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ABSTRACT

Proton conduction in novel anhydrous membranes doase inorganic host
polymer, poly(4-vinylbenzeneboronic acid), PVBBAdaphosphoric acid, #0, as
proton solvent was studied. The composite matewate prepared by the insertion of
the proton solvent into PVBBA at different stoictmetric ratios to get
PVBBA(H3sPOy)x compositeelectrolytes. Homopolymer and the composite mdgeria
were characterized by FT-IR aftB MAS-NMR. Thermogravimetric analysis (TGA)
illustrated that the composite materials are théynstable up to approximately 14C.
An exponential weight loss above this temperatuas attributed to self-condensation
of boric acid units. Differential scanning caloritme(DSC) results proved the softening
effect of the proton solvent. The temperature ddpeoe of the proton conductivity was
modeled with Arrhenius relation. PVBBAEAO), has a maximurmproton conductivity
of 0.0013 S/cm at RT and 0.005 S/cm at’80 Poly(4-VBBA-co-4-VIm) copolymers
were synthesized by copolymerization of the monemerinylbenzeneboronic acid,
VBBA and 4-vinylimidazole, 4-VIim at various monomieed ratios by free-radical
polymerization. The copolymers were characterizgd®s NMR, and poly(4-VBBA-
co-4-VIim) composition was determined by elementalgsis. The proton exchange
reaction between acid and heterocycle is confirbneBT-IR. Thermal properties of the
samples were investigated via TGA and DSC. The hmggy of the copolymers was
characterized by X-ray powder diffraction (XRD). oBm conductivity of the
copolymers increased with the doping ratio and hredcto 0.0027 S/cm for poly(4-
VBBA-c0-4-VIm)(H3P Q).



Poly(glycidyl methacrylate) (PGA) was synthesizead radical polymerization
of glycidyl methacrylate (GMA) initiated by 2,2-dazsisobutyronitrile (AIBN) and
followed by modification with ethanolamine. Bordteded PGMAN (PGMANB)
complexes were prepared by mixing PGMAN and boeid aolution in a molar ratio of
1:1. PGMANB was investigated by FT-IR spectroscoplgmental analysis andB
MAS-NMR to confirm the structure and its thermabjperties were studied by TGA.

Keywords: Poly(4-vinylbenzeneboronic acid), 4-vinylimidazot®polymer, polymer
electrolyte, phosphoric acid, anhydrous proton cetidity, thermal properties, boric
acid, FT-IR,"'B MAS-NMR.



BOR ICEREN POLIMER VE KOPOL iMERLER iN SENTEZI VE
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Nemsiz ortamda yeni proton iletken membranlar, gawik host polimer, poli(4-
vinilbenzenboronik asit), PVBBA, proton solvent fimsk asitle, PO, calisiimistir.
PVBBA(H3POQy)x elektrolitleri farkh stokiometrik oranlarda pratosolvent ilave
edilerek hazirlanngtir. Homopolimer ve elektrolitler FT-IR spektroskoe 'B MAS-
NMR vyardimiyla karakterize edilgtir. Termal &irlik analiz (TGA) sonuglari
kompozitlerin termal kararlganin 140°C‘'ye ulsstigini gostermektedir.Bu sicagin
Uzerinde gorulen Ussel kitle kaybi borik asit deriadeki yg@unlasmadan
kaynaklanmaktadir. Diferansiyel taramali kalorireeipSC) sonuglari proton solventin
yumuwsaticl etkisini ispatlamaktadir. Arrheniussitegiyle sicaklga bali proton
iletkenligi modellenmitir. PVBBA(H3PQy), oda sicakifinda 0.0013 S/cm ve 8C’'de
ise 0.005 S/cm gibi maksimum iletkenlikler gostatm Poly(4-VBBA-co-4-VIm)
kopolimerleri, 4-vinilbenzenboronik asit, VBBA ve -vnilimidazol, 4-VIm
monomerleri farkli oranlarda kullanilarak free ikadl polimerizasyon yodntemiyle
sentezlenmtir. Kopolimerler*C NMR'le karakterize edilngtir. Bilesenleri elemental
analiz sonuclariyla tespit edilgtir. Heterohalka ve asit arasindaki etkihe FT-IR
spektroskopi yardimiyla agrilmistir. Numunelerin termal 6zellikleri TGA ve DSC
yontemleri  kullanilarak aydinlatilgtir.  Kopolimerlerin  morfolojisi  X-§ini
difraksiyonu yontemiyle karakterize edilgtir. Kopolimerlerin proton iletkengi, asit
icerigiyle artmaktadir ve nemsiz poli(4-VBBA-co-4-VIm)§AQy), icin 0.0027 S/cm
olarak dlgulmitur.

Poli(glisidilmetakrilat) (PGMA) radikalik polimerasyon yontemiyle GMA
monomerinden 2,2-azobisizobutironitril (AIBN) dhaticisi kullanilarak sentezlenip
etanolaminle modifiye edilnglir. Etanolaminle modifiye edilnpi PGMAN polimeri,



Vi

1:1 mol oraninda hazirlangnborik asit ¢ozeltisiyle kagtirilarak PGMANB kompleksi
elde edilmitir. Elemental analiz, FT-IR vEB MAS-NMR ile PGMANB kompleksinin
yapisi incelenip TGA kullanilarak termal 6zelliklealsiimistir.

Anahtar Kelimeler: Poli(4-vinilbenzenboronik asit), 4-vinilimidazdppolimer,
fosforik asit, polimer elektrolit, nemsiz protoetikenlik, termal 6zellikler, boric asit,

FT-IR, 1'B MAS-NMR.
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CHAPTER 1

INTRODUCTION

Proton conducting polyelectrolyte membranes haeeived a great deal of
attention due to their promissing applicatiorss polymer electrolyte fuel cells
(PEMFC) (Blomen and Mugerwa, 1993). At present,ofilated polyelectolyte
membranes, such as Nafion, Flemion, and Aciplexegvgenerally used for the solid
electrolyte membranes of PEMFC, because they haeellent chemical thermal
stability, and high proton conductivity. These meames, however, have crucial
problems that hinder efforts to commercialize padfie PEMFC and also to develop
PEMFC that can operate at high power density ag temperature. The serious
problem that must be overcome as soon as pesail@l the high cost and low
recycling properties, which are attributed to therflporinated polymer backbones
(Rikukawa et al., 2005).

However, the boiling point of water limits the usagf water as a proton solvent
at high temperature. ROy, due to the formation of polyphosphoric acid netwfor
proton transport at high temperatures and anhydeousonment, is the best solvent for
proton transport at high temperatures and anhydroomsditions. It has been
demonstrated that in highly viscous anhydrous phosp acid, 98% of the total

conductivity arises from structure diffusion of oo (Kreuer et al., 1993).

The copolymerization of heterocyclic monomers witbton donating monomers
was thought to produce promising materials to esnpl high temperature membranes
where both acidic units and heterocycles may atpeson solvent”. A comparison of
the proton conductivities of copolymers that camtaimilar acidic and basic units
immobilized in the backbone with inorganic-orgarfiybrid membranes is also
interesting (Bozkurt et al., 2003). These hetertes/torm hydrogen bonded networks



and proton transport occurs by hop-turn mechanimmstructure diffusion. Although

these proton solvents are widely used in closedtrelehemical cells, such as
supercapacitators and electrochemical devices, viblatility of the heterocycles

prevents them from being used in open electrochansigstems, such as fuel cells.
Therefore, the use of heterocycles as the prottmesorequires their immobilisation in

the polymer membrane in such a way that high ntgtoli the protonic charge carriers
is still provided (Kreuer, 2001).

This work focus on understanding fundamental ertigs of acid doped
poly(4-vinylbenzeneboronic acid), PVBBA homopolymand poly(4-VBBA-co-4-
VIm) copolymers. There is a new host matrix, polyi{dylbenzeneboronic acid),
PVBBA which was produced by free radical solutiomlymerization of 4-
vinylbenzeneboronic acid using,a’-azodiisobutyramidine dihydrochloride purum
(AIBADC) as initiator. Then PVBBA was doped with ggphoric acid at several
stoichiometric ratios. The properties of the membgwere investigated by FT-IR,
TGA and DSC. Proton conductivity of anhydrous eladgtes was measured via
impedance spectroscopy. Poly(4-VBBA-co-4-VIm) comoérs were synthesized by
copolymerization of the monomers 4-vinylbenzenebmroacid, VBBA and 4-
vinylimidazole), 4-VIm at various monomer feed oatiby free-radical polymerization.
The copolymers were characterized 8§ NMR, and the copolymer composition was
determined via elemental analysis. The membrangepties of these copolymers were
investigated after doping with phosphoric acid ewesal stoichiometric ratios. The
proton exchange reaction between acid and hetdmis/confirmed by FT-IR. Thermal
properties of the samples were investigated viarmbgravimetric analysis (TGA) and
Differential scanning calorimetry (DSC). The morfgdgy of the copolymers was
characterized by X-ray powder diffraction (XRD). elhemperature dependence of
proton conductivities of the samples was investigaby means of impedance
spectroscopy. The membrane properties of the coply are investigated after doping
them with phosphoric acid at different compositiooronic acid units acted as
crosslinker (Senel et al.,, 200@hd both proton solvents (immobilized imidazole and
phosphoric acid) were used as proton charge cafriessthermal and anhydrous proton
conductivity properties are investigated and comgaxvith previously reported

systems.



Poly(glycidyl methacrylate) (PGMAN) was synthesizedia radical
polymerization of glycidyl methacrylate (GMA) irgtied by 2,2’-azobisisobutyronitrile
(AIBN) and followed by modification of with etharehine. Borate-loaded PGMAN
(PGMANB) complexes were prepared by mixing PGMANMI dooric acid solution in a
molar ratio of 1:1. PGMANB was investigated by FH-kpectroscopy, elemental
analysis and'B MAS-NMR to confirm the structure and its thernpabperties were

studied by thermogravimetry analysis.



CHAPTER 2

APPLICATION OF PROTON CONDUCTING ELECTROLYTES
FUEL CELLS

Fuel cells are electrochemical devices that contle#t chemical energy of a
reaction directly into electrical energy. The bgsnysical structure or building block of
a fuel cell consists of an electrolyte layer in temh with a porous anode and cathode on
either side. A schematic representation of a fe##lwith the reactant/product gases and

the ion conduction flow directions through the ¢glshown in Fig. 2.1.

In a typical fuel cell, gaseous fuels are fed aandusly to the anode (negative
electrode) compartment and an oxidant (i.e., oxyigam air) is fed continuously to the
cathode (positive electrode) compartment; the elebemical reactions take place at
the electrodes to produce an electric current. & &ell, although having components
and characteristics similar to those of a typicatdry, differs in several respects. The
battery is an energy storage device. The maximuenggnavailable is determined by
the amount of chemical reactant stored within thiepy itself. The battery will cease to
produce electrical energy when the chemical reéctare consumed (i.e., discharged).
In a secondary battery, the reactants are regedkefat recharging, which involves
putting energy into the battery from an externairee. The fuel cell, on the other hand,
is an energy conversion device that theoreticabhyg hthe capability of producing

electrical energy for as long as the fuel and axidaie supplied to the electrodes.
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Hy | «— 2e" 2e" — |0
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¥
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Anode: H, —»> 2H*+ 2"

Cathode: 120, +2H* +2¢¢ —— H,0

Overall
reaction:

Figure 2.1.Schematic illustration of an individual fuel cetremers and Stimming,

2004).

