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ABSTRACT

Perfluorinated sulfonic acid polymers have beersiered as the state-of-art membrane
materials for proton exchange membrane fuel calls\ajor technical issue with these polymers
is that they do not function well at temperaturbevee 80 °C and at low humidities. Therefore,
research has been focused on developing PEM mlatéhat can operate independent of
hydration requirements. The operation of fuel catlhigh temperature (e.g. 120) increases
fuel cell system efficiency due to faster electrddeetics and better CO tolerance. This
dissertation will describe a study of proton-trasr$pates and mechanisms under anhydrous and
aqueous conditions using a series of acid modelpoomds analogous to comb-branch
perfluorinated ionomers functionalized with phospiep phosphinic, sulfonic and carboxylic
acid protogenic groups. Model compounds were sgithd and characterized with respect to
proton conductivity, viscosity, proton and anioorfpigate base) self-diffusion coefficients, and
Hammett acidity and as a function of increasingflperoalkyl chain length. The highest
conductivities and also the highest viscositiesengpically observed for the phosphonic and
phosphinic acid model compounds. The results osthdy collectively supported the hypothesis
that anhydrous proton transport in the phosphomic@osphinic acid model compounds occurs
primarily by a structure-diffusion, hopping-baseéahanism rather than a vehicle mechanism.
Further analysis of ionic conductivity and ion sdiffusion rates using the Nernst-Einstein
equation reveals that the phosphonic and phospaacmodel compounds are relatively highly
dissociated even under anhydrous conditions. Irtrasty sulfonic and carboxylic acid-based
systems exhibit relatively low degrees of dissacratinder anhydrous conditions. Investigations

of these model acids under low hydration levels(8s of acid per a mole of acid) indicate that



the proton conductivity of these phosphonic anadsphinic acids can be improved by more than
an order of magnitude relative to the water-freendtiions. These findings suggest that
fluoroalkyl phosphonic and phosphinic acids aredcandidates for further development as
anhydrous, high temperature proton conductors.

The chapter 5 describes the synthesis, charadienzand ion transport of lithium
polymer electrolytes that resist concentration ppédion. Investigation of the purity of the
ionic-melt by HPLC analysis and electrospray ioh@a mass spectrometry indicated that the
ionic-melt is free of non-ionic impurities. The hiest ionic conductivity of 7.1 x I0S/cm at
30 °C was obtained for the sample consisting ah&um salt of an arylfluorosulfonimide anion
attached to a polyether oligomer with an ethylem®xEO) to lithium ratio of 12. The
conductivity order of various ionic melts havingfeient polyether chain lengths suggests that at
higher EO:Li ratios the conductivity of the eledytes at room temperature is determined in part
by the amount of crystallization of the polyethertmpn of the ionic melt.

The chapter 6 describes the synthesis and chdeatien of a new room-temperature
ionic liquid based on a alkylimidazolium cation anmtew fluoro anion [(CE.POy].
Investigation of itdhermal stability, viscosity, voltage window, anohductivity suggests that it

may be a useful as an electrolyte in batteries.
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CHAPTER ONE

PROTON CONDUCTORS FOR FUEL CELLS

Proton Exchange Membrane Fuel Cells (PEMFCs)

Fuel cells have emerged in the last decade asfdhe most promising new technologies
for meeting energy needs in the twenty-first centérfuel cell is an electrochemical device that
converts chemical energy into electrical energyhaut combustion. Since the invention of fuel
cell by Sir William Grove by 1839, a variety of fueells have been developed. The most
common classification of fuel cells is on the basfighe type of electrolyte used in the cells.
There are presently six major types of fuel cathtelogies currently under development and
commercialization. They are (1) proton exchange brame fuel cell (PEMFC), (2) alkaline fuel
cell (AFC), (3) phosphoric acid fuel cell (PAFCX)(molten carbonate fuel cell (MCFC), (5)
solid oxide fuel cell (SOFC) and (6) direct methiahue! cell (DMFC).

For vehicles, proton exchange membrane fuel cefislee most practical design. Figure
1.1 is a cross-sectional view of the basic desiga ®EMFC. It consists of proton exchange
membrane which is a solid polymer electrolyte sanded between two electrode layers (anode

and cathode).
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Figure 1.1 Proton exchange membrane Fue cell operation pten¢idapted from U. S.
Department of Defense Fuel Test and Evaluation&etffuel Cell Basics”.
http://www.fctec.com/fctec_howorks.asp)

Proton Exchange MembranBEM fuel cells use a solid polymer membrane as the
electrolyte. Ideally this proton exchange membrstmauld be an ion conductor, an electronic
insulator, impermeable gas barrier and possess gaatianical strength. During the last two

decades, the standard materials used for PEM remre ferfluorinated copolymers containing



sulfonic acid groupS” The most well-known is the Nafinfamily manufactured by E. I. du

pont de Nemours and Company. Its chemical fornmautavien in Scheme 1.1.

LA

O—CF //
e \ /C\
(@ | // /o
CF3 S
\L HO—CF

CF/\/\// \\/
(b) | F2 //\ /\\

CF3

Scheme 1.1 (a) Chemical structure of a perfluorinated sulfoacid membrane, where x
is between 6 and 13 and y is 1 for Nafiér(b) Chemical structure of perfluorinated
sulfonimide membrang.

Sulfonic acid based Nafi6nhas a proton conductivity of around 0.1 Scifihe water uptake of
Nafion at 100% relative humidity is about 30% byigi®. The internal pore sizes of Nafion is

about 2 nm.



Scheme 1.1 (b) shows a sulfonimide ionomer repdsedesMarteau and cowork@rs
that has structural similarity to the Nafion. Tluslfonimide ionomer exhibited comparable
proton conductivity as that of Nafion and was fouodlepend on humidity as the Nafion. The
sulfonimide membrane showed a higher water uptakepared to Nafion suggesting that it may
possess high degree of porous channels. Experimstidies on the acidity of sulfonimide
group in the gas phase suggest that sulfonimideipgie more acidic than sulfonic acid.
Therefore the high degree of porous channels ifosinhide ionomer could be a result of its
higher acidity. It was also found that comparedN#&dion the sulfonimide membranes exhibit a
higher thermal stability and have a higher capacatgromote the conversion otldnd Q gases
to ions and electrons when used in the catalyst$agf MEA.

Anode and CathodeA PEMFC electrode is a composite porous structoresisting of
carbon, metal catalyst and proton-conducting polyfedy., Nafion). So far the best catalyst used
in the electrodes is platinum and/or a platinunoyabuch PtRu, PtRh, or PtNi . Typically an
electrode consist of 0.1 to 1 mgfcratalyst loading impregnated on Vulcan XC-72-carbo
support placed on top of hydrophobic carbon pagea backing layef® The catalyst particles
are highly interconnected to the proton exchangenbmane by strings of polymer electrolyte
binder ionomers. The catalyst surface facilateftinmation ions and electrons from the reactant
gases. This 3-phase interphase is shown Figurd'ie2efore for the optimal performance of the
PEM fuel cell utilization of all the catalyst paies to form a 3-phase interphase is important.
Typically perfluorinated sulfonic acid ionomers buas Nafion are used as these binders. Gas

diffusion layers allow direct and uniform accessha fuel and oxidant to the porous electrodes.
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Figure 1.2 Transport of gases, protons and electrons in a REMcell!

The fuel for the PEMFC is hydrogen and the chaageer is hydrogen ion. As hydrogen
flows into the fuel cell anode, platinum catalyattples of the anode facilitate separation of the
hydrogen gas into protons and electrons. The pretmmange membrane in the center allows
only the protons to pass through the membrane tisMéire cathode. Since the electrons cannot
pass through this membrane, they flow as an etectnirent through the external circuit, which
provides electric power to the vehicle. As oxygéows into the cathode region, platinum
particles at the cathode cause the oxygen, proton,electrons to combine, producing water
and heat. Figure 1.2 shows the electrochemicaltiorescthat takes place at the anode and

cathode catalyst layer, respectively.



Hy ——= 2H" + 26 ( E°=0V )
2

120, + 2H* + 28 > 1H,0 ( E°=123V)

Figure 1.3 Electrochemical reactions that takes place atlogl@ and cathode

At present the operation of PEMFC is limited to ®®0 The operation of fuel cells at
high temperature (for ex. 12@C) increases fuel cell systems efficiency due &ieiaelectrode
kinetics and better CO tolerance. The commonly usmdmercially available perfluorinated
sulfonic acid based proton exchange membranes, \ava® not function well at temperatures
above 8CPC. This observation has been attributed to the ginam proton transport mechanism

occurring at low hydration levels in these polyme

Proton Transport Mechanisms

Proton transport in aqueous solutions is belieweddcur by two competing transport
mechanism$?*® These two mechanisms are known as vehicle mechaaisd Grotthuss
mechanism.

Vehicle mechanism This mechanism relies on a physical transpbée wehicle to move
the proton (see Figure 1.3). For example water azary the proton as 40" or as a proton
aggregate such ass®&" or HiO," and similarly a vehicle such as bEan carry the proton as
NH," ion through the aqueous environment, in a prosesgar to normal molecular diffusion.

The cooperative counter diffusion of the unprotedavehicles allows the net transport of



protons. Hence, the self diffusion coefficient lo¢ unprotonated vehicle and protons are similar.
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Figure 1.4Schematic of the vehicle type transport mechanistheoproton™

Grotthuss mechanism First proposed by Grotthus$® also described as structure
diffusion, transport of the proton occurs by hagdinoff from one hydrogen bonding site to the
another by inter-converting weak hydrogen bonds istrong covalent bonds and vice versa (see
Figure 1.4) When Grotthuss mechanism occurs, the proton ispaited faster than it could be
by molecular diffusion of a proton carrying vehicteolecule. This is because the net proton
movement is uncoupled from self-diffusion of its sed® Therefore the measurement of self

diffusion rates of protons can be used as a @iteiv conclusively show structural diffusion.



Figure 1.5Schematic of the Grotthuss type transport mechanisthe protort®

The quantitative work of Agmoff, Kreuer* and the recerdb initio molecular dynamics
simulations of the Tuckermahhave provided a clear understanding of this meshain bulk
water.Ab initio molecular dynamic calculatiori3*® of anexcess proton in water show that when
the proton gets solvated in water it can form ohie two limiting aggregated proton structures:
a Zundel (HO," ) or Eigen(HyO,") ion. These two structures have a lower energieghan a
hydronium ion (HO"). When the proton is transported through the megiine proton diffuses
by converting itself from one limiting structure tloe other by inter-converting weak hydrogen

bonds to covalent bonds and vice versa (see Figbje
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Figure 1.6 Schematics of proton transfer &lg-initio MD simulation from ref 11. Only the
protonic charge is displaced during the rapidroitange between the Eigen and Zundel forms

1920y rearrangement of only covalent and hydrogerdbon



Proton Conductors
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Figure 1.7 Comparative conductivity plot of selected protemductors adapted from
Kreuer 2005 for PEM fuel cells. Drawn in blue approximate data extracted from
graphs in referencg.

Based on the above described proton transport mesrha the proton conductors suitable for

PEM fuel cells can be divided into two major categ®as follows.

Water-containing systems: (optimum temperature 6°0)
1) Hydrated acidic polymers based on sulfonic acidigr@ex: Nafion, S-PBI, S-PEEK)
2) Hydrated acidic polymers based on sulfonamide group
3) Heteropolyacid hydrates (ex48i\W12040-28H20)

4) Xerogels or hydrated particles (ex: Si,0)
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Water-free systems : (optimum operational tempegat00 — 206C)
1) Oxo acids (ex: BPOy)
2) Salts of oxo acids (ex : CsH3O
3) PBI-H3PO, adducts

4) Heterocycle-based systems (imidazole and imidazated systems)

A more comprehensive review on water-based andryfige proton conductors can be

221 and Phaff’. The most commonly used sample

found in review articles by NorB% Kreue
system for each category is discussed below.

