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ABSTRACT

This thesis research is devoted to the developofestitosphazene-based
electrolyte materials for use in various energyliappons. Phosphazenes are inorganic-
organic materials that provide unusal syntheticaatieges and unique process features
that make them useful in energy research. Thigqodait thesis consists of six chapters
and is focused on four specific aspects: lithiurttdsg, solar cell, and fuel cell

electrolytes, and artificial muscles.

Chapter 1 is written as an introduction and revidwhosphazene electrolytes
used in energy applications. In this introductibe basic history and characteristics of
the phosphazenes are discussed briefly, followeekiynples of current and future
applications of phosphazene electrolytes relatesh&wgy. Notes are included on how the

rest of the chapters relate to previous work.

Chapters 2 and 3 discuss the conductivity andstfety of ethyleneoxy
phosphazene gel electrolytes. The current highipifhable configurations for
rechargeable lithium batteries generate seriowetysabncerns. Although commercial fire
retardant additives have been investigated, they te decrease the overall efficiency of
the battery. In these two chapters the discussiéomcused on ionically conductive, non-
halogenated lithium battery additives based on thoxgethoxyethoxyphosphazene

oligomer and the corresponding high polymer, bdtilich can increase the fire



resistance of a battery while retaining a high gnefficiency. Conductivities in the
range of 10" Scm® have been obtained for self-extinguishing, ionerariive

methoxyethoxyethoxyphosphazene oligomers. Theiaddif 25 wt% high polymeric
poly[bis(methoxyethoxyethoxy)phosphazene] to prepgl carbonate electrolytes lowers

the flammability by 90% while maintaining a gooahiio conductivity of 2.510° Scm™.

Chapter 2 is focused more on the electrochemicgdepties of the electrolytes and how
they compare to other similar materials, while @Gbaf8 emphasizes the flammability

studies.

Chapter 4 expands the application of the ethylep@twsphazene system to dye
sensitized solar cell systems, and uses this rahtesia model for the study of electrode-
electrolyte interfaces. We report here the resafltsur study on polymer electrolyte
infiltration and its effect on dye-sensitized saietls. In-depth studies have been made to
compare the effects of different cell assembly pdures on the electrochemical
properties as well as infiltration of electrolyiaso various electrode designs. The first
part of the study is based on the use of thermbplpsosphazene electrolytes and how
the overall fabrication procedure affects electevnltal performance, and the second is
the use of cross-section microscopy to characténzelegree of electrolyte infiltration
into various nanostructured titanium dioxide eled& surfaces. The results of this study
should eventually improve the efficiency and longewf thermally stable polymer dye

solar cell systems.



In Chapter 5 the effect of pendant polymer desigmethanol fuel cell
membrane performance was investigated. A synthetihiod is described to produce a

proton conductive polymer membrane with a polynanbae backbone and inorganic

organic cyclic phosphazene pendent groups thatsadfanic acid units. This hybrid
polymer combines the inherent hydrophobicity aediflility of the organic polymer

with the tuning advantages of the cyclic phosphazerproduce a membrane with high
proton conductivity and low methanol crossovermain temperature. The ion exchange
capacity (IEC), the water swelling behavior of gadymer, and the effect of gamma
radiation crosslinking were studied, together wité proton conductivity and methanol

permeability of these materials. A typical membrhad an IEC of 0.329 mmofgand
had water swelling of 50 wt%. The maximum protonauactivity of 1.1%10* Scm* at

room temperature is less than values reportedoimescommercially available materials
such as Nafion. However the average methanol péiititgavas around 18 cms?,

which is one hundred times smaller than the vabudafion. Thus, the new polymers

are candidates for low-temperature direct metharedicell membranes.

Finally, Chapter 6 focuses on the electroactivitg onixed-substituent
phosphazene electrolyte and its viability as anator materialWe report here an
electrochemically responsive polymer hydrogel basednic crosslinking. The
crosslinking by metal cations and anionic carbaxgltid side groups can be controlled
by redox reactions. The crosslinks dissociate vthercation crosslinker is reduced to a

lower oxidation state and reform following oxidatjavhich leads to a reversible and



localized swelling—contraction. By choosing biocatiple components and
miniaturization designs, the system has potentiahicrorobotic and biomedical

applications.
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Chapter 1

Introduction: Phosphazene-based electrolytes in engy applications

1.1. Overview

Electrolytes have long been essential component ¥ade range of energy
applications since the invention of the first battey Volta [1-5]. As the technology
progressed, so has the development of more advateetdolyte components, ranging
from polymeric systems to ionic liquids. One congatce of this sustained push for
better electrolytes, as with the advance of mahgratnaterials, is that the line has
blurred between “inorganic” and “organic” compoun@siginally reserved for blends
and composites, the field of inorganic-organic sy has been growing steadily with
the introduction of ingenious chemistry discovesash as organometallics and
organosiloxaneg6-14] These materials combined the desirable propertibsth
organic and inorganic compounds and thus openwigarange of possibilities in the
world of energy-related technologies. Among thesztieg developments, one family of
molecules that are among the most interestingaigitbup called organophosphazenes
[15-22]. The fact that phosphazenes have highlgtabiespecially in the
electrochemical sense — and a wide range of syathatability makes this family of

molecules a highly valuable platform for the deypahent of all types of materials,
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especially in the field of electrolytes for ene@pplications. In this introduction the basic
history and characteristics of the phosphazenddwitliscussed briefly, followed by
examples of current and future applications of phagene electrolytes related to energy
issues. Notes will also be included on how the othapters relate to the earlier work

mentioned here.

1.2. Definition and history of phosphazenes

Organophosphazenes, sometimes also referred aghuimiiles, are defined by
the general structure of an alternating phosphoitnsgen ring or chain bearing organic
functionalities, as shown in Figure 1-1 [21, 23-ZBje history of organophosphazene
chemistry dates back to 1834, when Liebig and Wdir& synthesized what is now
known as the hexachlorocyclotriphosphazene [27\éi@r, it was not until over one
hundred years later, in the 1950s, that the metheds developed for the substitution of
chloride on these molecules with organic substitf28]. The discovery of such a
versatile reaction opportunity led to a large nundfeelated breakthroughs, which

eventually extended to other phosphazene ring isigste

Ff\ /Fi
\N/ \

— - n

[~

Figurel-1: Generic representation of phosphazene struf2die



Another notable point in the history of organopHhtsene compounds was the
discovery of a polymerization reaction for cyclophbazenes. First introduced in the
1960s [25, 26, 29], the process led to a macromtdemtermediate that can undergo the
same types of substitution reactions as the smalieenle cyclic counterparts. The
combination of substition and polymerization resdlin a system that provides unusual
synthetic opportunities: More than a thousand asgansphazene compounds have been
synthesized since then, including a wide rangdrattires and properties developed
around the world [16, 17, 18, 20, 30]. Examplepasdsible structural variations are

shown in Figure 1-2.
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Figurel-2: Various molecular structures derived from phe@sggme chemistry [20].

1.3. Characteristics of phosphazenes

In addition to the variety of synthetic options #afale, organophosphazenes
possess other unique features that make them dserhergy applications. The ability
to carry out substitution reactions after buildangore structure means that it is possible
to predict the final structure and often, from stawe-property relationships, the
properties of the final compound. This allows foe tlesign and synthesis of electrolytes

used in very specific applications through synthtie-tuning processes. Also, the



phosphrous-nitrogen core structure is inherenthgko stable to thermal / oxidative
dedragation, electrochemically stable, transpaveet a wide range of wavelengths and,

in the case of polymeric structures, highly flegidi31]

1.4. Phosphazene synthesis

The syntheses of small-molecular phosphazene stascare generally through
the reaction of ammonium chloride with phosphorestachloride, which evolves

hydrochloric acid as a side product [2Ep(ation 1-1).

HNH;CI + -"J'PCI.E — (NPC]R}: to =10 + 4nHC] T (Equation 1_1)

By changing the conditions and starting mateffidgis 33] these small-molecule
processes can produce a number of structurallgreifit cyclic and linear products,
although the cyclic trimer is generally the mostnooon and most stable product. The
polymer can be then produced through a cationg ojrening reaction (Figure 1-3) [25,
26, 29, 34], usually under high temperature matiditions, although a number of other
procedures are possiljlés-43] Linear compounds can also be synthesized vidargli
cationic polycondensation reaction, using monoreach as
trichloro(trimethylsilyl)phosphoraniminé4-46]. This procedure, in addition to the fine
control in molecular weight typical of a living poherization, also allows for the

formation of more interesting structures such aslbtopolymers[45-52].



Conversion of halogenophosphazenes to organophospésiinvolved a
replacement reaction of chlorine atoms by nucldephirhe reactivity of the P-Cl bonds
are so high that chlorophosphazenes are generatbrwensitive (Figure 1-3) [53-55].
The most common of these reactions involves eitherof the following two reactions:
One ultilizes the hydroxyl functionality on the stitution candidate, usually activated by
sodium or sodium hydride to form active NaOR spgaihich then attacks the
phosphous-chlorine bond to form a P-OR linkageratehse sodium chloride as a side
product. Similar alternative procedures involvinglifochloride acceptors such as cesium
carbonate also exist [56-81]. The other commonti@amvolves a primary or secondary
amine activated using a strong base such as tiaetitye. Here the hydrogen chloride
released by the interaction is neutralized by ttié sponge [82-88]. A number of other
approaches, while less common, are of equal impoetal hese include substitution by

thiol compound$89-91] and the direct formation of P-C bof@8-94], among others.
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Figurel-3: Example of phosphazene thermal ring-openingrpelyzation followed by
alkoxy or amino substitution.

One notable exception in the process describedeaisdhe polymerization of
organo-substituted precursors, including some pharsimimines and cyclic
phosphazenes. These reactions allow for desigfesetit from substitution via the
chlorophosphazene core. However, only a selectetbauof organophosphazenes have
been successfully synthesized through these rddfes95]Especially in the case of
substituted ring phosphazenes, the number of cld@ioms remaining on the ring seem
affect the reactivity. It is also possible to afttan oligomeric phosphazene unit to an
organic polymer precursor, in which case the polyragion is less dependent on the
availability of chlorine atoms. This approach, vehiiroviding yet another way of

developing various unique structures, also saesfeome of the properties of the
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phosphazene for those of the common organic spB8gNevertheless, between the
various synthetic methods a wide variety of orgdnogphazene electrolytes can be made,

and many of the most successful discoveries arited below.

1.5. Applications

1.5.1. Battery materials

One area where the phosphazene electrolytes hes@ed much attention is in
lithium battery applications. [97, 98] The wordtHium battery” covers a wide range of
chemical energy storage devices, ranging fromuithmetal single-use batteries to
intercalated lithium-ion rechargeable devices.thermost part, new research has mainly
focused on the lithium ion polymer batteries, as threction promises better safety and
stability in high-performance rechargeable seconbattery systems. The challenges for
electrolytes in these systems mainly involve thpromement of ionic conductivity. Mass
transport issues are one of the major concerngdiymeric electrolyte systems
compared to traditional small-molecule electrolyésigns.

A large number of organophosphazene compoundshearedeveloped for this
application over the years, but the most iconic agnmontain side groups based on
ethyleneoxy sidechains. The most well-known example
poly[bis(methoxyethoxyethoxy)polyphosphazene] (MEE®ure 1-4), was first
developed in 1984 [99] as the first phosphazengnpel electrolyte. As a low Tg (-88)

amorphous polymer, it is a good solvent for a largember of salts commonly used in
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battery applications [100], This material has shamuch better ionic conductivities than
similar polymeric electrolytes such as those basedoly (ethylene oxide) (PEO) [17,
100]. Further improvements have been attemptedng labout better electrochemical
performance as well as structural integrity. Thestm@mmon approaches involved
changing the geometry of the side groups, includiseof linear and branched variations
[101-102] as well as crown-ether type ring struesyl03-105].Utilizing the freedom of
multiple-substitution chemistry in phosphazenesgpess had also been made by using
mixed side group substitutions [106-108]. A numblestudies have been made to
determine the conduction mechanism in these m&t¢ti@9,110], and working battery

cells have been fabricated for the study of pratfeasibility [111, 112]

TCHQCHQOCHQC H-OCH4
*+N_—P+*

| n

OCH,CH,0CH,CH,OCH5

Figurel-4: Example of ethyleneoxy phosphazene electrolite methoxy — ethoxy —
ethoxy — polyphosphazene (MEEP).

It is also possible to change the properties okthgleneoxyphosphazene
electrolytes through other means. For example nabeu of studies have been carried out
on the effects of crosslinking of the material: m@ehes included chemical crosslinking

[113], radiation crosslinking [114-116], and ulti@et crosslinking [117]. These
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materials generally showed ionic conductivities panable to their uncrosslinked
counterparts under similar conditions, while impngythe physical stability. Similarly,
the formation of composites with materials suclalasninum oxide [118], PEO [119-121]
or silanes/siloxides [122,123] also induces dimemai stability. On the other hand, the
addition of liquid additives led to formation oflgdectrolytes that increased the ionic
conductivity [124, 125]. Finally, changes in thdypoer structure from linear and cyclic
phosphazenes to pendent or block copolymer sysdésnged to interesting results26-
135]. In fact, with the combination of side group sitihéion and backbone design
(Figure 1-5), phosphazene electrolytes with unigroperties can be made for very
specific applications, such as the lithium sea-na#ttery [136, 137]. The most recent

progress in improving these ethyleneoxy electralytdl be described in Chapter 2.
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Polymer 6 Type B
Homopolymer

Palymer 10 Type C
Copolymer

Type A

P
NTEN
O; i 7 = -DCHCH0CH,CH0CH; ® = .OGH,GF.
-

Figurel-5. Example of combination mixed group substitutietbackbone design in
phosphazene lithium battery electrolytes [137].

The other major class of phosphazene electrolyded in lithium battery systems
are single-ion conducting phosphazenes. [17, 138-Pdthough neutral electrolytes
such as ethyleneoxy phosphazenes can induce taffabtive ion-conduction through
the high solubility of selected salt species, @& that a non-contributing free counter-
ion exists in the electrolyte raises concern abouecessary polarization at the
electrodes as well as ion pairing. As such, anranisolvent in which only the ion that
contributes to the electrochemical reaction — itéulm cation in this case — has been a
focus of various electrolyte developments. Howethez,immobilized counter-ion tends
to reduce the overall ion mobility by trapping nmlelspecies in ionic crosslinks. Thus,

recent research has focused on highly-dissociafiegies such as lithium sulfonamide
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attached to the polymer backbone to produce méevith better conductivity, with

some degree of success. [141].

Another important property of phosphazene electeslys fire retardancy [142-
147]. As mentioned, one important driving force in theelepment of new electrolyte
materials is the improvement of overall safety.t&&s made with phosphazene
electrolytes can be non-flammable [148] and thusdesl in heat-sensitive applications.
This is probably due to the high organophosphoamgent of the material, which is
known to reduce flammability [149, 150]. More infeation on how the phosphazene

electrolytes can improve the fire safety in bat®ygtems is provided in Chapter 3.

1.5.2 Fuel cell materials

The other major direction in energy applicationsgbosphazene electrolytes is
their use in fuel cell membrane systems [151, 16@¢l cells are devices that convert an
external feed of chemicals into electrical enefgigire 1-6). Common fuel components
include hydrogen, methanol, or gaseous hydrocarbocis as methane. [153, 154] The
major area in which organophosphazene electrojgeess can contribute to fuel cell
systems is the polymer memberene fuel cell. Hepepton conducting membrane not
only functions as an ionic conductor like that ibadtery system, but also acts as a

separator between the cathode and anode to prestigrossover and thus undesirable
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side reactions. [155-159] As such, the selectioftthe membrane is just as important as

the rate of mass transfer in such an application.

Vi

P — | _—
Carbon Co, @ ¢ H,0 Water
dioxide

o

D [CVE O

CHEGH_,_.__'IJ‘E E"l

Methanol | H,0 (H - 0; Air
— -
Water

Figurel-6. Operation scheme of direct methanol fuel cdile Electrolyte membrane is
shown in red [152].

The best known phosphazene system used in sudeatfpis is the sulfonated
ayrloxy phosphazene system [160]. Especially imtie¢hanol fuel cell field, sulfonated
phosphazene membranes have been known to prewssbuer [161-163]. Studies have
been made to explain the behavior of these matghabugh examination of their
microstructures [164], and working cells have bfsdmicated to gain insight into their

real-world performance [165]. The direct use of@uhted precursors in the synthesis of
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sulfonated phosphazenes generally leads to unflaleosale reactions [166]. Therefore,
most of the materials in this class are based epdst-substitution sulfonation treatment
by reagents such as $igure 1-7) [167-171]. This usually requires tlee of aryloxy
side groups due to their reactivity to electroghdubstitution. As in the case of battery
electrolytes, crosslinking of these materials inweothe physical properties of the
resulting membranes without having a significanpact on their electrochemical

performance [172-174]

SO;H

o) o
—l * 1) 803 * —| *
—%N—Z—}n > {—N—Zﬁ;

2) H*, H,0

Figurel-7. Typical sulfonation reaction for phosphazend t#d membrane materials
[171].

Other phosphazene systems for fuel cell membrdeesaist, such as
phosphonic acid (Figure 1-8) [175, 176] and sulimde substituted species [177, 178].
Also changes in backbone design have induced cbandeehavior as in the case for
battery electrolytes [179]. Recent reviews go iétail on this subject [180], but much

potential exists for development of better phosphazlectrolytes for fuel cell
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applications. The recent developments in this figldescribed in further detail in

Chapter 5 of this thesis.