Fig. 2.1 is a simplified diagram that demonstratesv the fuel cell works. In
reality, degradation, primarily corrosion, or malétion of components limits the
practical operating life of fuel cells. Note thhttion specie and its transport direction
can differ, influencing the site of water produatiand removal, a system impact. The
ion can be either a positive or a negative ion, mmgathat the ion carries either a
positive or negative charge (surplus or deficitetdctrons). The fuel or oxidant gases
flow past the surface of the anode or cathode ompdise electrolyte and generate
electrical energy by the electrochemical oxidatedrfuel, usually hydrogen, and the
electrochemical reduction of the oxidant, usuakygen (Fuel Cell Handbook, 2000).



A variety of fuel cells are in different stages @¢velopment. They can be
classified by use of diverse categories, dependintpe combination of type of fuel and
oxidant, whether the fuel is processed outsideefe’t reforming) or inside (internal
reforming) the fuel cell, the type of electrolytbe temperature of operation, whether
the reactants are fed to the cell by internal ¢ereal manifolds, etc. The most common
classification of fuel cells is by the type of dletyte used in the cells and includes;
polymer electrolyte fuel cell (PEFC), alkaline fuglll (AFC), phosphoric acid fuel cell
(PAFC), molten carbonate fuel cell (MCFC), internagel temperature solid oxide fuel
cell (ITSOFC), and tubular solid oxide fuel cellSOFC). These fuel cells are listed in
the order of approximate operating temperaturegirgnfrom ~80°C for PEFC, ~100
°C for AFC, ~200°C for PAFC, ~650C for MCFC, ~800°C for ITSOFC, and 1008C
for TSOFC. The operating temperature and usef@ &6f a fuel cell dictate the
physicochemical and thermomechanical propertiesmaiterials used in the cell
components (i.e., electrodes, electrolyte, inteneah current collector, etc.). Aqueous
electrolytes are limited to temperatures of abd@ % or lower because of their high
water vapor pressure and/or rapid degradation gttehnitemperatures. The operating
temperature also plays an important role in distathe type of fuel that can be used in
a fuel cell. The low-temperature fuel cells withuaqus electrolytes are, in most
practical applications, restricted to hydrogen dsied. In high-temperature fuel cells,
CO and even CHHcan be used because of the inherently rapid eletkinetics and the
lesser need for high catalytic activity at high parature. However, descriptions later in
this section note that the higher temperature @altsfavor the conversion of CO and
CH,4 to hydrogen, then use the equivalent hydrogen asatttual fuel (Fuel Cell
Handbook, 2000).

2.1 Polymer Electrolyte Fuel Cell (PEFC)

Fuel cells may become the energy-delivery deviéghe21st century. Although
there are many types of fuel cells, polymer eldgteomembrane (also termed “Proton
Exchange Membrane”) (PEM) fuel cells are being tged for three main application:
automotive, stationary, and portable power. Eaclthese applications has its unique
operating conditions and material requirements. shewn in Fig. 2.2, a PEMFC

consists of two electrodes and a solid polymer nramdy which acts as an electrolyte.



The polymer electrolyte membrane is sandwiched éetwtwo platinum-porous
electrodes such as an carbon paper and mesh @kdnd Sanui, 2000).

The working principle of hydrogen PEM fuel cell asten described as reverse
electrolysis. The hydrogen fuel is supplied to @reode electrode. The following
reaction takes place at anode, accelerated bytiaytacatalyst:

Anode: B — 2H" + 2e-

The protons (M) migrate through the Polymer Electrolyte Membr&PEM) to the

cathode. At cathode, a reaction takes place wiglyex from air:

Cathode: @+ 4 H + 4e-— 2 H,0

Figure 2.2.Polymer Electrolyte Membrane Fuel Cell (PEMFC) (Gular, 2006).

Notably, the electrons are required for the catheetion to produce water.
But the electrolyte membrane, which separates dtf@ode and the anode, is permeable
only for protons. Therefore, the electrons havérawel through an external circuit to
the cathode.

Overall reaction: 2 Hi+ O, — 2 H,O + Electrical energy + Heat



2.2 Alkaline Fuel Cell (AFC)

Alkaline fuel cells use an aqueous solution of psitam hydroxide (KOH) in a
porous stabilized matrix as an electrolyte (Fi®)2The concentration of KOH can be
varied with the fuel cell operating temperature,icihranges from 65 °C to 220 °C
(Sukumar, 2006). The electrolyte is retained inarim (usually asbestos), and a wide
range of electrocatalysts can be used (e.g., Nj, Metal oxides, spinels, and noble
metals). The fuel supply is limited to non-reactoamstituents except for hydrogen. CO
iIs a poison, and COwill react with the KOH to form KCO;s, thus altering the
electrolyte. Even the small amount of £i@ air must be considered with the alkaline
cell (Fuel Cell Handbook, 2000).
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Figure 2.3.Alkaline Fuel cell (AFC) (Sukumar, 2006).

Anode Reaction: 24+ 4 OH—-4HO +4 é
Cathode Reactiop+ 2 HO + 4 é —» 4 OH

Overall Net Reaati2 B+ O, — 2 H,O



2.3 Phosphoric Acid Fuel Cell (PAFC)

A phosphoric acid fuel cell (PAFC) consists of aww@e and a cathode made up
of finely dispersed platinum catalyst on carbongrapand a silicon carbide matrix that
holds the phosphoric acid electrolyte. The opegatemperature of the fuel cell would
be around 150 to 200 °C. The high operating temperaf PAFC can tolerate a CO
concentration of about 1.5 percent due to conceirgphosphoric acid (as an
electrolyte), which makes PAFC to operate abovétikng point of water, a limitation

on other acid electrolytes that require water forductivity.
The PAFC reactions that occur are:

Anode: b — 2H" + 26

Cathode: @+ 4 H + 4€ — 2 H,0

At the anode, hydrogen is split into two hydrogensi (H) and two electrons,
pass to the cathode via electrolyte and via thereat circuit (electric load). At the

cathode, water is formed and eventually eliminagdhown in the Fig. 2.4.

g~ g Load
Depleted Cxidant and

Depleted

Fuel oyt p Product Gases Out

H 2 = - D 2
HY |-
bH ID
FuelIn > - it In

Anode  Electrolyte Cathode

Figure 2.4.Phosphoric Acid Fuel Cell (Sukumar, 2006).
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This is the most commercially developed type of eHl and is being used in
hotels, hospitals, and office buildings. The phasmhacid fuel cell can also be used

in heavy automobiles (Sukumar, 2006).

2.4 Molten Carbonate Fuel Cell (MCFC)

The electrolyte in this fuel cell is usually a doimation of alkali carbonates,
which is retained in a ceramic matrix of LiAJOThe fuel cell operates at 600-7%D
where the alkali carbonates form a highly condectiwlten salt, with carbonate ions
providing ionic conduction. At the high operatiregriperatures in MCFCs, Ni (anode)
and nickel oxide (cathode) are adequate to promedetion. Noble metals are not
required (Fuel Cell Handbook, 2000).

The MCFC reactions that occur are:

Anode reaction: g CO> — H,0 + CQ + 26
CO + GO — 2CQ,+ 26

Cathode reaction: & 2CQ; + 4 € — 2CQ;*

Maolten Carbonste
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Trioxide
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whiater ) 9 @ +
a) p d % &) & Carbon

P - o Dinxide

Anocle Electrolyte Cathode

Figure 2.5.Molten Carbonate Fuel Cell (Sukumar, 2006).
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The anode process involves a reaction between gdrand carbonate ions
(CO5%), which produces water and carbon dioxide {C@hile releasing electrons to
the anode. The cathode combines oxygen and f&@n the oxidant stream with
electrons to produce carbonate ions, which enteelictrolyte. The need for G the
oxidant stream requires a system for collecting €8m the anode exhaust and mixing
it with the cathode feed stream (Fig. 2.5) (Sukyr2@06).

2.5 Solid Oxide Fuel Cells (SOFC)

Solid oxide fuel cell (SOFC) uses hard ceramicraslactrolyte, which operates
at temperatures up to 1000 °C. Solid oxide fuelsd@OFC) that are currently under
development use a thin layer of stabilized zircqmieconium oxide) as a solid ceramic
electrolyte-, along with a lanthanum manganateaxghand a nickel-zirconia anode. In
operation, hydrogen or carbon monoxide (CO) inftied stream reacts with oxide ions
(0%) at the electrolyte to produce water or £ the course of reactions, the electrons
are generated and then, travel towards cathodthgiaxternal load and get converted
into oxide ion. Notably, both CO and;lan be used as energy source in solid oxide
fuel cell (Fig. 2.6).
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Figure 2.6.Solid Oxide Fuel Cell (Sukumar, 2006).



12

The SOFC reactions that occur include:

b O° — H,O + 2 &
CO+0->CO+2¢€

CH4O 52H0+COQ+8é
Cathode reaction: Or 4 6 —» 2 O

Anode reaction:

This fuel cell is a promising option for high-powdr applications, such as
industrial uses or central electricity generatirtgtisns (Sukumar, 2006). In low-
temperature fuel cells (PEFC, AFC, PAFC), protonshydroxyl ions are the major
charge carriers in the electrolyte, whereas inHigh-temperature fuel cells, MCFC,
ITSOFC, and TSOFC, carbonate ions and oxygen iams tlae charge carriers,
respectively. Major differences between the varioeiés are shown in Table 2.1 (Fuel
Cell Handbook, 2000).

Table 2.1Summary of Major Differences of the Fuel Cell Tgg€uel Cell Handbook,

2000)
PEFC AFC PAFC MCFC ITSOFC TSOFC
Electrolyte lon Exchange| Mobilized or | Immobilized | Immobilized | Ceramic Ceramic
Membranes Immobilized | Liquid Liquid
Potassium Phosphoric | Molten
Hydroxide Acid Carbonate
Operating 80°C 65-220C 205C 650C 600-800C | 800-1000C
Temperature
Charge H* OH H* CO> o~ o~
Carrier
External Yes Yes Yes No No No
Reformer for
CH, (below)
Prime Cell Carbon-based| Carbon-based Graphite-| Stainless- Ceramic Ceramic
Components based based
Catalyst Platinum Platinum Platinum Nickel Perowskit Perovskites
Product Evaporative Evaporative Evaporative Gaseous | Gaseous Gaseous
Water Product Product Product
Management
Product Heat| Process Gas + Process Gas 4 Process Gas| Internal Internal Internal
Management| Independent | Electrolyte + Reforming + | Reforming | Reforming
Cooling Calculation Independent | Process Gas | + Process | + Process
Medium Cooling Gas Gas
Medium
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The most successful membrane is the Nafion mempnaheh was developed

initially by Dupont in 1960’s. This membrane offeygite good performance below 90
°C under fully hydrated conditions. It has high coectivity (>0.05 S/cm at room

temperature and 100% relative humidity) although ¢bntent of sulfonic group is low

(ion exchange capacity = 0.9). Also, it has goodnaical and mechanical stability due

to the perfluorinated main chain. However, the @nottonductivity of Nafion is

dependent on the presence of water to solvate riiterpof the sulfonic acid groups.

Consequently, the operational temperature is lanitebelow 10°C, typically 50-90

°C, at ambient pressure. For a good membrane tedukfor high temperature PEMFC,

it should have the following material charactedst{Ma Y., 2004):

High proton conductivity (>0.001 S/cm, prefer to.6D S/cm, more preferable
>0.1 S/cm), to support high currents with minimesistive losses, and zero
electronic conductivity.

Good thermal stability (thermally stable up to £80 with no hydrolysis at high
temperature and low degree of hydration).