Hydrated acidic polymersWater-containing systems can be discussed in tens
hydrated acidic polymers based on sulfonic acidigrdhese types of polymers have been the
industry standard for fuel cell materials for deead o keep a high proton conductivity above
100°C, the water-based systems need to be hydrated.c&hi be done only when the systems
are pressurized above ambient pressure to enswereavhilability of liquid water. This
complicates the fuel cell structure and producesrisk of explosion. As shown in Figure 1.6,
above 100°C the conductivity of Nafion and Nafion-like polynse(ex. Poly-aryl-sulfone) starts
to decrease. This observation has been describedtu@sto the dominant proton transport
mechanism at low hydration levels. Nafion-like erabased systems are thought to transport the
protons through two main mechanisms. These areVehicle mechanism and 2. Grotthuss
mechanism/Proton hopping as described earlier. hijh water content in Nafion like
membranes, the most prevalent mechanism is Grattmechanism. However, at low water
content vehicle mechanism governs the proton cdiiyc

For elevated operation ( above 1), a polymer membrane that does not depend on the

presence of water for their performance is thoughte ideal. Such membranes are thought to

11



achieve a high proton conductivity by the transmdrthe proton by the Grotthuss mechanism.
Examples of commonly studied water-free systemsdisplay this mechanism to transport the
protons are, BP0, and heterocycles like imidazole, benzimidazoles.

Phosphoric acidConcentrated phosphoric acid has remarkably higtop conductivity
despite its high viscosity. For example molten ggtwric acid shows a conductivity of 0.1 S
cm™® at 298 K at a viscosity of 100 cp in contrast t@tev which has a viscosity of 1.00 cps at
293 K. The conductivity of 99% 4$0,** at 294.6 K is 0.0305 S ¢l The experimentally

d*>? could not be explained by

observed very high conductivity for the molten ghtasric aci
way of the regular hydrodynamic movement of ion®tigh a viscous medium as described by

the Stokes—Einstein equation (121§ (and Nernst-Einstein relation).

Equation 1.1

In equation 1.1 is the friction coefficient and D is the diffusiaoefficient. kg is the Boltzmann
constant and T is temperature. For the simple cdsg spherical particle with an effective
hydrodynamic radius r in a solution of viscositythe friction coefficient is given by Equation

1.2.

E=4nnr Equation 1.2

Just as the Stokes-Einstein equation gives theaelbetween the transport of viscous
flow (n) and transport of matter (D), the Nernst-Einstelation (Equation 1.3) gives the

connection between the diffusion (D) and condutgti(s).

Equation 1.3

12



In this equationg is the conductivity, q is charge. It was also fatinat phosphoric acid can self

dissociate to generate charge carriers as follows.

[5HsPOy ] = [2HiPOsT] + [HoPOy ]+ [H3O'] + [ HoP.OA ] Equation 1.4

In this equation, [kPQy] = 16.8 M, [HsPO;'] = 0.89 M, [(PO;] = 0.43 M, and [HO" |=
[HP,0; %] =0.46 M at 311 K°

Given its high conductivity despite its high visitgs it was inferred that molten
phosphoric acid transport the proton through stmectliffusion.?®

Another experimental observation that supports thypothesis is the temperature

30,31

dependency of the Walden produet, () of the phosphoric acid. The Walden rule states

that for a solution that shows Stokesian migratioa product of the viscosity and conductivity

of a solution ¢n ) *

Is a constant and independent of the temperailine. temperature
dependence of the Walden product for phosphorid ats a deviation from this rule and
therefore led the authors in those studies to coleckthat this was due to structure diffusion/
proton hopping mechanism. Comparison of the séifision data for the proton and for the
anion of the phosphoric acid by the Pulsed Fieldd&nt Nuclear Magnetic Resonance (PFG
NMR) experiments®, is also another experimental observation thafficos the structure
diffusion/ proton hopping occurs in phosphoric adidcan be visualized that similar to the
Zundel and Eigen ions does with water moleculess#ié dissociated charge carriers setup a

hydrogen bonded network with the neutral phosphadi molecules and then transport the

proton through this network by intermolecular H-tddawreaking and forming mechanism.
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Heterocycles:It has been shown that similar to phosphoric adifferent heterocycles
such as imidazolé**° and benzimidazoles also have the ability to trartsthe proton by
structure diffusion at low hydration levels at tesrgtures above 10€. Unlike phosphoric acid
these materials have the capability to be incotpdrato the polymer to make fuel cell proton

exchange membrane materials.

Phosphonic Acid Based Polymer Electrolyte Membranes

As it has been demonstrated in phosphoric acidhaterocycles, which are conductive
even when completely dry due to self-ionization gmdton hopping, it was hoped that
replacement of the sulfonic acid group in Nafionl &wafion-like hydrated acidic polymers with
a phosphonic or imidazole group would provide ettenductivity under low RH conditions.
This section will review the progress in synthetpproaches of obtaining phosphonic acid based
membranes and discussion of the proton-conductioggpties in comparison with sulfonic acid

functionalized polymer such as Nafion.

Nafion membranes are considered the benchmarkegbalymer electrolyte membranes.
The suitability of a membrane for PEM applicati@ncionsidered by comparing its 1) proton
conductivity 2) ion exchange capacity (IEC) valuewdater content 4) thermal and chemical
stability against the values reported for Nafionnmbeane. The ion exchange capacity (IEC) is
defined as the amount of charged species presergram of dry polymer. The ion exchange
capacity of a proton exchange membranes are fréguexpressed by equivalent weight. The
equivalent weight (EW) is the gram weight of aamdri-membrane needed to neutralize 1 mol
of sodium hydroxide. In other words this is 100thés the reciprocal of the ion exchange

capacity in milligram equivalents per gram dry meame. The proton conductivity of Nafion or

14



Nafion like polymer membranes (i.e ionomers based salfonic acid functionality) are
influenced by the amount of water content absorlbéé. water content is determined from both
water uptake amount and by the hydration numbee Aydration number is defined as the
number of water molecules per acid unit. The hiydinanumber (. ) is calculated from water

uptake and ion exchange capacity of the membrane.

Water Uptake (%) = et —\Wdry) /Wdry] x100 Equation 1.5

Hydration numberk = 1000 x [(Mvet —\Wdry) /Wdry] / (18 XIEC) Equation 1.6
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Table 1.1 Chemical structures of polymers and their protomdeictivity

Polymer Chemical structure Conductivity References
(Semih)(°C)
(comment)
Nafion . F 0.1 8
AP (80)(fully
e °|F hydrated)
F2 X O—Ez ’ )
Ner” \c/ C\S//
F> \
L 7 o
Nafion . 0.006 (80) 41
analog of Bl | c (fully
Phosphonic e C|F , hydrated)
acid I PO N F
e N Y4
& P\OH
CFs HO
‘., 0.076 (80) 41
Rl < (fully
C/ CF hydrated)
Lkl e 5 g
NN
F2 o
HO
6 0.069 (80) 41
Al c (fully
e C|F . hydrated)
P2 Ixo—c, ﬁ
F\ZC—T—OH
OH
Nafion . F, 0.1(80) 9,42
analog of c CF/C (fully
Sulfonimide (F;/ | ey hydrated)
2 dxo—¢ F
\CF/ \C/ C\S// O\\ _CFy
2 S,
(|3F3 ] O// \H/\\
Nafion E, 0.1 (80) 43
analog of & CF/C (fully
phosphinic C/ | oy hydrated)
acid F2 x o—cz\ (F:z
cFT N \P//
CE F2 /\OH
3 FsC
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, 0.02 (80) (
el _c fully
Jrc/ C|F , hydrated)
F2 & ) o]
(@)

X 0—C_ K
o \E/ \P/<
2
CFs C4Fg/ OH ¢
Poly(aryl- 29x1
ether)- O 0 : (80)(fully
sufone o) ) @i o) O @ " hydrated)
HO/P</8H
. 7 6.0 x 10°
I (80)(95%
RH)
Poly(aryl- PO3H, N/A
ether)-
sufone :

CHZCHZP(O)(OH)Z CH,CH,P(0)(OH),

PB|_ CHZCHZP(O)(OH) 5 X 103
Phosphonic (RT)
Phosphoric »©H<»©Ha©h

z

43

44

45,46

47

48

Fluorinated membranedzor decades most of the polymers reported asbdeiitar use in

the PEMFCs were appear to be some structurati@rs of Nafion. All these different types of
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polymers were functionalized with sulfonic acid gpoas the protogenic group. This was
primarily because sulfonic acid group is very acidompared to other possible protogenic
groups such as phosphonic, carboxylic imidazole atd also because of the numerous easy
ways available for introducing a sulfonic acid gooio a polymer compared other protogenic
groups’9°2

Burton and co-workers prepared the first perfluatén phosphonated polyrfiethat has
a structural similarity to Nafion. Scheme 1.2 beleWwows that Nafion is a perfluorinatd

copolymer consisting of a nonpolar tetrafluoroetimd backbone and a polar perfluorosulfonic

vinyl ether pendant groups.
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Scheme 1.2 Molecular structure of the Nafion (left) by dupam¢. and
perfluorophosphonic acid polymer (right) prepargdloirton and co-workers.

Co-polymers of TFE (tetrafluoroethylene) with thea¢tional monomers shown in Scheme
1.3 were co-polymerized via redox initiated emulsjolymerization. The hydrolysis of the
esters has been found to be difficult. The polyntex¢e been refluxed more than 10 days in
HCl/glacial acetic acid mixtures. The membranesti@d polymers have been prepared by

compression molding.
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Scheme 1.3 monomers that were used in the co-polymerizatidh WE in the
preparation of perfluorophosphophonic acid polynisr8urton and co-workers

Table 1.2 Comparison of membrane properties for phospharit lzased
membranes by Burton and co-workers

IEC of acid film Water absorption Proton conductivity

Monomer (meq ¢*) (%) (Scm?)®
1, TFE 2.8 22 0.076
2, TFE 2.7 21 0.069
3, TFE 3 54 0.006
Nafion - 30 0.07-0.08

@ Measured after boiling in deionized water for 4h
b Measured at 88C under saturated water vapor

The highest IEC capacity was shown by the copolymade with monomer 3 and TFE
polymerization. This polymer has a chemical streecanalogous to the structure of Nafion. This
copolymer was expected to have the highest pratoductivity because of the higher IEC

value. The higher the IEC value, higher the densfitgcid groups present in the polymer.
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However, its much lower proton conductivity observeas thought to be due to poor micro
phase separation of hydrophilic and hydrophobispbaduring the compression molding of the
polymer. The micro-phase separation of phosphariccrmaembranes is further discussed in a
separate section below.