PO(OPh),

Yo gielgiele

t-Buli PO(OPNh)CI
= PH %10 et H P% —— PH a

Sa A 0d

Figurel-8: Typical phosphonation reaction for phosphazemel ttell membrane
materials [176].

1.5.3. Further developments

While most of the energy-related phosphazene elgttrresearch has been
focused on the above directions, there are a nuofdature opportunities that can be
explored. One of the possibilities is in chemicgbacitors, sometimes called the super
capacitors or ultracapacitors. [181, 182] In amteteehemical capacitor system, an
electrolyte solution is confined between two eledés like a battery, but instead of using
a highly redox-active electrode coupled with cqoegling electrolyte that can store

energy over a long period of time, an electrochathgapacitor involves either very fast-
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acting surface reactions (inducing “pseudo-capagitharge storage”) or non-redox
double-layer formation. This design results in aargy storage device that allows faster
charge/discharge rates than a battery but stilestmore energy than a conventional
capacitor. It thus bridges the gap between twoasvior applications such as electric car
accelerators and short-term backup power. Not simgly, the requirements for
electrolytes in this system are similar to thoseatteries. Because phosphazene
electrolytes have been shown to be electrochemistdble ionic conductors, their

application in the supercapacitor field is a logicdéure development.

Another of the promising future directions for ppbazene electrolytes is in solar
cell development. Although most conventional sckdls are based on solid inorganic
materials (mainly semiconductors such as siliceegent advances in the field have
yielded designs in which hybrid materials and etdgtes can play an important role. For
example, the dye-sensitized solar cell system [183] utilizes redox-active electrolytes
as an essential part of their photoelectron geioerdesign. In addition to the usual
requirements of an electrolyte system, a solarametiponent material also needs good
photochemical stability and, in some cases, optiealsparency. Phosphazenes have
been used in optical materials in the past [185],1a&hd these materials are promising
candidates for solar cell applications. Our pratiany studies in this direction are

discussed in Chapter 4.
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Figurel-9: Schematic operation diagram of dye-sensitizéar s@lls [184].

Lastly, the effective transformation of one enetype to another has always been
a popular topic in phosphazene studies. This irdwdib-topics such as electro-
luminance and electro-actuators [187, 188]. Althotlgs direction covers a wide array
of topics, research that involved direct eletrgamesse of electrolyte materials are much
less common. Most of the previous studies invohesghonsive electrolytes that convert
other energy types, such as thermal energy, imetiki energy. For example, the lower
critical solution temperature (LCST) effect is adkiof behavior certain hydrogel
materials exhibit, which causes the material tinghivelow a certain temperature [189,
190]. By ultilizing such effects, thermo-responspleosphazene electrolytes that expand

when heated and contract when cooled have beetogede191 - 194]. Recent progress
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in the field however opened up new possibilitiesdiectroactive phosphazene
electrolyte systems. One example of such actuasmarch based on a responsive

hydrogel is described in Chapter 6.

1.6. Summary

Phosphazene electrolytes are interesting and usefidrials for the field of
energy research due to the remarkable charactsrigtithe basic chemical structure as
well as the availability of various synthetic patws that allows design versatility.
Although most of the applications have been focusedatteries and fuel cells, there are

a number of other directions that can be potegtm@mibmising for future research.

The rest of this thesis is devoted to various aspafaecent developments in this
field: Chapter 2 and 3 contain a discussion oftireductivity and fire safety of
ethyleneoxy phosphazene gel electrolytes, respygtiChapter 4 expands the topic of
ethyleneoxy phosphazene to dye sensitized solesystems, and uses this material as a
model for the study of electrode-electrolyte indeds. In Chapter 5 the effect of pendant
polymer structuring on methanol fuel cell membrpagormance is described. Finally,
Chapter 6 focuses on the electroactivity of a migaldstituent phosphazene electrolytes

and their viability as electrochemical actuator enais.
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Chapter 2

Recent Progress with Ethyleneoxy Phosphazenes aghium Battery Electrolytes

2.1. INTRODUCTION

Among the various possible applications for phogphas described in the last
chapter, one of the most interesting is in lithibattery electrolytefl]. Lithium batteries
are among the most widely used primary and secgndadern energy storage devices.
As noted in the introduction, lithium metal andhiitm ion batteries are electrochemical
devices that generate electricity from lithium sms based on either metallic lithium
electrodes or intercalation compounds such asifithcobalt/lithium— magnesium
complexes. The numerous advantages of lithium tx@dtallow them to be used in a
wide variety of energy storage applications, esgigcivhere reliable, repeatable charge-

discharge characteristics are neef#d

As with many other energy storage devices thataelgimilar electrochemical
principles, the performance of electrolyte compaseelates directly to the performance
of the assembled battef. - 4] The first and formost consideration of a battery
electrolyte is that whether it has a high ionicaactivity. For the electrochemical
reaction to produce electron flow, the lithium ionast be able to transverse from one
electrode to another, and the output of electrefee with the movement of ions on a

charge-by-charge basis following electroneutragliiyciples. As such, the conductivity
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of the ions in the electrolyte directly translateshe internal resistance of the battery,
and thus affects the power output of a cell follegvthe basic V=IR equation. This is
especially impartant in the case of polymeric etdgtes, as the existence of larger

molecular weight species generally restricts thaititp of ions.

A number of phosphazene — based lithium battemtrelytes have been reported
in the past, mainly focused on solid polymer eldgte systemg5-7] These types of
materials have shown good performance in assendelédonditions and are known to
be compatible with other battery components suatadson and metal oxide electrodes
[1,8 while maintaining better performance comparechamy of the existing solid
electrolytes. On the other hand, the potentialhmfgphazene compoundsgpe
electrolyte components has not been as thorougiplipeed.[9, 10] Similarly, liquid
electrolyte systems are part of another field wipdr@sphazene research is lacking. Since
phosphazenes have high thermal stability, low ilitigtand exhibit fire retardant
behavior, it is possible to develop component nitethat are resistant to leaks,
pressure buildup and fire — which are the most comproblems encountered for battery

systems[2,11]

Among the possible polyphosphazene molecular desgpecies with
ethyleneoxy side groups deserve special atterd®ithis family of materials is known to
maintain a liquid state as oligomers. They alscelfaigher conductivities compared to
similarly structured poly (ethylene oxide) (PEQkahatives, mostly due to their low

crystallinity and main chain flexibility. The matals are also known to have good
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compatibility with traditional electrolyte matersauch as propylene carbonate, which

leads to a wide range of possibilities for gel gl@dgte compositiong1]

For example, linear polyphosphazenes with oliggdetieoxy side groups have
ionic conductivities above I0Scm* when used as gum (solvent free) electrol{e8).
Moreover, small molecule cyclic phosphazenes Withgame ethyleneoxy side groups
have been used either as stand-alone electrolys mlasticizers for gel electrolytes,
and they are known to function well as solvents amddditives that increase the ionic
conductivity of the base macromolecular electroJyt8]. Related studies showed that,
when used as a plasticizer for poly(ethylene oxéegtrolytes, the conductivity of the

resulting gel electrolyte increased frott0™> to ~10"2 Scm* at 50-C [12)].

We discuss here the conductivity of ethyleneoxyphagene-based electrolytes
with and without the addition of propylene carb@nats well as comparing the
performance of gel electrolytes based on otherrpetic compounds. The phosphazene
materials used in this study are summarizefigure 2-1 For the electrochemical
evaluations, we prepared lithium salt electrolytesach material and carried out
alternating current impedance ionic conductivitpesments for different salt
concentrations. The lithium triflate—propylene aarbte system was selected as the

model base electrolyte for better comparison wathier phosphazene studies.
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Figure2-1: Types of phosphazene compounds used in thig.stin following
acronyms are used throughout this chapter andxataieed as follows: MEE trimer:
hexa (methoxyethoxyethoxy) cyclotriphosphazene @mmd 1). MEEP: poly (bis-

methoxyethoxyethoxy) phosphazene (compound 2). PNIGS: poly (bis-m-cresol)
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phosphazenecompound 3). ME trimer: hexa (methoxyethoxy) cyrgihosphazene

(compound 4).

2.2. EXPERIMENTAL

2.2.1. Materials

Hexachlorocyclotriphosphazene, (NR)glwas obtained from Fushimi Chemical
and Pharmaceutical Co. Ltd., Japan. The compousdowafied by recrystallization
from heptane, and sublimation at4Dand 0.05mmHg vacuum. Celite, sodium metal,
lithium trifluoromethylsulfonate (LIC£SQs), di(ethylene glycol)methyl ether, and
propylene carbonate were obtained from Aldrich tiyeether, hexanes, tetrahydrofuran
(THF), and methylene chloride (GEl,) were purchased from VWR. Di(ethylene glycol)
methyl ether and propylene carbonate were purlfiedacuum distillation. The diethyl
ether, hexanes, THF, and &, were purified through copper/ silica catalytic idiy

columns. All other chemicals were used as received.

2.2.2. Characterization

Molecular and materials characterization was camiat by'H and*'P NMR
spectroscopy with the use of a Bruker AMX-360 iastent. Conductivity measurements

were made using a HP-4192A impedance analyzer amd-point solid or liquid
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conductivity cell. The cell constant was calibratdth a set amount of standard sodium
chloride electrolytes of various concentrationsth@ case of anhydrous samples, the cell
was dried under reduced pressure for 24 h and efiied with dry nitrogen before

measurements.

2.2.3. Syntheses

All synthesis reactions are based on literaturegutareds, 6, 9, 13, 14, 15)ith

modifications as described below.

2.2.3.1. Hexa(methoxyethoxyethoxy)cycl otriphosphazene (MEE trimer) (1)

Di(ethylene glycol) methyl ether (68 ml, 0.57 mads added to a suspension of
sodium metal (6.55 g, 0.28 mol) in THF (400 ml)dahe mixture was stirred and heated
gently until all the solid sodium had been consunidet fully reacted mixture was then
added to a solution of hexachlorocyclotriphosphaz@® g, 0.043 mol) in THF (100 ml).
The reaction mixture was stirred and heated gdotl{6 h, then cooled to room
temperature. The THF was removed under reducedyneesand the remaining mixture
was re-dissolved in Ci€l, and purified via a water extraction. The solveaswhen
removed, the product was re-dissolved in an etlexaine mixture at the maximum
possible concentration, and the solution was statéolw temperature (—6%) until a
clear phase-separation was obtained. The loweloposas separated and dried,

redissolved in ChLCl,, mixed with activated carbon to remove coloredunies, and
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filtered with a short Celite column, followed byiaal removal of CHCI, under reduced
pressure. The product was a clear, slightly yebdwYield: 77.9%.3'P NMR:
17.7311ppm (s, 3P, NPNH NMR: 3.282ppm (s, 3H, OG#}t 3.449ppm (t, 2H,

MeOCH,); 3.553ppm (m, 4H CHDCH,); 4.006ppm (t, 2H, POCH

2.2.3.2. Hexa (methoxyethoxy) cyclotriphosphazene (ME trimer) (4)

For this synthesis the reaction was carried odtessribed above for
hexa(methoxyethoxyethoxy)cyclotriphosphazene, exettylene glycol methyl ether
was used in place of di(ethylene glycol) methyketind the time for both steps under
mild heating was extended to 32 hours. Yield: 67.2®NMR: 17.7298ppm (s, 3P,
NPN).*H NMR: 3.282ppm (s, 3H, OC##t 3.449ppm (t, 2H, MeOCHt 4.006ppm (t, 2H,

POCH).

2.2.3.3. Poly[bis(methoxyethoxyethoxy)phosphazene] (MEEP) (2) and poly (bis-m-
cresol) phosphazene (MCPHOS) (3)

Both syntheses were carried out by following praslg published procedur¢s,

9, 13, 14]

2.2.4. Electrolyte solution preparation

Two alternative methods were employed for electeopreparation. Unless

otherwise noted in the description, liquid samplese always formulated to maintain
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1M lithium ion concentration, while the salt-elafyite weight ratios for gel electrolytes
were set to be the same as 1M LiE6; in propylene carbonate. Propylene carbonate
(PC) containing mixtures were generally formulaiedchieve a 75:25 solid- or

phosphazene- to propylene carbonate weight ratessmtherwise noted.

2.2.4.1. Solvent-free electrolytes

The electrolyte formulation procedures based omathghosphazene compounds
without the addition of propylene carbonate arecdbed below, with liquid and non-

liquid final materials following separate procedure

2.24.1.1. Liquid electrolytes

Formulation of liquid electrolytes was achieveddigsolving LICRSGO; salt
directly in the electrolyte mixture under nitrogés a typical example, the conductivity
measurements for the electrolyte solutions of MiiRer/LICRSO; salt were carried out
for samples of various concentrations by addingF8D; to a 2:1 THF:MEE trimer
mixture and removal of the THF later in vacuum.WMEE trimer (3.5771 g, 3ml),
pre-dissolved in THF (5 ml), was mixed with Li¢3©;in 1.3, 2.6, 3.7, 6, 9.3, 11.3, 28.7,
37.7, and 44.7 wt% ratidS, 7, 13, 15] Stirring was applied to ensure proper mixing.

The solvent was then removed from the resultingunéxat reduced pressure.



42
2.2.4.1.2. solid and gel electrolytes

For solid, gum and gel samples where solid polycn@imponents were involved,
the electrolyte materials were pre-dissolved inrtiieimum amount of THF (5 ml)
before addition of the lithium salt and mixing. &ftthe salts were fully dissolved the
organic solvent was removed slowly under reducedgure to form a homogenous
membrane. The electrolyte samples were otherwisgaped using the same procedure

and weight ratios as described for liquid electesyt

2.2.4.2. Electrolytes containing propylene carbonate

Propylene carbonate-based samples were prepareglitbhsi same total sample
weight as the corresponding no-carbonate sampleadn case: a base of propylene
carbonate—phosphazene or propylene carbonatempolylend was mixed with
LICF3SG;s in appropriate ratios. For concentration — relaeperiments, the mixture was
again formulated for a final ratio of 1.3, 2.6,,3679.3, 11.3, 28.7, 37.7, or 44.7 wt%
LICF3SG;s in base blend. For propylene carbonate—liquiddrimixtures and 75:25
weight ratio propylene carbonate—phosphazene polyméures, LICESO; was first
blended with propylene carbonate in predetermimedusts to maintain the final
concentrations as described above. MEE trimer oERIRolymer were then added to the
solution until the components formed a homogensolgion. For propylene carbonate—
MEEP mixtures of 25:75 and 50:50 weight ratios,gbl/mer was first dissolved with
the lithium salt in THF to form a homogeneous dolutThe solvent was then removed

under reduced pressure. The resultant solid elgt#revas then allowed to absorb
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propylene carbonate at ratios described above ¥ageks under an inert atmosphere until

a uniform gel electrolyte was formed.

2.3. DISCUSSION

2.3.1. Phosphazene synthesis

Poly (bis-methoxyethoxyethoxy) phosphazene (MEEEYa
(methoxyethoxyethoxy) cyclotriphosphazene (MEE @éiijpand poly (bis-m-cresol)
phosphazene (MCPHOS) (Figure 2-1, compound 1-3& wwemthesized based on
previously reported procedurg6,9,13]For the hexa (methoxyethoxy)
cyclotriphosphazene (ME trimer) (Figure 2-1, compib4) the reaction conditions were
adjusted from the hexa (methoxyethoxyethoxy) cyilbbsphazene synthesis by longer
heating times: The reactivity of the methoxyethergium salt with the trimer was found
to be lower than that of MEE sodium salt, and |laageess of side group alkoxide or
heating was required to drive the reaction to cetiph. The reactivity of the alcohol to
sodium metal was also low, and additional mild imepivas also applied in this step.
Although rearrangement of POR bonds to NOR units avpossible competing process,

no evidence of such reactions was found.
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2.3.2. Single-solvent electrolyte conductivity

The conductivity measurements for electrolyte sohg of MEE trimer /
LICF3;SG; salt were completed for samples of various comaéons. It is interesting to
note that while the MEE trimer is a liquid, the ebged viscosity increased notably with
increased salt concentration in our samples, eslheat higher salt concentrations where
the conductivity starts to drop. We have obsennetdla behavior with MEEP, and
suspect that ionic crosslinking occurs in the sysfBhe same reasoning can also be
applied here. The conductivity of the methoxyeth@§£) trimer — Li salt solutions were
found to be lower than those of their MEE trimeuterparts, which is expected due to
lower oxygen content and shorter side chains the¢ lower degrees of freedom. The

conductivity values of ME trimer MEE trimer sampke® compared iRigure 2-2.
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Conductivity (10" S/cm)
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ME trimer MEE trimer  MEE trimer  MEE trimer

(0.3MLi+) (6.32M Li+)
Electrolyte Type

Figure2-2: Comparison of ionic conductivities for liquid MEmer and MEE
trimer electrolytes. All numbers reported herearerages of at least 6 samples. Note

error bars in this case are too small to showgarg (1%).

