening of the epoxy
group of GPTMS in methanol according to Fig. 2.2085 mol of 5-aminotetrazole
was dissolved in 10 mL methanol and 0.0085 mol BT@S was added. The reaction
mixture was purged with nitrogen and the modificatieaction was performed at 80 °C
for 24 h. Then polymerization of silane groups vpasformed using simple sol-gel
process. The resulting pale yellow solution wasredwn Teflon petri dish and for
hydrolysis of methoxide groups 1 mL of 1M HCI| waklad together with dopant (TA)
and mixed. For condensation reaction the solutias Wept on room temperature until
evaporation of methanol and then heated stepwisé 100 °C (5 h) and dried in
vacuum oven at 60 °C for 2 days. The resulting stimised material was transparent,
flexible and free standing membrane with thickn&s300-500um (Fig. 2.4).

Since the crosslinked material is not soluble inteweand common organic
solvents, doping of the tetrazole functional sanvpées done before sol—gel procedure.
The ratio of trifluoromethane sulfonic acid wasigdras x=0.5 and 1 with respect to
azole unit. The resulting membranes were calle®ia&TetTA0.5 and Si-ATetTAl.
When the doping level is increased to x=2, theltegumaterial was not a free standing
membrane which indicates low efficiency of sol-gebcess. Therefore, x=1 was

considered as the optimum doping level.

/ (o) o]
o}
\ / ~—o— Si—O0 O/Si—o
~o—Si—0 \ \
CH, CH,
CH, Hy
H,C Hydrolysis H,C
)\ methanol \CHz 1 M HCI \CH2
AN + N / /
CH, / 0\ Condensation o
/ =N 80°C, 24h CH,  100°C cu,
(o)
\CH2 HC—OH HC—OH
S-aminotetrazole \
CH CH, /cH2
/ \ / HN
T ° i
. . . HNT SN HNT SN
3-glycidoxy propyl trimethoxy silane \ / \ /
N=—N N=—/N

Figure 2.3.The synthesis of tetrazole functional silane neka@Si-ATet).



28

Figure 2.4.Transparent and free standing film of Si-ATet.

2.3 SYNTHESIS OF COPOLYMERS BASED ON 4-VINYL BENZENE
BORONIC ACID AND 1-VINYL-1,2,4-TRIAZOLE

4-Vinyl benzene boronic acid (VBBA) was copolymed with 1-vinyl-1,2,4-
triazole (VTri) using free radical copolymerization DMSO at 85°C for 24 h (Fig.
2.5). Firstly 4-vinyl benzene boronic acid (0.0014@l) was dissolved in DMSO (1 mL)
and then VTri (0.00085, 0.0017 and 0.0034 mol) added with different mol ratios.
a,0’-Azodiisobutyramidine dihydrochloride (AIBADC) (0.3 mol) was used as
initiator. Copolymerization was not achieved withBA. The resulting products were
washed with water and diethyl ether to remove PWiamopolymer and unreacted
monomers. VTri monomer and PVTri homopolymer arkilde in water and VBBA
monomer is soluble in diethyl ether. Conversior® 3. The copolymers were called as
P(VBBA-c0-VTri)1:0.5, P(VBBA-co-VTri)1:1 and P(VBBAO0-VTri)1:2. After drying

procedure the samples are not soluble in watecaminon organic solvents.

To obtain high proton conductive membranes theolyoners were dissolved in

DMSO before drying process and then they were dep#d HsPO, at several molar



29

ratios (x=1,2,3) with respect to triazole unitseTiomogeneous solutions were poured
on Teflon petri dishes and homogeneous, transparentbranes were obtained.

- =\ 85°C,24 h
—>
* (\N DMSO
\_/

B
HO OH
HO/ \OH

Figure 2.5.The synthesis of P(VBBA-co-VTri) copolymers.

2.4 SYNTHESIS OF COPOLYMERS BASED ON 4-VINYL BENZENE
BORONIC ACID AND VINYL PHOSPHONIC ACID

4-Vinyl benzene boronic acid (VBBA) was copolymedzwith vinyl phosphonic
acid (VPA) using free radical copolymerization iMBO at 85°C for 24 h (Fig. 2.6).
Firstly 4-vinyl benzene boronic acid was dissolue@®MSO (1 mL) and then VPA was
added with different mol ratios (Table 2.&)a’-Azodiisobutyramidine dihydrochloride
(AIBADC) (0.5% mol) was used as initiator. Copolymzation was not achieved with
AIBN. The resulting products were washed with waaed diethyl ether to remove
PVPA homopolymer and unreacted monomers. The ceioreiwas decreased with
increasing VPA ratio which indicates that VPA haw Ireactivity ratio in this reaction
conditions. After drying procedure the samples raoe soluble in water and common

organic solvents.

Table 2.1.The synthesis of P(VBBA-co-VPA) copolymers.

Sample | VBBA VPA Conversion
S1 1.00g,6.76 mmol| 0.38 g, 3.52 mmal 1.30 g¥P4
S2 1.00 g, 6.76 mmol 0.739,6.76 mmal 0.91 9,53 %
S3 1.00 g, 6.76 mmol 1.46 g, 13.5 mmal 119,459

o
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B
HO/ \OH

Figure 2.6.The synthesis d?(VBBA-co-VPA) copolymers

The resultingP(VBBA-co-VPA) copolymers were grinded and the powder sample
was reacted with polyethylene glycol monomethyeettEGME, Mw:350) in THF (2-
3 ml) at 90°C for 48 h (Fig.2.7). Although the copolymers aot soluble in solvents it
became homogeneous and soluble after reacting REGBGME. The resulting soft

product was washed with diethyl ether to removeeacted PEGME and dried in

vacuum oven.

N

HO OH

Figure 2.7.The synthesis of P(VBBA-co-VPA)-PEGME graft copolgrs.
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2.5 SYNTHESIS OF DIISOPROPYL-P-VINYLBENZYL PHOSPHO NATE
(VBP) MONOMER AND POLY(VINYL BENZYL PHOSPHONIC ACID )

Diisopropyl-p-vinylbenzyl phosphonate (Fig. 2.8) svaynthesized in a similar
method with the literature (Pu el at., 2009). Psitas tert-butoxide (8.16 g, 72.7 mmol)
in dry THF (40 mL) was added dropwise into stirsedution of diisopropyl phosphite
(14.19 g, 85.4 mmol) and p-vinylbenzyl chloride @D g, 70.25 mmol) in THF within
2 h. And the reaction was maintained at room teatpeg throughout by occasional
cooling with an ice bath. The mixture was keptrstg for another hour at room
temperature and then filtered, diluted with dietbttier (200 mL), and washed with
water (100 mL) three times. The organic componeat dried over sodium sulfate. The
raw product was purified by flash column chromatolgyamn silica. Residual
vinylbenzyl chloride was eluted with toluene, antbsequently the product was washed
off with ethyl acetate to yield colorless oil. Camsion: ~40 % of VBC was

phosphonated.

OH

+

R
B

Figure 2.8.The synthesis of diisopropyl-p-vinylbenzyl phospéte.

AN

P.

/

Diisopropyl-p-vinylbenzyl phosphonate (5.2 g, 0.818mol) was bulk
homopolymerized by free radical polymerization gsarzobisisobutyronitrile (AIBN)
(1 % mol) as initiator at 88C and 24 h (Fig. 2.9). The polymerization occurest
after the starting of the reaction as forming tpament rigid product. After 24 h the
resulting rigid sticky product was washed with hexato remove the unreacted

monomer and dried in vacuum oven at’60 Conversion: 94 %.
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%1 mol AIBN
90 °C

S et

Figure 2.9.The synthesis of poly(diisopropyl-p-vinylbenzylg#phonate), PVBP
homopolymer.

The resulting poly(diisopropyl-p-vinylbenzyl phogptate) (4.9 g) was placed in
ethanol and waited for 2 days. The spherical rgptymer was swelled in this period.
The mixture was added into 10 M HCI and boiled @@ %C for 24 h. Polymer did not
dissolve in this period and then it was washed wiitiled water several times to
remove the free acids. After drying the product 8.®f PVBPA (Fig. 2.10) was
obtained as rigid brittle material.

10 M HCI, 100°C, 24 h

o]
7 %
P

o/ \o HO/ \OH

Figure 2.10.The synthesis of poly(vinyl benzyl phosphonic 3&¥BPA
homopolymer.
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2.6 SYNTHESIS OF POLY(VINYL TRIAZOLE-CO-VINYL BENZY L
PHOSPHONIC ACID) (P(VTRI-CO-VBPA) COPOLYMER

Vinyl triazole (0.51 g, 0.0053 mol) was copolymeudz with diisopropyl-p-
vinylbenzyl phosphonate (0.00265, 0.0053 and 0.0186l) by free radical
copolymerization in 2 mL toluene using AIBN (1 % bnas initiator at 85C and 24 h
(Fig. 2.11). The polymerization occurred just aftee starting of the reaction as
forming transparent, sticky, rigid product. Aftet B the resulting product was washed
with diethyl ether and water to remove the unrehat@®nomers and then dried in

vacuum oven at 5¢C.

o o 1 % AIBN
—>
{N\N - 85°C, 24 h (
9 ~

P/O
7N

BN £y

Figure 2.11.The synthesis of poly(vinyl triazole-co-diisopréyvinylbenzyl
phosphonate) (P(VTri-co-VBP) copolymer.