DesMarteau and coworkéfave synthesized perfluorinated polymer membranes
functionalized with a phosphinic acid group (seleesge 1.4)The phosphinic acid based
ionomers were synthesized by copolymerization efshdium salt of the trifluoro vinyl ether
phosphinic acid monomers with tetrafluoroethylesmg emulsion polymerization technique.
Then acidification of the sodium salt form of tlk@@omers gave the desired polymers in the
respective phosphinic acid form. The chemical $tmas of the ionomers are shown in Scheme

1.4 below.
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Scheme 1.#erfluoro phosphinic acid polymers synthesized bgNdartau and co-workers
according to ref. [41]

Thermogravimetric analysis has shown that the pegpb@nomers of structurdsandB
by DesMartau and co-workérsare thermally stable to up to 480 while their corresponding
monomers decompose at just above Z50The membrane properties are listed in Table 1.2.
Proton conductivity data acquired for both struesushow that their conductivities at 100 % RH
are significantly lower for membranes based oncstine A, but structure B showed a proton
conductivity similar to Nafion 112 under fully hyated conditions. However, the conductivities

under anhydrous conditions were not reported feseéirmembranes.
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Table 1.3 Comparison membrane properties for phosphinit based membranes

Membrane EW IEC Water Conductvity Conductivity Conductivity
(g/mol) (mequi/g) uptake 25°C (Scm) 80°C(Scmi') 120°C(Scm)
(%)
Al 750 1.33 124 0.026 0.025 0.046
A2 1250 0.8 16 0.006 0.018 0.013
A3 1000 1 74 0.014 0.021 0.035
B 1100 0.9 N/A 0.044 0.122 0.124

Al, A2, A3 have the same chemical structure as ofitA different EWs

Other examples for fluorinated phosphonic acid meamés are work by Yamabe et al.
and Stone and co-workers. Yamabe et al also présamecturally similar tetrafluoroethylene
copolymerized pendant phosphonic acid polyme&tone and co-workers prepared copolymers
based on phosphonic acid functionalizeflp-trifluorostyrene by free radical polymerization.
These polymers have a perfluorinated backbone andgmt phosphonic acid functionalized
phenyl group?

Non-fluorinated polymersThe main types of nonfluorinated phosphorous-cointg
proton-conducting polymers reported in literature phosphorylated polyethers, polysulfones,
polybenzimidazoles, and polyphosphazenes prepamedthe basis of phosphonic acid
functionalized monomers or by phosphorylation aégmg polymers.

Meng et. al has prepared the poly(arylene ethesajaming phosphonic acid groups
from the polycondensation reaction ofs-phenol (mixed withbis-phenol A) and 4,4-
difluorodiphenyl sulfoné**> Polymers synthesized by polycondensation reastigime high
molecular weight polymers. This will give excellenechanical properties and high resistance to
hydrolysis. Poly(arylene ether sulfone)s grouppan high thermal stability and high Tgs. The

synthetic route is shown in scheme 1.5 below.
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——

Hydrophobic part

Scheme 1.5 Synthesis of phosphonic acid group containing mpely by
polycondensaticit

Poly(arylene ethers) copolymers were synthesiyeal dne pot polycondensation

method with various composition of hydrophobic yalfophilic parts. The high viscosity

values in Table 1.3 indicate the polymers wereiabthin high molecular weights. The

polymers were soluble in LiOH solution. The film sveast from that solution and then acidified

back to the acid form. The cast films of the polymere tough and ductile except for the

polymer with n % = 100.
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Table 1.4 Properties of polymet$™

n% m% viscosity EM?  Watef Ty TGAonset TGAsy,  Proton

Absorption (°C) (°C) conductivity
(10°Scnit)
25 75 0.67 518 3.2 254 289.8 502.4 6.78
50 50 0.60 596 4.7 277 245.7 498.0 29.6
75 25 0.54 673 6.4 315 229.1 480.5 18.6
100 O 0.43 750 7.5 ND 194.2 476.1 13.2

@ EM-equivalent molecular weights that are definedhe equivalent weight per
Ehosphonic acid group
Water absorption in hot water (12 hours)

The proton conductivity was highest for the copadyrof (n % : m% = 50 :50) . But its
conductivity is still three orders of magnitude Emwthan that of Nafion (I9 Scni* under
moisture). However, the authors did not observe ianyease in conductivity when the n %
content of the phosphonic acid monomer is increaBled conductivity was observed to decrease
by a factor of two. And this is attributed to timeriease in Tg value.

Holdcroft and co-workers have shown that by replgc¢he rigid dicarboxylic imide
structure with the attached phosphonic acid greep 6cheme 1.5) in the above discussed
poly(aryl ether) polymer with a more flexible arkipsphonic acid grodp (see scheme 1.6) that
most of the desired polymer properties for PEMliappons can be improvedlhe phosphonic
acid group has been introduced based on a preyicebrted successful conversion of phenyl

bromine group using a palladium cataly&t’

25



r Br

B
Br OZDZD O
NaNO,, HCI Zn, HCl
—_— __ —_— —_—
0-5°C 0 0 HO D OH

MNH
Br-PQ Br-PH
Br
F FF F _ _
— | s
F— \ 4 F = e (EtO),POH
KoCOs DMA, /7 o E Pd(PPHa)
Toluene  F F F F = F TEA, DMSO
=] |,-f F
Reflus ~o F | = 100°C
F
FWK
L F .
@
EtO-F—-OEt
_ |h& —
. HEr
reflax

Scheme 1.6ynthesis of fluorinated poly (aryl ether) witplzosphonic grous*®

The polymer has good solubility. It is solubleDiMA, DMF, DMSO, and N-MP. It has high
thermal stability and good tensile strength. Thénnashain decomposition does not start until the
temperatures are higher than 400 Proton conductivity has been tested as a fumctio
temperature and relative humidity. The proton cmtigity is less than that of Nafion but at
room temperature a conductivity value of 2.6 ¥ BJcm has been measured in water. At 95%

relative humidity and at 8, the proton conductivity has reached 6.0 X $fcm. At lower
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humidity’s at 120°C , the measured conductivity values are very 5% relative humidity
a value of 2.9 x 18 S/cm and at 25% relative humidity 2.0 X®1®/cm. The lower degree of
phosphonation has been indicated as the cause twler conductivities.

Another common method explored for the synthesghalsphonated PEM polymers is
the phosphorylation of the existing high performapolymers. The chemical structure of some
of the high performance polymers is shown in Sch&meSuch structures have been shown to
impart good swelling resistance at elevated tentpesa. An example of a phosphorylation of a

polymer is shown in scheme 1.8.
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Schemel.7 The chemical structures of high performance fiffe¥s
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Schemel.8 Catalytic phosphonylation of brominated polysuédrigh performance polymer
tris(trimethylsilyl) phosphite (TMSP) by the nickehtalyzed Arbuzov reaction and subsequent

=]

methanolysi

Ethylphosphorylated polybenzimidazole polymer sgsth as a polymer electrolyte

membrane has been report&F? The scheme 1.9 show the synthetic details fopttgmer in

referencé'®
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Scheme 1.9 Phosphonic acid functionalized PBI synthesis

The ethylphosphonic acid ester was introduced ajikylation of the PBI. Then the ester
was hydrolyzed to produce the acid. Membranes waeared by casting of solutions of 19%
modified ethyl phosphonic acid-grafted PBI in DMAsing Petri dishes. The thickness and size
of the membranes has been varied by controllingy¢theme of solution according to the
diameter of the dishes. The degree of functionttinaof the polymer has been calculated using
the distinct proton signals coming from —P—-CHZd a-N—-CH2— group. The 12% phosphonic
acid functionalized membrane was then doped witleréint concentrations of phosphoric acid

and the proton conductivity was measured. The wctndty data are shown in Figure 1.7.
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Figure 1.8 Temperature dependence of the DC conductivithefethylphosphonic acid
functionalized membrane (degree of modificatioPrt) 2loped with HPO, of various
strengths

Figure 1.7 shows that the conductivity values efdoped membranes are very high compared to
Nafion which reach upto 0.1 Sénat 80°C when 100% humidified. M.H. Litt and coworkers
first described the successful application of phosiec acid doped PBI based membranes in
PEMFCs®®?The PBI polymers described in these applicatianela maximum doping
concentration of 50%. They show a conductivity ®fB> Scmi* at room temperature. At a
temperature of 198C the conductivity reaches a value of 48 8cm* 2064

The main disadvantage of this type of phosphorid doped membranes is that the
phosphoric acid can get washed away with water.atileors in this paper have prepared

polyvinyl grafted PBI membranes as a solution te gnoblem. The scheme 1.10 shows the

attempted synthesis of this polyvinyl phosphoniid gtafted polymer.
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Reactive PBI
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Scheme 1.1C PVPA/PBI networks via polymerization/crosslinkireghniqué®

Grafting has been done using two different methdtis. two methods are (1) thermally
induced polymerization and (2) polymerizationhe presence of radical initiator. Use of the
azobiscyclohexanenitrile (VAZO 88) radical initiajgroduced polymer networks that had 10-12
vinyl phosphonic acid units per benzimidazole rinbis was the membrane that later
determined to show the highest degree of graftimgler anhydrous conditions a maximum
proton conductivity of 2.8 x I0Scm* was observed at 16C for this membrane. At AT this
membranes conductivity was observed to be neat 1@° S cni'. This membrane had IEC
value of 1.4 meqQ§ The proton conduction mechanism in these membrisrought to occur

by structure diffusion mechanism.

Polymer morphology

In addition to the chemical structure and the tgperotogenic group, controlling the
microstructure of the polymer electrotrolyte menmas is also considered very important to
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achieve optimum proton conductivity. For examplé, has been observed that proton
conductivity of the proton electrolyte membrane fiNa” decreases by several orders of
magnitude when it is dissolved and recasted asrahmame’”

The high proton conductivity and its high mechahgtaength of Nafion membranes is
due to the nano-scale phase separated structusedBen the Cluster-Network Model, a model
proposed to explain the morphology of Nafion stuoet Nafion membranes consists of clusters
of sulfonic acids units held within a fluorocarbdch continuous phas®.These clusters make a
continuous network of channels after water uptakeeasing the proton conductivity. A report
by Wu and Weiss show&tthat based a dynamic mechanical analysis (DMA3 d&@&a styrene-
vinyl phosphonic acid based ionomer and a corredipgnsulfonic acid based ionomer that the
tendency for microphase separation of phosphonid @mmomer is greater compared to the
sulfonic acid based ionomer. As mentioned in tbetisn on Fluorinated Polymers, the poor
conductivity of the Nafion analog of phosphonicdaprepared by Burton and co-workers, based
on differential scanning calorimetry experimentsyas explained as due to the poor cluster
formation of acidic groups during the compressiaridimg.

A phase percolated non-fluorinated Block copolyneérpoly(vinylbenzylphosphonic
acid) and poly(ether-ther-ketone) (PEEK) that cam déxpected to have a high proton
conductivity has been reported by Roy et®alChe chemical structure of the copolymer is shown

below in Scheme 1.11.
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Schemﬁcz3 1.11 Block copolymer of poly(vinylbenzylphosphonic acahd poly(ether-ether-
ketone
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Figure 1.9 Experimental SEM (left panel) and AFM (right pgnetages of the copolymer in
scheme 1.13 abote
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The nano-phase separated structure of this copolamebtained from the scanning electron
microscopy (SEM) and atomic force microscopy (AFM)shown in Figure 1.8 above. The
PEEK blocks can be seen as aggregated small dudispersed in a percolated phase of
poly(vinylbenzylphosphonic acid). The morphologygood for proton conductivitity. However
its proton conductivity is yet to be reported.

The morphologies of the different polymers resuitdifferent proton conductivities and
mechanical strength. The morphology will dependh@nvolume fractions of the hydrophilic and
hydrophobic fractions of the polymers used anddbygolymer architecture. In addition to the
electron microscopic techniques, small angle xaag neutron scattering studies have also been

used to study the morphology of PEM membranes.