2.3.3. Mixed-solvent electrolyte conductivity

The conductivity results for mixed-component elelgties formed by the addition
of 25wt% propylene carbonate to phosphazenes awersim Figure 2-3.Because
propylene carbonate is a good solvent for thedithion system, the mixed electrolytes
have a better performance than the neat (solvea} fhosphazene electrolytes. This
holds true even for liquid oligomeric phosphazerié® effects are especially significant
for polymeric phosphazene materials, as the addgay/[fene carbonate also acts as a

plasticizer and enhances the ion mobility withia golymer framework. This result
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correlates well with previous literatuj@]. Other polymer-propylene carbonate mixtures
were also tested for ion conductivity but, with theception of poly(ethylene oxide)
(PEO) — based samples, the values were generallgdmpared to the MEEP sample.
The difference was especially interesting in theecahere non-conductive components
such as isotatic polypropylene (iPP) and poly (hisresol) phosphazene (MCPHOS)
were compared with ethyleneoxy phosphazenes, eethgitelectrolyte fabrication from
the two non-conducting compounds resulted in aepldse mixture and gel-like samples,
respectivelylt is reasoned that, because the use of noncomduyatilymeric fillers gives

a much lower conductivities than using ion-condugolymeric species such as MEEP,

the conductive nature of the polymer matrix conit@s greatly to the overall ion

mobility.

12+

10+

)
A
N '

MEEP MEE PEO PEO MCPHOS iPP*
trimer  (Mn=300) (Mn=1M)

Electrolyte Type

N N\

Conductivity (10" S/cm)

Figure2-3: Comparison of mixed electrolyte conductivityll Aumbers reported

here are averages of at least 6 samples. Notelsrsiin this case are too small to show
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in figure (1%). With the exception of isotactic pptopylene (iPP) electrolytes which are
75:25 wt ratio paste of solid beads and propylenbanate, all samples were

homogenous gels or liquid mixtures.

2.3.4. Component ratio effects on ionic conductiwt

The third part of this project was focused on corapae conductivity studies of
electrolytes that contain methoxyethoxyethoxy payiat or small molecule cyclic
phosphazenes with different concentrations of peymy/carbonate and lithium salt
additives. The conductivity results are showirigures 2-4 and 2-5The salt
concentrations were chosen to approximate to 0.1vdlies in the liquid electrolyte at
lower ranges, while the Li:O atomic ratios weregtded to 1:4-1:8 at the higher ranges
in accordance with previous solid electrolyte ekpents|5,7,13,15] The 1.5x10"

Scmit maximum conductivity of the MEE trimer electrolyi@s in agreement with other

liquid phosphazene electrolytes reported previously
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Figure2-5: Conductivity data of MEEP — propylene carbomatetures for

different phosphazene : propylene carbonate wedaiits. All numbers reported here ¢

averages of at least 6 samples. Note error bdlssrase are too small to show in figure

(1%).

Mixtures of methoxyethoxyethoxyphosphazenes witdpplene carbonate
generally had higher ionic conductivities than pliee phosphazene compounds, as

shown inFigures 2-4and2-5. This is not unexpected, because the additionhoglaly



50

ion-conductive, low viscosity liquid plasticizeralid increase the ion mobility. Thus,
both polymeric and cyclic trimeric methoxyethoxy@tliphosphazenes are acceptable
additives to propylene carbonate, since their erisg does not significantly compromise
the conductivity of the organic carbonate-basedtelbte system even at relatively high
weight ratios. However, an unexpected result istttepolymeric MEEP — propylene
carbonate mixtures had higher ionic conductivitiesn comparable MEE trimer —
propylene carbonate mixtures.

The observation points to that the addition of gtepe carbonate to MEEP has a
significant effect on the conductivity, while, f8fEE trimer, the increase was not
obvious until the amount of propylene carbonate ra&sed to approximately 50 wt%
(Figure 2-6). Because similar numbers have been reporteceipait for MEEP —
propylene carbonate mixturfl?], the possibility of conductive contamination can
probably be ruled out. However, considering thaegdEEP has a lower ionic
conductivity and higher viscosity than MEE trim#is result still requires investigation
and explanation, especially for the samples with poopylene carbonate content where
the viscosities of the MEEP — propylene carbonaie¢ures are higher than those of

MEE trimer — propylene carbonate mixtures.
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Figure2-6: Comparison of ionic conductivity around the ol Li*

concentration. All numbers reported here are ez af at least 6 samples. Note error

bars in this case are too small to show in figafé)

A possible explanation for the behavior of the hpgiymer is that the “swinging-
arm” ion transport mechanism often invoked for lofeed polymer electrolytes is
applicable to this system. This mechanism suppibsgtsons can be transported between
side chains through their random thermal movemamis that this process is actually
assisted by the existence of a continuous, flexpblgmer backbone if the matrix is
swollen by a compatible ion-conducting liquid mediuA possible additional effect is

the preservation of the ion transport propertiegropylene carbonate within a larger
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molecular framework of MEEP polymer. Instead ofoanogeneous mixture of solvent
molecules that encase the ions, as in the cas®pylene carbonate alone or of MEE
trimer—propylene carbonate systems, the MEEP chmaasform large coils or a
supporting matrix when suspended in etheric sob/e3uich a system can be viewed as
composed of islands or webs of MEEP floating iea sf propylene carbonate,
essentially providing ion conductive channels tigtoa solution that is composed mainly
of propylene carbonate.

On the other hand, polymers that have a lower ctibifigy with propylene
carbonate may still form antangled matrithat is swollen by propylene carbonate, and
the ionic conductivity would be hindered by theidmhatrix. However, both of these
assumptions require additional proof by comparingresults to liquid solvent

compatible gel systems that are known to have émiciconductivities.

2.4. CONCLUSIONS

We have demonstrated the viability of liquid andligeium battery electrolytes
based on ethyleneoxy phosphazenes. The conduaiivityuid oligomeric phosphazene
electrolytes is acceptable for some energy stoapgécations, while the addition of
propylene carbonate greatly enhances the perforainitie resultant gel electrolytes.
Further developments will depend on investigatibatber component requirements,

such as the fire retardant properties that arerithestin the next chapter.
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Chapter 3

Methoxyethoxyethoxyphosphazenes as ionic conductifiee retardant additives for
lithium battery systems

3.1. Introduction

As discussed in the previous chapters, the maiargdge of lithium batteries is
their high energy density, which makes them smaltet lighter than other batteries such
as nickel-cadmium devices. This makes lithium biaseespecially suitable for
applications where lightweight or compact powerrees are required, such as portable

electronic devices and electric vehicles.

On the other hand, one of the biggest drawbacksabfargeable lithium batteries
is their flammability. The high energy density whium batteries is accompanied by the
high reactivity of their metallic or composite litim components and by the flammability
of their small-molecule, organic solvent-based tetdytes. This makes them susceptible
to combustion or even explosions under certain itimmd such as over-charging or short
circuits caused by defects or physical damage. Mousdithium-battery related fires

have been reported in recent years, leading tdlsesnad restrictions [1].

Although various protective devices have been desido reduce the incidence
of battery-induced accidents, problems persists ©an especially important problem

for energy storage in electrical automobiles duaéolarge batteries that are required.
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The avoidance of secondary damage after accidestsoot circuits is especially
important for such an application [2]. A numbeistrategies have been implemented to
improve the fire safety of secondary lithium ba#s(3,4]. In addition to methods such
as reducing the amount of flammable componentisdrbattery, a major challenge is the
development of fire retardant additives. Fire st materials include those that are
truly nonflammable and which can physically contaifire, and those that inhibit
exothermic reactions via chemical reactions to @néwa fire [5,6].

Many fire retardant species contain phosphorus coumgs [7—11] because
organophosphorus molecules are efficient radicatesegers and flame quenching
materials. Combustion processes are essentiallhestic free-radical reactions, and the
existence of radical capture species impedes cambusy quenching the mechanism.
Other types of fire retardants include nitrogentaonng compounds that release inert
gaseous by-products to form a highly porous chatrghovides thermal insulation and
prevents the combustion from spreading [12,13]. tMios retardant additives for lithium
batteries are integrated into either the electaydée electrolyte. However, because such
additives cannot contribute to the electrochemieattion, they usually have a negative
effect on the battery efficiency. Other importaahcerns for practical additive materials
include electrochemical stability under actual apienal conditions, as well as a

straightforward synthesis procedure suitable fatesap.

In addition to their versatility in reaction chemnysand overall stability in
electrochemical environments [14,15], one of thestnnaportant advantages of many

phosphazene compounds is their flame resistanfiee getardance properties [16]. This
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makes phosphazenes particularly good candidatdsdoretardant materials in batteries.
In other applications, studies have shown that pha@sene crosslinkers in polyurethanes
cause the originally highly flammable material b@es self-extinguishing [17]. Other
phosphazenes are effective as fire retardantsdodvbbased materials, where the weight
loss during burning was cut in half by the applmatof a cyclic triphosphazene coating
[18]. The currently available phosphazene firerddat additives are principally amino-
or oxy- derivatives of methyl or phenyl substitutaatlic trimers. These compounds are
relative easy to synthesize and have been repturtealve useful fire retardant properties
[19,20]. This is particularly evident for amino tlettives. However, when used in
batteries these molecules lower the electrocheraitialency of the cell. For
aminophosphazene compounds there is also the pradlepontaneous degradation
under typical electrochemical working conditionbus, the need exists for new fire
retardant additives that will maintain or enharfeeibnic conductivity of the cell, retain

a high energy density, and increase the safetyhidiin batteries.

An attractive solution is the incorporation of ically conductive fire retardant
additives into the organic electrolyte. As note@arlier chapters, previous studies have
shown that certain phosphazene compounds are thexaseiitable as electrolytes for
lithium batteries due to their acceptable ionicawtivities [21-25]. It was also reported
that these polymers have a high onset temperatuheional degradation (~23%)
together with a modest heat release capacity [28re are also studies where, when
phosphazenes were used as plasticizers for otheéresectrolyte systems, the

flammability of the electrolyte was lowered beldwve tcombustion standard while still
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maintaining good electrochemical performance [B§]using these species as pure
electrolytes or additives to organic solvent elggtes, it should be possible to construct
a fire-resistant lithium battery with a high enedpnsity [27]. Moreover, small-molecule
liquid cyclic phosphazenes that bear oligo-ethytetyeside groups should be useful as
electrolyte additives or as stand-alone liquid tetdgtes without decreasing the overall
efficiency of the battery, as suggested in thedhapter. High molecular weight, long-
chain species can be used as the basis of galayées or as semi-solid spacer matrix

materials.

In this work, we have performed in-depth studiethefsafety performance of
various phosphazene compounds as liquid electrabydiives, gel electrolyte additives,
and stand-alone electrolyte components. As in theipus chapter, the materials focused
on here includes the polymeric methoxyethoxyethokymhosphazene (MEEP), the
small-molecule methoxyethoxyethoxy cyclotriphosgreez (MEE trimer), and the
methoxyethoxyethoxy cyclotriphosphazene (ME trinféigure 3-1). The main focus of
this study is on the fire retardant properties @ledtrochemical performance of both the
pure compounds and their mixtures with classicghoic solvent-based electrolytes. For
fire retardant properties, we analyzed the combogtroperties of the electrolytes
through direct burning tests modified from ASTMrstard procedures. The lithium
triflate (LICF:SO;)—propylene carbonate (PC) system was selectdteanadel base
electrolyte for better comparison with earlier pghluszene studies. The phosphazene
systems should have a comparable performance tmeocral electrolytes while

providing better fire safety.
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Figure3-1: Structure of a polyphosphazene with oligoethgtexy side chains.
In this particular study we focused on the methtxgeyethoxy polyphosphazene high
polymel (MEEP), which has an x value of 2 andan n valuéoul5000; the
methoxyethoxyethoxy cyclotriphosphazene (MEE tri;mehich has an x value of 2 and
an n value of 3; and methoxyethoxy cyclotriphosginaz(ME trimer), which has an x
value of 1 and an n value of 3. Mixed electrolydes referred to in the chapter based on
their abbreviations: For example, a 75:25 mixturarethoxyethoxyethoxy
cyclotriphosphazene and propylene carbonate (P&hhseviated as a 75:25 MEE

trimer — PC sample.

3.2. Experimental

3.2.1. Materials, synthesis, formulation and charaerization

The materials and procedures for electrolyte faion and characterization were

described in Chapter 2. Grade 691 glass microfilier paper was purchased from VWR.
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Nextel 312 aluminum—silicone—boron oxide fiber whsained from 3M. Both substrates

were used as received.

3.2.2. Flammability test procedures

3.2.2.1. Wick test

Liquid flammability tests were carried out by thadédion of a 2 g electrolyte
sample contained in a small (5mm deep) glass cumx1 cm glass fiber paper (VWR
Grade 691 glass microfiber filter paper) was soadkdte electrolyte for 1min. The paper
was then supported vertically by the side of the @sia wick, and was ignited by a
butane flame held in contact with the edge of thigap. Two separate experiments with
different conditions were carried out for each mateln the first experiment the lighter
flame was removed when a free-standing flame wasrobd, and in the second test the
flame remained at the wick for 10 seconds beforea removed. Unless otherwise noted,
the experimental results reported were based ooh&lier method resulted in the
shortest contact of the butane flame with therfifi@per. Once the ignition source was

removed, the flame was timed until it self-extirghed and was recorded in each case.

3.2.2.2. Fiber test

This test was a modified procedure based on ASTHBDG. A 12-cm length of

3M Nextel 312 aluminum-silicon—boron oxide fibe®0@@Denier Ply-twisted 2.7 twist
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per inch 3/4 yarn, 390 yrdsT) was weighed and soaked in the electrolyte sailfto

1min. The yarn was then tensioned via weights #t bods and pretreated by a standard
method, weighed to calculate the average amougieofrolyte absorbed per unit length,
then suspended horizontally and ignited from oree @he flame was allowed to burn
over 1 cm before the timing was started, and thent§ ended either when the flame self-
extinguished or when the flame had traveled 5 cin¢lever came first. The flame
propagation was calculated by dividing the actuistiathice the flame traveled by the time
taken for the flame to travel. The average fuelscmnmption rate was calculated by

multiplying the electrolyte weight per length byetflame propagation rate.

3.3. Results and discussion

3.3.1. General aspects for fire retardant propertie

The fire retardant behavior of these compound$ imagor interest. Although no
commonly accepted tests are available for the flahility of electrolytes, a number of
methods are possible based on previous studied21105,19,28]. However, our attempts
to test various phosphazene systems showed that ohdme methods employed in other
programs caused samples to self-extinguish toktyutio allow the detection of
differences between various compositions. Thushawe modified existing methods to
artificially sustain a flame by introducing a largeirface area, so that the variations

between different samples can be examined thorgughlddition, we believe that both
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the self-extinguish time and the flame propagatiehavior are important indicators of
fire retardant behavior, although the latter ighareported. Similarly, the consumption
rate of the electrolytes may also give some insigfiat the nature of the actual
combustion process. As such, we have chosen mettiads used non-flammable
matrices that absorb the electrolyte samples ieraaprovide stable platforms for all
three measurements. This provides a close mintieeobehavior of an electrolyte in a

working battery.

3.3.2. Self-extinguishing rate

The self-extinguishing time measurements usingaasgfiber wick method were
performed with a container of electrolyte ignitednh a piece of glass fiber supported by
the side of the glass cup container, and the exishgime of the resulting flame was

timed (Figure 3-2).
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more than 6 minutes

Flame completely se
extinguished in less

than 2 seconds

Figure3-2: Self-extinguish time experiment setup. Abovestaining flame of

purepropylene carbonate. Below: rapidly self-extingeistlame of MEE trimer.

To eliminate any non-reproducible error from igmitiflames and observational
error, as well as to mimic the difference betwdastf ignitions versus constant heat
source ignitions, we compared the results of rengthe ignition source after
observation of a sustaining flame versus removal af set period of time. The results
showed that the difference is relatively minortloe samples we are investigating: in
terms of the relative performance of the samplesetks no significant difference. While
it is not possible to compare MEEP flammabilityeditty with other materials, because

MEEP is a gum rather than a liquid, and it canmotdadily absorbed into the wick
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during combustion, it is still possible to estimatenparisions through the performance
of phosphazene—propylene carbonate mixtures. @nenflability of samples with a
higher phosphazene content was lower in all thetrellgte types we have investigated.
For the undiluted liquid electrolyte materials, MElner is less flammable than
propylene carbonate, and ME trimer shows an ewsarldammability(Figure 3-3).

This is related to the ratio of phosphorus to caréaod oxygen, because organic C, H,
and O species should be more combustable, ancharhigtio of these elements should

lead to higher flammability.

On the other hand, for mixed phosphazene-propyan@onate electrolytes, the
mixtures with the polymeric components are inténgsy less flammable than those
composed of only liquid components (i.e. small roole solutes). For example, the
experimental results with MEEP — propylene carbesabw a lower flammability than
for MEE trimer — propylene carbonate, with a sigraihtly shorter self-extinguish time
(Figure 3-4). This is probably due to the loweratiity of MEEP, which decreases the
overall vapor pressure of the flammable species ediiectively reduces the flammable
fuel supply with a higher energy barrier. This abalso be due to the fact that the lower
volatility and better thermal stability of the polgr causes it to form a solid protective
layer, while the liquid components evaporate. Is\&abs0 observed that samples with a
high content of phosphazene materials tend to pethrge amounts of char after
combustion.This is consistent with the radical ditzdiion effect of organic phosphorus
fragments, which are expected to hinder exotheam&in reactions and lower the

temperature of the flame, thus promoting char faiwna This may be one of the reasons
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for the difference in self-extinguishing behavi@tween different samples. MEE trimer —
propylene carbonate mixtures had lower viscosdiesthus had less efficient coating
capacities than the MEEP — propylene carbonateun@gt On the other hand, the
charring effect of the phosphazenes still caused#@mples to self-extinguish after a
short period of time compared with clean-burningeppropylene carbonate (Figure 3-2

and 3-4).
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Figure3-3: Comparison of self-extinguish behavior betwemgle-solvent and mixed
solvent electrolytes of different compositioAll numbers reported here are average
at least 6 samples. See caption of Figure 3-1dmpde definitions.
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3.3.3. Linear flame propagation

Flame propagation tests using ceramic fibers weapted from hydraulic fluid

characterization methods (ASTM D-5306), where thees of an ignited flame traveling

from one end of the fiber to another is used togam flammability (Figure 3-5). Our

results show that the addition of phosphazene coemts indeed reduces the average

flame propagation rate in a propylene carbonaterelgte. Increases in the amount of

propylene carbonate in the mixture increases #rarfiability as expected. Higher
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concentrations of the non-flammable LES©; component also decreased flame
propagation, although it shows a much reduced tdfiéer a certain point (Figures 3-6

and 3-7) This “level-off” effect is likely due tokth the carbons and oxygens in the
composition maintaining a minimal flammability désghe amount of non-flammable
inorganic components, as well as the limit of duifiy to characterize the low-
flammability self extinguishing samples. The resalte promising since the phosphazene
additives not only lower the flammability significtly, but the optimal concentration
range of LICESO; (where the fire retardant effect levels off) frsamples overlap with
the optimal range for conductivity. On the othendhgthe results show no significant
difference between the MEE trimer and MEEP in teofitheir impact on linear flame

progression.