The synthesizedpoly(vinyl triazole-co-diisopropyl-p-vinylbenzyl misphonate)
copolymers were swelled in ethanol and after addib@1 HCI the mixture was boiled
at 100°C for 5 h. The copolymers did not dissolve in thésiod and then it was washed
with distilled water several times to remove theefracids. The resulting phosphonic

acid functional copolymers (Fig. 2.12) were dri¢&@°C in vacuum oven.
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10 M HCI

100 °C, 5 h

AP
A
OH

o

H

Figure 2.12.The synthesis of poly(vinyl triazole-co-vinyl bghphosphonic acid)
(P(VTri-co-VBPA) copolymer.

2.7 SYNTHESIS OF POLY(VINYL BENZENE BORONIC ACID-CO -VINYL
BENZYL PHOSPHONIC ACID) (P(VBBA-CO-VBPA) COPOLYMER

4-Vinyl benzene boronic acid (0.5 g, 0.00338 mobBswcopolymerized with
diisopropyl-p-vinylbenzyl phosphonate (0.00169,0388 and 0.0676 mol) via free
radical polymerization using DMSO (1.5 mL) as solvat 85°C and 24 h (Fig. 2.13).
For high yield, the initiator was chosen @gs’-azodiisobutyramidine dihydrochloride
(AIBADC) (0.5% mol) for 1:0.5 and 1:1 compositiomda AIBN was chosen for 1:2
composition. Since polymerization of VBP prefersBAl, it becomes impossible to
obtain the copolymer using AIBADC for 1:2 compasiti The polymerization occurred
just after the starting of the reaction as formpade pink viscous product. After 24 h the

resulting viscous product was washed diethyl eiheemove the unreacted monomers.
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0.5 % AIBADC

85°C,24h

Figure 2.13.The synthesis of poly(vinyl benzene boronic a®@eddsopropyl-p-
vinylbenzyl phosphonate) (P(VBBA-co-VBP) copolymer.

The synthesizedpoly(vinyl benzene boronic acid-co-diisopropyl-myibenzyl
phosphonate) copolymers were swelled in ethanol aftel adding 10 M HCI the
mixture was boiled at 10 for 5 h. The copolymers did not dissolve in {hésiod and
then it was washed with distilled water severalesiio remove the free acids. The
resulting phosphonic acid functional copolymersg(R2.14) were dried at 58C in

vacuum oven.

m n m
n 10 M HCI
Y

100°C, 5 h

(@)
O
[« <

OH

B
HO/ \OH HO/

HO

P
4 \OH /<)/ \O

Figure 2.14.The synthesis of poly(vinyl benzene boronic a@eviyl benzyl
phosphonic acid) (P(VBBA-co-VBPA) copolymer.
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The phosphonic acid functionB(VBBA-co-VBPA) copolymers were grinded and
the powder sample was reacted with polyethyleneaglgnonomethyl ether (PEGME,
Mw:350) using THF as solvent at 8G for 48 h (Fig. 2.15). Although the copolymers
are not soluble in solvents it became homogeneodssaluble after reacting with
PEGME. The resulting soft product was washed wigtthg! ether to remove unreacted
PEGME and dried in vacuum oven.

(0]
. HZOW i} —
o 0
N /P\/ /N Ho <
HO OH HO OH o o MO OH

Figure 2.15.The synthesis of P(VBBA-co-VBPA)-PEGME graft copolgrs.

2.8 CHARACTERIZATIONS

Nuclear magnetic resonance spectroscopy (NMR spsatipy) is a research
technique that exploits the magnetic propertiesestain atomic nuclei to determine
physical and chemical properties of atoms or thé&eoubes in which they are contained.
It relies on the phenomenon of nuclear magnetiorr@asce and can provide detailed
information about the structure, dynamics, reacttate, and chemical environment of
molecules. When placed in a magnetic field, NMRvachuclei (such adH or **C)
absorb electromagnetic radiation at a frequencyracheristic of the isotope. The
resonant frequency, energy of the absorption, dmed imtensity of the signal are
proportional to the strength of the magnetic fieldH NMR and *C NMR
measurements were performed with Bruker Avance MMz in d-DMSO or d-

chloroform.
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Fourier-Transform IR (FTIR) is most useful for idiéying chemicals that are
either organic or inorganic. It can be utilized dqoantitate some components of an
unknown mixture. It can be applied to the analydisolids, liquids, and gasses. The
term Fourier Transform Infrared Spectroscopy (FTIRYfers to a fairly recent
development in the manner in which the data isectdd and converted from an
interference pattern to a spectrum. FTIR can be tsédentify chemicals from spills,
paints, polymers, coatings, drugs, and contamin&tiR is perhaps the most powerful
tool for identifying types of chemical bonds (fuiectal groups). The wavelength of
light absorbed is characteristic of the chemicatdas can be seen in this annotated
spectrum. FT-IR spectra were recorded on a BrukghaP in ATR in range of 4000

cm -400 cm™.

The content of carbon, hydrogen, and nitrogemménpolymers was determined by

elemental analysis using a LECO CHNS-932 instrument

Thermogravimetry analysis (TGA) is based on the sueament of the weight
loss of the material as a function of temperatarasothermally as a function of time,
in an atmosphere of nitrogen, helium, air, othes, @& in vacuum. TGA curve provides
information concerning the thermal stability of theitial sample, intermediate
compounds that may be formed and of the residuanyf. In addition to thermal
stability, the weight losses observed in TGA cambantified to predict the pathway of
degradation or to obtain compositional informatidime ability to vary atmosphere
during the TGA evaluation, particularly from an linéo a reactive gas, provides
additional information about a material compositand its stability. The experimental
data offer more sophisticated understanding ofti@a occurring at materials heating.
Thermal stabilities of the polymer electrolytes eve@xamined by a Perkin EImer STA
6000 Thermal Analyzer. The samples (~10 mg) weegdtefrom room temperature to
750 °C under Blatmosphere at a scanning rate of 10 °C/min.

DSC measures the temperatures and heat flow asstcwith transitions in
materials as a function of time and temperatureetermines transition temperatures,
melting and crystallization, and heat capacityh&at flux instruments, the sample and

reference are heated from the same source aneértigetature difference is measured.
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In amorphous polymers DSC shows the glass transiémperature (Tg) and presence
of single Tg verifies the homogeneity of the polyni@SC measurements were carried
out on a Perkin Elmer Jade DSC underainosphere and heating-cooling curves were

recorded at a rate of 10 °C/min. The second heatinges were evaluated.

A scanning electron microscope (SEM) is a typeelgictron microscope that
images a sample by scanning it with a beam of relestin a raster scan pattern. The
electrons interact with the atoms that make upstmple producing signals that contain
information about the sample's surface topograpbyposition, and other properties
such as electrical conductivity. For conventiomahging in the SEM, specimens must
be electrically conductive, at least at the surfacel electrically grounded to prevent
the accumulation of electrostatic charge at thdéasar Nonconductive materials are
therefore usually coated with an ultrathin coatofgelectrically conducting material
(e.g. gold), deposited on the sample either by Jyaadum sputter coating or by high-
vacuum evaporation. The morphology of the membramas observed by scanning
electron microscopy (SEM) type JEOL 7001 FESEM. Bheples were previously

coated with gold in a sputtering device.

lon exchange capacity (IEC) of material can be esged as the quantity of ions
that can be taken up by a specific volume of théena. This would be expressed in
quantity-per-unit volume, such as kilograms perictibot (Kg/ft) or milli-equivalents
per milliliter (meg/mL), which also equals equivate per liter (eg/L). IEC of proton
conductive polymers was determined by volumetrication. The samples were
immersed andtirred in 20 mL of 0.10 M NaOH/1.0 M NaCl mixedusmpus solution
(1/4 by volume) for 24 h at room temperature. Sqbseatly, 10 mL of 0.10 N HCI
solution wasadded, and the excess amount of HCI| was backetktratith 0.025 N
NaOH aqueous solution in the presence of phend#ithindicator. The IEC value

(mmol/g) of the samples was calculated using EL. 2.
IEC = 0.025 x (\P(IaOH'VB)/Wdry (21)

where Waon is volume of 0.025 N NaOH aqueous solutions fervblumetric titration,
Vg is volume of the NaOH aqueous solution for blatration (same procedure without

sample), and \W4 is dry weight of the samples.
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The proton conductivity studies of the samples weerformed using a
Novocontrol dielectric-impedance analyzer. The $ilmvere sandwiched between
platinum blocking electrodes and the conductivitresre measured in the frequency
range 1 Hz-3 MHz at 10 °C intervals. The tempemtwas controlled with a
Novocontrol cryosystem using liquid nitrogen, whishapplicable between -150 and
250 °C.

The frequency-dependent AC conductivitieac (@), of the polymer blends were

calculated using Eq 2.2:
0 (00) = Tac (W) =€ () WE (2.2)

Whereo (w) is the real part of conductivitg) = 21t is the angular frequency, is the
vacuum permittivity §, = 8.852 x 10 F/cm), anct is the imaginary part of complex

dielectric permittivity €).

