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ABSTRACT

Irradiation grafting is a well-established techrador the preparation of polymer
electrolyte membranes for fuel cells. In this studynovel process comprising UV-
irradiation grafting of styrene onto poly(vinylidenfluoride) (PVDF), subsequent
sulfonation and triazole doping has been develdpedreparing anhydrous proton
conducting membranes, which involves both surfacel domogeneous grafting
approaches. Degree of grafting of styrene on PViDRsfprepared by surface grafting
was investigated as a function of UV irradiatiomdi as varied from 0.5 h to 8 h.
Anhydrous proton conducting properties of 1,2,d#ole-functional PVDR-PSSA
polymers were studied. PVDgPSSA(Tri} with a degree of grafting of 50.8% showed
a maximum water-free proton conductivity of approately 5x10 mS/cm at 15%C.
For the films obtained by homogeneous grafting,ahlydrous proton conductivity of
PVDF-g-PSSA with 22% sulfonation was measured about tx#6/cm at 150C. The
synthesized graft copolymers were characterizeHb)MR and FT-IR spectroscopic
analysis. Their thermal properties were examinedT®A and differential scanning
calorimetry (DSC) measurements. With a view to usduel cells, ion exchange
capacities, water uptakes, and hydration numberthefprepared membranes were
measured and correlated with the degree of grafting

Keywords: PVDF, Styrene, Graft copolymers, Photoinduced mpelyzation, Polymer
electrolyte, Proton conducting membranes.



FOTO ASILAMA YONTEM 1iYLE PROTON ILETKEN MEMBRANLARIN
SENTEZi VE KARAKTER iZASYONU

Seyda Golcuk

Yuksek Lisans Tezi — Kimya
Haziran 2011

Tez Dangmani: Yrd. Dog. Dr. Ali Ekrem MUFTUGLU
Es Dansman: Prof. Dr. Ayhan BOZKURT

0z

Isinlama ile alama, yakit hicrelerinde kullanilan polimer elektr
membranlarin sentezlenmesinde iyi bir tekniktir. Balsma ile ilk defa ylzey ve
homojen UV ginlama yontemi kullanilarak poli(viniliden flort(PVDF) Uzerine stiren
asllanmstir. Sonrasinda silfonlanan ve triazol ile dop exdikopolimerlerden nemsiz
proton iletken membranlar hazirlarytm. YUlzey gilama yontemiyle elde edilen PVDF
filmlerindeki stiren allanma derecesi, 0,5 ve 8 saat arasindasee UV aydinlatma
surelerine go6re incelengtir. 1,2,4-triazol ile fonksiyonlanrgi PVDFg-PSSA
polimerlerinin nemsiz proton iletken 6zelliklericelenms ve agsilanma derecesi %50.8
olan PVDFg-PSSA2Tri membraninin 130’deki maksimum nemsiz proton iletkegili
yaklasik 5x10° mS/cm olarak dlciilmiiir. Homojen ailanmayla elde edilen filmler
icin ise, %22 sitlfonlanmgi PVDFg-PSSA polimerinin 150C’deki nemsiz proton
iletkenligi yaklasik 1x10% mS/cm olarak 6lciilmitir. Sentezlenensakopolimerlerin
yapisi'H NMR ve FT-IR analiz yontemleriyle aydinlatilghr. Malzemelerin termal
Ozellikleri termogravimetrik analiz (TGA) ve difaraiyel taramal kalorimetre (DSC)
Olcimleri ile incelennytir. Yakit hicrelerinde kullanima yonelik perforngan
degerlendirmesi icin hazirlanan membranlarin iyorgigleme kapasiteleri, su tutma
degerleri ve hidrasyon numaralari dl¢cilgne ailanma derecesi ile gkilendirilmistir.

Keywords: PVDF, Stiren, Al kopolimerler, Foto uyarilma polimerizasyonu, Radr
elektrolit, Proton iletken membranlar.
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CHAPTER 1

INTRODUCTION

Graft copolymers are well-defined copolymers, whidmve already
demonstrated relevant properties and hence haveusssl in many applications (such
as emulsifiers for plastics, hot melt, adhesivesisi exchange membranes, impact
resistance additives). It is well-known that hegeneeous (i.e., two phases or more)
graft copolymers tend to show the properties ohlfot more) polymeric backbone and
the oligomeric or polymeric grafts rather than agemg the properties of both
homopolymers (Sauguet, 2006). Among these copolynfroropolymers, such as
poly(vinylidene fluoride) (PVDF), constitute one tfie most important families of
engineering polymers. They are well known for thpdiysical and chemical resistance.

PVDF based proton-conducting membranes are oneh@fmost important
components for a polymer electrolyte fuel cell (RgFserving as a separator to prevent
mixing of the reactant gases and as an electrdbytdéransporting protons from the
anode to the cathode. PVDF is a patrtially fluosdapolymer with excellent thermal,
mechanical and chemical stability along with lovesist compared to perfluorinated
membrane such as the Nafion series from DuPonthnikithe most common polymer
electrolyte membranes used in fuel cells applicatigMotupally et al,. 2000). Thus,
there has been a great deal of research activittherdevelopment of novel proton
conducting membranes to substitute the perflucethaines (Holdcroft et al., 2000,
2003).

Proton conducting PVDF graft membranes have beawentionally prepared
by Atom Transfer Radical Polymerization (ATRP) (Ki2007; Sauguet, 2006; Chen,
2007) or using high energy beam methods, e.g. Xeragamma radiation, or ozone pre-
treatment methods (Holmberg, 2004; Shen, 2006; iN&6). Briefly, ATRP is






among the most widely used methods of controlleticed polymerization. ATRP is a
means of forming carbon-carbon bond through tremmsinetal catalyst. One drawback
of the classical ATRP method is the use of largewnts of the CuX / ligand catalyst
complex required (Kim, 2007; Sauguet, 2006). Anoteienple and less expensive
method used in radical polymerization is photopdayimation. This method is defined
as the reaction of monomers or macromers to progobgmeric structures by light-
induced initiation and subsequent polymerizationhe T general concept of
photopolymerization is to conjugate and solidifg fluid reactants into a desired stable
structure usingX-ray, gamma or UV irradiation. High energy radiago(X-ray or
gamma) may cause degradation of the base film andehlower mechanical properties
of membranes. However UV is a low-energy radiabgrwhich significant degradation

of the base film can be greatly avoided (Asano,7200

In this thesis, PVDR-PS graft copolymers were synthesized via UV-induce
photografting of styrene onto PVDF. To date, PViPPSSA graft copolymers have
never been synthesized by UV photopolymerizatiothook The degree of grafting was
examined as a function of UV irradiation time. PVBHPS graft copolymers were then
sulfonated for preparing proton-conducting membsandhe synthesized graft
copolymers were characterized by H-NMR and FTIRcBpscopic analysis. Their
thermal properties were examined by thermograviyreatialysis (TGA) and differential
scanning calorimetry (DSC) measurements. Severatackeristics of PVDF graft
copolymer membranes, e.g. ion exchange capacitierwgptake, hydration number
were also reported. Their proton conductivity prips were analyzed and discussed in

detail.



CHAPTER 2

2.1 PHOTOPOLYMERIZATION

Photopolymerization is a process in which eithesible or UV light is used to
generate initiating species to form polymers fragactive monomers. Absorption of
incident light by one or several components ofgblymerization mixture is the crucial
prerequisite. First photopolymerization reportedBlyth and Hoffman more than 150

years ago was the polymerization of styrene unaelight (Mishra, 2009).

Many factors (e.g., irradiation source, wavelengtheening, distance of source
from reaction cell, catalyst, photosensitizer, tenagure, solvent, presence of oxygen,
etc.) affect UV induced polymerization. The photlypeerizations induced by UV
irradiation exhibit some advantages, e.g., fasttiea rate, low cost of processing,
simple equipment, and easy industrialization. Th&ridution of grafted chains is
limited to a shallow region near the surface. Ppolymerization thus offers the unique
ability to tune and manipulate surface propertiegthaut damaging the bulk material
(Deng, 2009). The pioneering work on photograftpalymerization initiated by UV
light was published in the 1950s by Oster and Shif@ster, 1950)

UV polymerization has received great interests @search and industrial
applications for the last several decades, becau#ige rapid polymerization and high
productivity rates. Industrial UV polymerizationcindes green chemistry reactions,
namely, 100 % reactive materials and without VO@d #w energy consumption.
Light-induced free radical polymerization is of emous commercial use. Curing of
coatings on wood, metal and paper, adhesives,myintks and photoresists are based
on photoinitiated radical vinyl polymerization textues (Allen, 2010). On the other
hand, a few studies related to polymer electrohyganbranes obtained via UV induced

polymerization methods have been reported so far.



2.1.1 Photoinitiation

UV light is extensively used to carry out surfacafgpolymerization, often in the
presence of a photoinitiator or photosensitizeot®initiation process includes several

steps as shown in Figure 2.1 (Mishra, 2009).
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Figure 2.1 General steps for photoinitiated free radical pwyization (Mishra, 2009)

Photoinitiation: Absorption of light (UV) by a phagensitive compound.
Homolytic bond rupture leads to the formation ofraical that reacts with one
monomer unit. Propagation: Repeated addition of on@r units to the chain radical
produces the polymer backbone. Chain transfer: ifation of growing chains by
hydrogen abstraction from various species (e.gomfrsolvent) and concomitant
production of a new radical capable of initiatingpther chain reaction. Termination:

Chain radicals are consumed by disproportionatrare@ombination reactions.

Two types of photoinitiation are known so-calledofNsh type-I” and “Norrish

type-II” as shown in Figure 2.2.
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Figure 2.2Norrish Type | and Type Il photoinitiators



In Norrish Type-I, two initiating radicals are geated bya-cleavage when the
initiator is exposed to UV-light. Unimolecular i@tors undergo a homolytic bond
cleavage upon absorption of light. Benzoin derixediare used for this purpose (Figure
2.3). Such chromophores attached to the polymetkirin-chain or side-chain will
afford block and graft copolymers, respectively.réjehomopolymer formation is an
intrinsic outcome of this kind of initiation, whiabriginates from the low molar mass
initiator fragment. These free radical speciesanie to initiate the polymerization and

crosslinking reactions of vinyl monomers (Allen,120).
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Figure 2.30-Cleavage type photoinitiation (Muftuoglet al, 2010)

In Norrish Type-Il, excitation energy of certainngpounds (sensitizer) is lower
than the bond dissociation energy so they do ribate the polymerization. Instead, a
coinitiator should be present in the medium asdberce of initiating radicals. The
chromophore, so called sensitizer, absorbs UV tiadiaand is excited to a triplet state.
This stage is accompanied by abstraction of ldbytirogen from the coinitiator to form
two radical species (Figure 2.4). The radical faimen the sensitizer is usually
unreactive and does not take part in initiations™Mmy, homopolymer formation can be
prevented. The most common sensitizers are arorketiimes such as benzophenones
with maximum absorbance at 254 nm. Others inclitexanthones and dyes, having
absorbances in UV-visible region. Type Il initiginsystems have two distinct
pathways: (1) Hydrogen abstraction from a suitabjdrogen donor, and (2)
Photoinduced electron transfer reactions and sules¢dragmentation (see Figure 2.4)
(Allen, 2010).
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Figure 2.4Hydrogen abstraction type photoinitiation (Muftlioget al., 2010).

The most common sensitizers are aromatic ketongs &si benzophenones with
maximum absorbance at 254 nm. Others include thibxames and dyes, having
absorbances in UV-visible region. It is noteworttinat aliphatic ketones, such as
butanone, pentan-2-one, pentan-3-one, and hepten@3have been found to be
potential sensitizers for photografting when thesrevin suitable ketone/water/alcohol
mixed solvents (Wang, 2004). Another interestingece the self-initiation of some
acrylic and styrenic monomers upon UV irradiati8mce this process is quite slow, a
photoinitiator is normally required. Recent findsngn the self-initiation of maleic
anhydride (Deng, 2001), styrene (Wang, 2004) antumber of acrylic monomers
(Deng, 2001) have demonstrated that photopolym@izeand photografting could

possibly be achieved without using photoinitiatorsensitizers.