Polarization Curve for Phosphonated Membranes

In an ideal fuel cell the cell voltage is indepemdef the current drawn. However, practically
due to the different types of irreversible processgch as activation polarization losses, ohmic
losses, mass transport losses and losses dud tydasover causes the cell voltage to decrease.
The theoretically calculated cell voltage for a PEMI cell is 1.229 V. The following figure
compares the polarization curves of two phosphahatdy(trifluorostyrenejnembranes of
different IEC values with the Nafion membrane.dpaars that under operational fuel cell
conditions that performance of a phosphonated pdlyorostyrene)olymer is slightly lower

than that of Nafion.
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Figure 1.10 plarization data comparing the phospohonic acicd®adsonomer of A-
phosphonated poly(trifluorostyrene) (IEC = 7.7 mgy/ C3- phosphonated
poly(trifluorostyrene) (IEC = 5 megfR)

Scope of This Work

Literature discussed in the previous section shtves synthesis of phosphonic acid
based polymers has been achieved with difficultyibmany different ways. This shows that C-
P bond can be made as successfully as C-S bondirssaitfonic acid polymers. Most of the
phosphonic acid based polymers show comparablev#iges, similar water uptake and in some
cases even higher thermal and chemical stabildmspared to sulfonic acid based polymers.
Some of the phosphonic acid based membranes exbibparable ionic conductivities to that of
sulfonic acid based membranes when fully hydratemlyever under low relative humidity

conditions some of the phosphonic acid membranes vaelot worse than sulfonic acid
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membranes. Therefore to help guide design and syizih better fluorinated polymeric materials
that can function under low hydration conditionsiridertook a comparative study based on
perfluoroalkyl model compounds functionalized wadbmmonly used protogenic groups, most
notably, phosphonic and phosphinic acids. Theseh@enost comprehensive studies to date of
fluoroalkylated phosphonic and phosphinic acids paston conductors. This dissertation

describes my work with these model compounds.

Chapter 2 of this dissertation focuses on four acatlel compounds that have chemical
structures analogous to comb-branch perfluorin&edmers functionalized with phosphonic,
phosphinic, sulfonic and carboxylic acid protogegioups. The chapter describes synthesis and
characterization of these different acid model coumuls with respect to molecular properties
such as proton conductivity, viscosity, proton aadion (conjugate base) self-diffusion
coefficients, and Hammett acidity to identify sbitday of each protogenic group for use in the
construction of anhydrous polymeric materials. chrapter 3, the selected protogenic groups
were further investigated for the same moleculaoperties as a function of increasing
perfluoroalkyl chain length. Synthesis of someha konger chain perfluoroalkyl phosphonic and
phosphinic acids are also described. The literatndécates that ionomers with side chains
terminated with a protogenic groups such as suifamid, exhibit different macroscopic
properties, in terms of proton conductivity, menm&anorphology and hydrolytic stabilify "
depending on the length of the side-chain that wgsl to construct them. Chapter 4 discusses a
comparison of the proton conductivity as a funcwdmydration for the phosphonic, phosphinic

and sulfonic acid model compounds.
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The work in Chapter 5 was performed during the g years at Clemson University
when | worked in the Batteries for Advanced Tramsgmn Technologies (BATT) Program
which was supported by the U.S. Department of Bn@ffice of Vehicle Technologies (OVT)
to help develop high-performance rechargeable festéor use in electric vehicles (EVs) and
hybrid-electric vehicles (HEVs). This chapter dé@ses the synthesis, characterization and ion
transport of lithium polymer electrolytes that cprovide rechargeable lithium batteries with

high power/ high rate capabilities by overcoming@antration polarization.

Chapter 6 describes the synthesis and characierizaf a new air and water stable

perfluorinated anion for room temperature ionicids.
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CHAPTER TWO

PERFLUOROALKYL PHOSPHONIC AND PHOSPHINIC ACIDS ARR®TON
CONDUCTORS FOR ANHYDROUS PROTON EXCHANGE MEMBRANES

Introduction
The work presented in this chapter is being phblisin ChemPhysChe(Copyright
2010). The citation for this manuscript is:
Mahesha B. Herath, Stephen E. Creaferalex Kitaygorodskiy and Darryl D. DesMarteau
Perflouroalkyl phosphonic and phosphinic acids aetgn conductors for anhydrous proton

exchange membranes, ChemPhysC{20t0) accepted.

In recent years there has been intense intere&vieloping proton exchange membrane fuel
cells (PEMFCs) that operate at 12D and above. High-temperature operation increase&ip
output due to faster electrode kinetics and gre@tertolerance, and it diminishes the need for
active cell cooling. Perfluorinated ionomeric meartes such as Nafion® (a perfluorosulfonic
acid ionomer) are widely used as electrolytes iMHAHel cells due to their excellent stability,
high ionic conductivity and good mechanical stréngtorNafion-like polymers the conductivity
is usually high provided that high relative humyditRH) is maintained. Above 108C,
pressurized operation is required to maintain #gpiired RH for high proton conductivity. For
example a water vapor pressure of 2-3 atm is redquat 120°C to maintain the same
conductivity as at 86C at 1 atm under water-saturated conditions. As PENEechnology has
evolved, a need has emerged for devices which tgeah high temperature without

humidification. A new generation of proton condngt materials that exclusively transport
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protons in low-humidity conditions (possibly inclag anhydrous) when operating at high
temperatures is needed.

The ionic conductivity of Nafion and related sulé®d ionomer membranes is due to
dissociated protons of the fluoroalkyl sulfoniccagroups attached to side chains of the polymer.
When exposed to water, the hydrophilic domainshef golymer merge and form a continuous
acid-rich aqueous phase. The sulfonic acid grougsodiate and release protons which are then
transported by a combination of two transport maims described as (1) vehicular
mechanisrh and (2) proton hopping / structure diffusion methm 2. In the vehicular
mechanism the proton is transported as a compléx avicarrier molecule such as® [e.g.
HsO'] across the continuous aqueous phase. At highedegf hydration in Nafion-like
polymers, due to the continuous nature and the higimber of hydrogen bonds within the
aqueous phase, structure diffusion becomes theomiednt proton-transport mechanism and
proton mobility is high? However at low water content, discontinuitiestie water phase and
charge effects of -SOgroups cause a decrease in hydrogen bond formigasiing to lower
proton mobility, particularly long-range mobility. Quasi-elastic neutron scattering (QNS)
experiments confirm that the poor ionic conducgnat low hydration in vehicle mechanism is a
result of the loss of long-range (> 10nm) protorbitity. *

Many alternative polymer systems have been corsildier circumventing the limitations of
Nafion and related ionomers in PEM fuel cellsslhbped that replacement of the sulfonic acid
group in perfluorinated ionomers with a derivatiegé an oxoacid such as carboxylic or
phosphonic acid as the protogenic group might pi@vbetter conductivity under low RH
conditions, as has been demonstrated in particuldwr phosphoric acid itself which is fairly

conductive even when completely dry due to selfzation coupled with proton hoppirg.
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Kreuer and co-workers reporfeth a comparative model study that hepiilesphonic acid
exhibited the highest proton conductivity of aletmodel compounds studied in the anhydrous
state above 108C. It was thought that this comparatively high orbnductivity of an alkyl
phosphonic acid could reflect its capacity to tpsors protons by a structure-diffusion / Grotthuss
hopping mechanism involving a hydrogen-bonded netwb self-dissociated proton donor and
acceptor ion pairsThe structure-diffusion / Grotthuss-hopping mechafi involves the
displacement of a proton charge from a donor toca@tor through a system of hydrogen bonds
without significantly moving the mass of the protas seen with the vehicle mechanism. The
proton transport in dilute aqueous HCI is an examydlthis observatioh Kreuer's study also
showed that heptyl-phosphonic acid has greatemifleand electrochemical stability than other
model acids (for example heptyl-sulfonic acid). isTiinding indicates that alkyl-phosphonic
acids may be more suitable than sulfonic acidsi$erin fuel-cell applications.

Burton and co-workers were the first to report pragion of perfluorinated phosphonated
ionomer§ having structural similarity to Nafion and relatédnomers. Synthesis was
accomplished successfully but membrane formatios eticult and conductivity values were
not reported. Other fluorinatédand non-fluorinated™® phosphonic-acid-functionalized
ionomers have also been prepared, however membiaegared from these ionomers all
exhibit a low concentration of phosphohonic acidugps and thus they have low water uptake
and low proton conductivity.

The present study is directed at investigating @rdransport rates and mechanisms at a
molecular level using a series of four model comnmuisuanalogous to perfluorinated ionomers
functionalized with fluoroalkyl phosphonic, phospig, sulfonic and carboxylic acids as

protogenic groups. Structures for the four moaehpounds are shown in Scheme 2.1. They
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are as follows(1) trifluoromethyl-phosphonic acid2) bis(trifluoromethyl)-phosphinic acid3)
trifluoromethyl sulfonic acigdand (4) trifluoroacetic acid These compounds were investigated
for molecular properties such as ion diffusivitycidity and viscosity that are expected to
influence ionic conductivity. These model acidsvide the highest possible volumetric acid
concentration for each type of acid group. Theeef@ach measured anhydrous proton
conductivity may be considered to define an upjeit For the anhydrous proton conductivity of

its analogous ionomer.

I | I
CF3;——P——OH CF3—I|3—OH CF3_ﬁ_OH CF;——C—OH
OH CF3 o
! 2 3 4

Scheme 2.1 Chemical structure of model acidstrifluoromethyl-phosphonic aci@-
bistrifluoromethyl-phosphinic aci@-trifluoromethyl-sulfonic acid4-trifluoroacetic acid

Experimental

Materials and reagentsunless otherwise noted, starting materials weraiobtl from
commercial suppliers and used without further jpeatfon. Acetonitrile was dried by storing
over KOH overnight and distilling from,Bs. Trifluoromethyl sulfonic acid (Alfa easer 98+ %)
and trifluoroacetic acid (Fluka 99.5%) were obtained from commmercial supplierd ased

without further purification'H, **F, and®'P NMR spectra were recorded on a NMR instrument
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at 300.3, 282.2, and 121.5 MHz respectively, usdigCN as the solvent except where noted.

In some cases spectra were acquired on neat samples

KF
Cl——P(0O)(OC2Hs), > F——P(0O)(OC2Hs),
CHaCN, rt, 24h

2 equiv. CF3Si(CH3);3
- CF3——P(0)(OC2Hs),

60 °C, 4h

1) TMSBr > CF3——P(0)(OH)
2)H,0 > 3 2

Scheme 2.2 Synthesis of trifluoromethylphosphonic acid

Synthesis of trifluoromethyl phosphonic a¢igl Under a nitrogen atmosphere, a dry 100
mL round-bottomed flask was charged with dry KFd234.4 mmol) and 20 mL of dry
acetonitrile, followed by diethylchlorophosphate rd, 19.4 mmol) via syringe. The reaction
was stirred at room temperature for 12 h monitorithg disappearance of the peak
correseponding to diethylchlorophosphate *#® NMR and appearance of new peaks for
diethylfluorophosphate as the only productf and*'P NMR spetra. After completion, the
solution was loaded into a syringe and a WhatmabP¥lter (0.2 um) was attached. The

solution was syringed into a separate flask heldeua nitrogen atmosphere. Acetonitrile was
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removed under reduced pressure. A small amountryfPgDs was added to the remaining
solution and stirred briefly, then this solutionsasubjected to vacuum distillation to isolate a
colorless liquid (2.3g). The NMR spectrum for thiguid agrees with the literature spectrum
reported for diethylfluorophosphatgsee below). This liquid (2 g, 12.8 mmol) was theacted
with trifluoromethyltrimethylsilane (3.6 g, 25.6 nath in the presence of KF (0.020 g, 3.4 mmol)
under an argon atmosphere at 6 for 4 h. After removing the excess
trifluoromethyltrimethylsilane reagent by rotaryagoration, the crude product was distilled to
isolate the diethyl trifluoromethylphosphonate. sThiester was mixed with excess
bromotrimethylsilane (4.1 g, 26.9 mol) dissolveddiohloromethane (5 ml) and stirred at room
temperature overnight monitoring the disappearariadiethyl trifluoromethylphosphonate and
appearance of silylated ester B NMR (at -20 ppm). After reaction completion, #ilylated
ester was hydrolyzed with water (10 mL) to give gi®sphonic acid product. The water was
evaporated using rotary evaporator and the cruddust was dried at 88C under dynamic
vacuum for 24 h and sublimed to yield 1.63 g (8%#ayhite crystalline solid."H NMR (300.3
MHz, CD:CN): 11.2 (br, 2H, P@H,). **F NMR (282.2 MHz, CRCN): - 74.4 (d,*Jecp = 121.5
Hz).*P NMR ( 121.5 MHz, CBCN): -3.0 (q,3Jpcr = 120.8 Hz). Diethyldifluorophosphate: 1H
NMR (300.3 MHz, CRCN): 1.2 (t, 3H, CH3). 3.4 (q, 2H, CHZYF NMR (282.2 MHz,