Cyclic voltammograms were obtained with a potemdb€HI instrument Model
842B. Voltammograms of the samples were recordedl timee electrode CV system,
using a polymer electrolyte modified Pt workingattede and a Pt counter electrode.
The reference electrode was silver/silver chlorifleg/AgCl) calibrated by a
ferrocene/ferricinium redox system. Cyclic voltantrgestudies were carried out in 0.1

M tetraethylammonium tetrafloroborate (TBATFB)/auwtrile.
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CHAPTER 3

RESULTS AND DISCUSSION

3.1 TRIAZOLE FUNCTIONAL SILANE NETWORKS

3.1.1 FTIR studies

The FT-IR spectra of pure and doped azole functisamples are shown in Fig.
3.1 and 3.2. PGPTMS has epoxy peak at 908 and it disappears when azole groups
were tethered to GPTMS which verifies the ring apgmreaction. For all the samples
there is a double band between 1000-1100 regiont@&-O-Si groups (Guo et al.,
2006). Si-Tri has peaks at 1514 and 1450"cdue to triazole ring stretching
(Krishnakumar and Xavier, 2004). After doping Si;Tthe intensity of the peaks
between 1450-1570 ¢hchanges which may be due to protonation of triazoigs.
The strong bands formed at 1221 and 1160" eme attributed to SO and a strong
absorption peak at 1024 ¢rmost probably belongs to -S{H*] (Bozkurt, 2005). In
addition to these peaks Si-ATri samples also shdWwrabending vibration at 1635 ¢m
! For all the samples the aliphatic C-H stretchingse observed at 2850-2950 tm
After doping of the polymers the formation of a npeak around 3100 ¢hindicates
the protonation of the triazole rings and band Beming between 3500-2600 ¢m
proves hydrogen bond network formation (Glinday.e2806).
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Figure 3.1.FT-IR spectra of PGPTMS and triazole functionatenals.
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Figure 3.2.FT-IR spectra of aminotriazole functional matesial
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3.1.2 Thermal analysis

42

The thermal stability of pure and doped Tri and iAflinctional samples were
studied by thermogravimetrc analysis (TGA) and diepi in Fig. 3.3 and 3.4. Sol-gel

derived polymer of pure GPTMS was thermally stalgieio 300°C. Triazole functional
samples Si-Tri, Si-TriTA0.5 and Si-TriTAl are thezly stable up to 250C. For
aminotriazole functional samples the thermal siighilecreased to 20%C. For all the

samples the major degradation occurs in single e 500°C and acid doping has

little effect on the thermal

100

80

stability of the matds.

S 604 |----- Si-TriTA0.5
T Si-TriTA1
= 1 |- PGPTMS .
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20
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0 100 200 300 400 500 600 700
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Figure 3.3.TG thermograms of triazole functional materialsoreled at a heating rate

of 10

°C/min under a nitrogen atmosphere.
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Figure 3.4.TG thermograms of aminotriazole functional matsriacorded at a heating

rate of 10°C/min under a nitrogen atmosphere.

Fig. 3.5 and 3.6 show the DSC curves of pure amddri and ATri functional
samples under inert atmosphere at a scan rate 8€/b@in. The second curves were
evaluated. The melting points of pure Tri and AGoimpounds are 120 and 1%7,
respectively. The Tg of PGPTMS is around %80 As seen in the figures Tg points
decreased with modification of PGPTMS with azolésumhe Tg points of the polymer
electrolytes are 2C for Si-Tri, 9°C for Si-TriTA0.5, 7°C for Si-TriTA1, 21°C for Si-
ATri, 13 °C for Si-ATriTA0.5 and 3C for Si-ATriTAL. Although the Tg points are
close to each other it can be said that the Tgtpainghtly shifts to lower temperatures
as the doping ratio increases due to softeningtedfiethe dopant acid.
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3.1.3 Morphology

The morphology of the samples was analyzed witm&iog Electron Microscopy
and depicted in Fig. 3.7. For all the samples thages exhibit single phase formation
and the membranes seem homogeneous. There ifferentie between the images of
the doped sample and pure sample. This shows Heatdopant acid uniformly
distributed into the polysiloxane matrix and thase no agglomeration or phase

separation at micrometer scale level.

Figure 3.7.Scanning Electron Microscopy (SEM) images of (&) and
(c-d) SIiTriTAO.5.

3.1.4 Proton conductivity

Fig. 3.8 and Fig. 3.9 show the AC conductivity loé samples versus frequency at
several temperatures. Thg. versus frequency curves change with the frequer®yre
in the low frequency region, the reduction in tleductivity is due to polarization of
the blocking electrodes. The proton conductivitgrgases as temperature increases.
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The DC conductivity €4c) of the samples was derived from the plateausogfol,

versus log F by linear fitting of the data.
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The DC conductivities of the samples were compairedFig. 3.10. The
conductivity isotherm illustrates that the DC coatikity strongly depends on the
temperature and the doping ratio, x. The protorduotivity in this system is carried
out by protons of the acid and azole compoundse BRiazole functional samples (Si-
Tri and Si-ATri) show high proton conductivity whiconfirms the high contribution of
azole units in the transport mechanism. Althougifr&has higher proton conductivity
than Si-ATri, there is no much difference for thepdd samples. Temperature
dependence of the conductivity in polymer electedy has often been taken as
indicative of a particular type of conduction meuisan. A marked curvature is
observed for all samples and the curves are irgergrwith the Vogel-Tamman—
Fulcher (VTF) equation (Eqg. 3.1);

log 6 = logo, — BE/[K(T-To)] (3.1
whereo, (S/cm) is the conductivity at infinite temperatukg is the Vogel activation
energy (eV) and Jis the Vogel temperature which is the start of segmental

relaxations {C) (Table 3.1).

Table 3.1.Tg values, maximum proton conductivities and VHrgmeters of the

membranes.
Sample Tg{C) | Max. Proton Conductivity (S/cm)T, (°C) | Logo, | Ea (V)
(at 150°C)

Si-Tri 4 8.7x10° -30 2.0 | 36
Si-TriTA0.5 | 9 8.9x10 -40 24 | 62
Si-TriTAL 7 8.9x10"
Si-ATri 21 1.8x10° -53 -0.8 | 136
Si-ATriTA0.5 | 13 2.7x10 -49 -1.3 | 86
Si-ATriTAL |3 3.6x10" -43 1.4 | 72

In anhydrous systems proton transfer is providedway different mechanisms.
The first is the structural diffusion (Grotthussahanism) in which the conductivity is
mainly controlled by proton transport through i@udzacidic groups, i.e. SOand the

azole ring (Grotthuss mechanism). The second isvédtecle mechanism where the
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protons travel through the material on a neutratlwarged “vehicle” (Dippel et al.,
1993).

Triflic acid (TA) is a strong acid with a condudtiv of ~10° S/cm at room
temperature (Russell and Senior, 1980). Protorstearof triflic acid to different azole
derivatives was previously reported (Subbaramaa.ef009) and the study indicated
the effect of pKa of the azole molecules on pratonductivity of azole-TA systems.
However later studies showed that proton condugtief the azole immobilized
systems depends mostly on the acid ratio and tpeeatal motions rather than the pKa

values (Granados-Focil et al., 2007).

In the current system, the presence of &@ions implies that the proton diffusion
occurs mainly by Grotthuss mechanism. It seemstligaproton hopping from one N-H
site to a free nitrogen contributes to the conditgtiof the triazole functional systems
as in the case of imidazole where the long rangeoprtransfer occurs throughout the
protonic defects, i.e., protons transport betweaotopated and unprotonated
heterocyclic units (Kreuer et al., 1998). In adufiti proton hopping from one N-H site
to sulfate ions may also contribute to the conditgti The presence of curvatures in
Fig. 3.10 indicates the contribution of segmentations on proton conductivity. Low

Tg of the materials also verifies this contribution

In this study, triazole compounds were immobilizetb a silane structure and
after doping with CESO;H, sol-gel method was used for the formation ofilane
network. The preparation is simple and the matortains both an azole unit attached
to a flexible side group and acid units interactimigh the azole. In that system, the
maximum proton conductivity was measured for SiFAd as 8.9x1d S/cm at 150C

in the anhydrous state.

3.2 TETRAZOLE FUNCTIONAL SILANE NETWORKS

3.2.1 FTIR studies

The FT-IR spectra of pure ATet, GPTMS, Si-ATet ahd doped samples are
shown in Fig. 3.11. GPTMS has epoxide peak at 910 and it disappears when ATet
was tethered to CPTMS which verifies the ring opgmieaction. The characteristic ring
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stretchings of 5-aminotetrazole were observed 8612450 and 1640 cfr(Levchik et
al., 1992). For Si-ATet there is a double band leetw1000-1100 region due to Si-O-Si
groups (Guo, 2006). For doped matrices the stramgl® formed at 1230 and 1160tm
are attributed to SO and a strong absorption peak at 1016' cmost probably belongs
to -SQT[H"] (Bozkurt, 2005). For all the samples the alipha@i-H stretchings were
observed at 2850-2950 &mAfter doping of the polymers the formation of ewnpeak
around 3100 cfh indicates the protonation of the tetrazole ringd hand broadening
between 3500-2600 chproves hydrogen bond network formation (Gundayalet
2006).
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Figure 3.11.FT-IR spectra of pure ATet, GPTMS and the polyelectrolytes.

3.2.2 Thermal analysis

The thermal stability of pure and doped samples ewestudied by
thermogravimetrc analysis (TGA) and depicted in. Bdl2. ATet is reported to be
thermally stable up to 20 (Lesnikovich et al., 2002). Si-ATet is thermadiyable up
to 200°C and the degradation temperature shifts to lovednes as the doping ratio

increases. The weight loss between 150-Z5@ay be attributed to condensation of C-
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OH, Si-OH and sulfonic acid groups. All the sampias be said to be thermally stable
up to 18C¢°C.
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Figure 3.12.TG thermograms of the polymer electrolytes recorakea heating rate of
10 °C/min under a nitrogen atmosphere.