Figure3-5: Experimental setup for linear flame propagatiest. Above: rapid
progressing flame propylene carbonate sample. Below: self-extinguddWM&E trimer

sample.
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of increase in lithium salt concentration.
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point comesearlier than the polymeric MEEP additive.

3.3.4. Fuel consumption rate

Conversion of flame progression data to fuel consion was accomplished by
dividing the weight of absorbed electrolyte by tlaene propagation speed, and the
results show some interesting differences betwieemvto data sets despite use of the
same method. At lower lithium salt concentratidhs, addition of MEEP seemed to
induce a similar fuel consumption rate as in thedr flame propagation tests, but at very
high salt concentrations the electrolyte appeavdzktconsumed faster, causing a

reversed trendHigures 3-8 and 3-3. Although the difference is relatively minor, sug
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result suggest that the variation at the high & salt concentrations compared to
wick tests could be related to the viscosity ofelectrolyte solution, because higher
viscosities would lead to a thicker coating of #hectrolyte on the ceramic fiber, and the
difference in the amount of absorbed electrolyteymét length would impact the
effective surface area and thus the fuel consumptite. In fact, with higher viscosity
samples it was sometimes observed that parts @léotrolyte were melted and dripped
from the fiber rather than being consumed by tam#é, which could also contribute to
the difference. Similarly, the trend of flammaliléat higher concentrations reverses
slightly for MEE trimer versus MEEP when a highgentage of MEEP is present in the
mixture, again closely tied to the apparent vidyodihe viscosity effect is also believed
to be the reason for the “bumps” in trend for sasletween 5~10% salt concentration,
as the extra electrolyte uptake linked to the app#aviscosity increase matches these
trends as being nonlinear. The balance of surfac&dn, gravity and “wiper” material
interactions is also believed to play an importaie here. As such, more investigation
will be required to find a more appropriate testémpare with the results of existing

methods for a clear picture.
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Figure3-9: Fuel consumption rates of MEE trimer — propyleagbonate
mixtures. All numbers reported here are averafjes least 6 samples. Reversal trend

showed up at concentrations similar to polymericB®Esamples.

3.4. Conclusions

We have developed fire-retardant electrolyte systbased on the
methoxyethoxyethoxy-substituted phosphazene higynpmy and low molecular weight
oligomer systems and have developed testing metioogistimate their flame retardant
ability. These can be compared with their electemgical performance as described in
Chapter 2. As a stand-alone electrolyte the metbitroxyethoxyphosphazene cyclic

trimer has shown very good self-extinguishing bébrawith acceptable conductivity.
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When mixed with propylene carbonate solvent, bbéhayclic oligomer and MEEP
polymer showed good compatibility with the orgamedium and a significant reduction
of flammability while retaining good ionic condwaty. Additional tailoring of the side
groups attached to the phosphazene skeleton shothdr improve the fire safety of
lithium battery electrolyte systems. Future reseavitl be focused on an in-depth
electrochemical study geared toward assembled coomhbatteries, including cyclic

voltammetry studies of component stabilities ad althe effect of different salt types.
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Chapter 4

Electrolyte infiltration in polymer-based dye-sensiized solar cells

4.1. INTRODUCTION

This chapter summarizes a study of polymer-baseesdwnsitized solar cell
regarding improved electrolyte infiltration intom@porous electrodes. Solar cells, or
photovoltaic cells, are devices capable of gensgatlectricity directly when exposed to
sunlight [L.2]. This technology has attracted considerable abiemiecause it is viewed
as one of the ultimate “green energy” optioBs-[8] However, a few technical problems
remain to be solved before the technology can be mvaespread, a major one being
that the cost of solar electricity is currently abs-20 times that of conventional power.
[4, 6, 7, 8]To overcome these restrictions, a number of atera solar cell designs have
been introduced}F15 As mentioned in Chapter 1, among them one ofhtbst
promising recent developments is the “Dye Sensit&elar Cell” (DSSC)J2], This type
of solar cell uses a layer of nano-scale semicandyparticles (usually titanium oxide),
fused into a mesoporous film and stained with lgjigorbing dyes, which eject electrons

into the transparent electrode (usually titaniundexwhen the dye is excited by light. A
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layer of a redox active species (commonly ‘8 Imixture suspended in a liquid

electrolyte) is present to provide an electronega@hing medium.1[1-13]

As mentioned in Chapter 2, one of the most impaffaetors in limiting the
performance of an electrochemical device basedahilenions is the conductance of the
electrolyte, and this also holds true in the cds#ye solar cell$11-13] In general, the
liquid electrolytes currently used are based orawnigsolvents such as acetonitrile in
order to maximize this conductivity. The seriouawdoack of liquid electrolytes is their
vulnerability to long term environmental damageise Volatility and the possibility of
leakage during extended operation, especiallyeatadbd temperatures, leads to the
necessary complexity of sealing the unit. Thusséhdevices are frequently unreliable
under severe thermal and oxidative conditions,taigdseriously limits the

manufacturing options and lowers the lifetime o tell.

Use of a solid polymer electrolyte is a logicalutmn to this problem.16] Solid
polymer electrolyte systems have a number of adgmst compared to liquid electrolytes,
including high dimensional stability and ease afgassing. However, the main drawback
of solid (i.e. unplasticized) polymer electrolyteghe low ionic conductivity brought
about by limited ion mobility in the solid matrix even the most flexible polymers. Also,
the TiQ, layers used by most dye solar cells are madedgtdtking of nanocrystals.

This results in a porous anode with random charanétsy nanometers wide (5~15nm
pore size). ldeally, the electrolyte should beantact with the entire dye-functionalized

TiO, surface. However, this is difficult for polymeeeetrolyte systems, because twisted
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narrow channels require the polymeric moleculasnoil before they can enter the
pores. This entropically-unfavorable process pres/aril contact of the electrolyte with
the TiQ, surface, and is often seen as a major reasohddowv efficiency of solid

polymeric DSSCs compared to gel or liquid elect®lyystems17-20]

The ideal polymer electrolyte for nanopore infilioa should be fully amorphous
and flexible enough at the molecular level to alissolved ions to hop from one
polymer molecule to another, facilitated by therthally induced movements of the
flexible chains. The previous chapters have shawahpgolymer electrolytes with high
ionic conducting properties, such as those withaathylene oxide side chai(isigure
4-1) [21, 22, 23]can be synthesized by linking ion conductive sidains to a flexible
polyphosphazene backbone. This approach provesa to amorphous polymers with
good thermal- and photo-stabilit®]] Another important point among their main
advantages over other polymers is the low glassitian temperature and absence of
crystallinity — that is, they remain highly flexéokven at low temperatures due to the
unusual mobility of the P-N backbone. This leadsdmpletely amorphous materials
that , in addition to faster ion transport compaegdolymers with crystalline domains
such as poly(ethylene oxide), are also good thelastip compounds that are suitable for
melt-processing. This is one potential solutiothi pore-infiltration dilemma described
above. They are also highly adhesive, and promatera stable interface between
electrodes and the electrolyte layer. We expestgioup of solid electrolytes to perform

well in solar cells based on their good recordtimum battery systems.
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O(CH,CH,0),CH3 ]
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O(CH,CH,0)4CHj;

n

Figure4-1:  Structure of a polyphosphazene with oligoethgloxyside chain:
[21] In this particular study we focus on the methdkgayehoxy polyphosphaze
(MEEP), which has an x value of 2 and an n value top 15000, anc
methoxyethoxyethoxy triphosphazene (MEE trimer)jcthas an x value of 2 and an
value of 3.

Also, semiconductor nanorod “bed of nails” arragsénbeen suggested as the
optimal arrangement for minimization of excitatimnd charge carrier diffusion
lengths.p4] By organizing nanorods to produce wide, straigiatnnels, it should be
possible to increase the infusion of oligomers polgmers into the array and thus
generate a high area of surface contact. Thusyghroanoengineering of the TiQve
can compare the effect of different nanorod arwiyls varied channel sizes, rod shape,

array alignment, or surface morphologd5]

We report here the results of combining the thelasijc phosphazene electrolyte
system with various cell assembly methods as veatlaaostructured electrodes on
electrolyte infiltration and performance in a dygas cell. The viability of phosphazenes
as a basis for polymer electrolyte components engbjlar cells has been tested. The
conductivity of the electrolytes and the correspogaell efficiency under various

assembly conditions has been investigated throu§raid photocurrent analysis. The
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pore-filling properties of the polymer electrolytave also been explored through cross-

section SEM studies and have been compared witbl#o&rochemical data.

4.2. EXPERIMENTAL

4.2.1. Materials

Hexachlorocyclotriphosphazene, (NPl was obtained from Fushimi Chemical
and Pharmaceutical Co. Ltd., Japan and Nippon Eemicals. The compound was
purified by recrystallization from heptane, andlsuhtion at 40-C and 0.05mmHg
vacuum. Celite, sodium metal, anhydrous lithiumded propyl-methyl-imidazolium
iodide (PMII), iodine, di(ethylene glycol)methylhetr, anhydrous acetonitrile, ethanol,
andtert-butanol were obtained from Aldrich. Diethyl ethibexanes, tetrahydrofuran
(THF), and methylene chloride (GEl,) were purchased from VWR. N-719 dye, FTO —
glass, and titanium dioxide nanoparticles (nc-JMzere obtained from Solaronix.
Di(ethylene glycol) methyl ether was purified bycuam distillation. The diethyl ether,
hexanes, THF, and GBI, were purified through copper/ silica catalyticidg columns.

All other chemicals were used as received.
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4.2.2 Characterization

All characterization of the chemicals was achiergdH and®'P NMR
spectroscopy with use of a Bruker AMX-360 instrum&onductivity measurements
were made using a HP-4192A impedance analyzer amd-point liquid or solid
conductivity cell. Photocurrent and photovoltageasweements were obtained from test
cells using Keithley 7002 - HD source meter ancelOf7250 150 W Xe Lamp fitted with
AML.5 filter. All electrochemical experiments aepeated to aquire at least 6 data points
before reporting average numbers unless othervaElnSEM was done with an FEI
Philips XL-20 model instrument supplied by MCL. E8d BSE scans were done using
an FEI Quanta 200 environmental SEM fitted with @gfinca 200 EDS supplied by

MCL.

4.2.3. Synthesis of methoxyethoxyethoxy polyphosprene (MEEP) and
hexamethoxyethoxyethoxy cyclotriphosphazene (MEE itmer)

These syntheses were carried out according toque\iterature with no

modification R6,27]

4.2.4. Synthesis of short chain poly[bis(methoxyetixyethoxy polyphosphazene)]
(MEEP)

This synthesis of a short chain chlorophosphazeaseoarried out according to
previous literature with no modificatio@§]. Replacement of chlorine atoms by the

MEEP-type side groups was carried out in the samgag for MEEP high polymer29]
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4.2.5. Electrolyte solution mixture preparation

In a typical experiment, MEEP polymer (0.1g) wassdived in 5ml of
acetonitrile with an appropriate ratio of Lil and The solution was stirred overnight to
ensure even mixing, and was used directly in thleassembly for efficiency tests. For
ionic conductivity experiments, the same samplatgm was freed from solvents either
under atmospheric conditions for 60hr, under vaceanditions for either 1hr or 16hr, or

60°C for either 1hr or 16hr.

4.2.6. Electrode fabrication

Nanoparticle- based nanoporous titanium oxide eddes were fabricated based
on modified published procedurekl 30} transparent fluorine-doped tin oxide (FTO) -

glass substrates (1 ix.1 in.) were pre-treated by immersing in isopropamal

sonication for 20 min, followed by 20 min sonicatim ethanol. The substrate was then
rinsed with deionized water and air-dried. A fewml of nc-TiQ paste formulated based
on previously reported procedui@9] were spread onto the conductive side of the
FTO/glass using a razor blade. Cellophane tapeespaere applied to opposite edges of
the electrode to control the thickness of the debtaded nc-TiQ films. The samples

were then sintered at 476 for 30 min and cooled to 18Q, followed by immersion in a
0.3 mM solution of N-719 dye in a mixture (50:50)agetonitrile andert-butanol for 48

hr. Nanocolumn-based titanium oxide substratespdatthum nanoparticle electrodes

were fabricated based on published procedres?25, 30, 31]Comparison samples of
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identical TiQ structures fabricated on silicon wafers were plepared for SEM studies
in order to eliminate possible complication caugdtress or strain during cross-section

fracture.

4.2.7. Test solar cell assembly

To each TiQ electrode the electrolyte was applied via solutiasting: A spacer
made from stretched Parafilm was applied aroungbéneneter of the TiQFour drops
of the acetonitrile-MEEP solution was then apptiethe 5mm x 5mm electrode surface
and allowed to dry in air for 30 minutes, and tihegess was repeated until the thickness
of the polymer film matched that of the spacer. &kgembly was then allowed to dry
further under appropriate conditions as describe@éch of the experiments below, and
the platinum counter-electrode was assembled ooftdpe electrolyte layer and clamped
in place following a standard photo-conversionog$incy characterization setup with

conditions defined in ASTM G-173-03.

4.2.8. SEM scans for cross-section of MEEP-Tinfusions

MEEP polymer was solution-cast (0.15g dissolve8inm of acetone) on a
nanoporous Ti@on Si wafer by the procedure described above.résating sample is
dried overnight either under atmospheric or vaceonditions, at room temperature or
60°C. The sample was then crosslinked with 20Mrad gamadiation by explosure to a

®9Co source at the Pennsylvania State University e Nuclear Reactor facility, and
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then frozen in liquid nitrogen before being fraewion the edge with a glass-cutter. The
cross section was gold-spluttered for 30sec beS&fe analysis to ensure high quality

imaging except for EDS and BSE runs that operatet®ulow-vacuum settings.

4.3. RESULTS AND DISCUSSION

4.3.1. Viability of MEEP phosphazene as a solar dalectrolyte component

The focus of this research is to understand thecedf electrolyte infiltration on
the dye solar cell system. As mentioned in theoohiction, the basic design of a dye
solar cell and experimental experience implies #hlaigh molecular weight polymer
electrolyte should have poor infiltration into thenoporous electrode. This led to a poor
electrode - electrolyte interface due to a redwsethce area with which the electrolyte is
in contact with the electrode, and only a fractidithe photoelectron-generating dyes
could be recharged by the electrolyte once thest & photo-excited electrons. This

leads to either the rapid back-electron transtanfthe TiQ to the dye that dissipates
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absorbed photo energy into unusable heat, or g#esaredox degradation of the dye —

both of which lower the effectiveness of the scikit.

By the use of a low-Tg polymer as the basis oflsirper electrolyte, it was
expected that the degree of electrolyte infiltnatoan be controlled by changes in the cell
fabrication conditions. For example, the applicatod heat during the process should
lower the viscosity of the electrolyte and leadbétter infiltration. The effectiveness of
each assembled cell can be compared through aralgiethods. Then the trend can be
cross-checked by ion conductivity measurementh@gtectrolytes after different
processing conditions, as well as by cross-se&8ll of polymer - electrolyte
assemblies. In this way it is possible to differatet between changes in cell performance
due to change in electrolyte infiltration from tbell performance changes due to changes

in the performance of electrolyte itself.

For the purpose of measuring the effectiveneseeohew solar cells constructed
in this project, the single cell energy conversfiiciency ¢, percentage of light energy

converted into electrical energy), as defineddnation 4-1, was used:

_ -Pm
= =7
E x A. (Equation 4-1)
where Pm is the maximum power output of the ceMnE is the input light irradiance in
W/m?, and Ac is the effective surface area of our iceft?.

The tests were carried out under standard conditid25 °C, 1000

W/m? irradiance and AM1.5 filters. The benchmark celsvhich the new cell designs
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were compared were conventional acetonitrile edydt and nano-TiO2 electrode
systems sensitized by the N719 dye, which obtam8&®o efficiency reproducibly under
AML.5 irradiation. By contrast, most polymer eletyte dye cells reported have around

1% efficiency under the same conditions [16].