2.2 PHOTOINDUCED SYNTHESIS OF GRAFT COPOLYMERS

Covalent attachment of polymer chains with difféerehemical natures onto a
substrate, so-called grafting, has emerged asemyart technique in achieving targeted
physical and mechanical properties. Graft chains lba positioned either along a
polymer backbone resulting new macromolecular stres or along surfaces in 2-D, in
which case, providing the desired physical propsron the surfaces and interphases

without altering the properties of the bulk.

In principle, one can get access to graft strustime the following well-known
strategies: (1) “grafting from” (2) “grafting ont@3) “grafting through”. In the first one,



graft chains are grown out of a polymer backbonereHthe backbone acts as a side-
functional macro-initiator in the polymerization afcertain monomer. In the second
method, preformed polymer chains carrying antagogi®ups at one ends are
chemically linked to the backbone. The last one oiwes copolymerizing
macromonomers. That is, the backbone is synthesikesligh the polymerizable
moieties attached to termini of polymeric chainsnutaneously yielding the graft
copolymer (Muftuoglu, et al., 2010).

Part of grafting strategies can be used in assooiatith photoinduced grafting
methods. No work related to photoinduced “grafiomgo” technique, has been reported
which seems almost impossible to achieve. “Graftiigto” is best defined as the
attachment of end-functional polymeric chains, nlgntelechelics, onto specific sites

on polymer backbones or surfaces via a chemicatioga(Figure 2.5).

polymer A + _>

X,Y = antagonist group

polymer B

Figure 2.5 Synthesis of graft copolymers via photoinducedftoyg onto method.
(Muftuoglu, et al., 2010).

“Grafting through” is a common way of preparingngetic graft copolymers
through polymerization of macromonomers, wherertogle of initiation is simply of
low practical value (Figure 2.6). Thermally iniedt controlled polymerizations are
more complementary in “grafting through” stratean photoinitiated ones. Although
a few studies have been reported by several aufiddien, 2010, Capek, 2000, and
Degirmenci, 2004).

As previously stated, “grafting from” methodologgnsists of polymerization of
monomers initiated from active sites distributeohal a polymer backbone or a surface.

Photoinitiated polymerizations can well be adaptethis approach. Both type-1 and
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Figure 2.6 Synthesis of graft copolymers via photoinducedtog through method.
(Muftuoglu, et al., 2010).

type-Il initiations can be used effectively. Mosttlee reported studies are based on this

technique (Muftuoglu, et al., 2010).
2.2.1 Homogeneous photografting

When the polymeric substance to be grafted shoaldlibsolved in a solution,
every chain in the polymer contains the graft chaifter grafting reaction. Then the
substrate is said to be homogeneously grafted. Menvéhis is not the case in surface
grafting, wherein the graft chains are merely lmidsubstrate surfaces. A modification
at the surface molecules usually have been inteadeb retain the properties in the
bulk. Depending on the extent of penetration of fuwdvent through the substrate
surface, the depth of grafting can be adjusted (hgfiu, et al., 2010). Surface grafting

in thin films or porous membranes sometimes resulf®mogeneously grafted layers.
2.2.1.1 Free Radical Systems
a) a-Cleavage Initiation

Initiation can be achieved by the radicals gendratpon photolysis of type-I
initiator moieties at a specific wavelength, asideg in Figure 2.7. In this case,
homopolymer formation is also expected due to thesgnce of low molar-mass

radicals.
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Figure 2.7 Homogeneous synthesis of graft copolymers dygleavage type
photoinitiation (Muftuoglu, et al., 2010).

In the early work of Norrish (Guillet, 1955), iat been demonstrated that, upon
irradiation poly(methyl vinyl ketone) in conjunctiawith acrylonitrile, vinyl acetate or
methyl methacrylate in dioxane solution, it wenbtigh a-cleavage and yielded graft-

and homo- polymers of the corresponding monomec®rdimg to the mechanism
outlined in Figure 2.8.
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Figure 2.8 Photoscission and self- initiation mechanism df/fmethyl vinyl ketone) in
presence of various monomers (Muftuoglu, et al1,030

b) Hydrogen Abstraction Initiation

Use is made of type-Il initiation if the precurgmlymer is open to H-abstraction
from the side chain by an excited photosensitiégure 2.9). For instance, tertiary
amines are capable of donating hydrogen radicathwinadiated by a UV source in the

presence of benzophenone. The ketyl radical forfreed benzophenone is unreactive
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towards initiating new chains, thereby, homopolyrfemation is avoided. This is a

profitable feature of this kind of initiation.

I A hv, O
polymer photosensitizer
hydrogen donor monomer B

group

graft copolymer

Figure 2.9 Homogeneous synthesis of graft copolymers by tgetioabstraction type

photoinitiation (Muftuoglu, et al., 2010).

Muftuoglu et al (Muftuoglu, 2004) described the preparation of thyke
methacrylate brushes on a pdytdimethyl-4-vinylphenethylaminblockstyrene)

Nepe
SRERPIP “W

copolymer backbone (Figure 2.10).

Figure 2.10 Photoinduced synthesis of block-graft copolymessng polymeric

hydrogen donor and benzophenone.
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The precursor diblock copolymer was synthesizedoutin living anionic
polymerization, in which one of the blocks heldgsenN,N-dimethyl amino moiety in
each repeating unit. Upon exposure to UV-light e fpresence of benzophenone,
carbon centered radicals generated via H-abstra@tion N,N-dimethyl amino groups
by the triplet benzophenone initiated the polynedraon, the block-graft copolymer

eventually being formed.

It is also possible to anchor the sensitizer ong wathe other to the trunk
polymer. Actually, macrophotoinitiators are freqtigrused in curing applications and
present such advantages as non-yellowing, low-ddar,contaminant release, etc., in
processing over the low molecular analogues. Aaltiii advantages originate, in the
case of photografting (Mateo, 1993), from their mawlecular orientation giving rise
to intramolecular reactions that would generateenimge radicals and promote grafting
while the termination rate of active species isucedl by the low mobility as well as

caging of the chains (Figure 2.11).

HsC”  “CH, c H,C”  “CH,

HO/ @
monomerl
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C
¥
O/O

polymeric photoinitiator

Figure 2.11Synthesis of graft copolymer by one component typgacrophotoinitiator

c) Photoiniferter

This technique, developed by Otsu al, employs dithiocarbamate groups as the
iniferter for the controlled growth of polymer chai An iniferter is a species acting as
an initiator, chain transfer agent, and termindtipon UV-irradiation, a pair of radicals
is formed through bond rupture, the mechanism atlwis shown in Figure 2.12. The
alkyl radical initiates polymerization while thetliibcarbamate radical with much less
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reactivity takes part in the reversible activatiand deactivation of the propagating
chain end. As long as irradiation is continued, #wiilibrium between active and
dormant chains prevails and addition of a numbemmihnomers is allowed each
time the chain is active in a quasi-living mannBepending on the location of

dithiocarbamate groups in the backbone, block araft gcopolymers have been

prepared.
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Figure 2.12Photograft polymerization of vinyl monomers by piotferter mechanism
(Muftuoglu, et al., 2010).

2.2.2 Surface photografting

In this process, a polymer surface is chemicallydified by grafting or by the
generation of active sites that can lead to thiation of a graft polymerization. Most
of the known procedures for surface grafting areedaon “grafting from” technique.
The surfaces to be grafted include a wide rangsoofmodity polymers with different
forms such as films, membranes, sheets, fiberandparanules, besides inorganic
surfaces such as gold, silicon, etc. surface gkafare based on “grafting from”
technique (Muftuoglu, et al., 2010). Both Norrisyp€-I and Norrish Type-II initiations
may be used effectively. Compared with Norrish Typlotoinitiators, Norrish Type I
photoinitiators are more frequently used, becauselatter results in higher grafting
efficiency, while the former leads to higher polymation yield and higher
polymerization rate, but lower grafting efficien¢®eng, 2009). Among the existing
Norrish type |l photoinitiators, probably the mostidely selected have been
benzophenone (BP) and its derivatives, shown tecstffely initiate or co-initiate a

number of radical-induced surface photograftingypwrizations (Deng, 2000). In this
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thesis, surface grafting method is used to obta¥DFP based proton conducting

membranes.
2.2.2.1 Surface Photografting Method
a) Mutual Irradiation Technique

Mutual irradiation is a direct method, at which téstrate, the photoinitiator and
the monomer are simultaneously exposed to UV iatamh. This technique is unable to
eliminate the homopolymer formation, since a greahy radicals caused by irradiation
of the monomer will be present in the medium. Gallymited number of works have
been reported concerning surface grafting via UMdiation without utilizing any
photoinitiators or sensitizers. Because, in mosesathe radicals generated on the
surface are inadequate to afford graft chains witantitative yields, the addition of a
photosensitizer is essential. In the work of Uchidd.al, using the mutual
(simultaneous) irradiation method in the absenca photosensitizer, polyacrylamide
has been grafted onto the surface of a poly(etleyterephthalate) (PET) film so as to
enhance the low water wettability of PET (Uchiglaal, 1989). Polyethylene (PE) is
surface modified via attachment of hydrophilic pobr chains in an attempt to improve
wettability, adhesion, lubrication, biocompatilylitetc (Uyameet al, 1998 and Katet
al., 2003). In a typical work, methacrylic acid (MAAnd acrylic acid (AA) have been
photochemically grafted on high density polyeth@diims using benzophenone as a

sensitizer and a variety of solvents (Wa@l, 2004).
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Figure 2.13 Schematic representation of photoinduced livingftgpmlymerization
(Muftuoglu, et al., 2010).
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Bowman and coworkers have developed a novel sequésiv-induced living
graft polymerization method consisting of two st@ds et al, 2000). In the first step, a
surface initiator has been prepared from polymsubstrate and benzophenone upon
UV irradiation in the absence of monomer. Thath®, semipinacol radicals produced
by hydrogen abstraction from the surface polymeomgine with the surface radicals.
In the second step, monomer introduced to the paligation vessel has been
polymerized through a living mechanism mediatedth®sy surface bound semipinacol
radicals (Figure 2.13).

b) Pre-irradiation Technique

In pre-irradiation technique, the substrate isrpadiated in the presence of air or
in an inert atmosphere, followed by addition of thenomer in bulk, in solution or in
vapor phase. Oxidation of the surface radicalsirrg@nerates surface bound peroxide
groups, which are subsequently heated or UV-irtadido generate peroxy radicals. In
the other case, the radicals formed at the sudatiee substrate in an inert atmosphere
or in vacuum survive for a certain period and thigoduction of the monomer in the
second step affords graft copolymer (Figure 2.he &dvantage of this method is that
the homopolymer formation is prevented (Figure 2)14owever, some homopolymer

chains may still be formed from hydroxyl radicatsseen in Figure 2.14B.
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B Ny
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Figure 2.14 Schematic representation of photoinduced livingftgpemlymerization
(Muftuoglu, et al., 2010).
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On the other hand, peroxy radicals may initiatedatve degradation, possibly
leading to flaking of the polymer substrate. In @age, specific stabilizers have proved
to be successful in partly inhibiting degradatiduftuoglu, et al., 2010).

c) Vapor Phase Photografting

Being pretreated with benzophenone, the substmateontact with vaporized
monomer, is exposed to UV-light to achieve graftiRgnby, 1998, Alimeet al, 1988
and Ranby, 1992). Coating benzophenone onto sgriaey be performed by casting
the benzophenone solution onto the surface follolyedrying (Ogiwareet al, 1981).
Another way is to expose the substrate to benzaptesrvapor in conjunction with
vaporized monomer in a solvent-free atmosphereg®iiet al, 2005) The advantages
of vapor phase grafting include efficient use ofnmmer, less homopolymer formation,
and easy isolation of the grafted substrate fragnpitlymerization medium. Sometimes,
the to-be-grafted surface is dipped in an acetahgtisn containing around 0.5 wt %
poly(vinyl acetate) besides sensitizer (Amornsakataal, 1998 and Kubotat al,
1990) The main role of poly(vinyl acetate) additie; to provide homogeneous
distribution of the sensitizer on the sample sw@afac

d) Immersion Photografting

As the name implies, the surface to be graftedmsnersed in a solution
containing sensitizer and monomer or alternatiggliutions of each sequentially. The
examples given thus far also fall into this catggoegardless of the number of steps

grafting has been conducted.