Fig. 3.13 shows the DSC curves of pure and dopedples under inert
atmosphere at a scan rate of’@@min. The second heating curves were evaluatée: T
melting point of pure ATet is 20&C. As seen in the Fig. 3.13 the Tg points of the
polymer electrolytes are 2%& for Si-ATet, 10°C for Si-ATetTA0.5 and 6C for Si-
ATetTAl. Although the Tg points are close to eatheo it can be said that the Tg
points shifts to lower temperatures as the dopatig increases due to softening effect
of the dopant acid. The presence of single Tg owmsfithe homogeneity of the

materials.
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Figure 3.13.DSC traces of the polymer electrolytes recordedteating rate ¢

10 °C/min under a nitrogen atmosphere.

3.2.3 Protonconductivity

Fig. 3.14shows the AC conductivity cthe samplewersus frequency at seve
temperatures. The,c versus frequency curves change with the frequertograevin the
low frequency region, the reduction in the conduttiis due to polarizatic of the
blocking electrodeslT'he conductivity increase at low temperature armyh Hirequencie
results from the regular dispersion in polymer w&tdgtes The proton conductivit

increases as temperature incre:

The DC conductivityoqc) of the samples was derived from the plateaus®ocsc
versus log Foy linear fitting of the data. The DC conductivitief the samples we
compared in Fig. 3.15The conductivity isotherm illustrates that the B@hductivity
strongly depends on themperature and the doping ratio, ’he proton conductivity i
this system is carried out by protons of the acid azole compounds. Pure tetraz
functional sample (SiATet) shows high proton conductivity which confirrtiee high
contribution of azole uts in the transport mechanism. Temperature depeedainthe
conductivity in polymer electrolytes has often beéaken as indicative of a particu
type of conduction mechanism. A marked curvaturehlserved forall samples the
curves are interpreted \h the Vogel-Tammarkulcher (VTF) equation (Eq. 3.1)
(Table 3.2).
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Table 3.2.Maximum proton conductivity, Jfand VTF parameters of the samples.

Sample Max. Proton Cond| Log og T4(°C) | To(°C) | B (eV)
(S/cm) at 156C (S/cm)

Si-ATet 1.70x10 -0.60 25 -46 0.126

Si-ATetTA0.5 | 2.00x10 -1.35 10 -40 0.094

Si-ATetTAL 1.87x10 0.32 6 -72 0.106

In this study, 5-aminotetrazole was immobilizecdiiat silane structure and after
doping with CESOsH, sol-gel method was used for the formation ofl@ans network .
The preparation is simple and the matrix contaioth kan azole unit attached to a
flexible side group and acid units interacting witie azole. In that system, the
maximum proton conductivity was measured for Si-&Pel as 0.0018 S/cm at 15C

in the anhydrous state.

3.3 COPOLYMERS BASED ON 4-VINYL BENZENE BORONIC ACI D AND 1-
VINYL-1,2,4-TRIAZOLE

Copolymerizations of VBBA and VTri veeconducted at several molar feed
ratios and compositions of the copolymers are aealyby elemental analysis (Table
3.3). The mol ratio (VBBA:VTri: 1:05, 1:1; 1:2) dhe copolymers is calculated using
the nitrogen contents. The results demonstratedcti@olymer compositions are close

to the monomer feed ratios as expected from 1008¢ersion.

Table 3.3.Composition of poly(vinyl benzene boronic acid-agow triazole)

copolymers.

Sample Feed mol ratig, Elemental Analysis Copolymer mol

(VBBA:VTri) | C (%) | H (%) ]| N (%)| ratio,(VBBA:VTri)
P(VBBA-co-VTri) 1:0.5 58.93/ 6.06/ 10.13 1:0.46
1:0.5
P(VBBA-co-VTri) 1:1 56.91| 5.81| 15.34 1:0.83
11
P(VBBA-co-VTri) 1.2 54.45| 5.62| 22.47 1:1.61
1:2
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3.3.1 FT-IR study

The FT-IR spectra of copolymers are shown in Fig63The OH stretching of
—B(OH), group gives a broad peak at around 3390'cfthe aromatic CH stretching is
observed at 3080 cthand the absorption bands at 2950 and 2870 are attributed to
the symmetric and asymmetric stretching vibratidnalipphatic CH units. The OH
deformation of —B(OH) group is located at 1008 chKahraman et al., 2004). The
peaks at 1564 and 1461 ¢rare assigned to triazole ring C=N and C-N streigsj
respectively (Krishnakumar and Xavier, 2004). Asrsa the figure the intensity of the
peaks related to triazole ring increases as thie @t VTri unit increases in the
copolymers. After doping with §PQ,, characteristic P-OH, P=0, and P-#&bsorptions
appear at 1200-950 ¢hfFig. 3.17). The broad peak about 3100’amay be attributed

to N-H bond due to protonation of the triazole nmigh phosphoric acid.
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Figure 3.16.FT-IR spectra of P(VBBA-co-VTri) copolymers.
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Figure 3.17.FT-IR spectra of kPO, doped P(VBBA-co-VTri) copolymers.

3.3.2 Thermal Analysis

The thermal properties of the copolymers were ingated with TGA and DSC.
Pure PVTri was reported to be thermally stableaB30°C (Celik et al, 2008a). Fig.
3.18 shows the TGA curves of the copolymers anditdped samples. The little weight
loss up to 100C may be attributed to absorbed humidity. Thera i5% weight loss
between 100-206C due to condensation of boronic acid groups in ¥Bhhits. The
major degradation occurs after 380 As the mol ratio of VTri increases in copolymers
the thermal stability also increases. When the lyopers were doped with phosphoric
acid thermal stability decreases a little, but bptire copolymers and the doped
membranes can be said to be thermally stable apléast 150C. For all samples there
is a little decomposition up to 20C and than the major decomposition occurs above
350°C.

The glass transition temperatures of the copolymer® investigated with DSC.
The Tg of pure PVTri was reported as 15 (Celik et al, 2008a), however in these

copolymers no Tg was observed in the measuremege raf -50 to 256C.
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Figure 3.18. TG thermograms of pure angfP{, doped P(VBBA-co-VTri)
copolymers at a heating rate of A'min in inert atmosphere.

3.3.3 Conductivity Measurement

Fig. 3.19 shows the AC conductivity of the samplessus frequency at several
temperatures. The,c versus frequency curves change with the frequeaviare in the
low frequency region, the reduction in the conduttiis due to polarization of the
blocking electrodesThe conductivity increase at low temperature armyh irequencies
results from the regular dispersion in polymer &tdgtes. The proton conductivity

increases as temperature increases.

The DC conductivity ¢4c) of the samples was derived from the plateaus®é.
versus log F by linear fitting of the data. The DB@nductivities of the samples were
compared in Fig. 3.20. The conductivity isothertasirates that the DC conductivity
strongly depends on the temperature and the dopirg x. The proton conductivity in
this system is carried out by protons of the aaml driazole compounds. Pure
copolymers have low proton conductivity since thisrao proton defect formation and

continuous path for conduction. After doping thep@ymers triazole groups were
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protonated and the proton conductivity occurs betwerotonated triazole and
phosphoric acid units via Grotthuss mechanism. Waxn proton conductivity was
obtained for the sample P(VBBA-co-VTri)1:2X=3 as16X S/cm at 120°C in

anhydrous state.
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3.3.4 Cyclic Voltammetry

Cyclic voltammogram of P(VBBA-co-VTri)1:1x=2 waswgin in Fig. 3.21. The
measurement was performed in a typical three el@etcell containing 0.1 mol drh
CHsCN solution of tetrabutylammonium hexafluorophodphdTBAPF6) using a
platinum work electrode, a platinum auxiliary efede, and an Ag/Ag+ reference
electrode. The figure shows that the CV of the &gper comprises no peak within in
the anodic and cathodic sweep (-2.0 — 2.0 V pakrdinge). Thus the electrochemical
stability window is about 4 V. These results imphat the copolymer has adequate

electrochemical stability under fuel cell conditson

30— 7
18] | | ]

Current / 1e-4A

'3.0:‘*'\"*|*'*\'**\*'*\'*'\'**\***\'**|*"7
2.0 1.6 1.2 0.8 0.4 0 0.4 -0.8 -1.2 -1.6 2.0

Potential / V

Figure 3.21.Cyclic voltammograms of P(VBBA-co-VTri)1:1x=2 inDM TBATFB/
acetonitrile. Curves with a scan rate of 50 mV/s.
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3.4 COPOLYMERS BASED ON 4-VINYL BENZENE BORONIC ACI D AND
VINYL PHOSPHONIC ACID

3.4.1 Characterizations

FTIR spectra of the copolymers are given in Big2. Aliphatic C-H bond gives
symmetric and asymmetric vibrations at 2925%ci8=C bond of benzene ring shows
absorption at 1606 ¢ C-H out of plane vibration is observed at 843'cifhe band at
1343 cnt' is attributed to B-O bond. The broad band at 34®3 is due to both —B-
(OH) and phosphonic acid —OH groups. The symmatrctasymmetric vibrations of P-
OH bond in VPA are seen between 1040-910" ¢Brown et al., 1999). The peak at
1176 cm' belongs to P=0 bond. In S3 the intensity of B-@kpat 1343 ci is lower
than S1 and there is an increase in P-OH peakOat®il which verifies the increase in
VPA content. After grafting the copolymers there atrong peaks at 1100 ¢nand
2870 cm' due to C-O-C and aliphatic C-H bonds in PEGME (Big3).

S$1

S2

% Transmittance (a.u.)

T

T T T T T T T T T T T T T T
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Figure 3.22.FTIR spectra of P(VBBA-VPA) copolymers.
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Figure 3.23.FTIR spectra of P(VBBA-VPA)-PEGME copolymers.