Good mechanical strength and stability at fuel op#rating conditions, i.e. free
standing membrane with small swelling degree unddferent relative
humidities, strong enough for preparation of membéralectrode assembly
(MEA).

Chemical and electrochemical stability at fuel oglerating conditions.

Good barrier for reactant species(., small organic fuels such as methanol),
important for minimizing coulombic efficiency loss.

High electrolyte transport, to maintain uniformattelyte content and to prevent
localized vacancy.

Good chemical compatibility in fuel cell environmeggood processibility for
preparation of MEA.

Low cost.
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Based on the classification of proton solventsidlage three basic approaches to
high temperature PEMs (Ma Y., 2004):

(a) Membranes that use water as proton carrier. Effuatee been made at retaining
water in the membrane at higher temperatures.

(b) Anhydrous proton-conducting polymers where the qmois transferred not
through water, but through other proton solventshsas phosphate ion {PIO*
and HPCG") (e.g. polybenzimidazole4RO, system at high temperature and low
relative humidity) (Wainright et al., 1995), imidde (e.g. sPEEK/imidazole
system (Kreuer et al., 1998)), and sulfamide (@uifamide/PEO/guanidine system
(Bermudez et al., 1992)).

(c) Membrane where the proton transport involves metaf two proton solvents,
such as water and phosphate ions.

Three ways of achieving high temperature membrhaes been proposed :

(i) membranes made of new ionomers exhibitirgdésired characteristics;

(i) membranes in which suitable oxygenated agdsg). phosphoric or sulfuric acids)
are solubilized in a polymeric matrix begrlvasic groups (e.g. PBI);

(i) inorganic /organic composite membranes.



CHAPTER 3

PROTON CONDUCTION MECHANISMS

A proton conductor is an electrolyte, typically ali@ electrolyte, in which
movable hydrogen ions (protons) are the primarygahaarriers. Proton conductors are
usually composed of polymer or ceramic becauseptite size is small enough that
larger negative ions are locked into the solid maand only very small ions (positive
hydrogen ions - bare protons) can participate @wrect current. Proton conductors are
usually solid materials. When in the form of thirmbranes, proton conductors are an

essential part of small, inexpensive fuel cells.

Proton conduction was first suggested byed Rene Jean Paul Ubbelohde
and S.E. Rogers. Water is the best solvent foropsotand exhibits unusually high
equivalent conductivity of protons, which excedus lydrodynamic limit by a factor of
4.5 under ambient conditions. The process for pratansport in water is explained by
“Grotthuss mechanism" (Grotthuss, 1806; Kreuer, 7)9%@lso called “hopping
mechanism” or “chain mechanism” or “structure dsifan”. The proton transport
comprises rapid intermolecular proton transferspiog) down a chain of hydrogen
bonds where the transfer events are assumed tgbly korrelated, and reorientation
of water dipoles in order to produce a configumatrehich allows for the next hopping
event (Kreuer, 1997).

The first process leads to a polarization of thérbgen bond chain, i.e. to a local
relative charge displacement, but not to dc conditizt The second process causes the

depolarization of the chain by reorientation of weger dipoles (Fig. 3.1).

15
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The mechanism of proton migration in water has bstried extensively
(Eigen, 1964; Agmon, 1995; Agmon, 1996). Basicaligr a fast Grotthuss type
mechanism, it must enable the formation of protothétects and provide strongly
fluctuating proton donor and acceptor functiongmnotherwise non-polar environment.
The latter avoids strong solvent effects that temguppress proton transfer reactions
(Kreuer, 1997; Kreuer, 1996).

'\}- #" b - ""“"z{ breaking of
./Q\ [, £ 4 ‘/o\ |, hydrogen bond
! & q \ §Y
hydrogen bond |

I S
> >

H502+ ——— H904+ —_— H502+

ekl
formation of  *

(Zundel-ion) (Eigen-ion) (Zundel-ion)

Figure 3.1.Proton transfer in 0 molecules (Kreure et al., 2004).

However, this mechanism cannot explain all abnormpaiton conductive
systems. Based on NMR spectra and self-diffusiaifioents, Kreuer et al. (Kreuer et
al., 1982) proposed “Vehicle Mechanism”, also ahll®molecular diffusion, for the
interpretation of the conductivity of fast protooncluctors such as zeolites, Nafion etc.
According to this model the proton does not migrageH but as HO®, NH,", etc.,
bonded to a “ vehicle” such as®l, NHs, etc. (Fig. 3.2) The “unloaded” vehicles move
in the opposite direction. Hydrogen bond is notassary for proton transport with this

model.
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L

Figure 3.2.Schematic representation of phenomena involvguidton conduction

Vehicle Mechanism

mechanisms (Kreuer et &82).

In some systems, the conduction mechanism is tonéd by these two models
together. Also, the conduction mechanism can ché&oge one model to another model
based on the temperature and concentration ofydtera. For example, in concentrated
aqueous solutions of acids such as aqueous HClprthten conduction can be well
explained by vehicle mechanism. However, if thedasolutions are diluted, i.e.
increasing solvent (#D) concentration, there is an increasing contrdsutf structure
diffusion to the overall conductivity, i.e. both dhe mechanisms (the mixed
mechanism) exist for proton conduction. Kreueridgtished the molecular diffusion
(vehicle mechanism) and structure diffusion (Gnagth mechanism) of proton by
measuring the self-diffusion coefficients by meanis the PFG-NMR technique.
Basically, in anhydrous oxo-acids such a®@, solid acidic salts of oxo-acids such as
CsHSQ and Zr(HPQ), or oxo-acid/polymer blends such as BPEI/Q@S8,, the proton
conductivity can be entirely explained by structwi#gfusion. In hydrated acidic
polymers such as Nafion, proton conductivity is tooliled by molecular diffusion.
However, the boiling point of water limits the usagf water as a proton solvent at high
temperature. POy, due to the formation of 3D polyphosphoric acitiwaek for proton

transport at high temperatures and anhydrous emvieat, is the best solvent for proton
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at high temperatures and anhydrous conditionsadtdeen demonstrated that in highly
viscous anhydrous phosphoric acid, 98% of the waaductivity arises from structure

diffusion of proton. Recently, Kreuer (Kreuer et 4998) proposed that imidazole (Fig.
3.3), benzimidazole and pyrazole could conductquras water does when ionized.
After Kreuer’s work, a series of work has been dartd imidazole of benzimidazole as

proton conductor (Ma Y., 2004).

www%

Figure 3.3.Proton conduction mechanism in liquid imidazokerevealed by a Car-

Parrinello molecular dynami€PMD) simulation (Kreuer et al., 2004).

Phosphoric acid, which can form 3-D hydrogen bogdiatwork due to its special
structure, is a very good proton conductive medilihe super-cooled melted pure acid
has a conductivity of 0.053 S/cm at 3D, and this high value is known to come from
the extensive self-ionization of 3AO,. Structure diffusion was proposed as the
operating fast conduction and diffusion mechanisrfused phosphoric acid, where the
transference number of proton is close to 1 (~0.9%pel et al., 1993). Addition of
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water increases the dissociation, decreases theosiig therefore brings the
conductivity to a maximum of 0.27 S/cm for 45% abig weight (Chin and Chang,
1989). Further dilution decreases the number ofgehaarriers more rapidly than the
viscosity, and the conductivity drops finally toettvalue of pure water. At high
temperatures, phosphoric acid undergoes auto-datigdrprocess in addition to the
self-dissociation process. The dehydration is ey at low temperatures if water is
provided. Therefore, phosphoric acid can conduatgor at high temperatures and very

low relative humidity by forming polyphosphoric daietwork.

It is well known that proton conducing polymer étetyte can be obtained by
doping polymers bearing basic groups such as e#tbeshol, imine, amide or imide
with strong acids such as sulfuric acida3, is more acidic and oxidative thanfOy
and tends to form a salt with a basic site in thkgmer thus decreases the concentration
of the proton charge carrier. Moreover, the therstability of a HSO, doped polymer
is not good due to its oxidizing propertysRQ, is a relatively weak acid. It interacts
with the polymer through hydrogen bond or protansfer reaction depending on the
basicity of the polymer. In acid/polymer systenie polymer has two functions: on one
hand, it has to be sufficiently basic to dissolad aomplex with the acid, i.e. it acts as a
solvent in which the acid undergoes some dissacia®n the other hand, excess acid is
usually needed to obtain a high conductivity. Tthespolymer acts as a matrix to retain
the excess acid. However, most of these matendfsrs§rom fundamental limitations
such as insufficient chemical stability (e.g. hygsts of esters or amides) or low
mechanical stability, especially at higher tempeed or with excess acid. Films with
good thermal and mechanical stabilities for higimperature application can be
obtained from polymers with high glass transitiommperatures such as
polybenzimidazole. However, the segmental moverakpblymer can assist the proton
conductivity so that flexible polymers with low gk transition temperatures are
preferred (Ma Y., 2004).



CHAPTER 4

POLYMER SYSTEMS

4.1 HYDRATED PROTON CONDUCTING MEMBRANES

In general, proton-conducting polymers are usudiigsed on polymer
electrolytes, which have negatively charged groafpsched to the polymer backbone.
These polymer electrolytes tend to be rather ragid are poor proton conductors unless
water is absorbed. The proton conductivity of htebla polymer electrolytes

dramatically increases with water content and ressfalues of 16-10" S cm’.

The first PEFC used in an operational system wasGE-built 1 kW Gemini
power plant. This system was used as the primaryepcource for the Gemini
spacecraft during the mid-1960s. The performannodditetimes of the Gemini PEFCs
were limited due to the degradation of poly(styreadonic acid) membrane employed
at that time. The degradation mechanism determimeGE was generally accepted
until the present time. It was postulated that,H&licals attack the polymer electrolyte
membrane. The second GE PEFC unit was a 350 W mothat powered the
Biosatellite spacecraft in 1969. An improved Nafiolembrane manufactured by
DuPont was used as the electrolyte. Fig. 4.1 shtbeschemical structures of Nafion
and other perfluorinated electrolyte membranes. Ppbe&ormance and lifetime of
PEFCs have significantly improved since Nafion waseloped in 1968. Lifetimes of
over 50,000 h have been achieved with commerciéibNd 20 (Rikukawa and Sanui,
2000).

20
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Figure 4.1.Chemical structures of perfluorinated polymer gtdgte membranes.
(Sukumar, 2006).

According to Kreuer (Kreuer, 2001), perfluorosuifo polymers have different
microstructures from those of sulfonated aromatityipers, as illustrated in Fig. 4.2.
Nafion combines the extreme hydrophobicity of tleflporinated polymer backbone
with the extreme hydrophilicity of the terminal ®&ulic acid function (-SgH).
Especially in the presence of water, this gives ttissome amphiphilic nanoseparation.
The sulfonic acid functional groups aggregate tonfa hydrophilic domain. When this
is hydrated, only the hydrophilic domain of the ostnucture is responsible for the
transport of protons and water, while the hydropbammain provides the polymer
with the morphological stability (mechanical strérjgand prevents the polymer from
dissolving in water. As a result, the water upthigghe Nafion membranes is very high
(Sukumar, 2006).
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MNAFION sulfonated polyetherketons (PEEKK)
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Figure 4.2.Schematic representation of the microstructurdsadion and a sulfonated
polyetherketone illustrating fless pronounced hydrophobic/hydrophilic
separation of the latter coneplatio the first (Sukumar, 2006).