2.2.3 Miscellaneous Applied Surface Grafts

a) Membranes

Photografting is a fashionable method in the modifon of polymer membranes
(Ulbricht, 2006). Polymeric membranes play an int@atr role in various membrane
separation processes, namely, gas separation, seevesmosis, pervaporation,

ultrafiltration, nanofiltration, microfiltration aswell as in applications such as
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biomaterials, catalysis, proton conductivity, dbesirable mechanical and separation
features can be imparted to hydrocarbon polymer lon@nes by grafting certain

monomers, considering whether they operate in agueonon-aqueous conditions.

A novel route to the preparation of proton-condugtimembranes has been
proposed by Chen et. al. (Chen al, 2006). The method consists of UV-induced
photografting of styrene into polytetrafluoroethnge (PTFE) films and subsequent
sulfonation (Figure 2.15).
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Figure 2.15 Preparation of proton conducting membranes by mguiatong methods
(Muftuoglu, et al., 2010).

It was found that graft chains penetrated throdghfims and only 7 % grafting
improved proton conductivity providing better megital properties, which resemble
those of Nafion membrane. A follow-up paper (Asatoal, 2007) includes SEM
images of the surface and cross-section morphao@idicating that completely
sulfonated graft chains were effectively constrdcte form the network for proton
transport. Same authors (Chen al, 2006) compared the efficiencies of modified
poly(tetrafluoroethylene-co-ethyle) films, obtainedy vapor- and liquid-phase
photografting of styrene, in fuel cell application3hey have found proton
conductivities as high as 0.065 and 0.087 S/cmvépor- and liquid-phase grafts,

respectively.

A process comprising photografting poly(acrylic dhcionto polysulfone
ultrafiltration membranes has been studied (Beguedl, 2000). The effect of graft
parameters such as irradiation time, wavelengthd, monomer concentration on the
membrane performance has been examined. UBENdmethylene bisacrylamide as a
crosslinking agent has resulted in a more stabilgm®fting, in which no photoinitiator
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and no reactant purification is needed. The watdtesing measurements of the
membranes were obtained in dead-end mode and &%a r@covery. The results
demonstrated the feasibility of photografting ine tipreparation of nanofiltration

membranes.

Recently, Ulbricht and coworkers (Susanto et abD07) have reported the
preparation of low-fouling ultrafiltration membraneby simultaneous photograft
copolymerization of hydrophilic poly(ethylene glyro methacrylate onto a
polyethersulfone membrane. A broad characterizatisimmg flux measurement and
sieving curve analysis, FTIR-ATR spectroscopy, aonhtangle and zeta potential
measurement has been carried out. Membrane perfoemaas assessed utilizing
model solutions of sugarcane juice polysaccharadwksthe protein BSA. All modified
membranes showed more resistance to fouling angehigejection than unmodified
ones. Surface functionalization was best achievetth welatively high monomer

concentrations (40 g/L) and moderate irradiatiomigos (1.5—-3 min). Some other

examples from literature are presented in TabléVuftuoglu, et al., 2010).

Table 2.1Modification of Polymer Membranes via Photograitidethod

Membrane Monomers Pl Ref.
NIPAAM BP Geismann, 2007; Yang, 2003
4VP BP Yang, 2005
Poly(ethylene terephthalate) (PET) AA BP Yang, 2005; Zhang, 2006.
NIPAAM - Curti, 2005
St XT Chen, 2006; Asano, 2007
HEMA BP Yamada, 2006
Poly(tetrafluoro ethylene) (PTFE) HEA BP Yamada, 2006
DMAEMA - Yamada, 2001; Yamada, 1996
MMA - Yamada, 1996
NaSS HBP Akbari, 2007
NaSS - Akbari, 2006; Akbari, 2002
Polysulfone (PS) AC i Akbari. 2006
AA - Bequet, 2000; Shim, 1999
PEGMA - Susanto, 2007
SPE - Susanto, 2007
Polyethersulfone (PES) AMPS BP Hilal, 2003
gDMAEMA BP Hilal, 2003
AA BP Ma, 2001
NVP and MANn BP Xing, 2005
NVP and BE BP Xing, 2003
Polypropylene (PP) AMPS BP Piletsky, 2000
PEGMA BP Ma, 2001
DMAEMA BP Yamada, 2003
MAA BP Yamada, 2003
GMA BP Yamada, 2006
GMA XT Irwan, 2004
Polyethylene (PE) DMAEMA BP Yamada, 2003
NIPAAM XT Peng, 2001
MAA XT Peng, 2001
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AA BP Costamagna, 2006
St BP Zhang, 2006
MMA BP Zhang, 2006
AAmM BP Zhang, 2006
St and MAN BP Deng, 2005
Low-density polyethylene (LDPE) NIPAAM XT Irwan, 2003, Kubota,1994
MAA BP Yamada, 2003
AA BP Zhang, 2006, Yamada, 2003
AA ITX Zhang, 2006
DMAEMA BP Yamada, 2003
AA BP Ma, 2001
Poly (vinylidene fluoride) (PVDF) PEGMA BP Ma, 2001
DMAEMA BP Ma, 2001
AA DT Wang, 1997
Polyacrylonitrile (PAN) gDMAEMA - Kobayashi, 1991
NaSS - Kobayashi, 1991, Kobayashi, 1992
AAmM - Guan, 2000
Polyurethane (PU) HEE - Guan, 2000
MAA - Guan, 2000
Polyamide (PA) DEAAM BP Wu, 2006
Polystyrene (PSt) NIPAAmM - Curti, 2005
Poly(vinyl chloride) (PVC) AA BP Costamagna, 2006
HEMA - Ma, 2001
Poly-L-lactide (PLLA) MAA - Ma, 2001
AAmM - Ma, 2001
Polypropylene-g-poly(acrylic acid) ~ NIPAAm - Yang, 2004
(PP-g-PAA)
Styrene—butadiene—styrene rubber 4D\'>A|;A‘ EMA BEE zzgg 1383
(SBS)
XT Chen, 2006

Poly(tetrafluoroethylene-co-ethylene) St

(PETFE)




CHAPTER 3

3.1 FUEL CELLS

The principle of the fuel cell was first discoverbg William Grove in 1893.
After years NASA demonstrated some potential appbas in providing power and
drinking water in space flights. As a result osthindustry started to recognize potential
commercial applications of fuel cell driven by ta@al, economic, and social forces
such as high performance reliability, durabilityhacacteristics, and environmental
feasibility. Fuel cell is similar to a battery.uses an electrochemical process to directly
convert chemical energy to electricity and watenliké a battery, a fuel cell does not

require recharging nor does it run down as lonfyekand air are provided. (Lin, 2000)

Fuel cells may be classified based on the uséerierito different methods which
typically depend on the different parameters relateoperating conditions and fuel cell
structure. Fuel cell systems have different vagalduch as type of the electrolyte used
in fuel cell, type of the exchanged ion through étectrolyte, type of the reactants (e.g.
primary fuels and oxidants), operating temperatamd pressure, direct and indirect
usage of the primary fuels in fuel cell system, Aimally the primary and regenerative
systems. It is common that fuel cells are generalgsified and nominated based on
the nature of used electrolyte in the fuel cellef&fore, based on this classification, fuel
cells include the following different types: (1)kaline fuel cells (AFC) with the
alkaline solution electrolyte (such as potassiurdrbyide KOH), (2) phosphoric acid
fuel cells (PAFC) with acidic solution electrolyfsuch as phosphoric acid), (3) solid
proton exchange membrane (PEMFC) which are knownpatymer electrolyte
membrane fuel cells and their electrolyte condighe proton exchange membrane, (4)
molten carbonate fuel cells (MCFC) with molten carlte salt electrolyte, (5) solid

oxide fuel cells (SOFC) with ceramic ion conductiggctrolyte in solid oxide form. (
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Xianguo, 2006) Table 3.1 summarizes the typicarattaristics of these various fuel
cell systems. Fuel cells can be used as highlgieffi and non-polluting power sources.

Table 3.1Summary of major differences of the fuel cell tygleis, 2000).

Temprature Electrochemical

Fuel Cell Electrolyte . Applications
y (°C) reaction PP
Alkaline . . A:H,2+20H—2H,0+2¢e Military
(AFC) Potassium Hydroxide 90-100  .1/20+ H,0+26—20H Space Flight
Phosphoric . . AH,—2H +2¢ Electric Utility
Acid (PAFC) Phosphoric Acid 175-200 C:1/20+ 2H"+26— H,0 Transportation
Molten

- . . . 2- -
Lithium, Sodium and/or 600-800 A:H,+CO;"—H,0+CO+2€

Carbonate Potassium Carbonate C:1/20s+ CO+26— COS*

(MCFC)

Electric Utility

Solid Oxide Zirconium Oxide doped AH,+0*5H,0+2¢6

(SOFC) byYttrium 600-1000 /20542607 Electric Utility
Eséﬁg)nnge Solid Organic Polymer AHo2H 426 Electric Utility
- i _ 112
Membrane  (POly-perflourosulfonic 60-100 C:1/20+2H"+26—H,0 Portable Power
(PEM) acid) Transportation

A: Anode, C: Cathode

3.1.1 Proton Exchange Membrane Fuel Cell (PEMFC)

The proton exchange membrane fuel cell, also d¢dhle solid polymer fuel cell,
uses a polymer to conduct mobile ions (H+) throthlghsystem. This low temperature
fuel cell boasts a rapid start time as well as engact unit design, no specific
orientation requirements, and no corrosive fluiddrds, all of which make it ideal for
use in vehicles and portable devices. The operatongitions vary with purpose;
however PEM fuel cells generally operate at tenmtpega ranging from 85 to 105°C

and at ambient pressure or higher (Larminie, 2003).

The main functioning unit of a PEM fuel cell ietmembrane electrode assembly
or MEA. The MEA is comprised of a very thin membgaa polymer electrolyte which
serves to facilitate proton transport from the antalthe cathode, sandwiched between
a two electrodes. The electrodes are carbon — sigubocatalyst fixed to porous carbon
cloth or paper. This assembly of anodic diffusiayelr, catalyst layer, membrane,
catalyst layer, cathodic diffusion layer is perfgetiigned and hot pressed until it is one
inseparable unit. (Larminie, 2003).
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Within a PEM fuel cell, the primary reactions tagiplace are that the hydrogen
gas enters through the field flow plates of thedenand diffuses through the carbon
cloth or paper. It reacts with the platinum catglyesing two electrons which are
conducted by the carbon out to the external cirasitthe remaining protons are
transported through the membrane. Meanwhile, aterenthe cathode side of the
assembly. The oxygen molecule is broken and the fieact with the protons from the
membrane and electrons arriving through the exteirauit to make water. The overall

system of a PEM fuel cell is shown in Figure 3.1.

- H,(g) flow |Im—]

Gas diffusion
electrode

...............

Catalyst layer—> e .

Gas
diffusing
layer il G
nmmmmpp O,(g) flow N
Anode: H{g)—2H"+2¢€
Cathode: 1/20Q)+2H +2e—H,0(l)

Net Reaction:  Kg)+1/20G(g)—H20(l)

Figure 3.1Schematic illustration of an individual PEM FeulllG8iu, 2000)

The PEMFC is an attractive power source for velsichnd portable electronic
devices due to its high power density and relagiveW operating temperature. Other
advantages of PEMFCs over other types of fuel @lstheir nonvolatile electrolytes
and efficient energy conversion. To achieve higHgsmance in fuel cell applications,
the polymer electrolyte as membrane must possesfoliowing desirable properties:
high proton conductivity to support high currentghwminimal resistive losses, zero

electron conductivity, adequate mechanical strengtid stability, chemical and
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electrochemical stability under operating cond#ionmoisture control in stack
extremely low permeability to fuel or oxidant, Igwoduction cost and the capability

for easy fabrication.