A variety of MEEP-based solar cell electrolytesdéaeen formulated by
dissolving the polymer with an iodide salt and rain either acetone or acetonitrile,
then evaporating the solvent until a dry, even fiias formed on the electrode surface of
the test cell. The efficiencies for nanosphere-type cell assemblies as well as the ionic
conductivities of these electrolytes have beeretesind the results are listedHigure
4-2. The results show that the polymeric MEEP systenfopms better when the
concentration of iodine and iodide are both highiclv is different from the conventional
liquid electrolyte system based on acetonitrilés jpossible to form homogeneous
electrolyte systems with very large amounts of/ll} as demonstrated by sample 2
where the 1:1:1 Lil :J: MEEP mixture is macroscopically homogeneous.h&tgdame
time, the composition of this mixture depends ortlikr the polymer can be considered
a solvent in such cases, and the conduction mezinanay be different compared to
other polymer electrolyte systems. Also, the résgltlay-like material was more

difficult to fabricate into coherent films.

At the same time, application of heat during thieesat removal process instead
raises the efficiency of samplgseeFigure 4-2) from 0.187% to 0.257%, which

suggests that there may still be some degree itifatibn effects. The efficiency of our
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MEEP-based dye solar cells are roughly similar eamynother solid electrolyte systems
[16], which is expected since the solid electrolytdesyshas a uniformly lower ionic

conductivity compared to liquid systems.

One interesting result is that the highest singleydle efficiency to date is 2.97%
for a MEEP electrolyte drip-cast using acetonitatesolvent, with a number of other
samples also showing efficiencies above 2%. Howeherresults obtained in these cases
were not reproducible and were thus not takenacotmunt when calculating the average
efficiency results. This is suspected to be a suluetention effect — i.e. the “dried”
polymer electrolyte in this case is behaving mdee & gel electrolyte. Analysis of
electrolyte sample composition by NMR supported ghossibility by showing that up to
8% of solvent (molar concentration relative to oggeating unit of polymer) remained

after 120 hours of room temperature drying atmosplwenditions.
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Figure4-2: Cell efficiency results for different electyt¢ formulations and solve
removal methods. Sample 1: 1:1:10 (wt ratio) LIMEEP. Sample2: 1:1:]
Lil:l ;MEEP. Samples labeled as “A” solventgere removed under atmosph

conditions, while those labled as “H” were heatedthr at 60C. All numbers reporte
here are averages of at least 6 samples.

Solvent-removal using different conditions was afsanitored through ionic
conductivity measurements, and the results are sho®igure 4-3. As shown here,
most of the various solvent-removal conditionstiedimilar decreases in conductivity,
which matched the NMR observation that 4~5% ofstblgent still remained. Only when
both heat and reduced pressure were applied fend&tl periods of time (which resulted
in a significant decrease in the conductivity), thd NMR fail to detect any signs of
residual solvent. While this showed the effecta¥ent within the solid electrolyte as a
plasticizer as well as a mobile ion shuttle, it dat account for the possible loss of iodine
in the solvent removal process. This was suspdidsdd on observations during
combined treatment by heat and reduced pressure.

To eliminate such bias, reference samples were imadgkich a solution of
MEEP and iodide salt dissolved in an organic sdlveas first prepared. A film of
electrolyte was then deposited on test cell eldesas with previous samples, followed
by treatment with heat and reduced pressure toveralbtraces of solvent as confirmed
by NMR. The sample was then exposed to a fixed atnoiiodine vapor within a sealed
container until a homogeneous mixture had beenddrand no residual iodine
unabsorbed by the electrolyte was detected. Thetlissalso shown ifrigure 4-3

(sample 1N). This iodine-vapor infused sample shbletter ionic conductivity



89

compared to samples prepared by direct dissolutifdim casting of iodine-containing
electrolyte treated through the same solvent reiqregedure. Both of the conductivity
numbers are lower than those of solvent-contaisargples. This further indicated that at
least some loss of ionic conductivity, and in toell efficiency, was probably due to
iodine loss during the solvent removal procedutemther important finding is that,

other than the change caused by the loss of selvir® NMR analysis showed no
detectable change before and after the solventvainohich eliminated the possibility

of chemical reactions of the MEEP polymer durinlysot removal procedures.

3.5

2.5

1.5

0.5

1A 1V 1H | 1V | 1LVH | 1IN
Conductivity (104 S/em) | 3.05 | 1.85 | 133 | 181 |0.0113 | 0.965

Figure4-3. lonic conductivity results for sample 1 underfeliént solvent remov
conditions. Sample 1V: solvent removed under reduced pre$ésul hour. Sample 1L
solvent removed under reduced pressure for 16 h@asple 1LVH: solvent remov
under reduced pressure and heating for 16 hdasple 1N: solvent removed un
reduced pressure and heating before application Afl data points are the average ¢
least 6 runs with standard deviation around E¥or bar for sample 1LVH is too s
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to show on graph.

4.3.2. Electrolyte infiltration and post-assembly kat treatment of cells

Because MEEP is a lowgThermoplastic polymer, the electrolyte infiltrationto
the nanoporous electrode would be expected toasereith temperature. In the above
example, this effect is not conclusive due to tleweroverwhelming effect of
composition change. If our assumption is correat:th) the large molecular size of
polymeric electrolytes leads to low pore infiltatiand thus poor dye-electrolyte
interface, and 2) for a thermoplastic polymer,r@rease in temperature leads to better
pore filling, then the efficiency of a polymer elieatyte cell should increase with thermal

treatment if no other variables come into play.

The experimental investigation of this prospect Wased on the electrochemical
behavior of electrodes in two separate sets ofraxpats. The first set, focused on the
limited infiltration ability of the polymer componés. It involves TiQ nanosphere
electrodes of different thickness assembled wighsime polymer electrolyte using the
same procedure. The results are showFigare 4-4.It can be seen in this case that there
was no significant difference or trend among thagas, which supports the assumption
that a poor electrolyte — dye interface is mostliikhe cause of reduced cell efficiency:

As other conditions were held constant, the singféiciencies points to similar effective



91

areas of photocurrent generation on the,BQ@face where the electrolytes are in contact

with the dye to provide electrons.
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Figure4-4: Efficiency results using nanosphere Ti€ectrodes of different thickne
All data reported here are averages of 6 experisnantore.

The second set of experiments involved the postralsly heating of the cell,
where the cell was assembled and tested for etffigiender normal conditions
consistent with the samples mentioned above. Téenasled cells were then heated for
one hour, allowed to return to room temperaturd,tasted for photocurrent generation
efficiency again. This experimental design wasndgsd to eliminate heat-induced

changes in electrolyte composition as well as &eole the thermal stability of the
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overall cell assembly. The preliminary efficien@gults for various samples are shown in
Figure 4-5. The baseline sample we used in this case isrtearlpolymeric MEEP
sample3 (seefigure 4-5 caption for detailsjvhere the PMII ionic liquid was used as the
iodide source to increase ionic mobility and indaok/ent-less mixing. This is compared
with an electrolyte sample composed of low molecweight (5 repeating units) linear
MEEP oligomer which is a fluid under room temperatthe small-molecule high-
viscosity liquid analog, MEE trimer, was also useda comparison, the ionic
conductivity of which was experimentally determirtecbe 9.53 x 18 S/cm. As shown

in this experiment, the efficiency of all the calsted showed a visible increase after one
hour of heat treatment, which supports the asswmuti heat-induced increase in
electrolyte infiltration. This result is particulginteresting for the MEE trimer system,

as the liquid small molecule was anticipated tossbetter pore infiltration compared to
large polymers. In addition, the liquid MEE trimeas able to dissolve iodide salts as
well as solid iodine without the assistance of entg, which eliminated the interference
of organic solvents in both ion mobility and eletyte infiltration. The cells also showed
no visible failure after heat treatment, which imaplthat any volatile components
remaining in the cell assembly did not generatéeht vapor pressure to cause

physical damage or leaks in the cell.
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Figure4-5: Preliminary cell efficiency results for electrolytes beforedaafter post

assembly heating. The composition of sample 30i8:300:10 PMIl:}:MEEP:tBuPy
Samples 4 and 5 are low molecular weight linear ME®Bd MEE trirer, respectivel’
with the ratio of other components the same as EaipSample labeled as “A” solvents
were removed under atmospheric conditions befosenally, while samplesbeled a
“N” did not use any solvents during formulation amdre instead forcatixed throug|
mechanical stirringAll data points shown here are averages for 2 éxgerts and tht
the error bars are not included.

4.3.3. Cross-section SEM of electrode — electroly#ssemblies

Another way to investigate the infiltration of paolgric species is through
microscopic images of the electrode cross-secfitn assembly with the electrolyte
component. This method has been used in the pdsteat the infiltration capacities of
solid small molecule hole-conducting species in siylar cells. The results showed that
such methods are effective for visualizing theipbptore-filling effects 82]. In our case

modification of the method was necessary due toipehallenges for our system: For
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liquid systems the cross section method was obljonappropriate because of their

fluid nature, but even for elastic solid polymeére tict of cross-section fracture inevitably
leads to elongation of the polymer layer and thien&dion of “overhangs” that interfere
with observation. As such, the MEEP samples ingkjgeriment after introduction to the
electrode surface were first strengthened throadhation crosslinking, and then cross-

sections were obtained using freeze-fracture atdigitrogen temperatures.

The results are shown Kigure 4-6.By comparing the images, it is apparent that
the no-solvent attachment of MEEP as well as stlassisted assembly of MEEP at
room temperature led to cross sections with a l&egion of open pores, which
exemplifies poor electrolyte infiltration. As hee¢atment was carried out, areas were
observed where the polymeric species infiltratedrthinoporous electrodes and resulted
in composite-like filled structures, starting frahe direction of polymer application. An
increase in the time of heat treatment graduatlyeased the pore filling percentage, until
it reached 100% at 16 hours. This demonstratedfteet of both heat- and solvent-
assisted electrolyte infiltration. It also agreethwihe cell efficiency study results where
an increase in efficiency by post-assembly heasirayispected to be related to improved

pore filling of the electrolyte species.
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Figure4-6. Cross-section SEM images of polymer-infiltratednoparticle TiQ
structures. A: Solid polymer applied directly otitve TiO, layer. B: Solid polymer melt
cast onto the Ti@surface. C: Solution-cast polymasing acetone. D: Combination
solution casting and 1 hour heating. E: Combinatibsolution casting and 16hr heating.

4.3.4. Effect of column-type electrodes

SEM studies of the type described above have asno bpplied to the various
column-type structures fabricated by oblique amiglposition and thermochemical
growth?>3L This variation of the e-beam and chemical dejustechnique allowed the
fabrication of a wide variety of structures rangfrgm wide stubs to narrow nanowires.
Some examples of electrode structures fabricatedigin this method are shown in
Figure 4-7a~d. The sets of columns were designed to varjaimeter as well as spacing
to confirm their effect on electrolyte infiltratiohe cross section SEM after infiltration

is shown inFigure 4-7 e~h. It can be seen from these illustrationsttiategree of pore
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filling is higher for the columnar structures than traditional nanoparticle assemblies,
even for room temperature assemblies. There issuewhable difference between
samples with different column-to-column distanaeisich may simply be due to the
restrictions of current column heights, which isr2for narrow samples and Sum for
wide ones. As the column fabrication proceduresavg, we expect to see more

pronounced differences in the future.
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Figure4-7. Cross section images of various column eleesddefore (a~dand afte
(e~h) polymer infiltration. Samples are fabricated Mark W. Horn Group athe
Department of Engineering Science and Mechaniasgusblique angle depositid25]

and Craig Grimes Group at the Department of EleaitrEngineeringusing chemic:
growth method$31].

4.3.5.Energy dispersiveand back-scattering SEM confirmation of polymer irfiltration

While the grayscale pictures using cross-sectioll &a convenient way to estimate the
filling percentage of electrolytes in nanoporoubstates, the method may sometimes
cause confusion when topographic variations ane etigrging interact with electron
density of different materials to form complex patis on the SEM images, as in the case
of Figure 4-8 A. As such, a more qualitative anialysethod is required to further

support our observation for degrees of polymeittmation.

One useful piece of data is the Energy Disperspec8oscopy (EDS), which can
function as an elemental analysis method and peawibrmation on the composition of
infiltrated species. The result for a typical ED@r-measurement experiment is shown
in Figure 4-8 A~C. In this particular case of aymoér-infiltrated column electrode,
while the SEM image shows that ther are materitdsifbetween the columns, the
grayscale gradient in the image makes it hardlkdf there is indeed full infiltration. By
taking EDS measurements at the “top” and “bottofithe assembly, the analysis
showed that the phosphrous signal characteristiseophosphazene polymer electrolyte

was present for both measurements, which indidatedlectrolyte infiltration dispite the



100

visual difference in SEM images in two types oflitig”. EDS methods generally have
lower resolution than SEM imaging, but with a lisgan experiment it was still possible
to tell the difference between a nanoporous stradully infiltrated by polymer (Figure
4-9 A) and a structure that shows a more porousigpg infiltrated SEM picture (Figure
4-9 B). The fully infiltrated electrode showed aws| smooth decline of phosphous signal
when the electron beam moved from the polymer-taygr directly above the electrode
to the polymer-TiO2 mixture within the electrodedanaintained relatively constant
throughout the whole electrode. By contrast, inghesphous signal in a partially
infiltrated sample declines rapidly to backgroumise levels when the electron beam
reaches the area shown as being more porous BBReimages. This shows us the
visible pore-filling percentage observed in crossti®n images is indeed a good

indication of the actual degree of polymer infilioa.

Yet another method of confirming polymer infiltrati is the Back-Scatter Electron (BSE)
detection SEM, which is more sensitive to differemiin the atomic numbers for each
element and can thus show more component informafidypical result is shown in
Figure 4-8 D, where the polymer composed of ligatems are shown in a darker shade
to be evenly distributed between the columns, wbhatkscatters more due to the heavier
composition atoms. The infiltrated areas in backiscing results are generally less
visible in print due to the weak signal from thdymoers, but again they agree with
normal SEM images in that it shows evidence of pasinfiltrated areas at the same

spots but with less interference by geometry.
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Figure4-8. EDS and BSE SEM analysis of cross-section colabectrode polyme!
electrolyte assembly. A: Basic crossetion SEM image of assembly. B: EDS re
from top of assembly. C: EDS result from bottomasisembly. D: BSEmage o
assembly. Note the constant phosphrous signaltmBbDS compared to eéhange in 1
signal due to the change in column width at diffiérpoints, as well as the “evenly
filled” picture in the BSEimage as opposed to the color gradient likely causy
charging in the original image A.
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4.3.6. Discussion

The low-Tg thermoplastic polymer electrolyte MEE®ds promise as a
candidate for dye solar cell electrolytes. At rommperature, the electrolyte shows a
performance similar to those of other polymerideyss, but the performance increases
with an increase of hnd b concentrations to a much larger degree thandoidi
electrolyte systems. It can be argued that, wighréstricted mass transport within a solid
electrolyte system, the increase in the numbehafge carriers can compensate for the
loss in ionic mobility by direct transfer of eleatis between neighboring/ll; pairs. Of
course, as in traditional polymer electrolyte systethe increase in ionic nature of the
mixture eventually induces sufficient ionic croegklng in the system to the point where

the low ion mobility again becomes the dominatiagtér.

The strong solvent retention characteristic ofgblymer electrolyte system
explains our preliminary observation of “deep wegti A rough qualitative observation
can be made by visually inspecting the conductiaegyside of the Ti©electrode, as the
“bottom” of the TiQ assembly that is hardest for the electrolyte fittriate. It is also
closest to the transparent substrate on whichéhigcated, and is thus visible through
the glass. In cells using liquid electrolytes, Wigble “bottom” had very different visual
characteristics before and after full infiltratiohthe electrolyte, partially due to the

difference of refractive index between air and etdgte, and partially due to the color of



105

the electrolyte. When polymer electrolytes weredugethis study this change could still
be observed, which seemed to contradict the SEMneis. In cross section microscopy
the results clearly showed that under such condittbe polymer could not have
achieved full infiltration. The observed “deep vt results can be explained by the
residual solvent in the assembled cell: In sucblgrperic film system, the drying at the
air-solution interface can form a protective lagfeat hinders the evaporation of solvents
beneath. In the case of microporous electrodeqdhener layer can further function as
a “cap” on top of the nano-sized channels, througith the liquid components cannot
readily evaporate until the structures have beekésr open for the cross-section analysis
and the liquid part exposed. This essentially tethe existence of a bilayer system in
which the electrons pass from a solid electrolgte a liquid electrolyte before reaching
the dye. The advantage of this structure wouldchbeit essentially has the bulk
mechanical stability of a solid-state system whet@ining an average mass transfer rate
similar to that of gel-type systems. Also, the tha stability of such systems is still
acceptable as shown by the post-assembly heatpeyiments, as the amount of volatile
components is relatively small. The disadvantagdisfhowever is that the precise
guantity of the liquid solvent remaining may bec#r control, as shown in our

experiment results.



106
4.4. CONCLUSION

The actual filling of nanoporous structures by paéy molecules gave the best
results when a combination of solvent assistandenaat-melt processing were applied,
as shown by both the cross-sectional imaging asase¢he post-assembly heat treatment
experiments. Although simple heating is insuffitismpromote full infiltration, it did
seem to play a major role. As with most melt-preags experiments, longer heating
times led to higher degrees of infiltration, evlkaugh most of the solvents were known
to have been removed in the first hour. The chartics of our high molecular weight
thermoplastic polymer are particularly apparent vbempared to small-molecule based
studies B2]. In the case of our polymer electrolytes, the gehtmprovement of pore
filling develops in a top-down fashion, with thelsiexposed to the electrolyte solution
showing high polymer content, and with the degrfeefdtration decreasing deeper into
the surface structure. In contrast, a small-mokestudy by GratzgB2] showed
relatively even, if incomplete, infiltration of thmaterial within the nanoporous structure.
This is also believed to be associated with thdiegipon of melt-processing, as void
spaces and incomplete infiltration are reasonabieomes for film casting based on

solution evaporation.