The situation in sulfonated aromatic polymers wasnfl to be distinctly
different with respect to both transport propertsl morphological stability. In the
case of sulfonated aromatic polymers, the hydracatbackbone is less hydrophobic
and the sulfonic acid functional groups are lesdia@nd polar. As a result, the water
molecules of hydration may be completely dispersedhe nanostructures of the
sulfonated aromatic polymers (Rikukawa and SanQD02 In general, PFSA and
sulfonated aromatic polymers have similar waterakg$ at low water activities,
whereas at high relative humidity (100%), PFSA membs have a much higher water

uptake due to the more polar character of the sigdfacid functional groups.
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Consequently, the sulfonated polyaromatic membranegeneral need more
humidification during fuel cell operation in ordéo maintain the high level of
conductivity. The less hydrophobic nature of thedregarbon nanostructure on the
other hand may result in less dependence of cowityadn humidity in the low water
activity range, allowing for good proton condudyviat high temperatures. For
example, polyphenylenesulphide with a sulfonatiegrde of 200% exhibits a proton
conductivity of the 18 S/cm level in the temperature range of 30-180Miy4take et
al., 1997), whereas in Nafion membranes (GavachPandcelly, 1992), the operating
temperature is limited up to the boiling point cditer.

4.2 ANHYDROUS PROTON CONDUCTIVE MEMBRANES

Basically, in anhydrous membranes, water is notes&ary for proton
conduction. Other molecules with high boiling potake the role of water as proton
solvents in these membranes. Theoretically, anyhatepic molecule can do this job.
However, not every amphoteric molecule exhibitshhjpgoton conductivity, especially
in pure state. On the other hand, in contrast tagusater as the proton solvent, which
is usually supplied to the membrane by humidifying anode and cathode gases and is
produced at the cathode by the electrochemicaltiogacthe use of other proton
solvents, such as phosphoric acid, sulfamide arbeycle molecules, which can not be
supplied during operation, requires their immolailian in the polymer membrane in
such a way that high mobility of the protonic chararriers is still guaranteed. The
demand for proton conducting anhydrous membrangd&an increasing over the last
decade due to their use in fuel cells, as welllast@®chromic displays, sensors and
supercapacitors (Przyluski and Wieczorek, 1991;ségges, 1992; Lassegues et al.,
2001; Schuster and Meyer, 2003).Although theresaxeral approaches for anhydrous
systems, previous concept was mainly based on dpengl of the polymers bearing
basic sites with protonic acids (e.gzRy, H,SOy). Since pure PO, themselves is a
good proton conductor because of its extensiveiaeitation and low pK Structure
diffusion was proposed as the proton diffusion naeitm in fused phosphoric acid,
where the transference number of proton is closaity (~0.975) (Dippel et al., 1993).
Phosphoric acid interacts with polymers throughrbgen bonds depending on the

basicity of the polymer and facilitates the forroatihomogeneous blends. In general,
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phosphoric acid in polymer electrolytes acts aggoresolvent via undergoing some
dissociation and plasticizer where cooperative sgat motions of the polymer chains
assist the proton diffusion. Several homogeneoulymmr electrolytes such as
poly(ethyleneoxide) (BPOy)x (Donoso et al.,, 1988), poly(vinylalcohol) {POy)x
(Petty-Week et al.,, 1988), poly(acrylamide) sP@,), (Rodriguez et al.,, 1993),
poly(vinylpyrrolidone) (HPOy)x (Bozkurt and Meyer, 2001) were reported. In additi
extensive research on more promising systems susctphosphoric acid doped
polybenzimidazole, PBI have been focused on phghiemical characterizations as
well as fuel cell applications (Schuster and Me@8®03; Samms et al., 1996; Li et al.,
2003; Pu et al., 2002; Zhai et al., 2007).

4.2.1 Proton-Conducting Polymer Electrolyte Membrars Based on Acid-Base

Polymer Complexes

There are different types of anhydrous proton cohdg acid-base membranes
reported in literature, with a focus on PBJRD, (Wainrigh et al., 1994) blends that are
currently most suitable for fuel cell applicatioms.acid-base membranes, the property
of the acid (HPO, or H,;SQy) to interact via hydrogen bonds facilitates theparation
of blends with a variety of polymers, such as P®Bla{nrigh et al., 1994), poly(4-
vinylimidazole) (Bozkurt and Meyer, 2001a), polyd@dneoxide (Donoso et al.,1988),
and poly(vinylpyrrolidon) (Bozkurt and Meyer, 20Q1FProton conduction in acid-base
membranes is strongly dependent on the natureidf(@hin and Chang, 1989; Dippel
et al., 1993; Kreuer, 2000; Pu et al.,, 2002; Bouduad Siebert, 1999), polymer
(Hickman et al., 1999; Hoel and Grunwald, 197 7/nperature (Pu et al., 2001; Bozkurt
and Meyer, 2000) and humidity (Pu, 2003).

Phosphoric acid is a weak acid (pK2.16) (Lide, 1995) that melts at 42 °C in the
pure state and acts as an oxidant at elevated taetopes. With basic polymers,
phosphoric acid undergoes hydrogen bond interatinproton transfer reactions. In
regard to its conductivity, phosphoric acid différam water and many other solvents
in two ways. First, conductivity is remarkably highthe pure state (Chin and Chang,
1989). Second, when strong electrolytes (e.gS®4) are added, conductivity decreases

rather than being improved (Munson and Lazarus7)L9khe first feature is due to the
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generation of charge carriers by self-dissociafisPO, = 2HPQO;" + HPO; + H:O'

+ HP,0;” , where HPQ, = 16.8 M, HPQ;" = 0.89 M, BPQ, = 0.43 M, HO" =
H,P,0;* = 0.46 M at 311 K) and the fact that proton migratalmost entirely results
from structure diffusion (Dippel and Kreuer, 1998he second feature is also closely
related to the transport mechanism. The electfiedd of extrinsic charge carriers
causes a bias on hydrogen bonds and thus suppfleedaations within the dynamical
hydrogen bond network (Kreuer, 1996; Kreuer, 20@0jdition of water, however,
increases conductivity, which passes through a ¢eatpre-dependent maximum at
compositions of 45 to 60% of;A0, (Chin and Chang, 1989).

4.2.1.1 Boronic Acid
4.2.1.1.1 Structure and Properties of Boronic acid

Structurally, boronic acids are trivalent boron4@mnming organic compounds
that possess one alkyl substituent (i.e., a C—RIpand two hydroxyl groups to fill the
remaining valences on the boron atom (Fig. 4.3}hWhly six valence electrons and a
consequent deficiency of two electrons, thetsgbridized boron atom possesses a
vacant p orbital. This low-energy orbital is ortlbogl to the three substituents, which

R" /O OH OH
rR—g_ R—B R—B HO—B
\ AN AN OH
R' R OH
borane borinic acid boronic acid boric acid
|
OR B
/ O/ N
R—B\ | |
OR‘ R/ B\O/ B\ R
boronic ester boroxine

(R' = alkyl or aryl)

Figure 4.3.Boron compoundgHall D.G., 2005).
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are oriented in a trigonal planar geometry. Unli@boxylic acids, their carbon

analogues, boronic acids are not found in nature.

These abiotic compounds are derived syntheticadiyn fprimary sources of boron
such as boric acid, which is made by the acidibcabf borax with carbon dioxide.
Borate esters, the main precursors for boronic deidvatives, are made by simple
dehydration of boric acid with alcohols. The fipseparation and isolation of a boronic
acid was reported by Frankland in 1860 (Franklami@uppa, 1860).

The reactivity and properties of boronic acidsighty dependent upon the nature
of their single variable substituent; more speaific by the type of carbon group (R)
directly bonded to boron. In the same customary asyor other functional groups,
boronic acids are classified conveniently in subs/puch as alkyl-, alkenyl-, alkynyl-,

and aryl- boronic acids.

OH NO, o
X B OH /
\ HO,C B PRsCOCHB,
OH \ O
OH
X=H
X =0OMe
— OH o O\/\?‘
BW
N OH OH o
X =Br
X =Cl

Figure 4.4.Boronic acid derivatives analyzed by X-ray crylsigdaphy (Hall D.G.,
2005).

Most boronic acids exist as white crystalline seltiat can be handled in air
without special precautions. At ambient temperatdreronic acids are chemically
stable and most display shelf-stability for longipés. The X-ray crystal structure of
phenylboronic acid (Fig. 4.4) was reported in 1®¥7Rettig and Trotter (Rettig and
Trotter, 1977).
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The crystals are orthorhombic, and each asymmatitcconsists of two distinct
molecules, bound through a pair of O-H---O hydrogends (A and B, Fig. 4.5). The
CBO; plane is quite coplanar with the benzene ringhwitrespective twist around the
C-B bond of 6.6° and 21.4° for the two independaolecules of PhB(OH) Each
dimeric ensemble is also linked with hydrogen botadfur other similar units to give

an infinite array of layers (C, Fig. 4.5).

1
A O/B'\O/H-.,‘

Ar I

B _H T

M (IJ’ \('):W:I:O“B’O
— A |

OO Had 4T
Y Edmin” {
0—H---G, ? 0%eeyOng”
H LB A
B .‘H";o‘_ 0

Figure 4.5.Representations of the X-ray crystallographic $tmecof phenylboronic
acid. (A) ORTEP view of a dimeugit. (B) Dimeric unit showing hydrogen
bonds. (C) Extended hydrogen-leahdetwork (Hall D.G., 2005).

4.2.1.1.2 Important Application of The Boronic AcidCarrying Materials

The reversible complex formation between phenylbmracid and diol carrying
molecules was extensively investigated by differesearchers (Yamamato et al., 1998;
Tong et al., 2001; Springsteen and Wang, 2002; ICabeal., 1999). Among the
different oxidation states, boronic acid is thesmaseful for biological application

because of (1) its ready inter-convertibility beemehe spand sp forms, (2) its strong
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interaction with diol-containing compounds (Fig6}.(3) its lewis acidity, and (4) is
unique behaviour upon neutron bombardment (Ha&H.D2005).

Figure 4.6.Equilibrium for the boronic acid/diol (sugar) a@dH interaction (Gabai et
al., 2001).

Based on this interaction, phenylboronic acid fioralized polymers were used
as carriers in the chromatographic studies invghvine separation of diol carrying
biomolecules like sugars, nucleotides, nucleic scidnzymes and glycoproteins
(Koyama and Terauchi, 1996; Uguzdogan et al., 20BPnas et al., 2004; Tuncel and
Ozdemir, 2000; Camli et al., 2002) or in drug detiyw (Shiino et al., 1995) and specific
detection (Gao et al., 2001; Appleton and Gibs@002. Another important application
of the boronic acid carrying materials is the depetent of fluorescent sensors for diol
detection. Fluorescent probes based on free or biired phenylboronic acid were
synthesized particularly for the recognition of lmrydrates (Kitano et al., 1998;
Adhikiri et al., 1999; James et al., 1995; Oguzadoggal., 2003; Gardiner et al., 1999).
A reusable optical nanosensors for carbohydrategretion was developed based on
boronic acid functionalized poly(chloromethylstye¢riatex particles (Canizzo et al.,
2005). A temperature-sensitive copolymer of 2-dhgkftcrylamide and 3-
acrylamidophenyl-boronic acid (AcPBA) was synthedizy solution polymerization
(Kataoka et al., 1994). The linear copolymers ofsbpropylacrylamide (NIPA) and
AcPBA and the terpolymer of NIPA-AcPBA-dimethylamopropylacrylamide
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(DMAPA) exhibited a lower critical solution tempéuee (LCST) shift against
carbohydraten concentration (Aoki et al., 1996;drgsu et al., 1997; Shiomori et al.,
2004).