3.2 POLYMER ELECTROLYTE MEMBRANES
3.2.1 Classification of Proton Exchange Membranes

The polymer electrolyte membrane materials, useslynthesis, can be classified
into three immense groups: perflourinated ionongerspartially perflourinated), non-
flourinated hydrocarbons (including aliphatic owomatic structures), and acid—base

complexes (Smitha et al., 2005). The classificaibmembranes is shown in Figure 3.2

A E— l i

Feriluorinated  Partially Man flucrinated Acid-base blends Others
fluorinated
« PF3A + MNPI « SFEEK/PBIFPAVF  » suppored
+ PFCA PTFE-0-TFS | pamaa + SPEEK/PEI composite
+ PFS| PVDF-g- SPEEK s SPEEK/PSU(NH:): membrane
. Gore- PSSA « SPPBP  + SPSU/PBIP4VP  » poly-AMPS
select = MES-PBI + SPSU/FEI
+« SPSU/PSUINHZ)-
+  PYAMHPO,

Figure 3.2 Classification of proton exchange membranes based naterials
(perfluorinated, partially fluorinated and non-ftuimated) and preparation method (acid-

base blends and others).

3.2.2 Hydrous Proton Conducting Membranes

3.2.2.1 Nafionand Perfluorinated Polymer Membranes

Polyelectrolyte membranes (PEMs) are generallyedam hydrated sulfonated
polymers. Among these, perfluorosulfonic acid membs, such as NafiBn have

drawn much interest because of their chemical dectrechemical stability. Nafion
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was first developed in the late 1960s by DuPomti¢stire shown in Figure 3.3). It has a
structure of copolymer from fluoro 3,6-dioxo 4,6tmwe sulfonic acid with polytetra-
fluorethylene (PTFE) that Teflon backbone of thisugture gives the hydrophobic
nature for membrane and hydrophilic sulfonic adidugs (HS@) have been grafted
chemically into backbone by the free radical ingd copolymerization (Rikukawa et
al., 2000). These ionic groups have caused therptiimo of the large amount of water
by polymer and therefore, lead to hydration of pwdy. Thus, the factors affecting the
performance of the suitable proton exchange menebaaa the level of hydration and
thickness of the membrane which is playing an irtgydr role in deciding their
suitability for application in fuel cell. (Applebst al., 1989)

There are three common types of Nafion, 112, ah#,117. The designation 117
refers to a film having 1100 equivalent weight (E\ihe number of grams of dry
Nafion per mole of sulfonic acid groups when theterial is in the acid form, and a
thickness of 0.007 in (Martwiset, 2009).

Fa Fa
C C
F
/% \C% \C% CFs3
S |

F)
0 CE C SO4H
c \o% \Ca/
F2 m F2 n

Nafion®: m>1, n = 2, x = 5-13.5, y = 1000

Aciplex® : m =0-3, n = 2-5, x = 1.5-14

Flemior’ :m=0o0r1,n=1-5

Dow Membrane: m =0, n =2, x = 3.6-10, y = 1000

Figure 3.3 Chemical structures of commercial perfluorinatedymper electrolyte
membranes.

Similar polymers are produced by Asahi Glass (e, Asahi Chemical
(Aciplex-S®) and Dow Chemical Company. Among the four majgresy the DuPont
product is considered to be superior because ohigh proton conductivity, good
chemical stability and mechanical strength (Motlypat al,. 2000). Figure 3.3 shows
the chemical structures of Nafidnand other famous perfluorinated electrolyte
membranes.
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The proton transport of hydrated Nafion is donmedaby a vehicular mechanism,
where protons diffuse through the material. Becaafsthe random structure and the
organization of the crystalline and ionic domaife morphology of Nafion is not well
defined. A number of studies using small-angle Xseattering (SAXS), wide-angle X-
ray diffraction (WAXD), (Hsu et al., 1981, Gierke¢ &., 1983, Fujimura et al., 1981)
small-angle neutron scattering (SANS) (Roche et 4B81) and atomic force
microscopy (AFM) have been conducted to develop wmlerstanding of the
morphology of Nafion. Gierke et al. proposed a mdaesed on SAXS observations
hypothesizing that clusters of sulfonate groups @mganized as inverted micelles,
connected by 1-nm-diameter channels (Figure 3.#rké et al., 1982).

Fluorocarbon Interface
Solvent pool

Ionic Cluster

Fluorocarbon
Backbone

Figure 3.4Gierke’s Model

Although this model is the most popular, the pneseof elongated structures was
reported from the SAXS studies by a number of otfreups (Londono et al., 2001,
Van der Heijden et al., 2004). Recently, SchmidRand Chen (Schmidt-Rohr et al.,
2008) proposed a new structure of the Nafion ionosm®wn in Figure 3.5. Using a
new calculation method on previously reported SAH&a, they suggested that

hydrated Nafion consists of long parallel water reteds in cylindrical inverted
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micelles. The water channels are packed randomiypsnded by the ionic side groups

with the polymer backbones on the outside.

H20 channel crystallite

Figure 3.5Schmidt-Rohr’'s Model

All these morphological studies support claimst ttiee positive attributes of
Nafion® as a fuel cell membrane with respect to its higbtqn conductivity and
mechanical integrity are related to its extensiaeaiscale phase separation (Yang et
al., 2005 and Mauritz et al., 2004).

3.2.2.2 Sulfonated Hydrocarbon Polymer Membranes

Despite these positive attributes Nafion-based Pl have critical drawbacks
that limit their use: They are limited to fuel sethat operate below 8, tendency to
dehydration, difficult to synthesize and procesgiemsive to produce and suffer from
high methanol permeability (which is relevant faetDMFC mode) (Hickner, 2004).
These shortcomings have generated development wof membrane materials.
Sulfonated styrene-ethylene-butylene-styrene (SEBS8inbrane from Dais Analytic
and BAM® from Ballard Advanced Materials Corporation areotwommercially
available styrene-based polymers. The main disadygarof SEBS is the poor oxidative
stability due to its aliphatic character (Hodgd@868). Polystyrene-graft-poly(styrene
sulfonic acid), (Holdcroft et al., 2002) poly(etbyle-co-tetrafluoroethylene)-graft-
poly(styrene sulfonic acid) (Holdcroft et al., 202003) and poly(vinylidene fluoride)-
graft-poly(styrene sulfonic acid) (PVDF-g-PSSA) i(El et al., 1997) are graft



26

copolymers containing ionic grafts bound to hydmigib backbones. Poly(arylene
ether) materials such as poly(arylene ether etetwnie) (PEEK), poly(arylene ether
sulfone), and their derivatives have been wideldistd due to their availability and
oxidative and hydrolytic stabilities. The naphthmatepolyimides are more stable than
the phthalic polyimides, which undergo hydrolysis, a fuel cell environment

(Savadogo, 1998). Other high performance polyméackbones that have been
investigated include poly(phenylquinoxaline), (Kizge et al., 1998) poly(2,6-

dimethyl-1,4-phenylene oxide), (Kruczek, 1998) gétphenoxybenzoyl-1,4-

phenylene), (Kobayashi et al., 1998) poly(phthalaae ether ketone), ( Gao et al.,
2003) polyphosphazene (Wycisk et al., 1996 and @uoal., 1999) sulfonated
polysiloxanes (Gautier-Luneau et al., 1992), andrt{glly) fluorinated polyolefins

(Gubler et al., 2004).

3.2.3 Anhydrous Proton Conductive Membranes

Proton exchange membrane (PEM) fuel cells haveegaprominence after they
become applicable to various technological areadicp&arly on portable power
generating systems. In general, polymer based mprotmducting materials can be
categorized according to the temperature range hichwthey exhibit high proton
conductivity. The first class of materials that dam utilized in the temperature range
25-100°C because their conductivity depends on maiatent. Within this family of
polymers, hydrated perfluorosulfonic acid membraswesh as Nafioh, well-established
low temperature materials since 1960. These médexia typically phase separated into
hydrophilic/hydrophobic domains and conductivitycoks via transport of dissociated
protons by the dynamics of water (Kreuer et al93)9 These hydrated systems have
been used as the polymer electrolytes in hydrogggén polymer electrolyte fuel cells
(PEMFCs) due to excellent chemical and mechanigddilgy as well as high proton
conductivity (Rikukawa and Sanui, 2000, Motupally a., 2000, Costamagna and
Srinivasan, 2001). However, there are several ditiihs in perfluorosulfonic acid
membranes, which retard spread industrial apptinatone of the main hurdles for the
widespread utilization of PEMFC power sources & ieed for better performing and
more cost effective membranes. (Steele et al., 0@l Rusanov et al., 2002) Most
current research efforts have focused on systetggigeon water as the media for
proton transport. This limits the operating tempaeto ~100 °C. (Hickner et al., 2004,
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Rikukawa et al., 2000, Rusanov et al., 2002) Howetleere are many advantages in
developing PEMFC’s capable of operating at tempeestclose to 200 °C. Operating at
such temperatures increases the efficiency ofukedell by increasing the kinetics of
the redox reaction, and by improving the tolerantdhe system for CO, which is
present in hydrogen fuel refined from hydrocarbofainning the cell at high
temperatures will also reduce the overall cost lgrelasing the platinum loading
required in the electrodes, as well as simplifydkerall heat management of the device
(Lecolley et al., 2003).

Several alternative PEMFC systems were produceddccome the drawbacks of
perfluorosulfonic acid based materials. The firgtimod was doping of polymers with
H3PO4 to obtain conductivity by proton transportchmmnism that occurs through
phosphate ions (RO, H.,POy) (Bozkurt, 1999, Lassegues, 2001, Bouchet, 199l an
Rikukawa, 2000). The another method was dopinghef polymers with aromatic
heterocyclic structures such as imidazole (Yan@®12&reuer, 1998 and Sevil, 2004),
pyrazole (Kreuer, 1998), benzimidazole (Yamada, 320Qriazole and tetrazole
(Unugur, 2008). Since these azole groups have iiglting points (100-200 °C), they
were successfully substituted in water and proviaigh proton conductivity. There is a
strong demand for designing alternative membraneshemical immobilization of

protogenic solvents into polymer (Unugur, 2008).

In general, there are three different approacbesrd anhydrous PEMs in terms

of their chemical structure and conductivity medbars:

a) Polymer-acid complexes. These are based on polgetworks which contain ether,

amide, amine or imino groups are doped with strarigs such asdPQsor H2SOn.

b) Intrinsic proton conductors based on homopolgn&opolymers, and polymer
networks produced by tethering the heterocycli¢@rsolvent.

c) Polymer/heterocycle hybrid electrolytes. In piple, these materials consist of acidic
host matrix that forms complexes with amphoteritetaxycles and conduction occurs
through protonic defects. (Unugur, 2008)



28

3.3 PROTON CONDUCTION MECHANISMS IN PEMs

Proton conduction is fundamental for proton exgfgamembrane fuel cells and is
usually the first characteristic considered wheal@ating membranes for potential fuel
cell use. Resistive loss is proportional to theaaesistance of the membrane and high
conductivity is essential for the required perfonta especially at high current density.
At a molecular level, the proton transport in hyddapolymeric matrices is in general
described on the basis of either of the two prialcipechanisms: “proton hopping” or
“Grotthus mechanism” and “diffusion mechanism” whievater is as vehicle or

“vehicular mechanism” (Murthy, 2005).

In proton hopping mechanism protons hop from ondrdlyzed ionic site (S©
HsO") to another across the membrane. The producedmhnt oxidation of hydrogen
in anode adheres to water molecule than the pamasihydronium ion is formed and
one different proton from same hydronium ion hopstlee other water molecule. The

simple scheme of the hopping mechanism is shoviagiare 3.6.

H H H
Pk Lk
H- Sy H. A H/q'--H{;__.H/ .
1@ 1o

o
H H

Figure 3.6 Grotthuss mechanism (Crofts, 1996)

The first process leads to a polarization of thérbgen bond chain, i.e. to a local
relative charge displacement, but not to dc condiyxt The second process causes the
depolarization of the chain by reorientation of thater dipoles. The hopping
mechanism has little contribution to conductivity perflourinated sulfonic acid

membranes.

The second mechanism is a vehicular mechanism pedpby Kreuer (Kreuer et

al., 1982). In this mechanism hydrated proton@H diffuses through the aqueous
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medium in response to the electrochemical diffezerin vehicular mechanism, the
water connected protons {#H.0),) in the result of the electroosmotic drag carrg th
one or more molecules of water through the membeakitself are transferred with
them. The major function of the formation of théniellar mechanism is the existence
of the free volumes within polymeric chains in mmoexchange membrane which allow
the transferring of the hydrated protons througle thembrane (Deluca, 2004).
According to this mechanism, the proton does ngraté as H but as HO" or NH;",

bonded to a “vehicle” such as,® or NH;. The “unloaded” vehicles move in the

opposite direction shown in Figure 3.7.