CDsCN): - 81.3 (d, dep= 965.1 Hz)*'P NMR ( 121.5 MHz, CBCN): -7.7 (d, dcr= 972 Hz).
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KF
CH3CN, rt, 12h

F——P(O)(OC;Hs)

F
(@)

Cl

2.1 equiv. CF3Si(CHg)s CF3——P(0)(OC,Hs)

CHZCN, rt, 12h
CFs3

H,O

Y

CF3;—P(O)(OH)

CF3

2
Scheme 2.3 Synthesis of bis(trifluoromethyl)phosphonic acid

Synthesis of bis(trifluoromethyl) phosphinic a¢®): Under a nitrogen atmosphere, a dry
100 mL round-bottomed flask was charged with dry (6Fg, 103 mmol) and 20 mL of dry
acetonitrile, followed by ethyldichlorophosphate5(31L, 15.6 mmol) via syringe. The reaction
was stirred at room temperature for 12 h, by momtpas described above. Formation of
ethyldifluorophosphat8 is indicated in'°F NMR by a doublet centered at -84.7ppm and triplet
centered at -21.3ppm ittP NMR. Reaction of ethyldifluorophosphoate witHluoromethyl
trimethyl silane also proceeds as described abd¥gdrolysis of the resulting ethyl ester was
accomplished simply by adding 5 mL of DI water e treactions mixture followed by stirring
for 30 min. Freshly prepared silver oxide (2318.4 mmol) was then added slowly to the
agueous solution and the mixture was stirred amreemperature for 18. The solution was

filtered from the excess silver oxide and water weamoved under reduced pressure to give the
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brown colored silver salt of the organic acid. ®ieer salt was further dried at 5C under
dynamic vacuum for 48 h and finally distilled owemnc. HSO, to yield 2.7 g (88%) of colorless
oil which is the final phosphonic acid produtii NMR (300.3 MHz, CBCN): 11.8 (br, 2H,
POsH,). **F NMR (282.7 MHz, CRCN): - 73.8 (d, 6F, (Cf., Jcp= 107.4 Hz)3'P NMR (
121.5 MHz, CRCN): -3.0 (septet,ndr= 106.9 Hz).

Proton conductivity measurementsnic conductivity measurements for model acidsewve
carried out inside of a pressurized conductivitpaptus constructed from a 316 stainless steel.
A schematic of the apparatus is shown in Figure Phik apparatus temperature was controlled
using a heating tape with an Omega CNi3244-C@pézature controller, and the temperature

was measured by a thermocouple inside the chamber.
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Figure 2.1(left) The schematic of the stainless steel condiigtapparatus where (A) Vacuur
gas inlet / outlet,(B) Impedance analyzer, (CksBuee gauge (Mcmaster), (D) Thermocouple
(Omega, J-type), (E) Cell holder, (F) Liquid etetyte (acid or/and water ), (G) PEEK cell
body of the conductivity cell, (H) Platinized platim rod electrodes, (I) Pressure equalization
hole (very narrow), (J) Heating tape for tempemtontrol(Omega).

The conductivity cell used to determine condudegitof neat acids is also shown in Figure 2.1.
The cell was fabricated from PEEK and has an iafexolume of 25uL and the two Pt
electrodes have contact areas of 2.0 X B¢ each. The cell used to study trifluoromethyl
sulfonic acid was simlar buit was fabricated usangeflon pefluoroalkoxy (PFA) material.

The conductivity cell was calibrated with stand@@1 and 0.1 M KCI solutions. Cell
constants were determined to be 14.2'dor the PEEK cell and 14.8 ¢hrior the PFA cell.
Conductivity experiments were conducted with thepeetive neat acids after the conductivity

apparatus was pressurized withdsds to 50 psi. The AC impedance as a functioemperature
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was measured over a frequency range from 20 kHmdow0.01 Hz with a Solartron model
1254 frequency response analyzer in combinatioh wi§11286 electrochemical interface. The
temperature was lowered in 10°C decrements from°C2@own to 50°C and cell was allowed to
equilibrate for at least 10mins before each measene. The process was repeated 2 times after
cooling the system to room temperature at the émgch trial. From the Nyquist plots obtained
from data, the intercept of the straight line wiitle real axis gave the impedance associated with
ionic conductivity which was then calculated byidimg the impedance from the Nyquist plot
by the cell constant.

Viscosity measurementgiscosities for model compounds were measuredgusiaet of
manufacturer-calibrated Cannon-Manning Semi-Micktr& Low Charge capillary viscometers.
The viscometers were thoroughly cleaned before eaeh The viscometer was immersed in a
silicone oil bath for variable-temperature measuwets and the temperature was measured with
an accuracy of 0.1 K. The viscosity was calculdtech the average of 2-3 runs. The data agreed
to within £5%.

Density measurementsDensities of the model compounds were determined by
measuring the weight of a 1mL volume dispensedrolgpendorf micropipette. This procedure
was repeated 4 times and the average of the dataseal to calculate the density.

PFG NMR studies:Pulsed-field-gradient nuclear magnetic resonandeG(mMMR)
experiments were performed on a Bruker avance peotmmeter with 5 mnmrC/FFPH
QNP z-gradient liquid probes at 300.13 MHz fét, 282.7 MHz for'®F at 20 and 85C.
Temperatures were regulated by a BVT3000 temperatantroller and calibrated against
ethylene glycol. Samples were neat acids and therarents were performed without deuterium

lock and without sample rotation. The stimulatedvaesequence using one spoil gradient
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(stegpls from the Bruker library) was used in psetwb-dimensional mode with constant
diffusion time and a linearly ramped gradient frdnto 95% of maximum power in 16
increments. Diffusion time\ was kept constant at 100 ms and gradient pulsgthehwas
optimized for each sample, nucleus, and temperatsireg the one-dimensional variant of the
pulse sequence stegplsld. The data were proceasspseudo-two-dimensional mode then
analyzed using SimFit included with Bruker ( v 3.8jting the signal integration (area) to
gradient strength.

Acidity Determination by NMRHammett acidity (k) of all the model compounds was
determined based on the method developed by FaraadiGhenciu. It is based on tH€ NMR
spectroscopy chemical shift differenc®\) between the Cand G carbon atoms of mesityl
oxide which increases with increasing protonatianthee carbonyl oxygen. Three different
concentrations of mesityl oxide ( where [x]= % miatancentration of mesityl oxide) solutions
were prepared by mixing [X]= 2%, 4% and 8% molecpat of mesityl oxide with neat acid.
Then variation (y of A is graphed with the corresponding changgifxconcentration [ x].
The data points (jyx) were fitted to a straight line y = ax + b. Theagyht line has a negative
slope with decreasingA values with increasing [x]. Theglbr the acid was determined as the
the Hyvalue that corresponds to the intercept value thénmesityl oxides calibration plot ofpH

vs A found in references by Farcasiu and Ghelidiu

Results and Discussion

Table 2.1 presents a summary of select data ofotiremodel acids studied in this work.o C
represents the molar concentration of moleculatsacalculated using the measured density and

calculated molar mass for each acid. Viscosity@mtuctivity values at 2% are part of larger
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data sets, discussed below, acquired from ambéempérature to 128 (except for CEFCOOH

for which data were acquired only up to°@for viscosity and 96C for conductivity).

Table 2.1 Densityp, Molecular weight MW, Molar concentration,G/iscosityn, and
specific conductivitys of the model acid compounds

P MW Co nat25°C  cat 25°C
(gem®  (gequivt) (moles crit) (cP) (S criY)
CF3PCaH, 1.8¢ 15C 1.23x1(?
(CF3),PC,H 1.7¢ 202 8.66x1(3 69 1.60x1(?
CFsSCsHM 1.7¢ 15C 1.13x1(? 4. 6.60x1(>
CF,cOOH"  1.4¢ 114 1.30x1(? 0.9¢ 2.50x1(°

[a] Literature value for viscosity is 2.97 cP, amhductivity is 6.0 x 18 S cm'; Milne et

lonic Conductivity and Fluiditylon transport and viscous flow have long been ketie
to be closely correlated processes in electrolyt®se clue to this correlation is the similarity
that is commonly observed in Arrhenius activatiorergies for ionic conductivity and fluidity

(inverse of viscosity) in dilute aqueous salt sols. Dilute aqueous solutions of sodium

chloraté®, sodium silicat®’ and sodium octanodteare elegant examples of this observation.

This similarity is thought to reflect the fact than transport in such solutions is dominated by

the vehicle mechanism, whereby ionic charge carriaove independently of each other in

response to application of an electric field withnsport rates ultimately set by a balance

between electrostatic and viscous drag forces. Eeamtyre dependencies (and particularly,

activation energies) of conductivity and fluidityeaexpected to be similar because both are

really variations of the viscous transport.
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With this idea in mind, we sought to examine themperature dependence of ionic
conductivity and fluidity for our slate of modelropounds. The results are presented in Figure
2.2 as Arrhenius plots of log(conductivity) (tophdalog(fluidity) (bottom) versus inverse
temperature. Several observations are immediafgharent. First, the decrease in conductivity
over all temperatures follows the order §ZPOH > CRPO;H, > CRSO;H > CRCOOH. The
two phosphorous-based acids have the highest amiydionductivities, higher even than neat
triflic acid. The decrease in fluidity of the meéad®mpounds follows almost the opposite order;
CRCOOH > CRSOsH > (CR),POH > CRPOsH,.  In general then, higher conductivities are
associated with more viscous samples, which is sippto the expectation from a simple vehicle
model of ion conduction whereby charge carriersabehindependently and their transport is
limited by viscous drag. This situation is remimst of the situation in P04, which is also a
highly viscous liquid with extraordinary ionic camdtivity, which is due to the fact that 98% of
the conductivity in HPO, is by structure diffusion.