The disadvantage of the thermal processing is ithiegbility of changes in
electrolyte composition, as we have demonstratexdigh the solvent removal studies.
The open-air heat treatment during solvent remowaipared to the sealed environment

of post-assembly treatment suggests that compdossoccurs rather than thermal -
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chemical side reactions. This is supported by déleethat no differences in NMR spectra
have been detected for pre- and post- heat treasaemples other than the loss of
solvent. In addition, the loss of solvents maylm@the only factor. Specifically, the
volatility of iodine is a concern, the impact of mth we demonstrated through comparing
the application of iodine before and after solvemoval. Interestingly, in a closed
system such as an assembled cell the volatileeadich not result in vapor pressure
buildup sufficient to cause damage to the celltbeowise result in unwanted side

reactions as many were concerned for these systems.

Titanium dioxide column structures showed promaeaflowing improved
polymer infiltration into the electrodes, even undem temperature conditions.
Although the 2m-limit for our current fabrication methods doeg atbow for a full
comparison with the thickness of nanosphere strestihat are generally above 10
microns high, it does give a qualitative view afdffect on infiltration. From the present
results, it can be seen that, even when the spaeitvgeen columns is similar to the pore
size in nanoparticle structures, an improvemeipeiriormance was still detected. As we
have proposed, one of the main reasons could béinagtraight-line opening provided
by the void between columns can provide a shod#mnpay for the polymer to penetrate
deep into the electrode. It also possibly contebub the improvement because the
columns generate open channels as opposed tatedipiores with limited openings.
This eliminates the possibility that infiltratios hindered by trapped solvent and vapor in

dead-end nanopores, while allowing multiple direaesi for the polymer flow. With taller
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columns it may be possible to achieve larger diffiees between solvent removal

methods and structure variations.

4.5. FINAL COMMENTS

We have described here a study of polymer eled&ahfiltration into electrode
surfaces in dye solar cell systems. The feasimiitMfEEP phosphazene polymer as a
solar cell component has been proved, with efficyemumbers similar to those of other
polymer electrolytes and with similar mass transpbilities. The infiltration and thus
the dye-electrolyte interface of the thermoplagbtymer system in nanoporous
structures showed an improvement by applicatiaim@fmal-melt procedure through
SEM and cell efficiency studies. Possible thermatability issues have also been
considered, with evidence pointing toward solvetémtion and iodine loss in an open
system. Preliminary results using columnar ele@soghow promise for overcoming the
difficulties stated above, although further devehgmt of the electrode fabrication
methods will be necessary. Further studies reggreliectrolyte design and cell assembly

procedures are needed, which can potentially legdectical and robust dye solar cells.
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Chapter 5
Fuel cells for portable electronic devices: Inorgalc—organic hybrid polymers with

pendent sulfonated cyclic phosphazene side groups potential proton conductive
materials for direct methanol fuel cells

5.1. Introduction

An increasing need exists for energy sources teepomore durable and more
portable electronic devices. Most existing portaiergy technology is based on primary
or secondary (rechargeable) batteries. Battereea aonvenient technology, but they are
limited by the fact that, once all their energy basn consumed, they must be discarded
or recharged. An open electrochemical device, sischfuel cell, is a practical solution
to these problems. Unlike batteries, which have arllmited amount of chemical energy
stored at any time, a fuel cell can generate ebitgtfor as long as a fuel is supplied to
the system. Extra fuel can also be transportedrtte areas where electricity is not
available for recharging batteries [1]. Researctuat cell technology is also important
because of its potential to provide clean energyefal types of fuel cell technology are
available [1], but the form that is considered ¢otlve most applicable to portable
electronic devices is the proton exchange memhiRE#) fuel cell, which typically
operates at a moderate temperature (belowC3@nd still retains a high power density.
This potential to operate close to room temperagimaportant, since it reduces the need
for thermal insulation and initial warm-up. Unlikégh-power applications such as

stationary or automotive power generation, whegh bémperature is an acceptable
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tradeoff for high efficiency, portable devices sashcell phones or laptop computers
require a power source that functions at or evéovbeoom temperature.

The fuel utilized by a PEM fuel cell is also a iwad consideration. A promising
type of fuel cell for portable electronic deviceghedirect methanol fuel ce(DMFC),
which utilizes liquid methanol directly to produekectrical power. Compared to other
possible fuels such as hydrogen, methanol is safgore, handle, and transport. The
bulk and mass of a methanol powered device wouglal la¢ less than one that is powered
by hydrogen because methanol does not require cagithinment [2].

One of the most crucial elements of a DMFC assensltlye electrolyte
membrane layer across which protons are transpdati@@ria for a practical PEM are
chemical stability, good electrode adhesion pragednd high proton conductivity [3].

In the case of a DMFC, low methanol crossoverss al crucial requirement [4], because
methanol crossover results in a loss of efficieiftlye fuel can be oxidized directly at the
cathode without producing electrical power. Hertbere is a need to develop a
membrane material that can deliver high proton actidity combined with low

methanol permeability. Because both the proton gotiah and methanol permeability
are often attributed to membrane microstructurg®] [Bne promising approach is to
introduce new designs that differ from existing ®aéa fundamental molecular
chemistry level, thereby changing the microstruetmd the way the materials interact
with either protons or methanol [7,8]. A numbemndterials have been developed for
this purpose and show some degree of successasunbdified Nafion,

polybenzimidazoles, and sulfonated poly(ether ketpf©—12].0n the other hand, most
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of these materials are hard to fine-tune chemidaliyptimal performance, and progress
in this field had been restricted for this reason.

As mentioned in the introduction, the polyphospin@schave received much
attention [13-17] in this field due to several wecgdvantages. These include a high
level of functionality per repeating unit, contadlchemical properties over a wide range
of molecular reactions, and a spectrum of diffeeenhitectures to allow optimization of
physical characteristics. Open chain polyphospheszarere first investigated as proton
conducting membranes in hydrogen fuel cells [Lgwever, their possible utility in
direct methanol fuel cells became apparent in tegesrs, even though the resistance to
methanol crossover still needs to be improved. Egumently, the focus here is on new
polymer electrolyte membranes that can combinatbeementioned advantages of
phosphazenes with a higher resistance to methanolgation and better physical
properties than the alternatives. Specifically,lrods have been developed for the
linkage of pendent cyclic phosphazene side groomsdganic polymer backbones [18,19].
One advantage of this design is to combine the s meactivity and
oxidation/reduction stability of phosphazenes wiith physical attributes (flexibility,
strength and ease of fabrication) of an organi&bae polymer. This approach can
yield a variety of functionalized polymers. An ongapolymer system that is described
here is based on the polynorbornene skeleton, whiabcessible by ring opening
metathesis polymerization (ROMP) [19,20]. The omyagtallic-catalyzed ROMP is a
useful synthetic approach in the sense that itsgg@d control over the molecular
weight of the polymer while maintaining a high reaw rate, which leads ultimately to a

stable performance of the resulting material arsd ed scale-up for industrial
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manufacturing. It also allows for a wide range afdifications at the monomer stage,
which gives more flexibility in designing the polgm[21,22].

Polynorbornenes with pendent cyclic phosphazents bave already been
investigated for use as polymer electrolytes faosdary lithium batteries [23] and
lithium sea water batteries [24]. These polymerslmioe the hydrophobicity of the
organic polymer with the chemical tailorability thle phosphazene units. Furthermore,
because each repeating unit contains a phosphangnaith five available bonding sites,
higher incorporations of functional groups per @p® unit are possible than with
typical linear organic or inorganic macromolecul@snsequently, variants of these
polymers should also be viable candidates for PEMi@ations.

Sulfonation of aryl or aryloxy groups is a commapiach in the synthesis of
proton conducting materials [25—-30] because ohigh acidity of the sulfonic acid
protons coupled with the low methanol solubilityaofloxy groups. Compared to linear
polyphosphazene systems, the highly stable phospkamg structure should reduce the
possibility of side reactions during sulfonatiomgedures and should extend the lifetime
of the membrane. In addition, the sulfonated fuor@l groups are separated from the
polymeric main chain and are clustered on the sidensions, which may lead to
different interactions for the purpose of protowl amethanol migration. Thus, the
combination of the two concepts leads to a polywidr pendent cyclophosphazene units
that bear sulfonic acid functional groups and hptiabic, un-functionalized aryloxy
units. This is an appealing possibility for theose of making a PEM material with

high ionic conductivity and low methanol permedtili
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In this study, we first synthesized a norbornen@oneer with a pendent cyclic
chloro-phosphazene side grofifigure 5-1). The monomer was polymerized using a first
generation Grubbs’ catalyst, and the chlorine atonthe pendent cyclic phosphazene
units were replaced witlm-cresoxy groups. The polymer was then treated %4
which preferentially reacts at the aryl rings tonficsulfonic acid group@rigure 5-2).

The methyl group on the phenoxy side units wasatllto permit subsequent gamma
radiation crosslinking in an attempt to further idase methanol permeability. The
objective was to synthesize a polymer that cangovesa conductive pathway for protons

while suppressing excessive methanol crossoveoat temperature.
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Figure5-1: Synthetic scheme for the monomer.
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5.2. Experimental

5.2.1. Materials

All materials were used as received unless statestwise. Sodium (ACS reagent
grade), ethyl vinyl ether (99%), bis(tricyclohexiygsphine)benzylidene ruthenium (1V)
chloride (97%)p-xylene (anhydrous, 99+%g);toluenesulfonhydrazide (97%), 1,2-
dichloroethane (99%) and sulfur trioxide (99%) webtained from Aldrich. Potassium
tert-butoxide (98%) was obtained from Acros. Hexachigobotriphosphazene was
obtained from Fushimi Pharmaceutical Co., Ltd. aad purified by recrystallization
twice from heptane followed by sublimation at-8at 0.01lmmHg. 3-Methylphenol
(97%, Aldrich) was distilled over calcium chlorideder reduced pressure.
Tetrahydrofuran (99.99%, EMD), dichloromethane 898, EMD), and dioxane (99.0%,
EMD) were dried by passage through Glass Contaumiala columns before use [31].
Pre-treated Nafion 115 (Dupont) was washed withsavaked in de-ionized water
repeatedly for 48 h before being subjected to cotndty, swelling, and methanol
crossover tests. De-ionized water with a resistand8 Mohms was obtained from a
Barnstead Nanopure Diamond water purification sgstll synthesis reactions were

carried out under an atmosphere of dry nitrogen.

5.2.2. Instrumentation

High field *H (360 MHz),**C (90 MHz), and’P (146MHz) NMR spectra were

obtained with a Bruker AMX-360 spectrometii. and**C NMR peaks were referenced
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to external tetramethylsilan®P NMR peaks were referenced to external 85R®

with positive shifts recorded downfield from thderence>*P and"*C spectra were
proton decoupled. Molecular weights and polydispemdices were estimated by use of
a Hewlett-Packard 1090 gel permeation chromatogegpipped with Phenomenex
Phenolgel 10um linear columns and a HP-1047A rafraindex detector. The
equipment was calibrated with polystyrene standarde samples were eluted with 0.1
wt% solution of tetrat-butyllammonium nitrate in THF. Glass transitiompeeratures
were obtained with use of a TA Instruments Q10edé&htial scanning calorimeter (DSC),
calibrated with indium, water and cyclohexane ssadg. Sample dimensions were
measured with Mitutoyo Digimatic calipers. Room perature conductivity was
measured using a Hewlett Packard 4192A LF impedanabyzer at a potential of 0.1V

and an alternating current frequency range of ScHEMHz.

5.2.3. Synthesis of pentachloro-(5-norbornene-2-nteixy)-cyclotriphosphazene (2)

This synthesis and its subsequent polymerizatiae warried out following a
modified published procedure [24]. 5-Norbornenen&hanol {) (87.00 g, 0.702 mol)
was synthesized according to a previous litergtooeedure [32], and was dissolved in
THF (1.5 L). Potassiurtert-butoxide (74.62 g, 0.665 mol) was suspended in 0% L)
and was added dropwise to the stirred solutioharid allowed to react overnight at
room temperature. Hexachlorocyclotriphosphazeng&.(®g, 0.998mol) was dissolved
in THF (2 L). Both mixtures were cooled in a drgfacetone bath and the norbornene

salt was cannulated into the cyclotriphosphazehsisn in a slow, dropwise fashion.



120

When the addition was complete, the reaction vesgaslallowed to warm to room
temperature and was stirred overnight. The solutias concentrated by vacuum to yield
a brown liquid which was dissolved in diethyl ethed washed with water (3x 700mL).
The organic layers were combined, dried over ardy&lMgSQ and concentrated. The
resultant brown oil was placed in a vacuum sublimd@esidual ether was removed in
vacuum at room temperature. Excess hexachlorocyatiosphazene was removed by
sublimation at 406C at 0.01mmHg for 5 days. Mono-substitution wadficored by
following the process byP NMR spectra during and after the reaction. YeR59.79 g
(68%).3P NMR (CDC}) 3 (ppm): 22.75 (d, —PG|2P), 14.90 (t, —PG#o-ONDb), 0.3P),
14.61 (t, —-PCEndoONb), 0.7P)*H NMR (CDCI3)& (ppm): 6.20 (g, 5-H, endo, 0.7H),
6.11 (m, 5-H, exo, 0.3H), 6.11 (m, 6-H, exo, 0.361n1 (q, 6-H, endo, 0.7H), 4.26 (m, —
CH,O—, exo, 0.3H), 4.08 (dd, -GB-, exo, 0.3H), 3.97 (m, —-GB-, endo, 0.7H), 3.77
(dd, -CHO-, endo, 0.7H), 2.99 (s, 1-H, endo, 0.7H), 2.8@4{d, endo, 0.7H), 2.82 (s,
4-H, exo, 0.3H), 2.53 (m, 2-H, endo, 0.7H), 1.89 &M, endo, 0.7H), 1.89 (m, 2- H, exo,
0.3H), 1.50 (m, 7-H, endo, 0.3H), 1.40 (m, 1-H, e&x8&H), 1.31 (t, 7-H, exo, 0.3H), 1.30
(t, 3-H, exo, 0.3H), 1.20 (m, 3-H, exo, 0.3H), 0(B8 3-H, endo, 0.7H)}*C NMR

(CDCl3) & (ppm): 138.03 (5-C, endo), 137.13 (5-C, exo), @86-C, exo), 131.92 (6-C,
endo), 73.36 (—CHD—, exo), 72.82 (—CHD—, endo), 49.32 (7-C, exo + endo), 44.82 (1-C,
exo), 43.59 (4-C, endo), 43.26 (4-C, exo), 42.28(®ndo), 41.58 (2-C, exo), 38.76 (2-

C, endo), 29.21 (3-C, ex0), 28.56 (3-C, endo).
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5.2.4. Synthesis of poly[pentachloro-(5-norborneng-methoxy)-cyclotriphosphazene]

3)

The monomer to initiator ratio was ~190:1 for ahctions to ensure consistency
for each batch. Monomer 2 (21.11 g, 0.0485mol) eexgassed under reduced pressure.
The monomer was then dissolved in £ (200mL). Grubbs’ first generation catalyst
(0.20 g, 0.243 mmol) was suspended in,CH (2 mL) and added rapidly to the stirred
monomer solution. The polymerization was terminatiter 10 s by the addition of 1mL
ethyl vinyl ether. The polymer solution was dilutedh 500mL THF and was used

without further purification.

5.2.5. Synthesis of poly[penta(3-methylphenoxy)-(@erbornene-2-methoxy)-
cyclotriphosphazene] (4)

Sodium metal (5.69 g, 0.247 mol) was suspendedif OOmL).m-Cresol
(27.79 g, 0.257mol) was added slowly and was altbteeeact overnight. After the
reaction was complete, as indicated by the consompf the sodium metal, the-cresol
salt solution was cannulated into the previousgpared polymeB8 solution. The
reaction mixture was then refluxed for 5 days.

The resultant solution was concentrated by rotaaperation and precipitated
twice into methanol and twice into hexanes. Thalpob polymer was an adhesive,
brown material which was dried in a round bottoask in preparation for the subsequent
reaction. Yield = 31.32 g (81%) from 21.11 g of raorer2. 31P NMR (CDC) & ppm:
12.3 (t (endo—exo overlap), P(@HLCH3)(O—CH~Nb), 1P), 8.8 (d, P(O#£14,CH5)2, 2P

(86%)), 7.7 (d, P(OG4CHs)2, 2P (14%)) 1H NMR (CDG) & ppm: 6.8 (m, AH, 20H),
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5.25ppm (s, br, 8 CH, 2H), 3.5 (d, OEl,, 2H), 2.2 (s, ArEls, 15H), 1.65 (m,

cyclopentane ring, 7H).

5.2.6. Hydrogenation of the polymer backbone to pg|penta(3-methylphenoxy)-(5-
norbornene-2-methoxy)-cyclotriphosphazene] (5)

p-Xylene was added to the round bottom flask coimgithe purified polyme#
(31.31 g, 0.0394mol), and stirring was maintaineeroight to dissolve the polymer. A
large excess g¥-toluenesulfonhydrazide (73.37 g, 0.394mol) waseddd the polymer
solution and the solution was refluxed for 3 h. Fb&ition was then concentrated by
evaporation and the product was precipitated irgthanol. This polymer was
redissolved in THF and precipitated into methamaoté¢. The polymer obtained was
dried under vacuum to yield an adhesive off-whitgemal. A molecular weight of 190
kDa and a PDI of 2.6 were estimated for the polymibe Ty of the polymer was found to
be 2-C by DSC. Yield = 21.84 g (69%). 1H NMR (CDR{6 ppm: 6.8 (m, AH, 20H),
3.5 (d, O®,, 2H), 2.2 (s, ArEl3, 15H), 1.65 (m, cyclopentane ring andHCH—

overlap, 11H).