= Hq0
<—Hy0 H30/4—;- 2
H30 —= = = 20

Hy)*%
+
3 HZO =—TH0

==—H,0 H30 == =20 H30 —=

Figure 3.7Vehicular mechanism (Kreuer et al., 1982).

The two mechanisms essentially differ from the retof the H bonds formed
between the protonated species and their envirotsm&he Grotthuss mechanism is
preferred in media which support strong hydrogemdotg, while vehicle mechanism is

preferred in species with weaker hydrogen bonding.



CHAPTER 4

EXPERIMENTAL

4.1 UV-INDUCED SURFACE PHOTOGRAFTING OF STYRENE ONTO PVDF
FILMS

4.1.1 Materials

Polyvinylidene fluoride (PVDF, average Mw ~534,000as purchased from
Fluka. The inhibitor in styrene (>99%, Merck) wdsngnated by an alumina column
and stored at -2€. Dimethylformamide (DMF,>99.9 %), chlorosulfonic acid
(> 97 %), N,N- dichloromethane>99%) and toluene>(99 %) were purchased from
Merck. Benzophenone (BR,99 %), polyvinyl acetate (PVA, average Mw ~83,000)
1H-1,2,4-triazole (> 98%), sodium chloride and sodihydroxide were supplied from
Aldrich. They were all reagent grade and used esived. The molecular structures of

the chemicals are shown in Figure 4.1.

| o e
F
C NH
/k | \(L /\
H | X N\/N
F
(a) (b) () (d)

Figure 4.1 Molecular structures of (a) PVDF, (b) Styrene, Be&nzophenone, and (d)
1H-1,2,4-triazole

4.1.2 Preparation of PVDF Membranes

The membranes were prepared from 7% (w/w) PVDF melysolutions in
DMF. The solution was cast on PTFE petri dish tonfahin film and dried at room

30
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temperature for several hours before heating &Csfor 2 h under vacuum. Finally, the
polymer was recovered as a flat-sheet membrane fherbottom of the PTFE petri
dish. The thickness of the received membranes tiserrange of 40-50 um. All PVDF

films were cut into 2cm x 2cm pieces and storedhicuum at 40 °C before use.
4.1.3 UV Photografting of Styrene to the PVDF Films

The UV surface photografting of styrene onto théDF base film was carried
out as follows. First, a 40 um thick PVDF film waamersed in acetone solution
containing 0.5 wt % benzophenone and 0.5 wt % poly( acetate) for 5-7 s at room
temperature, and then it was dried under vacuur24dr at 40C before use. Then, for
photografting, 1 mL of styrene, 10 mL of distillecater, and 3 mL of acetone were
mixed in a quartz tube and nitrogen was bubbledutlin the solution for about 30 min
to remove the oxygen before the irradiation. Thetpimitiator-coated PVDF film was
kept standing in a quartz tube containing the sireolution and the quartz tube was
placed into the photoreactor equipped with a 400@diom pressure mercury lamp
(254 nm) to induce grafting. The temperature inghge UV reactor was kept at 6C
during irradiation. The grafted film was removediamashed with toluene for several
hours to remove the unreacted monomer and homopolyiihe obtained membrane
was then dried in a vacuum oven at°@ (Asano et al., 200Degree of grafting with
variation of the UV exposure time was also examirad this purpose, grafted PVDF
films were prepared under the same conditions il efferent irradiation times (i.e.,
0.5h,1h,2h,4h,6h,and 8 h).

4.1.4 Sulfonation

The grafted PVDR-PS films were sulfonated using a sulfonating reage
composed of lower chlorosulfonic acid concentratd®.2 M in dichloromethane. The
sulfonation was performed at 8C for 8 h under reflux. After sulfonation, the fgm
were washed several times with dichloromethanenwwre the excess of chlorosulfonic
acid and then dried in a vacuum oven overnight. Jlionated membranes were then
hydrolyzed in distilled water at 8GC for 12 h and the resulting membranes (P\PF-

PSSA) were dried in vacuum.
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4.1.5 Doping of PVDFg-PSSA Films with Triazole

The reaction of PVDIg-PSSA films with 1H-1,2,4-triazol€Tri) was carried out
according to a procedure given in the literati®dre et al., 1992). A stoichiometric
amount of Tri and PVDI-PSSA were mixed in DMF and the resulting mixturasw
stirred for several hours &0°C until getting a homogeneous milky solution. Sols
with x (= 1.0 and 2.0) moles were prepared, wheiethe number of moles of triazole
per mole of polymer repeating unit. The films weéhen cast onto PTFE plates and
dried under vacuum at %0 and stored at 40°C in vacuo. The doping procedkire

summarized in Table 4.1.

Sample Dopant x Sample weight mol. Triazole&Solvent
. 0.036 g 0.006 g
PVDEgPSSA | 2%¢ 1 (0.093 mmol sA) (0.093mmol) M
(4hUV,84%SA) _ 0.033 g 0.012 g
Triazole 2, o84 mmol SA) (0.0168 mmol)  °OMF
. 0.042 g 0.013 g
PVDF-g-PSSA  1Mazole 14 484 mmol SA) (0.184 mmol)  OMF
(6 h UV, 96 % SA)
Triazole 2 00439 00269 DMF

(0.191 mmol SA) (0.382 mmol)
Table 4.1Preparation of triazole doped PVIQHPSSA

4.2 UV-INDUCED HOMOGENEOUS PHOTOGRAFTING OF STYRENE ONTO
PVDF

4.2.1 Materials

Polyvinylidene fluoride (PVDF, average Mw ~534,080nol) was purchased
from Fluka. The inhibitor in monomer styrene (>99Merck) was eliminated by an
alumina column and stored at -20. Sulfuric acid (95-97%N,N-dimethylformamide
(DMF, >99.9 %), dichloromethane >09%) were purchased from Merck.
Benzophenone (BP> 99 %), 1H-1,24-triazole (>98%), acetic anhydrig@drich,
99.5%), sodium chloride and sodium hydroxide wengptied from Aldrich. They were

all reagent grade and used as received.
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4.2.2 UV Photografting of Styrene onto PVDF

The UV homogeneous photografting of styrene oneoRNDF was carried out
as follows. First, 0.8 g PVDF was dissolved in 1R BMF in a round-bottom flask at
60 °C. For photografting, 24 mL of styrene, 0.76emzophenone and 60 mL of DMF
were mixed in a quartz tube and PVDF solution vwas tadded into the mixture. After
preparing homogeneous solution, nitrogen was babtiieough the solution for about
30 min to remove the oxygen before the irradiatibne quartz tube was placed in a
photoreactor equipped with a 400W medium presseuy lamp (254 nm) to induce
grafting. After quartz tube was irradiated for atam time, the resulting polymer
solution was precipitated in excess methanol withirsg. The obtained suspension was
filtered and the solid product was dried at 40°Cdam vacuum. Then, the
solid polymer was put into CGiEl, at room temperature. Soluble polymers in
CH.CI, (PS) and insoluble parts of the (PVIDMRS) were separated and vacuum dried
at 40°C before analysis. The grafted copolymersewarepared for two different

irradiation times (0.5 h and 4 h) under the sammelitimns.

4.2.3 Sulfonation

The sulfonation reaction was carried out in DMFveal, following previously
reported procedures (Veriss et al., 1991). Typycali a 100 mL two-neck flask that
was nitrogen-purged, equipped with condenser, 2fMMF and 0.72 g of PVDF-g-
PS were added, and the mixture was heated to 508€r wstirring until the copolymer
completely dissolved. Acetyl sulfate solution waggared by injecting 7.76 mL of
acetic anhydride and 45 mL anhydrous,CH into a three-neck nitrogen-purged flask.
The solution was cooled to 0°C in an ice bath amdl4of 95-97% sulfuric acid was
added dropwise to the solution. The resulting dcst§fate solution (20 mL) was
transferred to the polymer solution. Sulfonatioacteon was performed at 40 °C for 20
h. The resulting mixture was extracted and prezipd in water with stirring. The
sulfonated polymer was filtered and dried at 30AQar vacuum.

4.2.4 Doping of PVDF-g-PSSA with Triazole

The reaction of PVDF-g-PSSA withH-1,2,4-triazole(Tri) was carried out
according to the literatur@oore et al., 1992)Tri was added into the PVDF-g-PSSA
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solution in DMF with stoichiometric ratio (1:1). €hresulting mixture was stirred for
several hours &0 °C until getting a homogeneous milky solution. Thiea films were
cast onto PTFE plates and dried under vacuum &t,5@nd stored under vacuum at

40°C.The doping procedure is summarized in Table 4.2.

Table 4.2Preparation of triazole doped PVDF-g-PSSA

Sample Dopant X Sample mole Triazole mole Solvent
PVDF-g-PSSA . 0.132 g 0.004 g
@huv,22% sA) 11820k 14 057 mmol SA) (0.057 mmol) PMF

4.3 CHARACTERIZATIONS
4.3.1 FT-IR and*H-NMR Analysis

The FT-IR spectra (4000-400 &mresolution 4 crl) were recorded with a
Bruker Alpha-P in ATR-FTIR systemH-NMR (300 MHz) spectra was obtained on a
Bruker AM 400 or an AC 200 Spectrometer with thengkes dissolved in either
chloroformd or dimethyl sulfoxided6 (DMSO-d6).

4.3.2 Thermal Analysis

Thermal stabilities of the all samples were exadiby thermogravimetry (TG)
analysis with a Perkin Elmer STA 6000. The samfll€s0 mg) were heated from room
temperature to 80C under N and Q atmosphere at a scanning rate of.@min. The
effect of dopant on thermal stability was deterrdinesing TG curves. Differential
scanning calorimetry (DSC) data were obtained udhagkin ElImer JADE DSC
instrument The measurements were carried out ateaaf 10C/min under nitrogen
atmosphere and heating-cooling curves were recaatladrate of 1TC/min. The glass
transition temperatures were determined from tlwerse heating curves and the effect

of dopant on glass transition temperature was atlidi
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4.3.3 Degree of Grafting (DG)

The graft weight of the films was determined frtime increase in weight after

grafting, using the following equation:

Degree of grafting (%) = x100 4.1)

Wg -Wo
WCc
whereW, andWyare the weights of the film before and after graftirespectively. The

degree of grafting was varied by changing the iataoh time.

4.3.4 lon Exchange Capacity

The ion exchange capacity (IEC) of the membranas weasured by the
classical titration method. The membrane sampleacidic form were soaked in 1.0
mol/L NaCl solution for 24 h before measuring IEIhe protons released due to the
exchange reaction with Na ions were titrated agad®2 mol/L standardized NaOH
solution, using phenolphthalein as an indicatore TBEC of membranes were calculated

using the following equation:

IEC = (vol. NaOH, ml) x (conc. NaOH, M) 4.2)
(dry wt. of membrane, g)

4.3.5 Water Uptake and Hydration Number

The water uptake/fU) measurements were made according to the literdtuy
2004, Smitha, 2006). The pre-weighed dry filrdg; () of the membranes were soaked
into water at 50C. The external liquid of the swollen membranes wgsed out and

weighted We). The solvent uptake values were obtained usiaddhowing equation:

Wwet —Wdry X100
Wdry

WU (%) = (4.3)
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The hydration number, that is, the number of watetecules per sulfonic acid group
(nHO/SGsH), of the proton-conducting membranes was caledlas:

WU
Hyd .Num. = —— 4.4
y 1.€xIEC (44)

4.3.6 Proton Conductivity Measurements

The proton conductivity studies of the samplesewmerformed using a Sl 1260-
Schlumberger impedance spectrometer. The condilesiviwvere measured in the
frequency range 1 Hz to 1 MHz at°@intervals. The temperature was controlled with
a Novocontrol cryosystem, which is applicable betwel50C and 400C with a
precision of 0.01C. The hot pressed pellets of the samples witlameter of 10 mm
and thickness of about 0.2-0.3 mm were sandwichetivden two gold-coated
electrodes and their conductivities were measuréth WO°C intervals under dry-

nitrogen atmosphere.
4.3.6.1 AC Conductivity Measurements

The AC conductivities,o,c (w) of the polymers were measured at several
temperatures using impedance spectroscopy. Freguwsamendent AC conductivities

(0ac (W) were measured using Eq. 4.5;

o'(a) =0c(a) =" (@) & & (4.5)

whered' (w) is the real part of conductivityy = 211 is the angular frequency, is the
vacuum permittivity €, = 8.852 x 13* F/cm), ance“ is the imaginary part of complex

dielectric permittivity €*).
4.3.6.2 DC Conductivity Measurements

The DC conductivitygyc is derived from the log scat®,; versus frequencyf)(
curves by linear fitting plateau regions and exttapng to zero frequency. If the
system exhibits Arrhenius behavior, the condugtivisotherm can be fitted by

Arrhenius equation (Eq. 4.6);
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Ino =Ingo— Ea/ kT (4.6)
where o, is the pre-exponential term&, is the activation energy, arkl is the
Boltzmann constant. If the system follows VTF babathe curved DC conductivity
isotherm can be fitted by Vogel-Tamman—Fulcher-t%€F) equation (Eq. 4.7);

logo =logao— Ev/[k(T = To)] 4.7)

whereo, is the conductivity at infinite temperatui, is the Vogel activation energy

andT, is the Vogel temperature.