It is instructive to fit these data to Arrhenigdationships to obtain activation parameters.
Both ionic conductivity and fluidity as a functiarf temperature followArrheniusbehavior. The

Arrhenius equations for conductivity and fluidityeagiven by equations 2.1 and 2.2 below.
°=9p eXp(‘Eg/RT) Equation 2.1

11
Hzn—oexp(—EQ/RT) Equation 2.2
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In these equations andn are the conductivity and viscosity respectivety,andno are
constants associated with conductivity and visyodﬁg and E! are activation energies for

conductivity and fluidity, R is the universal gasnstant, and T is temperature in degrees Kelvin.
Best-fit parameters obtained from linear fitting tbe conductivity and fluidity Arrhenius plots
are listed in Table 2.2

Table 2.2 Best fit parameters for temperature dependardwdivity and fluidity of model
acids

S0 (Scmb) ES (kI molY)  "o(poise) E (kJ mol?)
(CFs),POH 42.6 19.3 5.15 x 10° 29.0
CFsPOsH; 42.3 20.5 2.2x10° 26.4
CR:SO:H 0.78 11.9 3.48 x 10* 11.8
CF;,COOH 1.3x10° 9.8 2.2x 10 9.2

The close agreement between activation energies céoductivity and fluidity for
trifluoroacetic and trifluoromethyl-sulfonic acidsuggests that their conduction mechanism
might be similar to the ion conduction mechanisndilute agueous salt solutions, namely, a
vehicle mechanism involving transport of chargerieas by their motion in a viscous fluid,
impeded by viscous drag. The lack of agreemenwdsat activation energies for conductivity
and fluidity for the other two model acids (the tploosphorous-based acids) suggests that their
ion conduction mechanism may not be simple velbelged ion transport. We believe that
structure diffusion, i.e. proton hopping, is an ortant mode of proton transport in these acids,

as discussed in more detail below.
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Walden Plots :Another approach for considering the coupling betweonductivity and

fluidity in electrolytes is through the use of a Mé&n plot???* This approach is based upon the

classical
3
® (0.01M KCI
A (CF,),POH
24 O CF,SO.H o
o CF,COOH
& 100% H,PO, M
—1 M
il v CF,POH, o &
S o
‘\.‘E & W
5§ 0 dﬁﬁjﬁ
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=
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log [n_I/Poise'l]

Figure 2.3The Walden plot of the model compounds

Walden rule which states that for a fully dissoethtideal electrolyte, the product of the
limiting molar conductivity and the viscosity shdube constant. The Walden plot is a log-log
plot of limiting molar conductivity vs. fluidity. & a given electrolyte, the different points on the
Walden plot usually correspond to viscosities armhdactivities recorded at different
temperatures. In such a case, a straight lineeW\talden plot with a slope of unity indicates that
the activation energies for viscosity and condutytiare similar. The position of the ideal

Walden line may be estimated by forcing a linelops unity through an experimental point that
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closely approximates an ideal, fully dissociateeceblyte. In the plot in Figure 2, that point
corresponds to aqueous 0.01 M KCI.

Molar conductivity is calculated from\ = oimp/Co Where oimp is the experimental
conductivity and Gis the concentration of the model acid €Cp / My, in mol crmi® wherep is
the density N is the molecular weight of the model acid).

Figure 2.3 presents a series of Walden plots u$atg acquired at variable temperatures for
the four model acid electrolytes studied in thisrkvo The Walden lines of trifluoromethyl-
sulfonic and trifluoroacetic acids lie well belowet ideal Walden line. This finding probably
indicates that these acids are not fully dissodiateder anhydrous conditions, such that the
molar concentration of charge carriers is much thas expected from the molar concentration
of acid groups. Both lines display slopes neatyymvhich reflects the fact that the temperature
dependencies of conductivity and fluidity are sanifi.e., they have similar activation energies).
Thus, even though the conductivities in these aarddow, it is likely that they follow a vehicle
mechanism for ion transport because they haveadme sictivation energies for conductivity and
fluidity.

The slope of a Walden plot for an electrolyte inahhionic conductivity is decoupled from
fluidity or when the percent dissociation is a fumic of temperature, is often expected to be
different from unity?® In many cases the ion transport mechanism is based structure-
diffusion, Grotthuss-like hopping mechanism. Aseaabin the introduction, well-known system
that behaves in this way is neat phosphoric &cith a situation like thisactivation energy for
conductivity is lower than that for fluidity becauthe movement of the ions is independent of
viscous flow and follows a path that is more falnbeaenergetically than viscous flowherefore

the slope of the Walden plot will be less than yfittAnalysis of the Walden plot data presented
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in Figure 2.3 for neat phosphoric acid (replottednf literature data taken from Chin and

Charf® shows that it has a slope of 0.67 which reflebts fact that the activation energy for

conductivity is lower than the activation energy fascous flow. These results are consistent
with the often-quoted idea that proton transportnegat phosphoric acid is based upon the
Grotthuss mechanism of proton structure diffusfdn

Walden plots for trifluoromethyl-phosphonic aciddabis(trifluoromethyl)-phosphinic acid
lie relatively close to the ideal Walden line walopes of 0.74 and 0.67 respectively. The slopes
are approximately similar to the slope for neat gqphwric acid, and assuming that their ion
populations do not change much as it is assumddphidsphoric acid, this reflects the fact that
the ratio of activation energies for conductivitydafluidity are all less than one, and are similar
for all three acids. The fact that these plotslialiclose to the ideal Walden line could be
interpreted to mean that these two phosphorousdbasiels behave as ideal electrolytes, for
which ion concentrations are similar to the acichaamtration (i.e. the acids are highly
dissociated) and ion transport is by the vehiclelmaism. This view is however probably not
exactly correct since if it were the case, then\Waden slope would be unity and activation
energies for conductivity and fluidity would be glian.

Pulsed Field Gradient Nuclear Magnetic Resonancec8pscopy StudiesPulsed-field-
gradient nuclear-magnetic-resonance (PFG- NMR)tspsopy can provide information on the
rate and mechanism of proton and conjugate basspwat in acidic electrolytes. For example,
Kreuer and coworkers showed that by measuringdséifsion coefficients for all of the mobile
ionic species of an acid system (e. g. for phosplamid by comparing proton (I) and anion (

Dp) diffusion coefficient values) by PFG NMR the tivansport mechanisms (vehicle and
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Table 2.3 PFG-NMR diffusion coefficients (ffs) for the model acids at 20 and €5

At 20°C At 85°C
compound 10Dy 10'De Dw/De 10Dy 10°De Dy/Dr
CRPO(OH) [a] [a] [a] 1.12 4.98 x 10" 2.25
(CF3),PO(OH) 2.64 1.11 2.37 9.47 5.99 1.58
CF:SQO:H 3.36 3.31 1.02 10.8 10.7 1.00
CRCOOH 12.7 12.17 1.00 33.0 33.0 1.00

[a] This compound was a solid at room temperature

structure diffusion) can be differentiatef.If the predominant proton transport mechanism is
vehicle diffusion then the proton diffusion coeféiot (D) will be similar to the conjugate base
diffusion coefficient (@), i.e., Dy/Dg = 1. If however the predominant proton transport
mechanism is Grotthuss-like proton hopping / strreetdiffusion then the proton diffusion
coefficient will be significantly greater than thenjugate base diffusion coefficient, i.e4/Dg >
1.

PFG-NMR experiments were performed at’®0and 85°C on all four model acids. The
self-diffusion coefficients for the proton and tperfluorinated anion (i.e. the conjugate base of
the model acid) for all four model acids are listedable 2.3. The order of the decreasing anion
diffusion coefficients ([p) rates is consistent with the order of the deangadluidity trend
observed for the model compounds, with the loweftigion coefficients belonging to the
trifluoromethyl-phosphonic acid and bis(trifluorothgl)-phosphinic acid which have the highest
viscosities. This is an expected result if aniaffudion occurs by a vehicle mechanism.

However, comparison of §Dr ratios for the model compounds shows that thegi@lot have
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the same value; in particular, trifluoromethyl-ppbsenic acid and bis(trifluoromethyl)-

phosphinic acid both haveyDr > 1 suggesting that proton transport is decougptech
perfluorinated anion transport in these acids. Tihding also suggests that these two acids must
have undergone a considerable degree of self-dédgorat the measured temperatures to allow
for decoupled proton and anion transport. Fagstatiop diffusion also supports the idea that the
Grotthuss mechanism is most likely the prevailimgtgn transport mechanism in these two
acids. In contrast, the trifluoroacetic and triflamethyl-sulfonic acids show almost the same
diffusion coefficient for the anion and proton (@4/Dr = 1). This finding is consistent with the
idea that these two acids may have not undergammsiderable degree of dissociation, and the

dominant ion transport mechanism is based on vidricuotion.

Table 2.4 Nernst-Einstein calculated conductivityy (Scmi?), experimental conductivity obtained
from Arrehnius plobmea (Scm?), percent dissociatiosiea/ocar Of the model acid compound

At 20°C At 85°C
compound Cnmr Gimp Hr Cnmr Gimp Hr
CRPO(OH) [a] [a] [a] 6.25x107 433 x 10° 1.4
(CR),PO(OH) 1.24x10" 1.98 x10* 6.2 4.13x10" 6.53x10° 6.3
CRSO:H 2.89x10" 6.10x10° 38.7 7.62x10" 1.47x10° 51.8
CFR:COOH 1.21 2.34x10° 4.2x10* 2.68 4.87x10° 5.5x1d

[a] This compound was a solid at room temper:
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Nernst-Einstein Relation and Haven ratidhe Nernst-Einstein equation relates the
conductivity of an electrolyte to the concentrateomd diffusion coefficients of charge carriers.
As shown in Equation 3 below, the Nernst-Einstejnagion may be used to calculate the total
conductivity expected from the self-diffusion coefnts of protons and anions obtained from

PFG-NMR experiments
72F2
Snmr =gy ColPH *DFl Equation 2.3

In this equationg, is the total ionic conductivity expected from seiffusion coefficients,
Codenotes the molar concentration of the acid (glwedensity / MW, mol cii), De and Dy are
the diffusion coefficients of the conjugate basd proton in the model acids, z is the valence of
the ions which in this case is 1, and F, R andvehheir usual meaning. In many cases the ionic
conductivity measured experimentally using impeeéasygectroscopysinp) is significantly lower
than theo,m;value estimated using Equation 2.3. This differeiscgue to at least three factors.
First, neutral species (i.e. un-dissociated acrd®i pairs) diffuse but they contribute little or
not at all tooimp. Second, neutral species can diffuse fasteritrda species due to their lack of
charge and lower solvated size. Third, at highdoncentrations ion motion becomes correlated
due to ion-ion interactions that fall short of fahmon pairing but still contribute to reducing ion
mobilities. All of these factors contribute to rsaeed conductivities being lower than expected
from measured diffusivities.

When ionic species are bound the diffusion prodessomes highly correlated to avoid
energetically unfavorable charge separation. Theselations are expressed by the Haven ratio
Hg = DamdDs 2. Here Dy = Dy + Dg, the sum of experimentally determined self-diféitis of

Dy and O given in Table 2.3, and Ds a self-diffusivity calculated as,B- RToimp/FZCo. Using
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equation 2.3 and pPasdescribed above, the Haven ratio may also be wrdte a ratio of the
conductivity calculated from PFG-NMR to the expegmtal conductivity as determined by
impedance spectroscopy. Haven ratios calculatetthicmway are given in Table 2.4 for the
model acids studied in this work. A Haven ratiamenity (1.4) was found for GPO;H,,
values near 6 were found for (§#PO:H, values near 50 were found for £&;H , and very
high values (above fpwere found for CECOOH. For the latter two acids the high Haven
ratios almost certainly reflect a relatively low gdee of dissociation of the acids and a
correspondingly low concentration of charge castigrerhaps coupled with a slightly higher
diffusivity for the neutral species than for theacied species due to their different sizes. Effects
of ion-ion correlations are likely to be lower img case because ion concentrations are relatively
low. For the phosphorous acids the variations afvéth ratios from unity are probably
dominated by a combination of incomplete dissoaratand ion-ion interactions. Without
independent information on the degree of dissamativhich is notawvailable for these acids, it is
impossible to say how much of the decrease in @xjgatal conductivity is due to incomplete
dissociation vs. ion-ion correlations.