5.2.7. Sulfonation procedure (6A—6E)

Polymer5 (19.81 g, 0.0249 mol) was dissolved in dichloroethand was cooled
in an ice bath. Aliquots of a 1M S@olution in dichloroethane were added to the
polymer solution slowly according to the desiredrée of sulfonation. The reaction was

allowed to proceed for 3 h and was quenched bwdé&ion of 50mL saturated NaOH
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solution in 1:1 water and ethanol mixture. At th@nt, the polymer had precipitated
from the solution as a dark brown solid. The solutivas evaporated to dryness under
reduced pressure and the polymer was soaked foiir24uccessive cycles in de-ionized
water, 0.1M aqueous NaOH, de-ionized water, 0.1Meags HCI and de-ionized water.

Finally, water was removed from the polymer in awanm oven at 0.1mmHg and 40.

5.2.8. Film casting and radiation crosslinking (7A¥E, 8)

Dried polymer6 (5.00 g) was dissolved in 100mL NfN-dimethylacetamide. Six
10cmx10cm membranes were cast from this solutiopodypropylene plates. The
membranes were dried under vacuum atQ4or 48 h and at 8C for 24 h. The
membranes obtained were brown, flexible, and haavanage thickness of 210um. The
membranes were then crosslinked by exposure to 20MBampl& A—7E) or 40MRad
(Sample8) gamma irradiation from ®Co source at the Pennsylvania State University

Breazeale Nuclear Reactor facility.

5.2.9. Determination of IEC values

The neutral condition ionic exchange capacity (IEation experiment was
selected as the evaluation method for the equival®ount of active acid groups
introduced [33]. This is based on the fact thatrthmber of protons available for actual
ionic exchange is a better indication of the nundfdree protons that would dissociate

and contribute to actual conductivity than the lssuom other experimental methods
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such as NMR. The protons from the acidic groughengolymer were exchanged with
Na’ ions by soaking a 0.10 g sample of the polym&0mL of a 2M NaCl solution for
48 h with occasional shaking. Aliquots of the sioint(10 mL) were titrated with
0.01MNaOH to calculate the amount of protons redddsy the polymer. The IEC value

is reported as moles of protons per gram of polymer

5.2.10. Determination of water and methanol swellip

The polymers were soaked in de-ionized water fon 24 24-C, after which time
the polymers were removed from water and exceagllion the surface was removed by
gently pressing the polymer between two halvesfifea paper. The degree of swelling

is defined as the followingquation 5-1:

(et — gy
iy

x 100
(Equation 5-1)

water swelling (%) =

owetaNdwgry are the weights of wet and dry polymer, respedfivel
Methanol swelling experiments were carried out ginailar manner, except that

either pure methanol or a 10%(v/v) methanol agusolgion was used instead of water.

5.2.11. Determination of methanol permeability

Methanol permeability was measured through a medifiublished method
[34,35]. The apparatus used is showkigure 5-3. A film of the polymer was

sandwiched between the two halves of the appasattisvas sealed tightly to prevent
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leaks. One chamber of the apparatus was filled avitB% solution of methanol in water;
the other with de-ionized water. After 24 h at rommperature, the methanol content of
the de-ionized water was evaluatedHyNMR spectroscopy by comparing the methanol
CHjs peak integration to the OH peak and by calibraviana series of standard solutions.
Nafion 115 was used in this experiment as a stanskanple, and was evaluated by the

same procedures to ensure that the results areacabie.
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Figure5-3: Schematic diagram for methanol permeability mesments.

5.3. Results and discussion

5.3.1. Polymer synthesis

In the synthesis of monom2ra 0.4M excess of hexachlorocyclotriphosphazene

and a low reaction temperature were employed tarengplacement of only one
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chlorine atom per hexachlorocyclotriphosphazeng loythe norbornene unit. This was
confirmed by*'P NMR spectroscopy. Although the monomer initidlad a 0.3:0.7 ratio
of exo:endo norbornene, the isomer ratio chang&dli4:0.86 after polymerization as
evidenced by'P NMR spectra of. It is speculated that one of the isomers is more
reactive than the other due to the positioninghefliulky cyclic phosphazene group.
Similar observations have been made in the ringiogemetathesis polymerizations of
other norbornene systems [36,37]. The differenttreity of the isomers can also be used
to explain the large polydispersity index in théyprer. The backbone of the polymer
was then hydrogenated to suppress crystallinitytanutevent side reactions during the
subsequent sulfonation procedure. Hydrogenationcaased out using-
toluenesulfonhydrazide following a procedure adatem Cohen and co-workers [38].
The complete saturation of the backbone was inglichy the disappearance of the

alkene peak at 5.25ppm in the 1H NMR spectra froigrper4 to polymer>s.

5.3.2. Sulfonation and IEC values

The addition of S@to polymer5 introduced sulfonic acid groups at the aryl rings.
Previous studies have indicated that sulfonati@uprimarily at th@ara-position of
the aryl rings [39]. Fronfrigure 5-4, it is clear that the IEC values show a linear
relationship with the amount of g@dded. Hence, this sulfonation procedure allows
accurate control of the IEC value. From an extratiah of the line irFigure 5-4, it
appears that sulfonation began after 0.383Mequitslef SQ per repeat unit were

added. This observation is consistent with the vadrilontoneri et al. [40] and Wysick
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and Pintauro [41] who explained that $¢hould coordinate first to the lone pair
electrons of the phosphazene nitrogen atoms dstitignation of aryloxy substituted
polyphosphazenes. They reported that sulfonatidheoéryl rings did not occur until
<50% of the phosphazene nitrogen atoms were comeglexh SQ. Our results deviate
from theirs because we estimate that sulfonatigch@fryl rings occurs after only 13%
of the phosphazene nitrogen atoms have been coatplexh SQ (3 nitrogen atoms per
repeat unit, hence 0.383/3x100 = 13%). Sulfonaticthe aryl rings occurred at a lower
level of added S¢) probably because the nitrogen atoms in the ggalic phosphazene
trimer ring are less accessible than those inxablie linear polyphosphazene polymer. A

comparison of the materials used during this stadymmarized belowr@ble 5-1).

W,

lon exchange capacity
(mmol/g)

4
[d
h

3.5
SO, used
(molar equivalents per repeating unit)

Figure5-4. IEC values of the polymer versus the amount ©f Gsed for sulfonatio
Data reported are averages of at least 6 samples.
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Table5-1: Properties of uncrosslinked sulfonated polym&amples were made
duplicates of 6 for average results.

Sample SQ@used IEC Water Swelling
(mole eq) (mmol/g) (%)

6A 2.588 0.27 35.80

6B 3.093 0.33 55.03

6C 3.598 0.38 105.18

6D 4.103 0.44 202.73

6E 4.608 0.49 309.99

5.3.3. Crosslinking and physical property changes

To ensure mechanical stability, restrict water kptand lower the methanol
crossover of the new membrane materf&8p gamma radiation treatment was used in
our study to induce free radical crosslinking. Timembranes were fabricated according
to the above procedures, exposed to radiationcamgared with samples untreated by
radiation. The membranes had an average thickrids®e250um and showed no
measurable dimensional change after radiationnvexatt TheTg of the material
increased as expected after both the sulfonatidrcessslinking treatments. The
mechanical strength of the materials improved aftesslinking, especially when in the
water-swollen state. Thus, the following studiesexeonducted on the crosslinked films

only. The results of these studies are summarizédble 5-2
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Table5-22 Performance data for crosslinked sulfonated mpelg. All samples wer
made in duplicates of 6 for average of resultse methanol crossover results repc
here are diffusion coefficient numbers based oticstaperimental condition85].

Sample IEC Crosslinl Conductivity Tg
(mmol/g) (Mrad) (10° S/cm) (°C)
7A 0.27 20 0.21 5.14
7B 0.3: 20 0.27 16.7¢
7C 0.3¢ 20 1.0¢ 51.1¢
7D 0.44 20 2.8¢ 57.9:
7E 0.4¢ 20 8.2¢ 69.3:
8 0.4¢ 40 11.31 68.6¢
Nafion 115 0.88 0 2600.82 110.03
Sample |Water SwellingPure MeOH Swelling10% MeOH SwellingMeOH Crossove
(%) (%) (%) (10° cnf/sec)
7A 33.€ 53.¢ 35.0 2.1
7B 49.¢ 57.2 47 .4 2.t
7C 52.2 67.€ 65.5 2.€
7D 69.¢ 75.7 73.0 3.8
T7E 84.1 84.2 89.7 5.8
8 75.2 70.2 74.2 2.7
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Nafionllj 15.9 ‘ 61.3 27.7 ‘ 498.2 ‘

5.3.4. Water swelling behavior

The water uptake values of each membrane werengies by comparison of
the dry weight to the fully hydrated weight and eeported inTables 5-1and5-2. The
numbers obtained from different samples were coatpas a function of the IEC value
of the polymer membrane, as shown in Figure 5-8. Whter swelling of the
uncrosslinked materials increased exponentialfp@dEC increased. This result
suggests that the higher concentrations of sulfacid groups definitely induced the
formation of aqueous clusters. Thus, increasedpuration of sulfonate groups
generates higher hydrophilicity and higher IECse @istance between the organic
polymer backbone and the acidic groups may alsxraffhie water uptake, as shown from
earlier studies [42]. Although the degree of wateelling is high, this effect can be
reduced by further crosslinking of the membraneabse enhanced rigidity of the
polymer structure should prevent the expansionaienclusters. Our results show the
logical outcome of a drastic decrease of water Igvgeih the membrane with an
increased degree of crosslinking. For example, athEC of 0.49mmold the swelling
was reduced from 3109%IE) to 84% [E) after 20Mrad of radiation treatment, which

translates to 1:0.27 in water uptake. However, wherhighest radiation dosages were
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applied 7E to 8) an increase in radiation dosage did not leacktwese of water uptake.

This may be caused by a saturation of the radrcaistinking reactions.
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Figure5-5. Water swelling versus the IEC value of the usslioked and crosslinked
polymer Error bars are based on average data analysidedsit6 samples for each c
point.

5.3.5. Methanol swelling behavior

Methanol uptake of the samples was determinedsimaar way to water uptake,
with the weight of membrane fully swelled in puretimanol or in 10% methanol in water,
compared with the dry mass. The results are regppamtpercentages as a function of IEC.

As with water uptake, a decrease in methanol uptaisapparent following radiation
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crosslinking. An interesting point is that, althbute methanol uptake by each sample
was slightly higher than the water uptake, the slmp the data points is smaller than for
water uptake. And all three values of uptake (wédt@% methanol, pure methanol)
became nearly identical as the IEC approachedlDiS.appears to show that the affinity
of the material for methanol is higher than thatvfater, although increases in the degree
of sulfonation, and thus the increase in hydropitylj gradually cause a decrease in the

difference of affinity.

5.3.6. Proton conductivity

The through-plane ionic conductivities of filmstbe sulfonated polymers were
measured by electrochemical impedance spectros@bpyugh-plane conductivity is the
most realistic measurement of ionic conductivityiambranes because it corresponds to
the proton transmission in an actual fuel cell. Té@m temperature ionic conductivity
data are reported in Table 2.

The ionic conductivities of these polymers at rdemperatures were relatively
low. This is understandable in terms of the low $EThe highest measured ionic
conductivity was 1.13xI0Scm* (polymer8), which is approximately two orders of
magnitude lower than that of the commercial PEMeamat Nafion 115. This
conductivity, although not a significant breakthgbuis acceptable for small portable
devices considering that many other comparablecagpes are geared toward operating
temperatures much higher than that of our int¢43st45]. We expect the IEC of our

materials to improve during future developmentaud;ithe polymers described here
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remain potentially viable PEM materials, especiédlypowering small portable devices.
For high-temperature applications, further expentakdata under different temperature
and humidity ranges would be required. In additfofipwing the trend from polymefA
through7E, the conductivity increases by nearly one ordenagnitude each time the
IEC increases by 0.1-0.2 units. An extrapolatiothefe data suggests that, if the degree
of sulfonation can be increased, the conductivityld eventually reach a similar level to
that of Nafion when the IEC values of the two mialerare equal. It is also interesting to
note that the conductivity of polym8iincreased when the radiation dosage was
increased from 20 to 40Mrad. It is suspected thatrhay be due to radical-induced side
reactions, which could potentially induce the fotiora of additional acidic groups such
as POH units. Further discussion of this possybigquires future research focused on

radiation effects.

5.3.7. Methanol permeability

The methanol permeability was measured as descaibedk, and was calculated
assuming that Fick’s first law (steady state diffu3 is applicabld35]. This
experimental design specifically measures the siifiu coefficient of the membrane
under static conditions, which provides a cleahftassmembrane characteristics. At the
same time, it should be noted that the test igdfft from tests that involved external
electric fields where aelectrodynamic drag analysis is intended insféad1] The drag

experiment is a more realistic approximation of kirng fuel cell conditions, which will be an

interesting direction for future studies. Extrena@ition must thus be taken when evaluating
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methanol crossover results, as experimental daa fwo types of experiments cannot be
compared side by side.

Fick’'s law can be simplified to the form shownBEquation 5-2, whereC, is the
concentration of methanol in the standard soluti@nis the concentration of methanol in

water after diffusion, angis the thickness of the membrane (Begure 5-3).

dcC Cmn — Cw
Ju=-Og ===

(Equation 5-2)

Solving this equation with the initial condition Gf,o) = O this yield€Equation
5-3, whereD is the diffusion coefficienty is the volume of solutiorx is the thickness of
the membranéi is the effective surface area of the membrargethe time in minutes,
Cu(y Is the concentration of methanol in the waterrdfteet, andCy,() is the

concentration of methanol in the standard soludidsO.

1 o
= _':-_rr'_.’U:-U — g l2ADVdy

'LF'.'.'L J
2 (Equation 5-3)

Rearrangement of this equation gives us the ddfusonstanD asEquation 5-4:

Vx 2Cr)
T (1 T ) :
mi0) /" (Equation 5-4)

D=
In this experimental design, we used 10% methanwiater for the standard
methanol solution and performed the experimentsah temperature. The reason for
this arrangement is to obtain a close approximdtahe actual working conditions in a
possible room-temperature methanol fuel cell asgenbe methanol permeability data
of polymers7A-8, as well as the value for Nafion 115 using ourlradt are reported in

Table 5-2 The diffusion coefficients of our materials geaibrfollow the trend of the

IEC values, as shown Figure 5-6, which is to be expected since it is assumedtheat
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hydrophilic channels aid methanol diffusion. Thdaéa indicate that the methanol
permeabilities of these materials are very low—agpy two orders of magnitude lower
than for Nafion. Finally, the increase in crossldgnsity brought about by utilizing
40Mrad of gamma radiation reduces the methanokoxkes by half, which reflects the

enhanced rigidity of the polymer matrix.
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Figure5-6: Methanol crossover of membranes relative tdBtvalues of the materials.
Error bars are based on average data analysidedsit6 samples for each data point.

5.3.8. Relationship of IEC, swelling, conductivityand permeability

At the same time, the increase in methanol diffusutth increases in

conductivity seems to be minor, as showkigure 5-7. The linear relationship suggests
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that the norbornane-phosphazene membrane shdulthst methanol permeability 10

times less than Nafion at the point where it hassime ionic conductivity.
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Figure5-7: Dependence of methanol crossover on ionic candtycof the membrane

Error bars are based on average data analysisleéstt6 samples for each data p
Note the tandard deviations of ionic conductivity data ie tamall to show on the figure.

Usually it would be expected that the low methammoksover, when combined
with low ionic conductivity, results from the prese of small amounts of hydrophilic
domains that form only small or isolated clusterd thus cannot efficiently transport
these water-soluble species. In such a case, wikige no continuous conductive
channel in the membrane microstructure for eitlmetgms or methanol, and thus the
conductivity and crossover will both remain low.Wwkver, in our case the assumption of

cluster formation cannot fully explain the high emtiptake compared with the ionic
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conductivity and IEC, because a lack of hydrophilicsters should lower water affinity
[5]. One possibility is the formation of large hsolated hydrophilic clusters in a film
structure, since our long spacer groups connethiemgulfonated side groups to the
hydrophobic main chain could very well promote egioilexibility to induce large
micelle-like isolated structures within the polyrmeatrix. Nafion, on the other hand, may
be generating smaller clusters in greater numbmrgared to our material and have a
higher chance of forming interconnected channels.dlso possible to contemplate a
different mechanism based instead on the chenticaitare. Because our results indicate
a high degree of hydrophilicity but low ion mobyliit is suspected that sites other than
sulfonate groups may contribute to the coordinatibcations [46]. These may include
the nitrogen atoms on the phosphazene rings. Sutiobilized protons, while still

within the polymeric structure and causing the maktéo be more hydrophilic, would not
contribute to either our IEC results or the ioronductivity. If this assumption is correct,
it might be expected that higher concentrationsadions would eventually saturate the
extra coordination sites and lead to a large irsered ionic conductivity. As shown by
Figure 5-8, the fact that ionic conductivity increases noadifly with the water swelling
may be indirect evidence for this effect, althofigtther experiments are required to
confirm this assumption as well as an investigatibthe actual microstructure of these

membranes.
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Figure5-8: Rdationship between ion conductivity and water uptaf 20Mrac
crosslinked membrane&rror bars are based on average data analysis (EHast ¢

samples for each data point. Note the standardatiens of ionic conductivity data is t
small to show on the figure.