4.2.1.2 Nitrogen-Containing Aromatic Heterocycles &1Proton Carriers

Historically, the interest in hydrogen bonding apdoton conductivity in
heterocycles has its roots in speculations abauptrticipation of hydrogen bonds in
energy and charge transfer in biological systemaw@da et al., 1970); specifically,
concerning the participation of NH----N bonds betwethe imidazole groups of
histidine in proton transport in transmembranegirns (Decoursey, 2003). Even Zundel
has worked in the field (Zundel and Weidemann, 19&dd it is not surprising that his

view of the proton dynamics in imidazole is closadiated to that of water.

However, the conductivity of liquid imidazole isveeal orders of magnitude
higher (~10° S/cm at the melting point of,T= 90 °C) (Kawada et al., 1970); however,
its mechanism was investigated much later. It \lwassearch for chemical environments
that were different from water in fuel cell membearthat brought heterocycles back
into focus. The potential proton donor and accefpiactions (amphoteric character),
the low barrier hydrogen bonding between the higidiarizable N atoms, and the size
and shape of the molecule were reasons that Ketaged to investigate the usefulness
of heterocycles as proton solvents in separatoemadd for fuel cells. This work also
comprises the study of the transport propertieaeat and acidified liquid imidazole,

pyrazole, and, later, benzimidazole (Kreuer et1&98).

The region containing the excess proton (intentigmatroduced) is an imidazole
with both nitrogens protonated and acting as pra@mmors toward the two next nearest
imidazoles in a configuration Imi---ImiH-Imi with hydrogen bonds (~273 pm)
slightly contracted, compared to the average bendth of the system, but still longer
than the bonds in the isolated complex (in the gaase) (Tatara et al.,, 2003). The
position of the protons within these hydrogen bomlsdependent mainly on the

hydrogen bonding between the nearest and nextstesulwating imidazoles.
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The hydrogen-bonded structure in imidazole is oles®erto be chainlike (i.e.,
low dimensional), with two possible orientations thie hydrogenbond polarization
within segments which are separated by imidazoléh wheir protonated nitrogen
directed out of the chain. This may even form a$erlinking” hydrogen bond with a
nonprotonated nitrogen of a neighboring strand roidazole. The simulation data
revealed the existence of imidazole molecules clasethe protonic defect in
hydrogenbond patterns, which rapidly change by dmedking and forming processes.
Similar to water, this shifts the excess protorhimitthe region and may even lead to
complete proton transfer (Kreuetral., 2004). There is no indication of the siahtion
of a symmetrical complex (Imi---H---Imi} there always seems to be some remaining
barrier in the hydrogen bonds, with the proton feam one side or the other. As

illustrated for the most simple mechanism of tigetin Fig. 4.7, the sum of all proton

[\ [T\ NN
NG NTH N N HE N N—H2 N N—H-=

local dissociation
(formation of contact
ion pair)

‘ T3 ‘ H*~
—— —H--- -y — - — -
Ny N—H NN H NN Ny N—H

)

reorientation

---N/=\N—H---NNQH2— NN—H-l- N/\z/\N—H---

N

back-transfer of A
(annihilation of contact ion pair)

Figure 4.7.Schematic illustration of correlated proton transie pure liquid imidazole

leading to proton diffusion butt pooton conductivity (Kreuest al., 2004).
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translocation vectors form a closed trajectory reswsent of cyclic intermolecular
proton-transfer reactions known to occur in certarganic pyrazole-containing
complexes (Toda et al., 1993) and proton diffusiohydroxides (Spaeth et al., 1997,
Spaeth et al., 1999).

The self-dissociation constants for heterocycles farticular, imidazole) are
actually much higher than for water, but degreesedf-dissociation (concentration of
protonic charge carriers) of ~fGare still ~2 orders of magnitude lower than that f
phosphoric acid (Kreuet al., 2004).

4.2.1.3 Heterocycle Molecules and Phosphoric Acigdroton Solvent in Polymeric

Mixtures
4.2.1.3.1P4-VIm/H3PO,

Meyer et al. (Bozkurt and Meyer, 2001a; Pu et2001) synthesized poly (4-
vinyl-imidazole) (P4-VIm), where the imidazole isrettly bonded to the backbone.
The conductivity of pure P4-VIm is comparativelyow (2 x 10" S/cm at 150°C)
(Bozkurt and Meyer, 2001a). Reasonable conduatwiire only obtained in the blends
with HsPO, or H,SO, (10° S/cm for x = 1 at ambient temperature) (Pu et24Q1).
The conductivity increases with x forPIO, and reaches similar to £®/cm for x = 2

at ambient temperature. The blend is thermallylstap about 156C.

4.2.1.3.2PBI/H3PO,

Savadogo compared the conductivity of PBI membraioged in various acids,
and found that the conductivity changes are inatfuer of BSO, > HsPQ, > HCIO, >
HNOs; > HCI for high doping levels (Xing et al., 1999Yloreover, they studied
alkaline-doped PBI (KOH, NaOH, and LiOH) (Xing et.,a2000). The highest
conductivity of KOH-doped PBI (Xing et al., 200® x 10° S/cm, doped in 6 M KOH,
measured in doping solution at 60 °C) is highenttiese of sulphuric acid-doped PBI
(6 x 10 S/cm, doped in 16 M 480, solution and measured in 2 M HGl®olution at
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25 °C) and HPQ, doped PBI (2 x 16 S/cm, doped in 15 M #PQ, solution and
measured in 2 M HCIQsolution at 25 °C) (Xing et al., 1995). Staiti died the
conductivity of PBI membranes mixed with phosphggtit acid (PWA) adsorbed on
SiO,, and obtained 1.5 x T0S/cm at 90-150 °C (Slaiti et al., 2000). They atadied
sulfonated PBI and obtained high thermal stabldity low proton conductivity (7.5 x
10° S/cm at 100% RH and 160 °C) (Slaiti et al., 200Hey attributed this result to
strong interaction between protons and nitrogematof the imidazolium ring in PBI,
which reduces the proton mobility, producing alslig semicrystalline polymer. Akita
casted PBI membranes doped with aromatic phosphoritmonoand di-esters (i.e., at
least one hydrogen atom of phosphoric acid is gubesti by a molecule containing a
phenyl group) in order to prevent the acid dopdrisn being leached out by water
(Akita et al., 2000). They obtained conductivity 1gp5 x 10° S/cm in a dried state at
200% diphenyl phosphoric acid doped PBI at 125Sak(mar, 2006).

4.2.1.3.3Poly(VPA-co-4-VIm)

Copolymers of vinylphosphonic acid and 4-vinylimzdée are reported (Bozkurt
et al., 2003). The copolymers are thermally stadildeast up to 200 °C. The DC
conductivities of the dry copolymers are betweer® Hhd 10* S/cm within the
measured temperature regime. The DC conductivitesease with increasing

imidazole units which are immobilized in the chains

4.2.1.3.4PAMPSA—xIm blends

Blends of poly(2-acrylamido-2-methyl-1-propanesuoltoacid) (PAMPSA) with
imidazol (Imi) are reported (Erdemi et al., 200Zhese blends can be cast into
homogeneous films. DSC shows that the softeningpéeature of the blends decreases
from 87 °C for x = 0.5 to -25 °C for x = 2. PAMPS4mi blends are thermally stable
up to 180 °C. With increasing Imi content the glaaasition temperature of the pristine
polymer decreases while the conductivity of thenb&eincrease with x, reaching 10
S/cm at 100 °C. The proton migration may occur uglo movement of the proton

vacancies that is a Grotthuss type diffusion meisinan
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4.2.1.3.5Adipic Acid/Benzimidazole Electrolytes

Karadedeli et al. investigated several blends afiacid, adibic acid (AA) and
heterocycle base, benzimidazole (BIm). Thermogratiynanalyses indicate that these
materials are thermally stable up to 160 °C. Adipicid has very low proton
conducivity (~10") in crystaline form. The conductivity of the blenihcreased with

BIm and reached a maximum conductivity of 4 ¥ BJcm at 130 °C.

4.2.1.3.6PAAXxIm Blends

Anhydrous proton conducting polymer electrolytesvendbeen prepared by
entrapping Imi in polyacrylic acid (PAA) (Bozkurt al., 2003). These blends were
thermally stable to about 16€. The initial weight loss above 16Q for x = 1 was
attributed to evaporation of dopant and followedateposition of the blends above 200
°C. The conductivity increases with x and tempemtteaching ~16 S/cm for x = 1 at
120°C. For x larger than 1, phase separation appe@rtk Bpectra showed the transfer
of the acidic proton of the carboxylic acid to tlieee” nitrogen side of imidazole to
form imidazolium ion. The proton migration mightooe through a Grotthuss type
mechanism. From the sdc isotherm, it was conclutietl the proton transport was

controlled by the segmental motions of the polyot&ins.

4.2.1.3./Nafion/ H3PQ, Nafion/Triazole and Nafion/Benzimidazole Composite

Savinell et al. studied NafiongRQ, that has been evaluated with respect to water
content, ionic conductivity and transport of oxygand methanol vapor. The results
show that at elevated temperatures reasonably tagiductivity can be obtained.
Methanol permeability is shown to be proportiorathe methanol vapor activity and

thus decreases with increasing temperature fovengnethanol partial pressure.

Anhydrous proton-conducting polymers employing Na#il,2,4-triazole- and
Nafion—benzimidazole-blend membramesre studied for use in PEFCs above 100 °C.

The solventsl,2,4-triazole and benzimidazole are thermally lstabrganic reagents
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with low volatility and are used to replace water as thetopr@acceptor in the
perfluorinated ionomer membrane. The Nafion—bend@mole blend habigh thermal
stability above 200 °C . The conductivity of themi@anes with n = 14.5 (8 defined
as the ratio of 1,2,4-triazole to —§O in Nafion—1,2,4-triazole) and with n = 8.5ifM
defined as the ratio of Blm to —$#®in Nafion—Blm) reached 2.3 x 70S/cm at 160
°C and 8.64 x 18 S/cm at 200 °C, respectively (Kim et al., 2007).



CHAPTER 5

EXPERIMENTAL

5.1 SYNTHESIS OF POLYMERS

5.1.1 Materials and Preparation

4-Vinylbenzeneboronic acid (VBBA) (98%) was kingiyovided by Alfa Aesar
(Johnson Matthey Company,a’'— Azodiisobutyramidin Dihydrochlorid purum
(AIBADC) initiator (98%) were supplied from AldrichUrocanic acid (UA)were
supplied from Sigma Orthophosphoric acid (99%) and N,N-Dimethylformaenid
(DMF) were purchased from Merck and they are algemt grade and were used as
received. Glycidyl methacrylate (GMA) (Fluka), initiator 2 &zobisisobutyronitrile
(AIBN) (Fluka), ethanol amine (Merck), boric aciélfka) and other chemicals are

reagent grade and used without further purification

5.1.2 Synthesis of Homopolymer PVBBA

Poly(4-vinylbenzeneboronic acid), PVBBA was prodiicby free radical
polymerization of VBBA in DMF using AIBADC as imator. The reaction mixture
was purged with nitrogen and the polymerizatiorctiea was performed at 80 °C for 4
h (Fig. 5.1). After polymerization of VBBA in DMRhe resulting solid was filtered and
washed with excess DMF. The gelly material wast onto polished PTFE plates.

After drying under vacuum, transparent and ins@dibins were obtained.