CHAPTER 5

RESULTS AND DISCUSSION

5.1 UV-INDUCED SURFACE PHOTOGRAFTING OF STYRENE ONTO PVDF
FILMS

PVDFgraft-polystyrene sulfonic acid proton conducting membesa were
prepared via irradiation of the cast films coatath\sensitizer, followed by sulfonation
as outlined in Figure 5.1.

Photoexcited BP
coated PVDF

PVDF film

Uv-
Irradiation

® : -SO3H

nso Polystyrene

1) HSOsCl, 60 °C, 8 h Styrene
AT <— VUL
2) H,0,80°C, 12 h 60°C, N,
Styrene grafted Radical formed

B on PVDF
Proton conducting membrane

Figure 5.1 Process for synthesis of PVDF-g-PSSA proton cotiglgianembranes by
UV surface photografting method.

Styrene monomers were successfully grafted oradPMDF films with different
degrees of grafting. First, BP sensitizer was abateo the PVDF films with the use of
poly(vinyl acetate) as an adhesion agent (Kubotal,ef990). Then, the films were

immersed in the styrene solution and exposed toifttAdiation at 60C for grafting.

38
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During UV irradiation, the coated sensitizer wasitd, and macromolecular radicals
were generated on the surface of PVDF membraneabitraction of fluorines or
hydrogens (Asano, 2007). These radicals at the P\4DFaces initiated the
polymerization of styrene. Aserat al, suggested that small amounts of radicals might
also be generated inside the PTFE films becautieeahultiple reflection of UV among
the crystalline particles. The grafting in this teyg seemed to have an interface
mechanism, in which grafting started at the laydose to the surface of the film. These
grafted layers, which swell in the grafting solati@llowed progressive diffusion of the
monomer toward the inner regions of the film (lvand992). The two grafting
interfaces at the two sides of the PVDF film conéinto move further into the film
interior. Therefore, during grafting, the membrasaface area and thickness both
increased, indicating that the grafting proceededthfthe surface to the interior of the
PVDF films. The degrees of grafting in the membsangere determined and

characterized.

The grafted films were sulfonated to obtain thet@n conducting membranes.
Sulfonation of PVDFg-PS was conducted with chlorosulfonic acid as sidfmg agent
and dichloromethane as solvent. Chlorosulfonic aigery stable, highly reactive in
electrophilic substitutions of aromatic rings amheenient at the laboratory level and
the solvent is very suitable and quite misciblehvaihlorosulfonic acid (Cremlyn, 2002).
After the first step of sulfonation reaction, cdéms membranes became dark brown in
color. The sulfonyl chloride groups are easily lojgzed in hot water to form the
sulfonic acid groups (Chen et al., 2006). Therefosarolysis was directly carried out
in distilled water at 80C for 12 h. The resulting membranes were transpaflexible
and light brown in color when in the water-satudastate. Sulfonation degrees of
sulfonated membranes were determined and chawederiThe graft samples were
listed in Table 5.1 as Memb 0 - Memb 8 for shagpresenting the six different graft
copolymers of PVDRy-PS with varying UV irradiation times (graft timejome of the
selected sulfonated membranes were finally dopeth wriazole to examine the

anhydrous proton conductivity at 18D
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Table 5.1Samples, and their grafting time, degree of grgftif'g and Tm values.

Sample Graft Time (h) D.G (%) Tg (°C) Tm (C)
Memb 0 0.5 2.4 a 158
Memb 1 1 6.9 a 156
Memb 2 2 18.4 a 156
Memb 4 4 50.8 93 158
Memb 6 6 68 100 156
Memb 8 8 109.1 105 155

a: Not detected due to low degrees of grafting

5.1.1 Analysis of the Grafted PVDF Membranes
5.1.1.1 Degree of Grafting (DG)

The degree of grafting of styrene on PVDF filmgevivestigated as a function
of UV irradiation time, as varied from 0.5 h to 8Table 5.1 lists the calculated degree
of grafting of the corresponding PVOJ-PS membranes. Figure 5.2 shows the degree
of UV photografting of styrene on PVDF films as undétion of grafting time (UV
irradiation time). It was seen that the degreeraftong increased with the grafting time,

reaching above 100 % after 8 h.
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Figure 5.2 Degree of grafting versus UV photografting of styg on PVDF films
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Asano and his coworkers (Asano, 2007) reported tab@@o increase in the degree of
grafting of styrene on PTFE films after 8 h. Cle¢ml. (Chen, 2006) also found that the
degree of grafting for ETFE films reached up tdb@fter 6 h of UV irradiation.

5.1.1.2'"H NMR analysis

The successful graft copolymerization was confdmesing *H NMR
spectroscopy:H-NMR spectra for PVDF and PVD§PS (Memb 4) were presented in
Figure 5.3

AHCSZCFﬁx—fCE—]T

I I I
7300 T.250 T.200 TA50

b Memb 4
) DG : 47.5%

a PVDF

'YJ
J5

LA L S B EL L B B Y B
2.0 T.0 5.0 5.0 4.0 3.0 20 1.0

Figure 5.3'H NMR spectra of PVDF base film and Memb 4

For both samples, the peaks of solvent (DMSO)veaier appeared at 2.6 and 3.5
ppm, respectively. ThéH NMR spectrum exhibited the characteristic muétipl
centered at 2.9 and 2.3 ppm originating from théhgiene groups in -CHCF,-CH -
CF,-CH,-CF,- and -CK-CH,-CH,-CF,- sequences appearing in the normal tail-to-head
and reversed tail-to-tail VDF additions (Guiot ¢t 2002, Guiot et al., 2005). The
spectrum of the PVDg-PS graft copolymers exhibited additional signatsated in the
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1.8-2.1 ppm and 7.3-7.1 ppm ranges assigned toyteath and methyne groups of
polystyrene and to the aromatic protons, respdgtive

5.1.1.3 FT-IR analysis

Infrared spectroscopy was employed to providermédion about the chemical
structure of the unmodified and modified PVDF meani&s. Figures 5.4 and 5.5 show
the FTIR spectra of the PVDF base film and stymgradted PVDF films with different
degree of grafting.
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Figure 5.4 FT-IR spectra of base PVDF and PVDBIRS membranes with different
degree of grafting (Memb 0: 2.4%, Memb 1: 6.9% &teinb 2: 18.4%)

The asymmetric and symmetric stretching vibratiohghe CH group in the
PVDF base film (Figure 5.4 and 5.5) were locategspectively, at 3024cand
2982cm. The strong peak appeared at 1403*coorresponds to CHstretching
vibrations. The very strong and wide peaks betwi#?—1064 ciwhich correspond
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to the C—F stretching were characteristic peakh®fPVDF base film. For the styrene
grafted PVDF membranes the presence of the benzege in the graft chains was
confirmed by the=C—H stretching vibration at 3026 ¢mand the skeletal €C
stretching vibration at 1493 and 1601 tm

PVDF
—
Memb 4
£}
S
8 Memb 6
c N
s
£
2 Memb 8
©
- /
Aromatic CH Sym C%Str Aromatic C=C str
Antisym CHstr /
Vel
Monosubst. benzene
! | ! | ! | ! | ! | ! |
3500 3000 2500 2000 1500 1000 500

Wavenumber (cif)

Figure 5.5FT-IR spectra of base PVDF and PVBMRS membranes with different
degree of grafting (Memb 4: 50.8%, Memb 6: 68% Kteinb 8: 109.1%)

The absorption bands at 2800-2900"@nd 2900-3000 cthwere assigned to
the symmetric and asymmetric —&Hstretching vibrations, respectively. The
monosubstitution of the benzene ring was confirimgthe two bands of C—H aromatic
out-of-plane deformation at 752 &rand 695 crif. Furthermore, the intensity of these
new peaks related to the graft chains increaset thi¢ increase in the degree of
grafting. These signs confirmed that the monomezeevgrafted onto the PVDF base
films, and the variation in the intensity of thelystyrene characteristic bands reflects
the difference in the degree of grafting. All th&lR absorption peaks related to the

graft chains become stronger with an increasedrd#gree of grafting (Kim, 2007).
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5.1.1.4 Thermogravimetric Analysis (TGA)

The thermal stabilities of base PVDF and PVDF tgrnafembranes were
investigated by TGA as shown in Figure 5.6. TheelR8DF showed excellent thermal
stability up to 448°C, above which it started to decompose to abouvB@6 (Kim,
2008). The TGA curves of PVD§PS polymers with varying degrees of grafting

showed a satisfactory thermal stability up to 381
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Figure 5.6 TGA data of PVDF and graft membranes

The graft polymers showed degradation patterns@woe depolymerization and
decomposition of PVDF. The initial weight loss vedsibuted to the loss of polystyrene
(depolymerization). The weight loss in the secotep svas due to decomposition of
PVDF by random chain scissions, reported as clewatt of the PVDF backbone
degradation (Sauguet, 2006 and Nasef, 2010).
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The TG analysis of the graft copolymers revealedt tthe thermal stability
decreased as the degree of grafting increasedngtance, Memb 0 (degree of grafting:
2.4%) was found to be thermally stable up to 24@2vhile Memb 8 (degree of grafting:
109.1%) was found to be stable up to @81 This suggested that the higher the styrene
amount in the graft, the lower its thermal stapi(Nalade, 2006).

5.1.1.5 DSC Analysis

Differential scanning calorimetry (DSC) was penfi@d to measure the glass
transition temperatures of the Memb 4, Memb 6 aremid 8. Figure 5.7 shows the
DSC curves between %92 - 200C for the membranes and their corresponding Tg
values are listed in Table 5.1. Figure 5.8 illustsaa close-up view of the DSC curves
between 90C -145C. Tg of pristine PS was nearly T@ Memb 4, Memb 6 and
Memb 8 had definite glass transition temperaturesQZC, 100C and 105C,

respectively.

Heat Flow Endo Down (mW) — —

60 80 100 120 140 160 180 200

Temperature (°C}

Figure 5.7DSC traces of Memb 8, Memb 6 and Memb 4 recordelguimert
atmosphere at a heating rate of’@dmin.
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The obtained Tg values were assigned to that lg{gigrene) grafts. Some of the

membranes did not show Tg values, which might letddow degree of grafting. The

DSC results demonstrated that as the quantity aftigg increased, the glass transition

temperature of the samples shifted to higher teatpegs. The increase in the glass

transition temperatures can be attributed to tbetfeat the degree of grafting increased

with the irradiation time.

Heat Flow Endo Down (mW)

Memb 8

g8 100 102 104 106 108 110 112 114 116 118 120°

Temperature (°C)

Figure 5.8 The close-up view of the DSC traces of Memb 8, Mé&nand Memb 4.

5.1.2 Analysis of PVDF-g-PSSA / Proton Conducting Bmbranes

5.1.2.1 FT-IR analysis

The sulfonation was verified by FT-IR spectroscopgure 5.9 shows the FT-IR

spectra of the PVDF, graft membrane (Memb 8), &edproton conducting membrane
PVDF-g-PSSA (Memb 8/SA).
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Figure 5.9 FT-IR spectra of base PVDF, styrene grafted PVMENb 8) and proton
conducting PVDRg-PSSA membrane (Memb 8/SA).