A similar model can also be used to explain thatietly low methanol crossover
values compared to the water and methanol swebisghown ifFigure 5-9. Usually
high methanol swelling would indicate high methacralssover, but in our experiments
the samples repeatedly show that the membraneddwege methanol crossover than
Nafion under identical experimental conditions, retfeough Nafion has a lower
methanol uptake. Again, it is possible to explai& phenomena through either
microstructure or molecular interaction viewpoingge but isolated hydrophilic clusters
are expected to absorb and hold large amounts thfamel given enough time, while
diffusion throughout the material will still be tested by barriers between clusters. On
the other hand, because the high methanol uptaiktabply indicates strong interactions

between the polymer and methanol molecules, theemewnt of methanol molecules
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within the polymer matrix could be hindered in aytiaat is similar to the behavior of

species within a chromatography column. Thus, tbkeaular interactions between the
mobile and immobile species may slow the movemeéntabile species. This effect is
likely to be further enhanced by the radiation sloging, because rigidity of the
polymer matrix would generate higher levels ofistegstriction to methanol molecule

movement. Experiments to confirm the actual medmanmiill be included in future

research.

== Water Uptake

== NMeOH Uptake

-%-10% MeOH

L9

Uptake

2 3 /| 5 6 7

Crossover (10 cm2/sec)

Figure5-9: Relationship of methanol crossover to water methanol uptake of 20Mrad

crosslinked membrane&rror bars are based on average data analysis Hast ¢
samples for each data point.
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5.4. Conclusions

We have synthesized polynorbornanes with pendeaticqgghosphazene groups
that bear aryl sulfonic acid units as potentiat@noconductive membranes material for
small, portable DMFCs. The polymers were evaluaietEC and water swelling to
determine their suitability as proton conductivenmbeane materials in DMFCs. We also
fabricated membranes of the polymer with differgegrees of sulfonation and
crosslinking. The differences in proton conductivihethanol permeability, and
water/methanol uptake between these membranesandftcommercially available
Nafion 115 were then compared.

The IEC values of the polymers were controlled sat@ly through the ratio of
SG; to repeating units in the polymer. Although thgme of water swelling of the
membranes was high, it can be decreased by crkisgjithe polymer by gamma
radiation. The resultant polymers had lower ionhexge capacities than traditional
materials such as Nafion and, as a consequencet tmmductivities. However, the
methanol permeabilities of these polymers were kvd were generally of the order of
10°° cnf/s. This is roughly two orders of magnitude lowart for the commercial
polymer Nafion 115. This result can be explainedhgylow IECs (and hence ionic
strengths) of these materials, the microstructtieet and the affinity effect of the
material on cations and methanol.

The ionic conductivities of these materials wereexxeedingly high, but their
low methanol permeabilities suggest that they neyilble materials for use as proton

exchange membranes in direct methanol fuel cetlsge in small portable devices. We
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plan to further improve these materials by futuneestigations of alternative sulfonation
procedures, as well as possible utilization of dedonds in the original norbornene

backbone as reaction sites or crosslink promoters.
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Chapter 6

From electrical energy to mechanical motion: A reda responsive polymeric gel
based on ionic crosslinking

6.1. Introduction

Discussions on energy-related materials are ofieased on the generation of
electrical energy, but efficient transformationetéctrical energy in to other types of
energy are often just as important and interesifigr all, even when we refer to
“generation” of energy we are really discussingsfarmation of existing energy from
one state to another. In the case of batterieswmidells, the devices are transforming
chemical energy to electrical energy (and in regbable battery systems, also the
transformation of electrical energy into chemiaa¢rgy); In the case of solar cells, it is
from photon energy to electrical energy. One irgténg topic discussed here is the
generation of mechanical motion using designed magde- More specifically, the group

of materials known as responsive hydrogels.

A number of responsive hydrogel systems have bgeathesized recently in our
program. These include thermosensitive gels of tygerived from MEEP-
polyphosphazenes aforementionBdy(re 6-1), [1,2] which have LCST temperatures
that vary from 30C to 80°C depending on the side groups. Related systeris,asu
polyphosphazen? (Figure 6-2), which bear both oligoethylene chaind acidic side

groups are sensitive to pH changes.[3] Gels deffinged 2 also expand in the presence of
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a monovalent cation and contract in the preseneeddf or trivalent cation.[3] We now
report responsive behavior in gels fr@following electrical actuation. The
electrochemical conversion of monovalent cationthéodi- or trivalent states allows the

swelling behavior of the gel to be controlled aadersed.
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Figure6-1. Structure of thermosensitive polyphosphazengmet system.
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Figure6-2: Structure of polyphosphazene system with batioethylene side chains
and acidic side groups. The polymer is nanpatly (methoxyethoxyethoxy
phosphazene) - poly (carboxylatophenoxy phosphazand abbreviated as MEEP-
PCPP.
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Stimulant-sensitive polymer hydrogels have recettention as viable
responsive materials due mainly to the large indigmometrical changes that are
possible, and their ability to operate in aqueausrenments. This has led to robotic and
medical implant actuator applications, as well assible uses in drug delivery,
micromanipulators, nanomotors, and lab-on-a-chipags.[4—6] Although hydrogels can
be responsive to a wide variety of stimulants, ][8jiect electroactivity (response to an
applied electric signal) is preferred due to therface requirements for controls and the
extensive use of computer systems in many relgiptications. [8—10] Most of the
successful electroactive hydrogels reported sar@abased on an ion-diffusion
mechanism [11] where an applied electrical fieldsed to direct the movement of free
ions and, in turn, the adsorbed water molecules.primcipal limitation of this approach
is the need for external field generation, whicstniets the design for practical
applications.

Hydrogels crosslinked with metal cation centers timalergo redox reactions
could trigger a response in geometry induced bglectrical potential without relying on
the migration of counterions. This provides a serghd efficient way for producing
electroactive materials as self-contained respensnits. We have established the

validity of this concept by a series of prototyp@eriments.
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6.2. Experimental

6.2.1. General synthesis and hydrogel preparation

Polymer2 was synthesized according to a method describadqusly. [3] In a
typical experiment, a film of the polymer ester wast from a solution in THF by slow
solvent evaporation. The resultant film was sulggdb 2.5-20 Mrad gamma radiation
(Penn State University Breazeale Reactor) [1,12)dace a low level of covalent
crosslinking via the alkyl ether side groups. Itsviiaen cut into square films of 1 cm
square, and the ester groups were deprotectee fmotAssium carboxylate unit with 3
mol equivalents of KOH in 20 ml deionized (DI) waf&3] Alternatively, the polymer
can be deprotected by 3 mol equivalents of t-Bu®@KHF-HO before film casting and

radiation crosslinking.

6.2.2. Cationic exchange

Metal ions were doped into the polymer films bylsog each film in a solution
of metal ion (0.005 M, 20 mL) for 16 h. The fiimewe washed with deionized (DI)
water, with each wash liquid checked with Variam&pAA 220FS atomic absorption
spectrometer to ensure removal of mobile ions,eawth film was then stored in

deionized (DI) water.
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6.2.3. Cyclic voltammetry

In order to verify the electrochemical behavionwétal-doped gels, films of the
same size were first doped with CCU*, F&* or FE”. The films were allowed to swell
in DI water for 16 h for removal of excess ionsg éime dimensions were measured. The
electrochemical response of the gels was followedylic voltammetry (CV) of the
metal-doped films swollen by water. The electroclvahresponses of the gels were then
compared with those of a standard aqueous solafitre corresponding metal salts,
which provided evidence of a redox reaction atntie¢al centers within the gel. The CV
was carried out with use of a BS-100B electrochaorkstation using a silver
working electrode, a platinum counter electrodel asilver choride reference electrode.
Recordings were made at a sensitivity of 100 mAasdan rate of 50 mV'sThe scan

range was 2100-1000 mV with a sample interval wi\5

6.2.4. Electrochemical swelling

To test the electrochemical swelling behavior dklgels, 0.5 cm 6 1 cm strips of
CU?* or F€" infused film were connected to a 9 V dc sourcevatends. The current was
maintained for 1 h, the shape and dimensions wesuored, and the current was then
reversed and maintained for one more hour befargliksconnected and the size/shape
measured again. The process was repeated six flimesending test was performed by
sandwiching a 1 cm x 1 cm metal-infused film betwego 0.5 cm-wide copper plates,
followed by the same electrochemical routine whigeking the bending movement and

current as a function of time. The passive—actommartment test involved casting the
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polymer within multi-well trays made from commeibtyaavailable
poly(dimethylsiloxane) (PDMS) (10-15 wells of idead size, ranging from 0.1 cm x 0.5
cm x 0.3 cmto 0.5 cm x 1.5 cm x 1 cm for each wéliter insertion of one pair of gold
or silver wires into each well, the tray of polynveais then gamma-ray crosslinked,
deprotected and infused with cations as describedea The trays were then tested by
passing current through each pair of wires in eaelh by the same procedure as

described above.

6.3. Results and discussion

6.3.1. Cation exchange

The polymer used in the initial experiment, MEEPFPQolyphosphazere
(Figures 6-2 and Fig. 6-3 is a mixed-substituent macromolecule with bo#tex
solubilizing methoxyethoxyethoxy side groups anchphoxy-phenoxy side groups for
both pH-response and cation coordination. The petyisireadily radiation crosslinked
through the ethlyeneoxy side groups by gamma-radiabd give hydrogels. These gels
are known to be thermally responsive (via the megathoxyethoxy groups [1]) and pH
responsive (via the acidic side groups). The gelsabso ion responsive: ionic
replacement of monovalent cations by multivalemtcggs causes contraction through

ionic crosslink formation.[3]
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Figure6-3: The structure of MEEP-PCPP polyphosphazene égpmer left) andhe
deprotected form after base treatment (upper rightg basidorm can be then acidifit

to 2 or crosslinked with polyvalent cations, both ofigfh have alower solubility ir
water.

6.3.2. Influence of different cations in the gel

The present work involved two sets of experimefitst, the response of
radiation-crosslinked gels frohwas monitored as a function of different cations
introduced into the samples. The results are sumathinFigure 6-4. Certain anomalies
became evident. Although the Kalt showed the most gel expansion, thé d&u CU
systems were among the least expanded. This mlagtréfe ability of the Ajand CU

ions to coordinatively crosslink polymer chains tha carbonyl groups and/or the
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backbone nitrogen atoms. [14,15] The declining degf swelling along the series’Fe
CU*, Co™*, F&*, and C3" probably reflects the ability of these ions tonfioonic

intermolecular linkages between carboxylic groulsy.|

Swelling Behavior

Lgngth !ghangé g (cm/cm) _
= o oo — ]

bo

K+ Ag+ Cu+ Fe2+ Cu2+ Co2+ Fe3+ Co3+
Cation
Figure6-4: The different swelling behaviour of MEEP-PCPRPafter cation exchange.
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6.3.3. Cyclic voltammetry

The second series of experiments involved elecemital examination of the
behavior of gels derived froewwith different ions. Initially it was shown by dyc
voltammetry (CV) scans for water-swollen gels ttattained Ct and F&" that the
cations underwent redox reactions within the getese data are summarizedrigure
6-5and are compared to the behavior of the samenocagueous media in the absence of
the gel. The difference in electrochemical behabitiveen ions in the gel and those in
the free solution phase is partially due to overpbl required to overcome the
resistance of the insulating MEEP-PCPP layer, taat @flects the coordination role of
the carboxylic acid groups. [17] Nevertheless, dliffierences strongly suggest that the

ions are immobilized within the gel.
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Figure6-5. Cyclic voltammetry of Ctf infused MEEP-PCPP gel (above) and an’Fe
infused gel (below)The different ranges for voltage sweeps of two elats are intend:t
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to highlight the difference in redox potentialdNe significant peaks have been fo
with wide voltage range scans. MEEP-PCRithout metal ions did not show rec
behavior within the voltage range investigated @gm€V data is thus not reported here.

6.3.4. Electrochemical swelling

The gels that contained Cu and Fe ions expandedgdilne passage of an electric
current and contracted when the current was regefdee swelling behavior for gel
samples connected to a dc source was localizeddrtbe cathode, and was found to be
reversible when the direction of applied currenswaversed, causing expansion at the
other electrode Rigure 6-6) When properly aligned, this allows for the couastion of a
device capable of a bending motion, with the geldoeg away from the cathode up to
45°. Again, this bending behavior is fully reversib{Eigure 6-7) The bending motion
occurred over a period of 1 h, with the most draenatanges between 5 to 25 min after
the application of a direct current source. Theoalorresponds to the change of current

in the device.Kigure 6-8)

Metallic Electrodes
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Metal-infused
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Discolaration and swelling localized
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Figure6-6. Schematic representation of partial swellingdwect electrochemicakdo>
of Cu-infused gel.

Figure6-7. Responsive gel behavior. Upper: actual gel leeford aftebending. Lowel
schematic representation of potential induced bendiThe vhite section indicatt
expanded gel near cathode.
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Bending vs Time
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Figure6-8. Response of gel bending versus time. Upper:edegf gelbending during
typical electrochemical reaction. Lower: obsenathnge of current during the s
experiment.
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Finally, we attempted to construct a passive—a@otaator system by inserting
the polyphosphazene gel samples and electrodespeto-top hydrophobic poly-
(dimethylsiloxane) (PDMS) compartments. The sysbemds with the initial application
of current due to the swelling of the polyphospim&ze

The electroactive behavior observed here diffemfthe classical electroactive
gels that are based on ion-mobility. This suggastsponse to changes in crosslinks in
three aspects: the gel undergoes a net swellifguitithe existence of mobile
counterions (all reactions are in deionized waderjng the initial application of a
potential, which strongly suggests that the medmans not a response to mobile anion
movement. For an electroactive gel to be basedanteranion movement, the gel must
either (a) exhibit net swelling at a section of ¢jg where a positive charge is generated
(usually via oxidation of the gel) due to the iraged ion concentration and thus osmotic
pressure, or (b) shrink at one end accompanieavkifisg at other end (overall no net
change in gel volume) due to the migration of wateng the induced electric field. In
our case, the swelling is observed at the locatibere reduction reactions only should
occur. On the other hand, for the gel to operatauiih the electric field induced
movement/alignment of the negatively charged sidems, the deformation should be
uniform along the field lines as opposed to thédlyidocalized reaction observed.

The swelling is localized around the cathode withindication of increased
cation concentration (the swollen part becomessprarent instead of darker blue in the
case of Cu), and the reverse reaction of shrin&lag originates from the electrode. For

the gel to operate on the alternative mobile cati@echanism, the swelling should either
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(a) lead to a similar or deeper shade of blueeastirelling areas due to the concentration
effect of copper cations, or (b) show no net stzange as explained in the anion
argument.

The gel remains in its deformed state for more ttah after being disconnected
from the power source. Gel electroactive behavuer t field-induced migration of ions
should be unstable once the electric field is rezdadue to the charge separation
involved.

These observations lead us to propose a swellifpamesm based on the change
in crosslink density due to the redox behavior etahcenters.Kigure 6-9) Cations with
a lower ability to bind to carboxylic acids (whiasually translates to lower charge and
thus a lower oxidation state) should give ionicsstimks that are easier to dissociate in
water. This leads to an overall decrease in degfremic crosslinking and an increase in
the water swelling ability of the gel. Thus, whée metal center changes from a higher
oxidation state to a lower oxidation state, iomusslinks dissociate and the gel swells.

Similarly, a return to a higher oxidation staterpates the reformation of
crosslinks and leads to a contraction of the gal.gel systems crosslinked by iron
cations, this can be achieved though the changesbe 2+ and 3+ state. For copper
ions, the situation may be more complex: the radnaif Cu(ll) to Cu(0) may occur
because Clis unstable under aqueous conditions and reaalitys an insoluble salt.

Thus, further mechanistic work on this reversiblstem is required.
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Figure6-9:  Proposed mechanism for swelling—contraction, hwibnic crosslink:
dissociating when cations serving as crosslinkees r@duced (left),and reformin
crosslinks when oxidized (right).

The low ion mobility and high electrical resistarafehe gel contributes to the
localized swelling behavior, since in such a sitirathe electrodes can only extract
electrons from metal atoms close to the electrodiase. This phenomenon is further
supported by the relationship between the defoonatpeed and the current: at first, the
cations closest to the cathode are reduced, foraihin conductive layer that helps to
reduce the contact resistance between the eleciratithe gel.However, as more cations
are reduced, the gel areas become depleted ohsatia form an insulating barrier,
which drives down the current with increases irtteleal resistance. The same reasons
also explain the stability of the deformed gelitas difficult for cations involved in
crosslink behavior to diffuse to a lower concentratirea and replace the cations that

were removed via electrochemical redox.
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6.4. Conclusions

We report here an electrochemically responsiverpelyhydrogel based on ionic
crosslinking. The crosslinking by metal cations angnic carboxylic acid side groups
can be controlled by redox reactions. The crosslaiksociate when the cation
crosslinker is reduced to a lower oxidation staug @eform following oxidation, which
leads to a reversible and localized swelling—catitba. By choosing biocompatible
components and miniaturization designs, the sysi@sithe potential to be useful in

microrobotic and biomedical applications.
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