35
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HZC:CH
n
0,5 % mol AAPH in DMF
>~

80 °C

4h
/B\ B

HO OH oo ow

4-VBBA PVBBA

Figure 5.1.Synthesis scheme of PVBBA.

5.1.3 Synthesis of4-Vinylimidazole Monomer

c—=0
/
HC==CH
/ 220-240 °C HC———CH,
HC—=C > /
J y H/C:C\ .
acuum
N NH co,
X N NH
C N
G X C/
H
Uroconic acid 4-Vinylimidazole

Figure 5.2.The synthesis of 4-vinylimidazole.

4-VIm was synthesized as described in the liteeaty©verberger and
Vorchheimer, 1963). Anhydrous urocanic acid (UApveeated under the vacuum. At a
temperature of 220 °C, the material melted and megadecompose at 240 °C, as
noticed by a decreased vacuum (Fig. 5.2 and F&). At a temperature of 220 °C, UA

starts undergoing decarboxylation to generate ¢ésgreld 4-vinylimidazole.
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Figure 5.3.Reactor for Monomer Synthesis.

UA was melted and then decomposed near 240 °C mnerge the desired
monomer which is crystallized on a cold receivepale yellowish solid (yield: ~40%).
The low yield is in part due to thermal decompositof the starting material at this

temperature to give an insoluble black material.

5.1.4 Synthesis of Poly(4-VBBA-co-4-VIm) Copolyne

The copolymer were synthesized by free-radical ipelyzation of 4-Vim and
VBBA at various monomer feed ratio as compiled ablb 5.1. DMF and AIBN were
used as the polymerization solvent and initiatespectively. The copolymer S1 (1:1
feed mol ratio) was synthesized by dissolving 0,46gm and 0,72g VBBA in DMF at
80 °C, using AIBN as initiator. The initiator comteation was 1,5% with respect to
total number of moles of monomers. The reaction tun&x was homogenized
polymerizations were conducted under nitrogen apinee. After polymerization the
copolymers, poly(4-VBBA-co-4-VIm), which was preitgded form the solution as
yellowish solid, was filtered and washed with excd3MF to remove unreacted

monomer.
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HO/ B\OH

Figure 5.4.Molecular structure of poly(4-VBBA-co-4-VIm) colymer

The products were dried under vacuum at 60 °C deeral days. Copolymers
(Fig. 5.4) were obtained as powder which was ifdelun common organic solvents
and aqueous mediuifhe actual compositions of the copolymers, whicleneaiculated
from the elemental analysis data are summarizeékhble 5.1. The composition of the
copolymer is only slightly depending on the monorfessd ratio. When 4-VIim in the
feed ratio is varied from 25% to 66%, the 4-VIm @t in the copolymer is changed

from 36% to 65%.

Table 5.1.4-VIm contents of Poly(4-VBBA-co0-4-VIm) calculatéy Elemental
Analysis results

Sample| Feed ratio(mol) | AIBN*103(mol) | Yield (%) | N (%) | 4-VIm (%)
4-Vim : 4-VBBA

S1 1:1 9,92 84 11,35 49,2

S2 1:2 5,57 87 8,89 40,1

S3 1:3 4,74 44 8,00 36,6

S4 2:1 4,45 64 11,56 50.0
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5.1.5 Synthesis of Boric Acid Functional Polyacrylz

5.1.5.1 Synthesis of PGMAN

A'BN NH,C,H,OH N
0 N——— o—_
80-85 °C 80 °C \
30 mL THF 5 20 h 5
H c H c/ H c/
2 2 2
\ \ \
CH__ /CH—OH
0
H2C|:/ HZC/ HZC\
GMA PGMA \H

PGMAN

Figure 5.5.Synthetic route of PGMAN polymer.

A three-necked flask was equipped with a mechamitakr, nitrogen inlet and
reflux condenser. To the falsk 0,52g GMA and (1% rato) AIBN in 30 ml THF was
added, while stirring stirring nitrogen was purgecbugh the mixture. After stirring for
2 h at 80-85 °C, 1,12g ethanolamine was addedeonilture and refluxed for 20 h.
The PGMAN polymer was collected by filtration, washwith deionized water and

dried under vacuum at 60 °C for 2 h (Fig. 5.5).
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5.1.5.2 Synthesis of Borate-Loaded Polymers (PGMAN

The synthesis of PGMANB was started with the rddomdymerization of GMA
with the initiation of AIBN and followed functionaation of PGMA by ring-opening
reaction of oxirane with amine groups of ethanofanto yield hydroxyl functionalized
PGMAN (Fig. 5.5). The PGMAN polymer was further cead with boric acid in a
molar ratio of 1:1. The PGMANB complex was obtairsdter the mixture was shaken

at room temperature for 72 h, filtered, washed @meld under vacuum at 60 °C for 2 h
(Fig. 5.6).

\ o=c\
. HsBO5 )
/ - o H,C
MG \CH—O
\ 25-26 °C / \
CH—OH 10 mL deionized  H2C
/ water \NH
H2C 72 h /
\ H2C
NH \
/ CH,
H,C /
\ o]
2t \
HO / \OH
HO
PGMAN PGMANB

Figure 5.6.Synthesis of PGMANB.

The functionalization of the polymer was succesgfptoven by the elemental
analysis and the hydroxyl group contents of the pdasnwere calculated through
nitrogen analysis. The results are summarized ibler®.2. It is obvious that the

hydroxyl groups are at least 84% accessible toypog of PGMAN.
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Tablo 5.2.Elemental Analysis of PGMAN

%C %H %N

49,87 8,08 6,11

5.2 Synthesis of Doped Samples

5.2.1 Synthesis of kPO, Doped PVBBA

Doping of the polymers was performed at differeioichiometric ratios, x by
swelling of the polymer in concentrated solutionpbfosphoric acid in DMF and the
solution was stirred 2 days at room temperaturthéenglow box. Solution with x = 1
and x = 2 (mol ratios) were prepared where x is thelar ratio of acid to
benzeneboronic acid unit that has already beennpwiged. The swelled gels were
spread over polished PTFE plates and the solverst evaporated under nitrogen
atmosphere. The materials were further dried umdeuum (at 50 °C for several days,
until constant weight was reached). Transparent lemdogeneous and thin film of
PVBBAH3PO,and PVBBA(HPO,), were obtained.

5.2.2 Synthesis of kPO, Doped Poly(4-VBBA-co-4-VIm)

Polymer electrolytes were prepared by swelling bé tcopolymer S1 in
phosphoric acid/DMF solution. Stoichiometric amauobpolymer and phosphoric acid
were admixed in DMF and the solution was stirrechd8r at room temperature in the
glow box. Solution with x =1 and x = 2 (mol rafjagere prepared where x is the molar
ratio of acid to imidazole that has already beemahilized in the polymer chain. The
swelled gels were spread over polished PTFE platelsthe solvent was evaporated
under nitrogen atmosphere. The materials weredudhied under vacuum (at 50 °C for
3 days, until constant weight was reached). Traespand homogeneous and thin film
of poly(4-VBBA-co-4-VIm)HPO, and poly(4-VBBA-co-4-VIm)(HPOy), were

prepared.
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5.3 Characterizations

Fourier-Transform IR spectra of the samples weinised using a Mattson
Genesis Il spectrophotometer. SofftC NMR and 'B MAS-NMR study of the
phosphoric acid doped copolymer was performed uairnigD0 MHz Bruker Avance
spectrometer in the Max-Planck Institute for PolyiResearch, Mainz, Germany. The
composition of nitrogen in the copolymers was measiy elemental analysis using
LECO, CHNS-932 instrument at METU, Ankara. The ia®dle content of the
copolymer was evaluated through percent nitrogealyais. The structure features of
the copolymer samples were recorded by X-ray powdgactometry (XRD). Thermal
stabilities of the copolymer electrolytes were eiad by TG analyses with a Perkin
Elmer Pyris 1. The sample§l0 mg) were heated from room temperature to DO
under N atmosphere at a scanning rate of’Cfmin. DSC measurements were carried
out on a Netzsch Differential Scanning Calorim®&C 404 C Pegasus under nitrogen
atmosphere and heating-cooling curves were recatladate of 16C/min. The proton
conductivity studies of the samples were performethg a S| 1260-Schlumberger
impedance spectrometer in the Max-Planck Instifote Polymer Research, Mainz,
Germany. The conductivities were measured in thguency range 0.1 Ha 1 MHz at
10 °C intervals. The DC conductivities of the samplesravderived from the AC

conductivity data.



CHAPTER 6

CHARACTERIZATION OF PROTON CONDUCTING
POLYMER ELECTROLYTES

6.1 FT-IR STUDIES
6.1.1 FT-IR of Poly(4-Vinylbenzeneboronic acid) andH;PO,Doped Samples

The IR spectra of homopolymer PVBBA and acid dop&BBA(H3PQ,), are
shown in Fig. 6.1. The OH stretching of —B(QHjroup gives a broad peak at around
3380 cni. The aromatic CH stretching was at 3030 ¢rthe absorption bands at 2930
and 2850 cril were assigned to the symmetric and antisymmetétching

-------- PVBBAH,PO,
—— PVBBA(H,PO,),
—— PVBBA

Transmittance % (a.u.)

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

Wavenumber (cm™)

Figure 6.1.FT-IR spectra of PVBBA and doped samples.
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vibration of aliphatic CH units. The strong peakl1#06 cm' is attributed to C=C
stretching in phenyl ring. The vibration of phetvgronic acid linkage (Ph—B) gives a
strong peak at 1470-1410 ¢mThe absorption bands at 1342 and 1105 evere
assigned to the vibration of the bond B-O and B-Orhe OH deformation in —
B(OH), was at 1006 cth(Kahraman et al., 2004). The strong CH out-of plane
deformation band for p-disubstituted benzene riras \at 835 ci. Other important
absorption signal near 760 ¢rorresponds to B-O-B stretching vibration duehte t
cross-linked (Bozkurt et al., 2005). The absorpti@mds at 655 and 615 ¢mvere
assigned to out of plane OH bending with strongeloond (Kahraman et al., 2004).

After doping the PVBBA with HPO,, two strong peaks appear near 500'@nd
1000 cm which are attributed to RCbending vibration and P-OH symmetric
stretching of HPQ,. The broad band between 2500-3000"démattributed to the P-OH
bending of the phosphoric acid (Bouchet et al.,9)9%he intensity of the peaks that
correspond to B-(OH)and B-OB bonds decreased for x = 1 PVBBREB), which may

be due to the masking effect of phosphoric acid.

6.1.2 FT-IR of poly(4-VBBA-co-4-VIm) Copolymers and HPO,Doped Samples

The FT-IR specra of poly(4-VBBA-co-4-VIm) copolynse(S1, S2, S3 and S4)
are represented in Fig. 6.2. The five-memberedrb@tematic rings exhibit a strong
absorption at 800-700 ¢ which can be related to C-H out-of-plane vibrasidfor
unsaturated systems. The OH stretching of —-B¢gQ)up gives a broad peak at around
3380 cnt. The vibration of phenyl boronic acid linkage €B) gives a strong peak at
1470-1410 cnl. The absorption bands at 1342 and 1105" emere assigned to the
vibration of the bond B—O and B—OH. The OH defoiorain —-B(OH) was at 1006
cm’ (Kahraman et al., 2004).
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Transmittance % (a.u.)

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

Wavenumber (cm™)

Figure 6.2.FT-IR spectra of Poly(4-VBBA-co-4-VIm) (S1, S2, 88d S4).