It is instructive to compare these Haven ratioshwitlues for other phosphorous-based
acids. Haven ratios for 4RO, have been reported to vary between 1.5 antiahd values for
HsPO; vary between 2.5 and 3% These values are reasonably close to those for th
fluoroalkylated phosphorous-based acids studiethism work. Significantly, in all cases the
ratios for the phosphonic acids were lower thars¢hfor the phosphinic acids, which suggest
that thedegree of dissociation of the phosphonic acidsrabgbly higher than that for the

phosphinic acids.
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Hammett acidities of the model compounémally, we have measured acid strengths for
the four model acids to learn about the relatigndl@tween simple acid strength and anhydrous
ionic conductivity. Hammett acidity is a measureaoid strength of a concentrated acid, usually

in the absence of water. The Hammett acidity fumtH,, is defined as follows:

H, = pK, —log[BH"] /[B] Equation 2.4

In this equation BHand B are the protonated and unprotonated fornas éhdicator base,
and pk; is taken as at the standard state in water. Masitgle was used as the indicator in this
study as described by Farcasiu and GhetfcdiliThe method describes that thic NMR
chemical shift differenceAg) between the Cand G carbon atoms of mesityl oxide increases
with increasing degree of protonation and a grdp(Ad&) vs concentration of mesityl oxide has a
linear form. From this graph the y-axis interceptie chemical shift difference!¢®) was taken
as the value that corresponds to thevillue of the acid. The calibration curve dbq) vs H
presented by Farcasiu and Ghenciu was then usestablish the flvalues for the model acids
investigated in this paper. Hammett acidity valtesd for all the model acids are presented in

Table 2.5.
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Table 2.5 Hammett acidities of model acids

compound Hammett Acidity(Exp.) Hammett Acidity(Lit.)
CF;,COOH -3.03 -3.03°%%7
CRPOsH, -7.10

(CFs),POH -7.95

CR:SO:H -13.70 -14.67%

The more negative values ofpHorrespond to a higher acidity of the compound.
Therefore in Table 5, the weakest acid is triflametic acid and strongest acid is
trifluoromethyl-sulfonic acid. Our experimentallybtained values for these two acids are in
relatively good agreement with values reported he fliterature. The two perfluorinated
phosphonic and phosphinic acid model compounds imgenediate acid strength on this scale
and they are slightly more acidic than phosphotid avhich has a Hammett acidity of -6.95.
This finding is consistent with the expected actmhperfluoroalkyl substituents which are
electron withdrawing and should stabilize conjughtses thereby increasing acid strength.
Thus, it appears that no direct correlation candvn between the acidity of the model

compounds and their anhydrous ionic conductivity.

Conclusion

Perfluoroalkyl phosphonic and phosphinic acids mevhigh conductivity under
anhydrous conditions despite their low fluidity.tB@f these acid types display a high degree of
self-dissociation. Proton conduction in the two gblworous-based acids occurs by a Grotthuss-

like proton hopping mechanism. Perfluoroalkyl soltoand carboxylic acids do not dissociate
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considerably under anhydrous conditions and shdatively low anhydrous ionic conductivity.

Perfluroalkylated phosphonic and phosphinic aciakilet Hammett acidity intermediate

between that of perflourinated sulfonic and carliexycids with no apparent correlation

between conductivity and acidity.
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CHAPTER THREE

THE EFFECT OF THE PERFLUOROALKYL CHAIN LENGTH ON THPROTON
CONDUCTION OF FLUOROALKYLATED PHOSPHONIC, PHOSPHINIAND SULFONIC

ACIDS

Introduction

The most commonly used proton exchange membranil ) Rtaterials for fuel cells are
based on a sulfonic acid functionalized polymehsas Nafion, Flemion and or AcipléXhese
polymers do not function well at temperatures ab80€’C and at low humidity. Therefore
substituting the sulfonic acid group with a phosphaoacid group as an alternative protogenic

moiety to construct these polymers have been irtgmliscussed in the literatuf@.

We recently reported in a model study that involved 1) §O;H 2) CRPOH,, 3)
(CR),POH and 4) CECOOH that the two phosphorous based acid composhdwis the
highest conductivity under anhydrous conditionglatemperatures ( T < 1AT). Further, we
showed that both these phosphorous-based modelocomp displayed a very high degree of
self-dissocation. In addition, the proton conduttio these two model compounds was shown to
occur primarily by a Grotthuss-like proton hoppimgchanism. In contrast, under anhydrous
conditions the sulfonic and carboxylic acid modeimpounds had a relatively low ionic
conductivity and showed relatively little dissocat

For PEM polymers containing side chains terminativith sulfonic acid, it has been
reported?® that depending on the length of the side-chairsehpolymers exhibit different
macroscopic properties in terms of proton conditgtand membrane morphology. To study the

effect of the length of the perfluoroalkyl chain dme type of the protogenic group, the the
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trifluoromethyl group of the short chain model caupds of CESO;H, CRPGsH, and
(CR),POH were replaced with a longer chain perfluorobggup. The chemical structures of
the model compounds with this longer perfluoroaltybin are shown in Scheme 3.1. They are
as follows: (1) perfluorobutyl sulfonic acid, (2effluorobutyl phosphonic acid and (3) bis-
perfluorobutyl phosphinic acid. These compoundsewerestigated for molecular properties
such as diffusivity and viscosity that influenceotmn conductivity as described previously for
the short-chain analods.In this chapter we discuss the structure-propesigtionships for the
shorter vs. Longer-chain model compounds. This veark help to better understand and develop

polymers with optimal conductivities for fuel-cellembrane applications.

(0]
CF;CF,CF,CF,——S—O0H CF4CF,CF,CF,——P—0H CF,CF,CF,CF,——P—OH
OH CF,CF,CF,CF;
1 2 3

Scheme 3.1 The chemical structures of model acitierfluorobutyl sulphonic
acid 2-perfluorobutyl phosphonic aci@;bisperfluorobutyl phosphinic acid

Experimental Section

Materials and reagentsunless otherwise noted, starting materials weraiobtl from
commercial suppliers and used without further peatfon. Acetonitrile was dried by storing
over KOH overnight and distilling from,Bs. Perfluorobutyl sulfonic acid (1) (Aldrich 98+ %)
was obtained from a commmercial supplier and usidowt further purificationH, *°F, and
3P NMR spectra were recorded on a NMR instrumenBGQ.3, 282.2, and 121.5 MHz

respectively, using CiZN as the solvent except where noted.
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Analytical procedures:Proton conductivity, viscosity, density, pulse diegradient
nuclear magnetic resonance (PFG NMR) studies &1C88nd Hammett acidity measurements
were determined as previously described by userettperimental section of references 6 and

in chapter 2 of this dissertation.

. CIP(O)(OCyH5)»
iPrMgCl
CsFfg—| ——— C,Fg—MgCl ——>
dry Et,0, -78 °C dry Et,0, -78 °C
1) TMSBr C4Fs—P(O)(OH
C4F9_P(O)(OC2H5)2 2) H,O > 479 ( )( )2

2

Scheme 3.2 Synthesis of n-perfluorobutyl phosphonic acid

n-Perfluorobuytl phosphonic aci@) Under an argon atmosphere, isopropyl magnesium
chloride (2M in diethyl ether, 5.80 mL, 11.56 mmulas added dropwise to a perfluorobutyl
iodide solution (4.0 g, 11.56 mmol) in dry diethgther (20 mL) at —78C. The solution was
stirred at this temperature for 1 h to allow exad®ito take place. Diethyl chlorophosphate (1.80
g, 11.56 mmol) was then added slowly by syringe7@-C. The mixture was maintained at -78
°C for 1 h and then allowed to warm to room tempgaebvernight. The reaction was quenched
with 5 mL of 3M ice-cold HCI. The ether layer wasparated and dried with piO,. The ether
was filtered and concentrated on a rotary evapordibe residue was mixed with excess
bromotrimethylsilane (3.72 g, 24.2 mmol) and stre¢ room temperature for 12 h. When the

reaction was completed the flask was cooled to reemperature and ethyl bromide and excess
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silylating reagent were removed by rotary evaporatt reduced pressure. The silylated ester
was hydrolyzed with water (10 mL). After hydroly€lsl g of charcoal and water (2 mL) was
added and the mixture was stirred for 2 h at roemperature. The charcoal was filtered and
filtrate was extracted with ether (3 x10 mL) andedrover NaSO,. The ether was filtered and
rotary evaporated to yield colorless oil. The odlsadried at 66C under dynamic vacuum for 48

h to yield (2.50 g, 8.33 mmols, 72% based on perfibutyl iodide) of perfluorobutyl
phosphonic acid'H NMR (300 MHz, CRCN): 10.8 (br, 2H, PgH,). °F NMR (282.7 MHz,
CDsCN): - 80.7 (s, 3F, CF Jcp = 107.4 Hz), -121.4 (s, 2F, ©F-122.9 (d, -CEP, Jbce= 81.8

Hz), -125.7 (s, 2F, -GFCRP),*'P NMR (121.5 MHz, CBCN): -1.92 (t, dcr= 81.8 Hz).

0.4 equiv. Cl,P(O)(OCyH5)
> C4F9_MgC| >
dry Et,0, -78 °C

iPrMgCl

C4F9—|

dry Et,0, -78 °C

C4Fg—P(O)(OH)
H,0
C4Fg—P(0)(OC2Hs) >

C4Fg

C4F9

Scheme 3.3 Synthesis of bisperfluorobutyl phosphinic acid
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Bis(n-perfluorobutyl)phosphinic aci@; Under an argon atmosphere, isopropyl
magnesium chloride (2M in diethyl ether, 7.2 mL,414nmol) was added dropwise to a
perfluorobutyl iodide solution (4.9 g, 14.4 mmat) dry diethyl ether (20 mL) at —7&. The
solution was stirred at this temperature for 1 h dtbow exchange to take place.
Dichloroethylphosphate (0.94 g, 5.78 mmol) was thdded slowly by syringe at —#&. The
mixture was maintained at -7& for 1 h and then allowed to warm to room tempgeat
overnight. The reaction was quenched by adding 50f@M ice cold HCI and the mixture was
stirred at room temperature for 1 h. After hydredysas complete, 0.1 g of charcoal (2 mL) was
added and the mixture was further stirred for 2 toam temperature. The charcoal was filtered
and filtrate was extracted with ether (3 x10 mLyl anied over Ng5O,. The ether was filtered
and rotary evaporated to yield a colorless oil. ®hevas dried at 66C under dynamic vacuum
for 48 h to yield (2.17 g, 4.32 mmol, 60% based perfluorobutyl iodide) of bis(n-
perfluorobutyl) phosphinic acid'H NMR (300 MHz, CRCN): 10.8 (br, 2H, PeH,). *F NMR
(282.7 MHz, CRCN): - 81.6 (s, 3F, C&, -121.2 (s, 2F, CF, -122.0 (d, -CEP, Jcp= 81.8 Hz),

-126.3 (s, 2F, -CFCRP),*'P NMR (121.5 MHz, CBCN): -0.07 (t, dcr= 88.8 Hz).

Results and Discussion

Table 3.1 presents a selected set of physical prepef the three model compounds at
25 °C. G represents the molar concentration of moleculatsacalculated using the measured

density and calculated molar mass for the acids.
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Table 3.1 Density p, Molecular weight MW, Molar concentrationy,CViscosityn, and
specific conductivitys of the model acid compounds

0 MW  Co nat25 ocat 25
(g8n (gequivt) (molescrif) °C(cP) °C (S cnt)

C4FoSOsH 1.80 300 6.0x10° 21.8 9.20x10"
C4FoPO(OH) 1.85 300 6.2x10° 84.0 7.90x10%
(C4Fs)-,PO(OH) 1.76 502 3.5x10° 198.2 5.86x10°

lonic conductivity and fluidityThe conductivity and fluidity data shown in FiguBel
(top) and Figure 3.1 (bottom) respectively includata for the model compounds listed in Table
3.1 and also for those studied in chapter 2. Thedgctivities and fluidities of all the model
compounds, irrespective of their perfluoroalkyl icheength follow Arrehinius behaviour at all
investigated temperatures. The best-fit paraméterthe model compounds can be found in the

supporting information section.