3.4.2 Thermal Properties

The thermal properties of the copolymers were aealywith TGA and DSC. The
thermal properties of pure poly(vinyl benzene baractid) and poly(vinyl phosphonic
acid) were previously reported. PVBBA is thermaitgble up to 400C but there is 15
% weight loss between 100-30C due to condensation of B(OH)nits (Celik and
Bozkurt, 2010b). PVPA is thermally stable up to 2@0but there is a little weight loss
between 100-208C due to condensation of phosphonic acid units)@it al., 1999).
Fig. 3.24 shows TGA curves of the copolymers araftgd samples. There is 15 %
weight loss at 100-20%C due to condensation of acid groups. The majoomiosition
occurs above 408C which is higher than decomposition temperatur@uwe PVPA.
This indicates that the presence of VBBA unit ie ttmaterial increases its thermal
stability. When the copolymers were grafted withGME the thermal stability
decreased to 251C.
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Figure 3.24. TG thermograms of P(VBBA-VPA) and P(VBBA-VPA)-PE@&V

copolymers at a heating rate of A'min in inert atmosphere.

The glass transition temperatures of the copolgmare analyzed with DSC but
there is not a definite Tg between -50 and ZDOPure PVPA has a Tg of —23 (Sevil
and Bozkurt, 2004). Pure PVBBA has also no Tg. Afiafting the copolymers with
PEGME, there is a melting like behavior betweenat 0°C but the Tg points are not
observable at the measurement range (Fig. 3.25).
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Figure 3.25. DSC curves of P(VBBA-VPA)-PEGME copolymers atemting rate of
10°C/min in inert atmosphere.

3.4.3 lon Exchange Capacity (IEC)

IEC of the copolymers were calculated using Eg.dhd summarized in Table
3.4. The ion exchange capacity of pure PVPA and BA/Brvere also determined with
the same method and obtained as 9.8 mmol/g anchi®&l/g, respectively. As seen in
the table, IEC values increase with VPA contenthbese copolymers there may be little
crosslink or anhydride formation due to condensatid both VBBA and VPA units
during drying process. The insoluble behavior of timaterials verifies this
consideration. In this IEC determination method shenples were put in alkaline salt
solution for 24 h to provide complete salt formatend cleavage of anhydrides. This is

also important for the efficiency of back titratifim et al., 2007).

3.4.4 Proton Conductivity

Fig. 3.26 shows the AC conductivity of the graftepolymers versus frequency
at several temperatures. Thg. versus frequency curves change with the frequency
where in the low frequency region, the reductiontl®e conductivity is due to
polarization of the blocking electrodeBhe conductivity increase at low temperature
and high frequencies results from the regular dgpe in polymer electrolyteghe

proton conductivity increases as temperature isg®a
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The DC conductivity §4c) of the samples was derived from the plateaus®é&.
versus log F by linear fitting of the data. The B@nductivities of the samples were
compared in Fig. 3.27. The conductivity isothertasirates that the DC conductivity
depends on the temperature and VPA content. A rdackevature is observed for all
samples and the curves are interpreted with theeMdgmman—Fulcher (VTF)
equation (Eq. 3.1). Pure copolymers have low pratonductivity and after grafting
them the proton conductivity values reach to aaldptvalues. Grafted materials are
soft materials which shows that the segmental metioave high contribution on the

proton conductivity.
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Figure 3.26.AC conductivity versus frequency for P(VBBA-co-VRREGME
copolymers at different temperatures.
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Figure 3.27.Variation of the proton conductivity of P(VBBA-coRA)-PEGME

copolymers as a function of reciprocal temperature.
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Figure 3.28.Variation of the proton conductivity of P(VBBA-coRA) copolymers as a

function of reciprocal temperature at 50% RH.

The proton conductivity of copolymers was alsoestigated in humidified

condition. The films of the copolymers were humglf as 50 % RH and the

conductivity measurement was done at 20-i0(QFig. 3.28). As expected the proton

conductivity increases with VPA content and reach8s10° S/cm at 30C.

Tablo 3.4.IEC and maximum proton conductivity values for P@A&co-VPA)

copolymers.
Sample| VBBA VPA Conv. IEC Max. Proton Cond.

S1 |1.00g, |0.38¢, 1.30g, |6.70mmol/g | 1.8x16S/cm

6.76 mmol| 3.52 mmol| 94 % at 30°C, 50 % RH
S2 1.00 g, 0.73 g, 091g, |7.05mmol/lg| 3.7x10S/cm

6.76 mmol| 6.76 mmol| 53 % at 30°C, 50 % RH
S3 [1.00g, 1.46 g, 1.1q, 7.55 mmol/g | 4.3x18S/cm

6.76 mmol| 13.5 mmol| 45 % at 30°C, 50 % RH
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3.4.5 Cyclic Voltammetry

Cyclic voltammogram of S3-PEGME was given in FigeB The measurement
was performed in a typical three electrode celktaiming 0.1 mol dri® CH;CN solution
of tetrabutylammonium hexafluorophosphate (TBAPR&ing a platinum work
electrode, a platinum auxiliary electrode, and g+ reference electrode. The figure
shows that the CV of the copolymer comprises nok pgahin in the anodic and
cathodic sweep (-2.0 — 2.0 V potential range). Thus electrochemical stability
window is about 4 V. These results imply that thepalymer has adequate

electrochemical stability under fuel cell conditson

Current / 1e-5A

'4.05**'\‘H\*H\"‘\'**i"'i"':\"*\"w***_
20 1.6 1.2 0.8 04 0 04 08 12 16 -20

Potential / V
Figure 3.29.Cyclic voltammograms of S3-PEGME in 0.1 M TBATFBétanitrile.

Curves with a scan rate of 50 mV/s.
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3.5 DIISOPROPYL-P-VINYLBENZYL PHOSPHONATE (VBP) MON OMER
AND POLY(VINYL BENZYL PHOSPHONIC ACID)

3.5.1 Characterizations

The synthesis of VBP monomer and the purity of tégulting monomer was
verified via'H and®C NMR. The spectra and the assignments of the peeke
illustrated in Fig. 3.30 and 3.31. It is clear thhae benzyl chloride bonds were
successfully phosphonated with diisopropyl phospb®nnits.

,_AL.J‘J' X Mo L_

T T T T T T T T T T T T T T T T T T T T T
ppm 10.0 2.0 0.0

Figure 3.30."H NMR spectrum of diisopropyl-p-vinylbenzyl phosptate (VBP)
monomer.
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Figure 3.31.*C NMR spectrum of diisoprop-p-vinylbenzyl phosphonate (VBI

monomer.

FTIR spectra of purdiisopropyl-pvinylbenzyl phosphonate (VBP) monomer ¢
its homopolymer (WBP) were illustrated in Fig3.32. Aliphatic C-H vibrations gives
peaks at 2925 and 2981 . =C-H out-ofplane bending vibration p-disubstituted
benzene ring is seext 840 cr. The strong peak at 1240 ¢rbelongs to P=0 bon(P-
O-alkyl bonds haveribrations between 9-1150 cnt. Vinyl group has absorption
1630 cmi and disappears after polymerizatiAfter hydrolysisthere is a broad bar
formation between 25(-3500 cni* and new peaks arise at 1637 tand 924 cnf due
to phosphonic acid group format (Fig. 3.33).
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Figure 3.33.FTIR spectrum of PVBPA.
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3.5.2 Thermal properties

Poly(vinyl benzyl phosphonic acid) homopolymertisimally stable up to 43
(Fig. 3.34) but there is a little (10%) weight ldsstween 30-200C due to loss of
absorbed water and also condensation of phosplamnic units. The glass transition
temperature of PVBPA homopolymer was analyzed W8C and in second heating a

Tg behavior was observed at 1@

110
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20
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Figure 3.34.TG thermograms of PVBPA homopolymer recorded aatihg rate of
10°C/min in inert atmosphere.

3.6 POLY(VINYL TRIAZOLE-CO-VINYL BENZYL PHOSPHONIC ACID),
P(VTRI-CO-VBPA) COPOLYMER

3.6.1 Characterizations

Copolymerizations of VTri and VBP were conductedexeral molar feed ratios
and compositions of the final hydrolyzed copolymersre analyzed by elemental
analysis (Table 3.5). The mol ratio (VTri:VBPA) thfe copolymers is calculated using
the nitrogen contents. The results demonstratedctmolymer compositions are a little
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different from feed ratios but there is an incragsVBPA ratio and there different

samples to compare the properties.

Table 3.5.Composition ofP(VTri-co-VBPA) copolymers.

Sample Feed mol ratio,| Elemental Analysis Copolymer ratio
(VTri:VBPA) C (%) | H(%) | N (%) | (VTri:VBPA)
P(VTri-co-VBPA) 1:0.5 1:0.5 49.17 5.91 12.93 1116
P(VTri-co-VBPA) 1:1 11 50.03 5.78 11.34 1:1.39
P(VTri-co-VBPA) 1:2 1:2 49.90 5.77 9.20 1:1.82

FTIR spectra of P(VTri-co-VBP), P(VTri-co-VBPA) colymers and RBPOy
doped samples are illustrated in Fig. 3.35, Fi@63and Fig. 3.37. The triazole ring
stretching is observed at 1450-1650 cm-1. Aliph@&tiEl vibrations gives peaks at 2930
and 2980 cm. =C-H out-of-plane bending vibration of p-disubstiéd benzene ring is
seen near 840 ¢ The strong peak at 1240 ¢nbelongs to P=O bond. P-O-alkyl
bonds have vibrations between 950-1150"cwfter hydrolysis there is a broad band
formation between 2500-3500 ¢rand new peaks arise at 1643 tand 930 cnf due
to phosphonic acid group formation (Fig. 3.36). eiftdoping the copolymers the
characteristic absorptions ofPO, are observed at 2300 &m1107 crit and 925 cnt

and their intensities increase with phosphonic aoitent.