After doping with EPOs, three characteristic absorptions of the HP®-OH,
and HPQO, groups for poly(4-VBBA-co-4-VIm) copolymer complexappear at 1000-
950 cm’. The intensity of absorption band of HPQncreases with increase in the
concentration of EPO,. The presence of HR®and HPO, anions implies that proton
conduction may occur according to the Grotthuss haeism, which involves an
exchange of protons between ionized phosphoric ée€ig. 6.3). Hydrogen bond
formation between aryl-N-H and aryl-N in the sddidte results in a band broadening at
3200 cnt (Colthup et al., 1990) and HROor H,PO; (Rikukawa M. and K. Sanui,

2000).
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The broad band between 2500-3000"dmattributed to the P-OH bending of the
phosphoric acid (Bouchet R. and Siebert E., 1988¢. frequencies and assignments of

several characteristic vibrations of the copolynagesreported in Table 6.1.

fffff Poly (4-VBBA-co-4-VIm)
Poly (4-VBBA-co-4-VIm)H,PO,
fffffff Poly (4-VBBA-co-4-VIm)(H,PO,)

2

Transmittance % (a.u.)

T T T T T T T T T T

I I I
4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm™)

T
500

Figure 6.3.FT-IR spectra of Poly(4-VBBA-c0-4-VIm) S1 and dopsainples Poly(4-

VBBA-C0-4-VIm)(HPOy)y.
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Table 6.1. The data of FT-IR spectra of Poly(4-VBBA-co-4-V)lend phosphoric acid
doped sample Poly(4-VBBA-co-4-VJ(sPOy)x«

Poly(4-VBBA-co-4-VIim) | Poly(4-VBBA-co-4-VIm)(H3POy) Attribution
(cm™) (cm™)
3148 3143 N-H stretching
2965-2853 2937-2835 C-H stretching
2300-2750 P-OH stretching
1660-1606 1690-1585 C=C stretching
1552 B-O stretching
1509 1478-1560 Ckstretching
1414 Ph-B stretching
1342 B-O bending
1330-994 P-O-H stretching
1275 CH wagging
1185 B-OH bending
1105 B-OH stretching
1000-900 OH deformation
stretching
890-760 OPO bending
850-700 B-OH out of
plane bending
837 P(OH}, (HPOy)
656 OH bending
600-420 CH ve CH
bending
497 (PQ) H.POy
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6.1.3 FT-IR of Pure PGMA, Ethanolamine ModificatedPGMAN and Boric Acid
Doped PGMANB Samples

The IR spectra of PGMA, PGMAN and PGMANB are givarFig. 6.4. In Fig.
6.4a, the absorption peaks at 1260 and 1736 were associated with the presence of
the oxirane ring and carbonyl (O-C=0) in PGMA msvely (Li et al., 2005). The
functionalization of PGMA brings about not only ttissapperance of the peaks due to
epoxy groups at 1340, 993, 908, and 848" dnt also appearance of the new peaks at
1088 Fon), 1050 bcn), and 870&cn) cmi* and also broad bands at 3421 c(®-H and
N-H) (Fig. 6.4b), suggesting the successful congarof the epoxy groups with
ethanolamine (Jone Selvamalar et al., 2003; Wara).e2007 ). The absence of the
peak at 968 cihin the IR spectrum of PGMANB (Fig. 6.4c) shows tlabsence of
tetrahedrally bonded B-O (Wang et al., 2007). A Isrshoulder at 3225 cth is
attributed to OH vibration of B-OH band (Shih et, @2006). An absoption peak
appeared at 662 ¢hwas attributed to B-O units. In addtion, The apton bands at ~
1040 cmt and 1331 cil were assigned to vibration of the bond (BO-C) atudthe
anti-symmetric stretching vibration, respectivelyze existence of B-O-B linkage was
proved by the peak centered at 760'c(Benel et al., 2007; Pennarun and Jannasch,
2005; Barros et al., 2006; Pennarun et al., 2006).

PGMA (a)
S
8
X
§ PGMAN (b)
8
IS
(%]
c
©
= PGMANB (C)

657
1068
T T T

4000 3000 2000 1000

Wavenumber (cm™)

Figure 6.4.FT-IR spectra of PGMA, PGMAN and PGMANB.
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6.2 X-RAY DIFFRACTION

6.2.1 X-Ray Diffraction of Poly(4-VBBA-c0-4-VIm)

50 —

40 4

30

CPS

20

10 | Poly(4-vBBA-co-4-vim) |

T T T T T T T T T T T T T T 1
10 20 30 40 50 60 70 80

2-Theta (deg.)

Figure 6.5.X-ray diffraction pattern of Poly(4-VBBA-c0-4-VIm)

The XRD pattern of the copolymer poly(4-VBBA-co-4mV), S1 is presented in
Fig. 6.5. The absence of a distinct diffractiontget and the appearance of a broad
hump centered around 2(20) can be associated with the amorphous packirtheof

polymer chains.



50

6.31%C NMR Studies

6.3.1°C NMR Spectra of Poly(4-VBBA-co-4-VIm)

c,deg

T T T T T T T T T \ \ T
220 200 180 160 140 120 100 80 60 40 20 ppm

Figure 6.6.The solid**C NMR spectrum of Poly(4-VBBA-co-4-VIm) system.

Figure 6.7.Molecular structure of Poly(4-VBBA-co-4-VIm).
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The solid**C NMR spectra of poly(4-VBBA-co-4-VIm) is shown Fig. 6.6 and
Fig. 6.7, respectively. The characteristic C peakshe imidazole rings are between
110-150 ppm and the peak located at around 130kmdomgs to C of the benzene and
imidazole groups. Signals corresponding to the giedhd methylene groups appear

between 20-60 ppm.

6.4'B MAS-NMR STUDIES

6.4.1"'B MAS-NMR Spectrum of Poly(4-VBBA-co-4-VIm)

1B MAS-NMR spectrum of poly(4-VBBA-co-4-VIm) is shawin Fig. 6.8. The
chemical shifts of the resonances observed aredatdhe figure. There are basically
two separate regions where the chemical shifteaigs. Around ~2 ppm (the region
specific for four-coordinated boron site), therere resonance. In the higher chemical
shifts region (17-26 ppm; region of three-coordesatboron), a more complicated
pattern is observed. Due to the quadrupolar effihetsbroadens the peak over a large
chemical shift range. One can safely say, thereatileast two different boron sites
contributing to this pattern. The peak at 2 ppm hhipe a species with four-
coordination, like a free boron site in the polynmeatrix. The other more crowded

pattern is due to crosslinked and non-crosslinkg¢®B),.
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Figure 6.8.1'B MAS-NMR of Poly(4-VBBA-co-4-VIm) at 15 kHz MASréquency
and at RT. The spectrum recomtemi11.7 T magnet with a Larmor
frequency of 160.46 MHz.

6.4.2'B MAS-NMR Spectrum of PGMANB

In Fig. 6.9, B MAS-NMR spectrum of PGMANB can be seen. From a
lineshape analysis, existing of two distinct B sitan be seen manifesting itself as three
resonances at 13.4 and 9 ppm. The chemical shifeyare characteristic for the three-
coordinated B atom. The result can be interpreseith@ existing of the site as it is in the
polymer, and additionally at least one more craslsed site is present. The peak at
around 9 ppm is not symmetric. This feature migkt due to big quadrupolar
broadening of thé'B atom, due to it's not 100% symmetric environm@timmer et
al., 1997; Gervais et al., 2005). Moreover, an @il 'B site with a different
chemical environment (maybe a different crossligksite) would also cause same
result. At this point, this issue can not be cladf Additional experiments need to be
done to understand the system further. We canaat kure about the presence of two
different''B sites in the PGMANB polymer system.
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Figure 6.9. B MAS-NMR of PGMANB at 15 kHz MAS frequency and RThe
spectrum recorded at a 11.7 T magitbta Larmor frequency of 160.46
MHz.

6.5 THERMAL ANALYSIS

Thermogravimetric analysis has become an indisfd@saalytical technique for
materials characterization. It involves continuomsighing of the polymer as it is
subjected to a temperature program and providestigai@ve and qualitative kinetic
information on the degradation, oxidation, evagorabr sublimation of material under
investigation (Craver, 1983). Thermogravimetric Igsia is also important for
compositional analysis and determination of the itag$ in particular. The
determination of the moisture content in polymemlso possible (Wundelich, 1990;
Brennan, 1977).
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6.5.1TGA of PVBBA and Doped Samples

The effect of HPO, on thermal stability of the homopolymer was invgasted
by Thermal Gravimetric Analysis (TGA). The phosphaaicd doped sample is stable
up to 350°C. TG curves of homopolymer and polymer electraytender N
atmosphere were illustrated in Fig. 6.10. TG theggrams of homopolymer shows a
thermal condensation step between 100-200 °C pBlymer electrolytes there is a

small weight loss between 150-2ZDwhich is due to water loss of B-OH group.

110
100
90~

80 BN PVBEA
1 PVBBAH PO,
70 4 -~- PVBBA(H,PO),
=

60
50

% Weight

40—-
30—-
20—- 77777777777
10—-

04

-10

T T T T T T T T T T T T T T T
100 200 300 400 500 600 700 800
Temperature (°C)

Figure 6.10.TG profiles of PVBBA, PVBBAHPO,and PVBBA(HPOQy),under a N

atmosphere at a heating ratl0fC/min.

The stepwise decomposition above this temperatamebe attributed to water
liberation due to the self-condensation of the phosic acid as well as the
decomposition of the polymer. The termal stabiiitgreases with dopedsAO, to the
homopolymer. The condensation rate decreases witfeasing of acid content. The

degradation of polymer begins above 350
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6.5.2 TGA of Poly(4-VBBA-co0-4-VIm) Copolymer and @ped Samples

The thermogravimetric analysis curves of the copely (S1) and polymer
electrolytes are illustrated in Fig. 6.Iwo stages of weight loss are evident in these
curves; the initial stage is from 100-200 4®e reason of the weight loss is thermal
condensation B—OH units of the VBBA. The phosph@uwotd doped sample poly(4-
VBBA-c0-4-VIm) has better stability and elusive exgntial decay below 220 °C may
be due to evaporation of absorbed free waterasehygroscopic materials as well as

removal of condensation products at higher tempezat

% Weight

40

20 | - Poly(4-VBBA-co-4-VIm)
Poly(4-VBBA-co-4-VIm)H,PO,

-
100 200 300 400 500 600 700 800

Temperature (°C)

Figure 6.11.TG profiles of pure and 4RO, dopedPoly(4-VBBA-co-4-VIm) recorded
at a heating rate of°@min under a nitrogen atmosphere undepa N

atmosphere at a heating rateDG€ /min.
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6.5.3 TGA Studies of PGMA

Furthermore, we carried out thermoanalytical mearsents of PGMANB at
heating rate of 16C/min. From Fig. 6.12. it can be deduced that tiiai weight loss
starts near 108C and can be attributed to evaporation of physidatiund water. The
decomposition of the polymer-complex above 2C0 Nanjundan et. al reported that
homopolymer PGMA is thermally stable up to £83(Nanjundan et al., 2005).

100 — — PGMANB

80

60

% Weight
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Figure 6.12.TGA curve of PGMANB recorded at a heating ratd @fC/min.