The broad band in the range of 3000-3600" emas attributed to the stretching
vibration of the —OH that came from the —5{Ogroup of sulfonic acid. The PVD§-
PSSA copolymer also exhibited the strong absorpiamd at 1180 cth resulting from
stretching vibration of sulfonate groups (Kim et @002). The bands at 1105 and 1036
cm’ can be attributed to the vibrations of phenyl sisgbstituted with sulfonate groups
and sulfonate anions attached to phenyl rings.viliation bands at 752 ¢hand 695
cm’, associated with the monosubstitution of the beezéng, disappeared, and the
new peak, at 775 cf was due to the disubstitution of the benzene rfigr

sulfonation (Asano, 2007).
5.1.2.2 The IEC Analysis

It has been well known that the IEC values diseciépend on the amount of
sulfonated sites in the polymer film and thus tleeg indicative of the actual ion

exchange sites available for proton conduction.gealy, the higher the values of the
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IEC are desirable to achieve higher proton condiiiets in the polymer electrolyte
membranes. Figure 5.10 shows the IEC of the protmducting PVDF membranes as a

function of degree of grafting (see Table 5.2).

0 T T T T T
0 20 40 60 80 100 120

lon exchange capacity (mmol/g)

Degree of grafting (%)

Figure 5.10 Behavior of the ion exchange capacity versus tgrek of grafting for
proton conducting membranes.

In this study, the IEC increased with the incremsthe degree of grafting. This
increasing trend can be attributed to the incr@asiee number of incorporated aromatic
rings available for sulfonation in the membranesppred by UV irradiation. Nasef and
his co-workers (Nasef, 2010) found that the IECugabf 65 % grafted PVDF film
prepared using two step radiation induced graftmeghod was about 2.52 mmol/g with
a 90 % degree of sulfonation. Hietala et al. (&leetet al., 1999) also reported that the
IEC of the proton conducting PVDF membranes prapéreelectron beam irradiation
reached up to 2.55 mmol/g with a 73 % grafted mamdrIn this study, the IEC of the
membrane was found to be 2.46 mmol/g with a 68 geedeof grafting. The calculated
degree of sulfonation was also found to be abow,8%dicating that most of the
styrene units were sulfonated under the experirh@otaditions. It was seen that the
IECs obtained in this study were in accordance tghpreviously reported values. The
calculated IECs for PVDg-PSSA membranes were found to be higher than that o

(0.91 mmol/g) commercial Nafion membrane.
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5.1.2.3 The Water Uptake and Hydration Number

The water uptake of the PVDF graft copolymer meanbs was evaluated at°&0
and listed in Table 5.2. Water sorption dependghanextent of sulfonation, hence
higher the degree of substitution, greater the mgéake. In addition, the water uptake
has a direct connection to the proton conductiaityl the dimensional stability. An
ideal fuel-cell membrane has higher proton condigtiwith lower water uptake
(Asano, 2007). Figure 5.11 shows the water uptake dunction of the degree of
grafting of the PVDF based proton-conducting memésa The higher degree of
grafting was associated with a higher water uptakejcating the presence of
hydrophilic sites (sulfonated graft chains) on tha@rophobic PVDF base films. The
sulfonated Memb 0 with 2.4 % degree of grafting B2 water uptake, whereas the
sulfonated Memb 8 with 109.1 % degree of grafing 886 % water uptake. Generally,
higher IEC values give higher water uptake bec#ase properties are strongly related
to the amounts of sulfonic acid groups (Kim, 200BVDFg-PSSA membranes
exhibited 109.1 % water uptake, which are highantkthat of Nafion (water uptake
30%) (Asano, 2007).
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Figure 5.11WU of the proton conducting membranes versus aegrafting.
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The hydration number of the proton conducting memés as a function of
degree of grafting is shown in Figure 5.12. Therhtidn number is defined as the
number of water molecules per sulfonic acid gronig,Q/SG;H). It was observed that
the hydration number increased with the degreeraftigg of polymers. The higher
hydration number could stem from the larger ionusters, in which larger volumes of
unbound water were contained (Asano, 2007).

nH20/S03H

0 20 40 60 80 100 120

Degree of grafting (%)

Figure 5.12 Hydration number of the proton conducting membsavnersus degree of
grafting

Table 5.2Degree of sulfonation, Tm, IEC, water uptake, hyidn number and
conductivity of PVDFg-PSSA membranes

. Conductivity

Sample 3/0(.‘; Sulf(oo/r;;ﬂtlon (ng) (mInEu():I/g) \(’(\% nH,O/SQH a(ltsjlgm(;
Memb 0 24 87 155 1.25 6 2.66 a
Memb 1 6.9 91 144 1.26 11 4.85 a
Memb2 18.4 89 160 1.55 48 17.20 a
Memb 4  50.8 84 156 1.70 84 27.45 a
Memb 6 68.0 96 156 2.46 217 49.00 1x10°
Memb 8 109.1 81 156 3.10 396 70.96 5x10°

a: Not measured
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5.1.2.4 Thermogravimetric Analysis (TGA)

The thermal properties of pure PVDF, styrene gthfPVDF (Memb 6) and
proton conducting membrane (sulfonated Memb 6) werestigated comparatively by
TGA, as shown in Figure 5.13. Moreover, the TGAvesr of proton conducting
membranes are given in Figure 5.14. The first shgaight loss of proton conducting
membrane was observed around 50-=0)Qvhich is mostly attributable to the loss of

adsorbed water by the hygroscopic property of teenbrane.

100 q mezmeemem=s .
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Figure 5.13TGA data of PVDF, PVDF-g-PS (Memb 6) and PVDF-g-R{Sulfonated
Memb 6) membranes were recorded undeatshosphere at a heating rate of@Onin.

The second weight loss took around 100=90wing to the existence of poly(vinyl
acetate), which was used as an adhesion agent.thi@éoss of the sulfonic group from
the main chain backbones was observed around°C50'he decomposition

temperatures of PVDB-PS were around 38C. The PVDF graft membranes with
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PSSA showed less thermal stability than PVDF baselbnane, which is due to the

decomposition of the sulfonic acid groups. Howewbe TGA data showed that the

amphiphilic PVDF graft membranes were thermallypkaip to around 25C.
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Figure 5.14 TGA data of proton conducting membranes were regbrdnder N
atmosphere at a heating rate of@Gnin.

Most of the membranes did not undergo completeadiegion and some residues

of carbon-sulfur complex might be left behind a #nd of the heating process (Nasef,

2010).

5.1.3 Analysis of Triazole doped PVDFrPSSA

The effect of triazole doping on anhydrous pratonductivity of the membranes

at high temperatures was also studied. For thipqae, Memb 4 and Memb 6 were

selected due to the fact that they possess higledeq grafting and solubility in DMF.
Two different mole ratios of triazole were usedingel:1 ratio of PVDFRg-PSSA: Tri
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and 1:2 ratio of PVDE-PSSA: 2Tri for Memb 4 and 1:2 mole ratio of tritkzeovas
used for Memb 6.

5.1.3.1 FT-IR analysis

The FT-IR spectra of triazole doped proton conidgcinembranes (Memb 4) are

given in Figure 5.15.

Memb 4/SA-Tri exhibited a medium absorption at 28W* and 1450 cm due
to C=N and C-N stretching of the triazole ring @makumar and Xavier, 2004).
Additionally, the peak which appears at 3400’cshows the N-H absorption.
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Figure 5.15The FT-IR spectra of triazole doped proton conagcthembranes
5.1.4 Proton conductivity

Proton conductivity is one of the most importardgerties of polymer electrolyte
membranes for fuel cells. The charge density of éedls strongly depends on proton

conductivity and thus the membranes with high pratonductivity are highly desired.
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In this study, hydrous proton conductivities of rgtéd membranes in the temperature
range between 2C@-8C°C and anhydrous proton conducting of triazole doped
membranes in the temperature range betweé&@C-260C were measured by AC
impedance spectroscopy. AC and DC proton condtetsviof samples at high
temperature were shown in Figures 5.16-5.18 andmuar proton conductivities of all

samples were summarized in Table 5.3.

Table 5.3Maximum anhydrous proton conductivities of theymoér membranes with
triazole dopant at 15C.

Sample Triazole Doping Conductivity

ratio (mS/cm)
-2
Memb 4/SA 1.0<10
2 5.0x10°
1 1.0x10*
Memb 6/SA 4
2 2.0x10

5.1.4.1 The Effect of Humidity on Conductivity

The proton conductivities of the PVOFPSSA polymer membranes selected
according to the amount of degree of grafting wereasured by AC impedance
spectroscopy. Membranes (Memb 6/SA and Memb 8/Sé&ewnitially hydrated by
immersion in water for at least 12 h at 50. The proton conductivities, listed in
Table 5.2, were all measured between 4C280°C and at 200-400% relative humidity.
Expectedly, the proton conductivities increasecwicreasing degree of grafting. The
proton conductivities of the PVD§-PSSA membranes were in range of 1-5 m&cm
which are close to the reported results by Lehtetesl., (Lehtinen, 1998). These highly
proton conducting PEMs are undoubtedly promisingfdel cell applications. It is also
clear that the increase in proton conductivity pelsthe enhancement in the water
uptake of the sulfonated polymer membranes asasélheir IECs (see Table5.2).

5.1.4.2 Anhydrous Proton Conductivity

The AC and DC conductivities of triazole doped MediSA and Memb 6/SA

membranes were measured (see Figures 5.16-5.18).ciitves for all the samples
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involve the frequency dependent and independerdasavehich are typical in ion
conducting polymers. At lower frequencies, an iaseein conductivity up to a certain
level is due to electrode polarization. Then a decy independent region over 2-3
decades was observed at higher frequencies. Thet @inrrent (DC) conductivitygqc

of the sample was derived from those plateau regogriinear fitting.

The proton conductivity of Memb 6 (D.G = 68%) isvier than Memb 4 (D.G =
50.8%). Memb 6 has higher D.G and sulfonation \altten Memb 4, whereas its
conductivity is lower than Memb 4. The reasontfos might stem from the fact that
Memb 6 could be highly crosslinked when the reactiocurs (Yu et al., 2010).

The proton conductivities increased with the iasee of temperature for all the
membranes. The elevation of temperature favors th&tdynamics of proton transport
and the structural reorganization of polymeric nbBaresulting in the increased proton

conductivity at high temperatures (Kim, 2007).
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Figure 5.16 AC conductivity versus Frequency (Hz) for Memb 4/$A at various
temperatures.
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Figure 5.17AC conductivity versus Frequency (Hz) for Memb 4/3Fi at various

temperatures.
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Figure 5.18DC conductivities of Memb 4/SA-Tri, Memb 4/SA-2Tnd Memb 6/SA-
Tri, as a function of reciprocal temperature.
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5.2 UV-INDUCED HOMOGENEOUS PHOTOGRAFTING OF STYRENE ONTO
PVDF

PVDFgraft-polystyrene was synthesized upon exposure to gNtlin the
presence of benzophenone. Carbon centered radjeatyated via H-abstraction from
PVDF by the triplet benzophenone initiated the pwdyization. After subsequent

sulfonation, proton conducting membranes were pegpas outlined in Figure 5.19.

*

. 0 . O
) UV irradiation
ot

b'o

2) Q

0]

Figure 5.19Process for synthesis of PVIFPSSA proton conducting membranes by
UV homogeneous photografting method.



58

Table 5.4Synthesis conditions and results of PV®PS graft copolymers

CH.Cl,

PVDF  Styrene Irradiation Time Product . . Tg Tm
insoluble Yield (% o o

@  © (h) @ "% ®) o o

0.8 21.8 0.5 1.005 0.198 0.8 a 158

0.8 21.8 4 1.112 0.216 12 87.3 158

a: Not detected due to low degrees of grafting.
5.2.1 Analysis of the Grafted PVDF
5.2.1.1'H NMR Result

The successful graft copolymerization was confimesing *H NMR
spectroscopy'H-NMR spectra for pure PVDF and styrene grafted P\u@polymers
obtained after 0.5 h and 4 h UV irradiation weregented in Figure 4.20.