P(VTri-co-VBP)1:05

P(VTri-co-VBP)1:1

P(VTri-co-VBP)1:2

% Transmittance (a.u.)

T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure 3.35.FTIR spectra of P(VTri-co-VBP) copolymers.
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Figure 3.36.FTIR spectra of P(VTri-co-VBPA) copolymers.
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Figure 3.37.FTIR spectra of BP0, doped P(VTri-co-VBPA) copolymers.
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3.6.2 Thermal properties

The thermal properties of the copolymers were amalywith TGA and DSC.
Pure PVBPA and PVTri are thermally stable up to 468 350°C, respectively. In the
copolymers there are two major decomposition regjioetween 300-358C and 450-
500°C due to VTri and VBPA decompositions, respectiv&lig. 3.38). The doping has
little effect on the thermal stability of the copuolers. In Fig. 3.38 the two steps of
degradation is more clear but they are not cleafFipn 3.39 due to the loss of
phosphoric acid also. The doped polymer electrelgiee also thermally stable up to at
least 250°C (Fig. 3.39).

The Tg of pure PVTri is reported as 185 (Celik et al., 2008a). Pure PVBPA
shows no Tg which may be due to anhydride forma#iond crosslink during drying
process (Kim et al., 2007). In DSC analysis of ¢tbpolymers and the doped samples

no Tg was measured at -50 to 2BDmeasurement range.

100 +
90
80

70

E 4
ke 60 —
q) -
= 5]
=S ]
40 .
30l | —— P(VTri-co-VBPA)1:05 -
1 | ----P(VTri-co-VBPA)1:1
I IEEEEEE P(VTri-co-VBPA)1:2
10
0 y T E T y T J T E T y T J T
0 100 200 300 400 500 600 700

Temperature (°C)

Figure 3.38.TG thermograms of P(VTri-co-VBPA) copolymers ateating rate of

10°C/min in inert atmosphere.
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Figure 3.39.TG thermograms of ¥PO, doped P(VTri-co-VBPA) copolymers at a

heating rate of 18C/min in inert atmosphere.

3.6.3 Proton Conductivity

Fig. 3.40 shows the AC conductivity of the dopegalgmers versus frequency at
several temperatures. Thg. versus frequency curves change with the frequeartsyre
in the low frequency region, the reduction in tlemauctivity is due to polarization of
the blocking electrodesThe conductivity increase at low temperature angdh hi
frequencies results from the regular dispersiompatymer electrolytesThe proton

conductivity increases as temperature increases.

The DC conductivity §4c) of the samples was derived from the plateaus®é&.
versus log F by linear fitting of the data. The D@nductivities of the samples were
compared in Fig. 3.41. The conductivity isothertusirates that the DC conductivity
depends on the temperature, VTri and acid confante copolymers have low proton
conductivity (<10' S/cm) and after doping them with phosphoric adid proton
conductivity values increases to 0.005 S/cm at US@or P(VTri-co-VBPA)1:0.5X=2
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which has the highest amount of VTri angPi@,. In that system proton conduction
occurs through protonated triazole units and acudids via Grotthuss mechanism.
100% humidified membranes resulted proton condltiets around 18 - 102 S/cm at
20°C.
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3
107
XXX
] SRR RN
X3F+
X¥§§++ q4444<4444444444
10.4— ><>§>+<>+<+ qqqqqq 00 x 150°C
X% < 0000
X% < 000000 0,
x < 00
] ><><>+<>+<-¢-"'<]<1<1<1 OooooOOO + 140°C
0,
><><><><)<§>+<+‘+<1<1<Jq 0© ° DDDDDDDDDDD < 120°C
10-5_ AR q< 00° gopooeoo o
] + 49 50° 4000 PR o 100 °C
ad od <« o
P o PRR o 80°C
- <ﬂ4 o OO DDDDD “‘<‘<‘<<44 oo .
e 00°° o PPRER D oo’ <« 60°C
10° 4 - EPRL L. |
] o < . e 40°C
Fn/.\ po® <“< .ol‘..... -'.. - o
e 1 of <4 eeocec® a" = 20°C
=] <« eo® L
O <« 0o®® ..l.
. 7 < | ]
@/ 107 4“ lll.....
o o® ...-ll"'
© o ) a®
b . "
.l
r:) n"
107 4
9
107
-10
10 T T T —TT T T T ™
&l (] 1 2 3 4 5 6 7
10 10 10 10 10 10 10 10 10
Frequency (Hz)
P(VTri-co-VBPA)1:1X=1
XX XX XXX
J X><>J§>+<3r<>f>§¥3§+++++;;
x¥¥;;>>D>>>>>>>>> ;
X+ > qd 0
xXTp FPRER x 150 °C
> 444444
5 xTeP  4ad w¥
1077 xiibquq m:ﬁ‘:rwﬁ’ﬁ’***wﬁ + 140°C
b x*Toq HREH 00
Xt < % © 0
><3r<;><1<1 ﬁﬁ* 65600000 ABD > 130 C
b xF s oo
(XEEPqY 0000° o 4 120°C
RIS anst® ot
XF > 2*4 o AADLD o
¥ XXFLD QT % ADAA o~ »» «
106— XXFLB g9« o N o, »” 110°C
XXET DT % 0 At SO °
XXl a9 x¥ o a® woooooB? T A tex o 100 °C
Xyt phrgd %% o° a8 goooo > 4:* 0
—~ E #+ P _a &% SR o »> <x XX} 4 90°C
< LSRN o~ 8" g > «iIx_e®
£ PR a® NS ddds A3 eeianans n 80°C
7 <ﬂ<] &% 0° AA o® > “4** ° A..l--
(&) 10" 4 . [PREN > PR * g® A 70 °
. e o A PERER * A_N 4 0°C
() . o 0% L& > PRERN x* 0,4 "
-~ 00 L% 0B ¥ ** a0 A < 60°C
8 . ©° a% LB a4 e L N WL
A > < xx* ° A = * o
(<) &AA G “: - .o‘A:_- 50 °C
[ ] 0,
-8 0% »” < cooo00®?® adg" e 40°C
10 — @u > 4** o0 ‘A.. o
J P (IxT e At m A 30°C
> * g ® AA "
P (Ix e AAAAAAA a" o
4 4**.0 AAAA a® = 20°C
4y g ad L
#*e®, 4" L ummmmnt
® A nt
-9 ’ A ..
107 Alwm
r's |}
- n
-
T L} || L} || L} || L} |I L} || L) || L} || T lI

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



ac
1

s (S.cm™)
3
I\l

ac

s (S.cm™)
)
l(J'!

10° 10’ 10° 10° 10* 10° 10° 10’

Frequency (Hz)

P(VTri-co-VBPA)1:2X=1
>
NN 20
N1 1ddd4 ISSPPPPEE
NS SPPREERRR N s
0,
ngza qﬁwﬁﬁﬁﬁvﬁﬁﬁﬁﬁﬁﬁa oo > 130 °C
pPad  pw¥ 0000 o
DDEQZﬂ* Oooooooooooooo AAAA 4 120°C
>gd, % o A 0
ngqu* 00 VY oo® = 110 °C
> ¥ o ALADDD o
Dbgqqﬁ* 00° ,anb88® g ¥ 100 °C
s g ® 50 Al gooo®l >
> -q * o A DDDDDD 444 °
BPgat % o0~ Al gooBeb < s 90°C
BPogaT w T 00 48 NSRS L
@qiw** OOOAAA o >>>>>>>””> ‘** eo® o 80°C
" OOO A% ot > <« ** o® o
OoO xS | »>> €4 < *** 0® aAAd » 70°C
® a o PPRER . e® a o
AAAA DDD ”P P PR **** ...AAA..-.. <« 60°C
S o > < * % e At _m 0
go” >>> < *********** ® AA‘-.' * 50°C
o > ¢ . o
TP e *** 00®’ ,a . e 40°C
OPE eeee® PO 0
B T eeseee aatton 4 30°C
< * °® A ' o
« . o A e " = 20°C
** .Q AAAA“A a"
e LaAd .
* AA‘ ..-.I.
A YLl
alt -....-
-
"
-
T T L T T T T ™
0 1 2 3 4 5 6 7
10 10 10 10 10 10 10 10
Frequency (Hz)
P(VTri-co-VBPA)1:2X=2
Xxxxxxxxxxxxxxxxx
xx e s
XXX ettt
X + 0
X ++* qqqqqq<<4Q44QQ4<4 x 180 C
X 4 0
+
XXX L qqq + 140 °C
X 00000 0
ooyt @ 5000000000090 4 120°C
x XX + 0© 0
%xxxxx ++++ qqq 0° . o 100°C
+ 4 o pooooooooooooo o
Lttt e 500 gooet 5 80°C
++ < o ot o
++ a9 o o « 60°C
-t a9 0° o JPPPPRR R
qqqq 0° o <<<44<<<<<<4<4 e 40°C
g4 o© o 0
SR 50° 50 4“ e = 20°C
00° 50 < cec0®®
o < ee000000000
00 oo < ceo?®
[e] < L]
@ oP < °® -
DDD < .C. .I..
DDD 4‘ .. L -
m <« o° -.llllllllllll--
< . u
< ° "
<<< o ..'
« ° n
. "
[} n
° ]
° "
o [ ]
L4 n
-
-
[ ]

79

Figure 3.40.AC conductivity versus frequency forsPIO, doped P(VTri-co-VBPA)

copolymer electrolytes.
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Figure 3.41.DC conductivity of HPO, doped P(VTri-co-VBPA) copolymer
electrolytes at different temperatures.