6.6 DIFFERENTIAL SCANNING CALORIMETRY (DSC)

Differential Scanning Calorimetry is most widelyedsmethods of the thermal
analysis in polymer science. They monitor the heathange can be physical or
chemical in the nature. Polymerization or strudtw@anges are almost invariably
accompanied by energetic effects. Crystallizatimelting, curing and other reactions,
and glass transition all show characteristic DS&es In the DSC, small samples (a

few mg) are used and rapid heating (+q), ratesoup0t100 K/min are common. This
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technique is of great value for carrying out kinestudies. Even if there are some
similarities in equipment and application, DSC abBdA are different in their
measurement system. In DTA, the sample and referane heated by a single heat
source with the same rate. The temperature difterdsetween sample and reference
(AT = T+T)) is measured and plotted as a function of sangnepérature (J.The
deviation of the sample temperaturg ffom T, (AT) is directly proportional to the heat
capacity. In DSC, the sample and reference areiggdwvith different heaters and both
sample and reference cells are kept at the sangrgononed temperature ()T The
temperature of each cell is measured continuouslycampared with the instantaneous
value of T,. When a sample undergoes a thermal transitiorpalaer to the two heaters
is adjusted to maintainpTand signal proportional to the power differenceplistted
versus . The power difference is WTsTy) - W, (T,-Tp), where the first term is the
power delivered to the sample and second is povediveded to the reference
(Crompton, 1989; Compbell and White, 1989).

Glass transition phenomenon manifests a transiiom a glassy amorphous
polymer to a flexible material on warming through At this temperature the variables
entropy, S, volume, V, enthalpy, H, merely chanlgpes with increasing temperature.
Large scale segmental motions of the polymer chatur above this temperature. The

location of Ty depends on the rate at which the temperaturetiaaries carried out.

The Ty lowering phenomenon which can occur when a nompehc liquid is
incorporated into some polymers is known as plastion. The addition of nonvolatile
dioctylphtalate politicizes poly(vinyl chloride) drprovides a shifting of glass transition

below ambient temperature (Compbell, 1994).
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Plasticization
e

(@) (b)

Figure 6.13.Plasticization with low molecular weight compou@bmpbell, 1994).

Plasticization may be explained by a simple models in Fig. 6.13. The three
polymer chains are close to each other as repexs@mtthe diagram by irregular lines
(a). This structural feature hinders the rotatibrsegments of the molecular chain and
increases the distance between chains, allowiniop degments to move into the space
which they occupy before the liquid ‘flows’ into@hvolume from which the chain
segment moves (b). The corresponding situationinvitie polymer is that less thermal
energy in total is required to keep the segmentalian going and consequently it
undergoes the transition into the glassy state latvar Ty after plasticizer has been
added.

6.6.1 DSC of PVBBA and Doped Samples

Fig. 6.14 shows the DSC thermograms of PVBBA andsphoric acid doped
samples, PVBBA(BPQy). No distinct glass transition was observed for B¥B
However, as phosphoric acid mol ratio increasesoimopolymer , § shifts to lower

temperatures, for x = 1 Tg = 95 and for x = 2 Tg8=C. These results show the
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plasticizing effect of phosphoric acid. PresenceaoBingle [ also confirms the

homogeneity of these samples.

- PVBBA
—— PVBBAH,PO,
rrrrrrrrrrrrrrrrr PVBBA(H,PO),
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Figure 6.14.DSC thermograms of PVBBA, PVBBARO,and PVBBA(KPQO,).
under aNitmosphere at a heating rate of@min.

6.6.2 DSC of PVYBBA-co-4VIm and Doped Samples

Fig. 6.15 shows the DSC thermograms of poly(4-VB&A4-VIm) and
phosphoric acid doped sample, poly(4-VBBA-co-4-\ii?Q, Clearly, there is no
glass transition temperature of the pristine copelr (S1). While the phosphoric acid
doped copolymer, poly(4-VBBA-co-4-VImW¥RO, has a F of 130°C.
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Figure 6.15.DSC thermograms of pure S1 and doped Poly(4-VEBBA-VIm)x
KPQO, under a N atmosphere at a heating rate ofCOmin.

6.7 PROTON CONDUCTIVITY
6.7.1 Conductivity of Pure and Doped PVBBA

The AC conductivities,o,c (0) of the polymers were measured at several
temperatures using impedance spectroscopy. Theo&@Guctivity of PVBBA(HBPO),
is shown in Fig. 6.17. Frequency dependent AC aotidties O, (w)) were measured

using Eqg. 1;

0'(W) = Oac (W) =€ (W) WE 1)

whered* (w) is the real part of conductivity = 21t is the angular frequencygo is the
vacuum permittivity ¢, = 8.852 x 13 F/cm), anct“ is the imaginary part of complex

dielectric permittivity €*).
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The DC conductivity ¢4c) of the samples was derived from the plateau@f |
oac vs. log F by linear fitting of the data. Thesfiirregularities at low frequency
(f<10% zone are due to the blocking electrode poladzatiThe platea is indicated the
DC conductivity that is free to frequency. The setoirregularities at high frequency

zone are due to the dispersion.

The DC conductivities of the phosphoric acid dopathples were compared in
Fig. 6.18. The conductivity isotherm illustratesatththe DC conductivity strongly
depends on temperature and the doping ratio, x.ef@#y phosphoric acid doped
systems exhibit Arrhenius behavior at lower acidteats and Vogel-Tamman-Fulcher-
type (VTF) behavior at higher acid ratio x. For PBBAMH3PQO,), (Fig. 6.18), the

conductivity isotherm can be fitted by Arrheniusiation (Eq. 2);
Inc = Ino,- Ea/KT (2)

where o, is the pre-exponential terms, Ea is the activatimergy, and k is the

Boltzmann constant.

If the system follows VTF behavior the curved DGhdoctivity isotherm can be fitted
by VTF equation (EqQ. 3);

log 6 = log o, — B/[K(T-To)] 3)

whereo, is the conductivity at infinite temperature, Es the Vogel activation

energy and Jis the Vogel temperature.

A linear relationship is observed in the log xeléon times of PVBBA(HPOy)x
versus 1000/T (Fig. 6.16 and Fig. 6.17). The atitwaenergy was found to be, E
0,0175 KJ/mol when the doping ratios x = 1 andX =
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Figure 6.16.AC conductivity versus Frequency (Hz) for PVBBAHD, at various

temperatures.
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Figure 6.17.AC conductivity versus Frequency (Hz) for PVBBARD,), at various

temperatures.
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Figure 6.18.DC conductivities of PVBBARPO, and PVBBA(HPQy), as a function
of reciprocal temperature.

6.7.2 Conductivity of Poly(4-VBBA-co-4-VIm) and Dped Samples

The temperature dependences of the proton condyativcopolymer and acid
doped samples are illustrated in Fig. 6.19-6.21.tiAd¢ electrolytes showed a positive
temperature-conductivity dependency within the terajure range of measurements.
The conductivity isotherm shows Arrhenius behaviatirhigher acid composition.
Clearly, the proton conductivity slightly changeghm the given temperature range
(20-100 °C) for poly(4-VBBA-co-4-VIm)HPO, and slightly increases for poly(4-
VBBA-c0-4-VIm)(H3PQOy), with recpect to temperature. The reason can beited by
the proton conduction over the phosphoric acid @hakich is accumulated over the
hydhophilic channels, i.e., boric acid, imidazolat higher temperatures the
conductivity decreases due to condensation of Bi@iis which may shrink those
channels and conductivity is reduced at higher tgatpres (Fig. 6.21). There are
mainly two transport mechanisms that contribute th@ proton conductivity in
phosphoric acid doped polymer electrolytes. Thet fis the structural diffusion
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(Grotthuss mechanism) in which the conductivity nginly controlled by proton
transport through phosphate ions, i.¢P8;", H,PO; (Grotthuss proton transport). The
second is the vehicle mechanism where the prot@weltthrough the material on a
neutral or charged “vehicle”. Several studies wengorted about the contribution of
these mechanisms on the proton conductivity of mhmesphoric acid and it was
indicated that the character of conduction mechmanis mainly controlled by the
structural diffusion rather than vehicle mechani@ippel et al., 1993). Additionally
the proton diffusion can be can be supported by pheton transfer between
imidazolium ion which is immobilized in the mainath and phosphoric acid units as in
the case of PBIl/phosphoric acid systems (He et28D3). The ionic conductivity of
copolymer is low and doesn’t show high differemgth temperature. The conductivity
of poly(4-VBBA-co-4-VIm) increases according tbettemperature and it reaches the
value of 5 x 10 S/cm at 90 °C (Fig. 6.22).
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Figure 6.19.AC conductivity versus Frequency (Hz) for pureyiétVBBA-co-4-Vim)

(S1) at various temperatures.
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Figure 6.21.AC conductivity versus Frequency (Hz) for poly(88A-co-4-VIim)

(KPQy), at various temperatures.
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Figure 6.22.DC conductivities of the Poly(4-VBBA-co-4-VIim) Sihd doped samples
Poly(4-VBBA-co-4-VIm)(#POy) as a function of reciprocal temperature.



CHAPTER 7

CONCLUSIONS

This work focus on understanding fundamental priiggeof acid doped poly(4-
vinylbenzeneboronic acid), PVBBA homopolymer andlypbVBBA-co-4-Vim)
copolymers. No distinct glass transition was obsdérdfor PVBBA. However, as
phosphoric acid mol ratio increases in homopolyigy shifts to lower temperatures,
for x = 1, Ty = 95 °C and for x = 2, = -8 °C. These results show the plasticizing
effect of phosphoric acid. A linear relationship abserved in the log relaxation times
of PVBBA(H3PQy)x versus 1000/T (Fig. 6.16 and Fig. 6.17). The atiiv energy was
found to be E= 0,0175 KJ/mol when the doping ratios x = 1 amd 2. For poly(4-
VBBA-co0-4-VIm) there is no glass transition temgara of the pristine copolymer
(S1). While the phosphoric acid doped copolymely(@eVBBA-co-4-VIm)HzPO, has
a Ty of 130°C. From''B MAS-NMR spectrum of poly(4-VBBA-co-4-VIm), we can
safely say there are at least two different bortes scontributing to this pattern. The
peak at 2 ppm might be a species with four-cootainalike a free boron site in the
polymer matrix. The other more crowded pattern i do, crosslinked and non-
crosslinked B-(OH) The conductivity of doped sample reaches theevaf 5 x 1G
S/cm at 90 °C.

The proton conductivity slightly changes within tiigen temperature range (20-
100°C) for poly(4-VBBA-co-4-VIm)HPO, and slightly increases for poly(4-VBBA-
co-4-VIm)(HsPQOy), with respect to temperature. The reason can berided by the
proton conduction over the phosphoric acid phasé&twis accumulated over the
hydrophilic channels, i.e., boric acid, imidazolat higher temperatures the
conductivity decreases due to condensation of Bi@iis which may shrink those

channels and conductivity is reduced at higher tatpres. The conductivity of
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poly(4-VBBA-co-4-VIm) increases according to themperature and it reaches the
value of 3 x 1§ S/cm at 98 °C.

Poly(glycidyl methacrylate) (PGMA) was synthesizea radical polymerization
of glycidyl methacrylate (GMA) initiated by AIBN anfollowed by modification of
with ethanolamine. Borate-loaded PGMAN (PGMANB) qoexes were prepared by
mixing PGMAN and boric acid solution in a molariocatof 1:1. PGMANB was
investigated by FT-IR spectroscopy, elemental aiglgnd"'B MAS-NMR to confirm
the structure and its thermal properties were sty thermogravimetry analysis. For
these complex the initial weight loss starts ne@® IC and can be attributed to
evaporation of physically bound water. The decontjows of the polymer-complex
above 210C. In*'B MAS-NMR spectrum of PGMANB, there are three-cdoatied B
atom. We can at least sure about the presenceodfifferent™'B sites in the PGMANB

polymer system.
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