4[—(0320 F— C?—|CF2—]T
-

PVDF-g-PS

oJ
b

PVDF

Figure 5.20 *H NMR spectra of pure PVDF and PVIRFPS graft copolymers
obtained with 0.5 h and 4 h UV irradiation.
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For both samples, the peaks of solvent (DMSO) aatemappeared at 2.6 and 3.5 ppm,
respectively. In addition, the spectrum exhibite tbresences of the characteristic
multiplets centered at 2.9 and 2.3 ppm assigndgtiganethylene groups in -GHCF,-
CHy-CF,-CH,-CF,- and -CkR-CH,-CH,-CF,- sequences resulting from the normal tail-
to-head and reversed tail-to-tail VDF additionsui@ et al. 2002, Guiot et al., 2005)
The spectrum of the PVD§PS graft copolymer exhibits additional signalsaled in
the 1.8-2.1 ppm and 7.3-6.4 ppm ranges assigneatetbylene and methyne groups of

poly(styrene) and to the aromatic protons, respelsti
5.2.1.2 FT-IR Studies

Figure 5.21 shows the FT-IR spectra of the PVD$elddm and styrene grafted
PVDF copolymers with different UV irradiation timeBhe characteristic peaks of pure
PVDF was observed between 1200-1000*cend 450 cril, which represents
fluorocarbon absorption (C—F band absorption).dditon, the strong peak appeared at
1403 cni, corresponds to Chtretching vibrations of PVDF.

7/
PVDF

PVDF-g-PS (0.5h UV)

PVDF-g-PS (4h UV)

\

Csttr

Transmittance (a.u)

;

Aromatic CH Aromatic C=C s

, Aromatic CH (o.0.p bengl)
| ! | ! | ! | /7/ ! | ! | ! |
3400 3200 3000 2800 1500 1000 500

Wavenumber (cit)

Figure 5.21 Typical FTIR spectra of pure PVDF and PVQMRS graft copolymers
obtained with 0.5 h and 4 h UV irradiation.
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The existence of polystyrene in graft copolymer PMPPS was verified by the two
bands of C—H aromatic out-of-plane deformation5& @nmi* - 695 cni and 3026 ci,
which was due to the aromatic =C—H bonds. It i® al®rth noting that there was a
peak at 1500 cih which was a result of the aromatic C=C stretchiifgations. These
signs confirmed that the monomers were grafted ¢timéoPVDF backbone, and the

variation in the intensity of the polystyrene clwesistic bands reflects the differences
in the degrees of grafting with increasing irradiatime.

5.2.1.3 Thermogravimetric (Tg) Analysis

The thermal stabilities of pure PVDF and PVDBHpolystyrene graft copolymers
were investigated by TGA as shown in Figure 5.22% Base PVDF showed excellent

thermal stability up to 448C, above which it started to decompose to abouwt3%
(Kim, 2008).

100 TR s
80 4
S 60-
=
2
()
= 40-
—pPwOF T
204 | - PVDFg-PS(5huv) f  + T
- PVDFg-PS(4huv) R e
0 I I L I L I L I L I L I L
0 100 200 300 400 500 600 700 800

Temperature’C)

Figure 5.22 TGA data of pure PVDF and 0.5 h UV and 4 h UV grapolymer
PVDF-g-PS were recorded undeg Btmosphere at a heating rate of@0nin.
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The graft polymers showed degradation patterns\@wo depolymerization and
decomposition of PVDF. The initial weight loss vagibuted to the loss of polystyrene
(depolymerization). The weight loss in the secotep svas due to decomposition of
PVDF by random chain scissions, reported as clenatit of the PVDF backbone
degradation (Sauguet, 2006 and Nasef, 2010). @le@##?VDFg-PS showed a
satisfactory thermal stability up to 38C. The slight weight change until 100-1%D

can be attributed to absorbed humidity.
5.2.1.4 DSC Analysis

Differential scanning calorimetry (DSC) was peni@d to measure the glass
transition temperatures of the pure PVDF and P\(EFS graft copolymers synthesized
by 0.5 h and 4 h UV irradiation. Figure 5.23 shotih® DSC curves between
54 °C - 240°C for the membranes and their corresponding Tgesahure listed in Table
5.4.

PVDF-g-PS (4 h UV)

PVDF-g-PS (0.5 h UV)

T y

PVDF

Heat Flow Endo Down imW) — —

60 a0 100 120 140 160 180 200 220 240

Temperature ("C}

Figure 5.23DSC traces of pure PVDF and PVIYHPS graft copolymers obtained with
0.5 h and 4 h UV irradiation were recorded undertimtmosphere at a heating rate of

10 °C/min.
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Figure 5.24 illustrates a close-up view of the D&@ves between 8C -13C°C. Tg of
pristine PS was nearly 108. PVDFg-PS obtained via 4 h irradiation had definite glass
transition temperature at 87°8. The obtained Tg value was assigned to the pcesen
of polystyrene grafts. However, PVOJ-PS obtained via 0.5 h irradiation did not show
any Tg value, which might be due to low degree ddftqng. The DSC results
demonstrated that as the quantity of grafting P&emmsed, the glass transition

temperature of the sample was detected more easily.

|PVDF-g-PS (4 h UV)

| PVDF-g-PS (0.5 h UV) \/——x

,PVDF

Heat Flow Endo Down imW) — —

B0 70 80 g0 100 110 120 127

Temperature ('C)

Figure 5.24The close-up view of the DSC traces of pure PVDF andP¥g-PS graft
copolymers.

5.2.2 Analysis of PVDF-g-PSSA / Proton Conducting Bmbranes
5.2.2.1 FT-IR analysis

The sulfonation was verified by FT-IR spectroscdpgure 5.25 shows the FT-IR
spectra of the pure PVDF, graft copolymer, PV@PSSA, and proton conducting
polymer PVDFg-PSSA. The broad band in the range of 3000-3608was attributed
to the stretching vibration of the —OH that canmrfrthe —SGH group of sulfonic acid.
The PVDFg-PSSA copolymer also exhibited the strong absomptiand at 1180 cih
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PVDF
PVDFg-PS
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Figure 5.25FT-IR spectra of base PVDF, styrene grafted PVBdF@roton conducting
PVDF-g-PSSA.

resulting from stretching vibration of sulfonateogps (Kim et al., 2002). The bands at
1105 and 1036 cthcan be attributed to the vibrations of phenyl sisgibstituted with
sulfonate groups and sulfonate anions attachedéoy ring. The vibration bands at
752 cm® and 695 cri, associated with the monosubstitution of the beezeng,
became weaker, and the new peak, at 582, amas due to the scissor vibration of the
SO, groups (Asano, 2007 and Socrates, 2006).

Table 5.5Degree sulfonation, Tg, Tm, IEC, water uptake, emaductivity of PVDFg-
PSSA

Yield Sulfonation  IEC WU Ty Tn  Conductivity at

Sample (%) (%) (mmol/g) (%) (°C) (°C) 15C°C (S/cm)

PVDFg-PSSA 12 22 0.24 a 98 158  1.0x10"

a: Not measured due to low degree of sulfonation.
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5.2.2.2 The IEC Analysis

IEC values directly depend on the amount of suafed sites in the polymer and
thus they are indicative of the actual ion exchasitgs available for proton conduction.
Generally, the higher the values of the IEC arerrdele to achieve higher proton
conductivities in the polymer electrolyte membranks this study, the IEC of the
PVDF-g-PSSA was found to be 0.24 mmol/g with a 12% degfegrafting and 22%

degree of sulfonation (see Table 5.5).
5.2.2.3 The Water Uptake

Water sorption depends on the extent of sulfonati@nce higher the degree of
substitution, greater the water uptake. The higlegree of grafting was associated with
a higher water uptake, indicating the presence yaofrdphilic sites (sulfonated graft
chains) within the hydrophobic PVDF base polymartHis study, the water uptake of
the PVDFg-PSSA was evaluated at D but polymer did not adsorb water due to low

degree of grafting and sulfonation (see Table 5.5).
5.2.2.4 Thermogravimetric Analysis (TGA)

The thermal properties of pure PVDF, grafted PVawd proton conducting
polymer PVDFg-PSSA were investigated comparatively by TGA, aswshin Figure
5.26. The first weight loss of the sulfonic groupri the main chain backbones was
observed around 28C0. The decomposition temperatures of PViPPS were around
380°C. The PVDF graft membranes with PSSA showed lessrial stability than base
PVDF membrane, which are due to the decompositioth® sulfonic acid groups.
However, the TGA data showed that the amphiphiMDP graft membranes were

thermally stable up to around 2%0
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Figure 5.26 TGA data of PVDF, PVDR-PS and PVDRy-PSSA were recorded under
N, atmosphere at a heating rate of@0Onin.

5.2.2.5 DSC Analysis

Figure 5.27 shows the DSC curves betweetC55240C for the pure PVDF,
PVDFg-PS and PVDRyF-PSSA. Figure 5.28 illustrates a close-up view lid DSC
curves between 7& - 110C. PVDFg-PS and PVDRyPSSA had definite glass
transition temperatures at 87G3and 98C. The DSC results demonstrated that as the

graft copolymer was sulfonated, the glass transitemperature of the polymer shifted
to higher temperatures.



Heat Flow Endo Down imW) — —

66

| PVDF-g-PS

60 a0 100 120 140 160 180 200 220 240

Temperature ("C)

Figure 5.27DSC traces of pure PVDF and PVIYHPS graft copolymers obtained with
0.5 h and 4 h UV irradiation were recorded undertimtmosphere at a heating rate of

10 °C/min.
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Figure 5.28 The close-up view of the DSC traces of pure PVDF, PUPPS and
PVDF-g-PSSA graft copolymers.
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5.2.2.6 Proton conductivity

The samples were dried under vacuum at@aor 24 h. Alternating current (AC)
conductivity, o,c versus frequency curves are shown in Figure 5&9ahhydrous
PVDF-g-PSSA. The curves for all the samples involve tlegdency dependent and
independent areas which are typical in ion condgcgiolymers. At lower frequencies,
an increase in conductivity up to a certain legetlile to electrode polarization. Then a
frequency independent region over 2-3 decades Wwasreed at higher frequencies.
After doped PVDF-g-PSSA with triazole, the maximpnoton conductivity of PVDF-
g-PSSATr with 22% sulfonation was measured aboutOfxmS/cm at 159C. The
direct current (DC) conductivitygq. of the sample was derived from those plateau

regions by linear fitting as shown in Figure 5.30.
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Figure 5.29AC conductivity versus Frequency (Hz) for PVIQFRSSA at various
temperatures.
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Figure 5.30 DC conductivities of PVDRErPSSA as a function of

temperature.
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CHAPTER 6

CONCLUSION

Proton exchange membranes were prepared by UV ipdated surface and
homogeneous grafting of styrene onto poly(vinylelefluoride) followed by a
sulfonation reaction. The degrees of grafting inDPWg-PS films obtained by surface
grafting increased with irradiation time, reachaigpve 100 % after 8 h. The success of
graft copolymerization was confirmed usiftg NMR and FT-IR. Thermal properties
(melting and glass transition temperatures) andrthkestability of the membranes were
also studied using DSC and TGA, respectively. TH@ATcurves of PVDR3-PS
polymers with varying degrees of grafting showetis&zctory thermal stabilities up to
381 °C. The DSC results demonstrated that as the degfegeafting increased, the

glass transition temperatures of the samples shiftdigher values.

The sulfonation was verified by FT-IR spectroscopye polymer electrolyte
membranes were also characterized in terms of W@h is a direct indication of the
extent of ion exchanging groups present in the niang The IEC increased with an
increase in the degree of grafting. The IEC of tiiembrane with a 68 % degree of
grafting was found to be 2.46 mmol/g. The degresutfonation was calculated to be
around 85%, indicating that most of the styrenetsumvere sulfonated under the
experimental conditions. As expected, water uptedees were found to be directly
proportional with degree of grafting, which wagiatited to the presence of hydrophilic
sites (sulfonated graft chains) on the hydrophdbuDF base films. PVD-PSSA
with a degree of grafting of 2.4 % had 6 % watetakp, while it reached 396% for a
degree of grafting of 109.1 %.

69
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Anhydrous proton conducting properties of 1,2,4#ole-functional PVDFRy-
PSSA polymers were investigated. PVBIRSSA(Tri» with a degree of grafting of
50.8% showed a maximum water-free proton condugtiof approximately 5x16
mS/cm at 158C. For the films obtained by homogeneous graftiing anhydrous
proton conductivity of PVDRErPSSA with 22% sulfonation was measured about
1x10* mS/cm at 15%C.
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