3.6.4 Cyclic Voltammetry

Cyclic voltammogram of P(VTri-co-VBPA)1:0.5x=2 wakown in Fig. 3.42. The
measurement was performed in a typical three el@etcell containing 0.1 mol drh
CHsCN solution of tetrabutylammonium hexafluorophodphdTBAPF6) using a
platinum work electrode, a platinum auxiliary efede, and an Ag/Ag+ reference
electrode. The figure shows that the CV of the &gper comprises no peak within in
the anodic and cathodic sweep (-2.0 — 2.0 V patkrdange). Thus the electrochemical
stability window is about 4 V. These results imphat the copolymer has adequate

electrochemical stability under fuel cell conditson
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Figure 3.42.Cyclic voltammograms of P(VTri-co-VBPA)1:0.5x=21 M
TBATFB/acetonitrile. Curves with a scan rate ofrbU/s.

3.7 POLY(VINYL BENZENE BORONIC ACID-CO-VINYL BENZYL
PHOSPHONIC ACID), P(VBBA-CO-VBPA) COPOLYMER

3.7.1 Characterizations

The FT-IR spectra of copolymers are shown in Fig33nd 44. Aliphatic C-H
bond gives symmetric and asymmetric vibrations @28&1 crit and 2820 cm-1. C=C
bond of benzene ring shows absorption at 1606".caC-H out-of-plane bending
vibration of p-disubstituted benzene ring is seef35 cm’. The band at 1343 chis
attributed to B-O bond. P-O-alkyl bonds have vitorag between 900-1150 €nfFig.
3.43a). In Fig. 3.43b the symmetric and asymmefibcations of P-OH bond in VPA
are seen between 1040-910 t(Brown et al., 1999). The peak at 1176 thelongs to
P-OH bond. After grafting the copolymers there Erang peak at 1100 ¢haue to C-
O-C bond in PEGME (Fig. 3.44).
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Figure 3.43a.FTIR spectra of P(VBBA-co-VBP) copolymers.
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Figure 3.43b.FTIR spectra of P(VBBA-co-VBPA) copolymers.
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Figure 3.44.FTIR spectra of P(VBBA-co-VBPA)-PEGME copolymers.

3.7.2 Thermal Analysis

The thermal properties of the copolymers were itigated with TGA and DSC.
PVBBA and PVBPA homopolymers are thermally stabpe ta 400°C (Celik and
Bozkurt, 2010b). As seen in Fig. 3.45 there isttieliveight loss between 150-250
due to condensation of boronic and phosphonic aoits but the copolymers can be
said to be thermally stable up to 400. When the copolymers were grafted with
PEGME the condensation was limited but the therstability decreased to 20
(Fig. 3.46). This thermal stability is enough faef cell application.

The glass transition temperatures of the copolymer® investigated with DSC.
The Tg points of the copolymers were evaluated5s120 and 116C for 1:0.5, 1:1
and 1.2 copolymers, respectively. When the copofgnveere grafted with PEGME
there is a melting behavior at -10 t8® (Fig. 3.47).
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Figure 3.45.TG thermograms of P(VBBA-co-VBPA) copolymers dieating rate of
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Figure 3.46.TG thermograms of P(VBBA-co-VBPA)-PEGME copolymeaisa

heating rate of 18C/min in inert atmosphere.
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Figure 3.47.DSC curves of P(VBBA-co-VBPA)-PEGME copolymersadteating rate
of 10°C/min in inert atmosphere.

3.7.3 lon Exchange Capacity (IEC)

IEC of the copolymers were calculated using Eq.ahd the values are 6.55, 7.05
and 7.55 mmol/g for 1:0.5, 1:1 and 1.2 copolymeespectively. The ion exchange
capacity of pure PVBPA and PVBBA were also detesdiwith the same method and
obtained as 9.7 mmol/g and 5.5 mmol/g, respectivityexpected IEC values increase
with VPBA content. In these copolymers there maylitiee crosslink or anhydride
formation due to condensation of both VBBA and VPBw#its during drying process.
The insoluble behavior of the materials verifiess titonsideration. In this IEC
determination method the samples were put in a&adalt solution for 24 h to provide
complete salt formation and cleavage of anhydriddss is also important for the

efficiency of back titration (Kim et al., 2007).

3.7.4 Proton Conductivity

Fig. 3.48 shows the AC conductivity of the graftepolymers versus frequency
at several temperatures. Thg. versus frequency curves change with the frequency

where in the low frequency region, the reductiontl®e conductivity is due to
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polarization of the blocking electrodeBhe conductivity increase at low temperature
and high frequencies results from the regular dgpe in polymer electrolyteghe

proton conductivity increases as temperature isa®a

The DC conductivity ¢4c) of the samples was derived from the plateaus®élc
versus log F by linear fitting of the data. The D@nductivities of the samples were
compared in Fig. 3.49. The conductivity isothertasirates that the DC conductivity
depends on the temperature, PEGME and VBPA conne copolymers have low
proton conductivity (<18’ S/cm) and after grafting them with PEGME the proto
conductivity values reaches to considerable vaineanhydrous condition. In that
system proton conduction occurs through acidicsumia Grotthuss mechanism. The
DC curves show VTF behavior which indicates contiitn of segmental motions on
proton conductivity. The membrane has very low waiptake, therefore proton

conductivity was not measured in humidified corufiti

10° = P(VBBA-co-VBPA)1:1PEGME350
x X
Xﬁ*jjqq x 150 °C
<
><¥>J§<1<]<] ocoo + 140 °C
>+<+ 4 OO e} o
><>+<>+< <]<]OOO gBoo d 120 C
X%+ EGY DD °
xX¥% < o” o AR P o 100 °C
7 ¥><¥>“S¥>+<+ 14950 o° 4“ 0
10 FOOOOOOOOOOEX XX XXX XXX XE <]<]OO A ..:.. o 80°C
44 o u] <4 e g Upg °
<n<1<1<1<1<1<1<1<1<1<1<1<1<1<1<1<1<1<1<1<1<]<] 007 0% « .’.-' ° « 60°C
0© o 4 ¢ g" n ° 400C
‘TA ooooooooooooooOOO DDD ‘40.-.
£ ®00000 oo <<.... . 20°C
o
2 DJDDDDDDDDDDDDDDDDDDDD 4‘4..-.
@/ ‘4‘ .o.'
<
& <<<<“<‘ %"
© -8 PPRREEEEERRR ®a
10°
oo® =
.ooo..oo"".... .--'
l-...
-lllllll......
-9
10 T T T T T T T ™
E 0 1 2 3 5 6 7
10 10 10 10 10 10* 10 10 10

Frequency (Hz)



87

P(VBBA-co-VBPA)1:2-PEGME350
-5
1x10~ 5
=}
x 150 C|
Q
+ 140 °C
o
> 130 C
o
% a4 120 C
5&3?&5} o
grEaad? % 110°C
g%j(ﬂv\_ﬁs‘z*? . .
bﬁgxﬁfﬂ‘wﬁﬁzio o 100 °C
+ o e 2 a4 i Q“:‘.‘w: M
10° Mwmwmmwmwmwsr?gfjéwq-a % 5008888 A 90°C
7 ¢ X < 4944449494494 Lt ATy
< #«E‘?qqdqqq\dddﬂdmﬂdiv S ,3? o o B
£ A R RTARRKAABAAARERKATIITT I .
AT 000000°° Tt » 70°C
Q § OOc,ooc:o\j:coonouoo\:w)om)»-‘ S AAD N *
@ OO AAAAAAAAARAAAAAAALAALELGDD) * 4 60°C
=~ mABe s ChooopooooooooOOff o pe 4 .
o gooog NS S ePT * 50°C
bw Uﬂ’>>>>>bbb?>>>>>>>>bb “444
1 <
,q<<<4<<<<<<44<441<<44 ****.t o 40°C
*
**t***t**ttt***tt*t*** ..'. i 566
L ]
ee?® A 5
..coooooo..-o-oo¢0°°" T L m 20°C
‘A‘===-
AAAAAAAALDLE
107- ::::::::%::ﬂ---ll...
T T L T — — — —

10" 10° 10’ 10° 10° 10° 10° 10° 107
Frequency (Hz)

Figure 3.48.AC conductivity vs frequency for P(VBBA-co-VBPA)-FEVE
copolymers at different temperatures.
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3.7.5 Cyclic Voltammetry

Fig. 3.50 shows cyclic voltammogram of P(VBBA-co-WR)1:0.5-PEGME in
CHsCN solution. The cyclic voltammetric measuremeneenvperformed in a typical
three electrode cell containing 0.1 mol dntH:CN solution of tetrabutylammonium
hexafluorophosphate (TBAPF6) using a platinum weldctrode, a platinum auxiliary
electrode, and an Ag/Ag+ reference electrode. taarly observed that the CV of the
copolymer comprises no peak within in the anodid eathodic sweep (-2.0 — 2.0 V
potential range). Thus the electrochemical stgbiliindow is about 4 V. These results
imply that the copolymer has adequate electrochelmstability under fuel cell
conditions.
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Figure 3.50.Cyclic voltammograms of P(VBBA-co-VBPA)1:0.5-PEGME0.1 M

TBATFB/acetonitrile. Curves with a scan rate ofrB¥/s.
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3.8 FUEL CELL TEST

Current-power density curve is the characteristéisult for fuel cell test. The
analysis of fuel cell performance, the determimatid size of necessarry system and
control of fuel cell are done according to thisvaurPower density (WcH) is obtained

with multiplication of potential (V) with currentehsity (i):

W=V.i

As seen in the following figure fuel cell power dég reaches to maximum in

certain current density.

Characteristic Graph for a PEMFC
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Figure 3.51.Characteristic graph for a PEMFC.

The theoretically voltage have not yet been reachedl even in open circuit
(OC), but when running in OC the voltage tells tiser about the state and health of the
fuel cell. The reaction rate limited part of thenmiare not commonly used, but the
efficiency of each cell are best in this part af tturve, which normally can reach 80-
90%. Most commercial system runs the fuel cellh@ ©hmic limited part, which then

to work like a battery and are easier to find aggilons for. The mass transfer limited
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part can be reached even earlier if the fuel celhdt get enough hydrogen or oxygen
supplied or the humidity of the cell is wrong.

In this study Si-TriTA1 and P(VBBA-co-VTri)1:2X=thembranes were used for
fuel cell test. Firstly mebrane electrode assen(ldiizA) was prepared. Fig. 3.52 shows
a typical PEMFC with its components. Here membragas, diffusion layer (GDL) and
catalysts are called as MEA and it is obtained dygdnessing of catalyst covered GDL

on each sides of the membrane.

Bipolar plate
Gasket
Gas diffusion layer
Catalysts
Membrane

Interconnector

Figure 3.52 Components of a PEMFC.

Carbon paper, carbon textile and carbon fiber aegllas GDL. These materials
should be mechanically stable, high electrical cmtistle, high gas pemeable,
hydrophobically compatible and have high surfaaaain this study carbon paper (5
cn?) was used as GDL and Pt catalyst (~7 mg) was edven GDL with simple

serigraphy machine.

Between an anode GDL and cathode GDL the membraheavthickness of 0.3
mm was sandwiched just before the test. The pedooa was tested both in anhydrous
state and also in 30-80 % humidified states. Thetisg voltages were high enough
however we could not obtain a current in the tgstigstem. The reason may be high
thickness of the membranes which results high teesie. When we used membranes

with lower thickness we faced problem of shrinkaféhe membranes.
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Figure 3.53.Single PEMFC test unit and tested membrane, P(VBBA/Tri)1:2X=2.
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CHAPTER 4

CONCLUSIONS

Novel inorganic-organic hybrid membranes compggnmazole functional units have
been successfully prepared via sol-gel processpl8iprepared, low costed membranes
contain both an azole unit attached to a flexildie group and acid units interacting
with the azole (Fig. 4.1). The interaction of tdflacid units with azole groups was
confirmed by FT-IR. Thermogravimetry analysis (TGgt)jowed that the membranes
are thermally stable up to 26Q. Differential scanning calorimeter (DSC) verifidte
softening effect of the dopant. The proton condiigtiof these inorganic-organic
hybrid membranes were studied by dielectric-impedaspectroscopy in anhydrous
state. The proton conductivity of these membranectellytes depends on the
temperature and the acid ratio. Loy df the materials and Vogel-Tamman—Fulcher
(VTF) behavior of the conductivity implies the cding of the charge carriers with the
segmental motion of the polymer chains. The maximpmoton conductivity was
obtained for the sample Si-TriTA1 as 8.9%18/cm at 156C in anhydrous condition.
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Figure 4.1.The images and chemical structure of Si-ATriTAOQ.5.

Tetrazole functional siloxane membranes have Baecessfully prepared via sol-gel
process. The attachment of the ATet into the silmmapound and the sol-gel reaction
were confirmed by FT-IR. Thermogravimetry analygiEGA) showed that the
membranes are thermally stable up to 380Differential scanning calorimeter (DSC)
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verified the softening effect of the dopant and tmenogeneity of the samples. The
proton conductivity of these inorganic-organic hgbmembranes were studied by
dielectric-impedance spectroscopy in anhydrou® sfte proton conductivity of these
membrane electrolytes depends on the temperatdréhanacid content. Lowglof the
materials and Vogel-Tamman-Fulcher (VTF) behaviahe conductivity implies the
coupling of the charge carriers with the segmemtation of the polymer chains. The
maximum proton conductivity was obtained for thenpke Si-ATetTAl as 1.8xId

S/cm at 150C in anhydrous condition.

Novel copolymers of 4-vinyl benzene boronic a¢MBBA) and 1-vinyl-1,2,4-
triazole (VTri) were successfully synthesized usfnge radical polymerization with
high yield. Here, the presence of VBBA units preeenthe solubility of the membrane
as expected. The resulting copolymers were dop#d MgPO, at several molar ratios.
Homogeneous and flexible membranes were obtaindge proton conductivity
increases with VTri content and the maximum valwess wbtained as 1.5x205/cm at
150°C (Table 4.1).

Table 4.1. Composition, § and maximum proton conductivities of the copolysner

Sample Copolymer mol| T4 (°C) Max. proton
ratio, (VBBA:VTri) | (for x=2) | Conductivity, S/cm
(at 150°C, x=2)

P(VBBA-co-VTri) 1:0.5 | 1:0.46 200 5.0x10°
P(VBBA-co-VTri) 1:1 | 1:0.83 200 5.0x10*
P(VBBA-co-VTr) 1:2 |1:1.61 200 1.5x10°

Copolymers of 4-vinyl benzene boronic acid (VBB&)d vinyl phosphonic acid
(VPA) were successfully synthesized using free aaldpolymerization. Poly(vinyl
phosphonic acid) homopolymer is a high water selymlymer and copolymerization
with VBBA resulted insoluble membranes which isessary for fuel cell applications.
IEC of the copolymers were measured and it inceasth VPA content as expected.
50 % humidified copolymers reached a proton corditigtof 4.3x10° S/cm at 3¢°C.
The resulting copolymers were grafted with polyé&hg glycol methyl ether and
homogeneous and soft materials were obtained. éarafbpolymers resulted a proton
conductivity of 3x10 S/cm at 156C (Table 4.2).



Table 4.2.Td, IEC and maximum proton conductivities of tlopalymers.
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Sample [T4 (°C) IEC  [Max. Proton Cond. [Max. Proton Cond.
(S-PEGME) (at 30°C, 50 % RH)|(at 150°C, S-PEGME)
S1 200  [6.70 mmol/g|1.8x10" S/cm 1.0x10° S/cm
S2 250  |7.05 mmol/g[3.7x10" S/cm 1.2x10° S/cm
S3 250  |7.55 mmol/g |4.3x10° S/cm 2.5x10° S/cm

Diisopropyl-p-vinyl benzyl phosphonate monomer wssccessfully synthesized

from vinyl benzyl chloride monomer. The purity asttucture of the monomer was

verified with NMR and FTIR methods. Using this mamer polyvinyl benzyl

phosphonic acid homopolymer was obtained. The T&&® homopolymer indicated

that the sample is thermally stable up to 430

Novel copolymers of diisopropyl-p-vinyl benzyl @phonate (VBP) and 1-vinyl-

1,2,4-triazole (VTri) were successfully synthesiaeging free radical polymerization

with high yield. The resulting copolymers were olgieed to get P(VTri-co-VBPA)

copolymers. The copolymers were doped withP@, at several molar ratios.

Homogeneous and flexible membranes were obtainedirMum proton conductivity
was obtained as 5xF05/cm at 150C (Table 4.3).

Table 4.3. Composition, § and maximum proton conductivities of the copolysner

Sample Copolymer mqlTq4 (°C) Max. proton Conductivity
ratio, (for x=2) | S/cm (at 150C, x=2)
(VTri:VBPA)

P(VTri-co-VBPA) 1:0.5| 1: 1.16 250 5.0xId

P(VTri-co-VBPA) 1:1 | 1:1.39 250 1.6xT0

P(VTri-co-VBPA) 1:1 | 1:1.82 250 2.4x710
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Copolymers of 4-vinyl benzene boronic acid (VBB#) diisopropyl-p-vinyl benzyl
phosphonate (VBP) were successfully synthesizederAhydrolysis, IEC of the
copolymers were measured and it increases with VRBAtent as expected. The
resulting copolymers were grafted with polyethylegécol methyl ether and
homogeneous and soft materials were obtained. éarafbpolymers resulted a proton
conductivity of 1.5x18 S/cm at 156C (Table 4.4).

Table 4.4.Td, IEC and maximum proton conductivities of tlopalymers.

Sample T, Cc) IEC Max. Proton Cond.
(X-PEGME) (at 150 C, X-PEGME)
P(VBBA-co-VBPA)1:0.5 200 | 6.55 mmoll/g 1.5x10° S/cm
P(VBBA-co-VBPA)1:1 200 7.05 mmol/g 1.0x10" S/em
P(VBBA-co-VBPA)1:2 200 7.55 mmol/g 1.1x10° S/em

In this thesis proton conductive polymer matricesensynthesized with sol-gel and
free radical polymerization methods. In most ofsthenatrices azole molecules were
used as proton transfer agent together with aaithits. As expected high proton
conductivities were obtained in these studies. ploon transport is explained with
Grotthuss mechanism and presence of flexible sidapg also contributes the proton
conduction which was clearly observed in PEGME tgdafsystems. Although pure
copolymers have low proton conductivity, it increasvith PEGME grafting due to the
increase in segmental motions. Membrane formakalitgg mechanical stability is very
important in fuel cell application and we facediskage problem when we used thin
membranes. Therefore these matrices should be dedvato thin and nonporous films
with more efficient methods and also may be blend@&d more mechanically stable

polymers.
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