Increasing the perfluoroalkyl chain length of the®-chain model compounds always
leads to a decrease in conductivity. The condugtivi longer-chain gFoPOsH, has decreased
by approximately an order of magnitude compareitstshorter-chain analog GFFO;H, and the
conductivity of (GFg).PO;H has decreased by approximately two orders of mhadm
compared to (CH.POH. Figure 3.2 shows the how proton conductivity &#ndlity vary with
fluorine to proton content (F/H ratio) for the mbdempounds. All the phosphorous based-acids

except for (Ck).PO:H show a decreasing proton conductivity with insieg ratio of fluorine to
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proton content. Figure 3.2 (bottom) shows thatfhhielity of phosphorous based compounds is

fairly independent of the length of the perfluofgédichain.

However, for sulfonic based acids as Figure 3.2vshdoth the proton conductivity and
the fluidity are decreasing with the increasingflperoalkyl chain length. In reference 6 we
showed that the proton conductivity of sulfonicda@s governed by its fluidity because the
charge carriers move by a vehicle mechanism. Isorgahe perfluoroalkyl chain length lowers
fluidity and therefore we can expect the protondrantivity to decrease by the same factor that
was observed for fluidity if the percent dissomatiof acid remains the same for both these
model compounds. Comparison of the conductivity tndity data for the sulfonic acids at 85
°C shows that the fluidity of ££:SOsH has decreased by about 2.2 times and the cowmiycti
has decreased by about 4.2 times compared §8@H. The greater decrease in conductivity for
C4FoSOsH than expected from the change in fluidity cou&due to lower mobility of the ions
because of the larger size of the anions and/oed@arrier charge concentration, perhaps due to

a lower degree of dissociation.
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Figure 3.1(top) anhydrous conductivity data as a functioteofiperature (bottom) fluidity
temperature studies for the model compouh@ompared with their short chain analogs
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Walden Plots:The relationship between conductivity and viscositpy be viewed
through the use of the Walden plot. As discusseaéfgrence 6, the Walden plot of a system that
obeys Waldens rule\(n = constant), will have a slope of unity and therefits Walden plot line

will be parallel to the ideal KClI line.

Figure 3.3 presents Walden plot lines for all thersand longer chain model compounds

of sulfonic and phosphorous based acids discussttiprevious section.

3
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, | & CRPOH2 4 CyFgPOFH; °
O CRSOsH @\ CyFgSOzH
S N
¢°
£ o 00°
N =] @)
e ) O
o ¢° A
« I~ AL
< =)
= Al
S 07 AAA o
A
a B GBGBEEE
® ® M|
® (5]
1 ®
(5]
T T T T
1 0 1 2 3
1yl
log [~ (P)]

Figure 3.3 Walden plot for the model acids

A slope of unity was found with long chain sulfomicid, as it was previously found with

its short chain analogue in chapter 2 indicatirag #ulfonic acids obey the classical Walden rule.
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A slope less than unity in the Walden line indisatleat the system does not obey the
classical Waldens rule. A slope of less than uweiéy also occur if the dissociated carrier
concentration chanages significantly as a functértemperature. However, previously we
showed that the deviations from a slope of unityWialden plots occurs in perfluorinated
phosphorous-based acids because of the specianpi@nsport mechanism (proton hopping/
Grotthuss mechanism) present in them and not doarteer concentration changes as a function
of temperature. Specifically Grotthuss-type hoppiegurs with a lower activation energy than
vehicle transport, so the contribution of protorppiag to transport changes as the temperature
changes.

The Walden plots for FPOsH, and (GFg).PO:H yield slopes of 0.77 and 0.92
respectively. The slope forsE5POsH; is approximately similar to what was observed mesly
for CRPOsH, (0.74) and for HPO,°, which suggests that hopping transport is impari@anthis
acid. However, the Walden slope foryFg),PO:H is significantly higher than what was observed
for its short-chain analogue (0.67). A value (0.8®ser to unity for this compound suggests the
presence of a significant degree of vehicle trartapechanism.

The position of a Walden line on the Walden plopatels upon the product of the
mobility of the charge carriers and their concdrdres. Sulfonic acids have the highest
mobilities (see Table 3.2 diffusion coefficient @at but their Walden lines appear all below the
phosphorous-based acids suggesting thats its cowitiucs the lowest. This can be true only if
sulfonic acids are the least dissociated of alintoelel acids studied.

For phosphorous-based acids it can alsohbevrs that the position of the Walden line
indicates the percent dissociation of acid. Inneiee 6 we showed that the ionic conductivity in

perfluoroalkyl phosphorous and phosphinic acidsuodxy proton hopping/structure diffusion
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mechanism. Therefore, protons carry most of thegeshadence the mobility of the protons and
the concentration of the protons of a phosphoroaseth acid become the deciding factor
compared to anions in determining the positiorhef\WValden line in the Walden plot.
Comparison of the self-diffusion coefficients obfans of the CPO;H,, CiFoPOsHo,
and (GFg).PO:H (see below) indicates that their differencessamaller than the differences in
molar conductivities observed in the Walden ploe$. The self-diffusion coefficient of a proton
is proportional to the mobility of the proton. Shkist suggests that the difference is proton
mobilities alone can not account for their largdedences in conductivities. This observation
therefore implies that their ion concentrations amgst also be involved and must also follow
this trend CEBPOsH, > GFPOsH, > (C4F9).POH from highly dissociated GPOs;H, to very
low dissociated (¢F9).PO,H. In reference 6 we showed that EPO:H is less dissociated than
CRPGsH,. Thus, the general trend is that acid dissociasogreater in fluoroalkyl phosphonic

acids than in bis(fluoroalkyl)phosphinic acidsespective of fluoroalkyl chain length.

Pulsed-Field-Gradient Nuclear Magnetic Resonancec8pscopy StudiesJsing 'H
and *°F pulsed field gradient NMR spectra the diffusiarefficients of proton (R) and its
conjugate base @ can be measured. PFG-NMR experiments were peefbrat 85°C. The
results of model acids are listed in Table 3. Teerease in D ratio of the model
compounds follows the order eFO;H, > CFPQsH, > (CR).POH > (CFg).,POH, >
CRSGOH = GFSGOsH. In the Walden plot section we showed that therekse in percent
dissociation follows almost the same order with #éxeeption of (CE.POH; CRPGsH, >

C4FoPOsH, > (CyFg),POH, > CRSOH = CFSOsH. Therefore generally we can assume that
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the D /Deratio is indicative of the percent degree of sisociation. Based on this assumption

the degree of dissociation of (§H#PO:H is intermediate to £FoPOsH; to (CyFg).PO,Ho.

Table 3.2 PFG-NMR diffusion coefficients (ffs) for the model acids at 86

At 85°C
compound 10Dy 10D Du/De
CRSGH 10.80 10.70 1.00
CRPGsH2 1.12 4.98 x 10" 2.25
(CF3)LPOH 9.47 5.99 1.58
C4FoSOsH 4.87 4.87 1.00
C4FoPO(OH) 0.26 0.14 1.85
(CaFo)oPO(OH) 0.14 0.12 117

Nernst-Einstein Relation and Haven ratiot the previous section we showed that the
higher conductivities of phosphorous-based acmispared to sulfonic based acids is due to the
presence of high concentration of self-dissociat@is in them. However, in many cases
compounds with high ion concentrations show a 8&wmantly lower experimental ionic
conductivity Gimp) than what can be estimated using the Nernst{€mselation énmr ). These
is due to ion-ion correlations (for e.g. some o¢ tlons that diffuse can associate to form
uncharged species) that do not contribute to ioarductivity but do contribute to self-diffusion
measurements. Calculation of the Haven ratig) (the ratio of the ionic conductivity estimated
from PFG-NMR diffusivity data to that determined the ac impedance methodgld 6/
cimp) allows for estimation of the degree of ion-ionrretations present in these acids. The

Nernst-Einstein equation is given as folloffs.
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22F2
(0} =
nmr  RT

C,(H)ID, +D]

Equation 3.1

The terms have the same meanings as in chapalab 3.1 presents values tgy, calculated

using Equation 3.1, and also for Haven ratios dated usings,mr andcimp.

Table 3.3 Nernst-Einstein calculated conductivity, (Scm?), experimental
conductivity obtained from Arrehnius plok.eas(Scm’), percent dissociation

Oomeal0cal Of the model acid compound

At 85°C

compound Cnmr Gimp Hr = 6nmdGimp
CR:SOsH 7.62 x 10" 1.47 x 107 51.8
CR:POsH, 6.25 x 107 4.33 x 107 1.4
(CRs),POH 413 x 10 6.53 x 107 6.3
C4FoSOsH 1.83 x 10" 3.46 x 10° 52.8
C4FoPO(OH) 7.72 x 10° 4.90 x 10° 1.6
(C4Fo),PO(OH) 2.85 x 10° 6.14 x 10 4.6

Table 3.3 shows that for both phosphorous-baseds amnd sulfonic based acids the

Haven ratio is approximately independent of thglkrof the perfluoroalkyl chain. This suggests

that the combined effect of percent dissociatiod @m-ion correlations is independent of chain

length.

82



Conclusions

lonic conductivity in perfluorinated phosphoroused acids depends on the fluorine

content of acids. Lower fluorine content is necgss$a form a high concentration of hydrogen

bonds and for efficient transfer of proton by theotthuss mechanism. Perfluoroalkyl

phosphonic acids have a higher percent dissociadimh give a higher conductivity upon

increasing perfluoroalkyl chain length compareghosphinic or sulfonic acids under anhydrous

condtions. The conductivity of perfluorinated sulio acids depends on carrier mobility and

under anhydrous conditions; they have relatively éarrier concentration due to low degree of

acid dissociation.
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Supporting Information

The Arrhenius equations for conductivity and fltydare given by equations 1 and 2 below

o =0, expt- Eg/RT) Equation 3.2
1 = iexp(— En/RT) Equation 3.3
Mg a

In these equations andn are the conductivity and viscosity respectivety,andno are
constants associated with conductivity and visyoéﬁg and E! are activation energies for

conductivity and fluidity, R is the universal gasnstant, and T is temperature in degrees Kelvin.
Best-fit parameters obtained from linear fitting the conductivity and fluidity Arrhenius plots
are listed in Table 3.4.
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Table 3.4 Best-fit parameters for temperature-dependent adtinly and fluidity
of model acids

G, EY U Eg

(Scm?)  (kImolY) (poise) (kdmolt)
C4FoSOsH 9.3 23.2 1.29x1¢F  24.0
C4FoPOsH, 27.7 25.7 474x10° 31.2
(C4Fo)2POH 42.0 33.2 1.87x1¢Ff 35.2

Table 3.5 Hammett acidities of model acids

compound Hammett Hammett Acidity (Lit.)
Acidity(Exp.)

C4FoSO3H -11.7 -12. 7

C4FoPO(OH) -4.36

(C4Fg)2POH -5.34

The Hammett acidities of the model acids were deterd from the method described in
referencé.
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CHAPTER FOUR

PROTON CONDUCTIVITY OF PHOSPHONIC AND PHOSPHINIC AGS UNDER

CONDITIONS OF HIGH HYDRATION
Introduction

Some of the proton conductors most commonly digzligs the literature as having the
potential to overcome the hydration requirementNaffion and Nafion-like polymers are
imidazole functionalized polysiloxanes bis(trifluoromethanesulfonyl)amide and 4,4
trimethylenedipyridine combined Bransted acid-biasec liquids’, salts of inorganic oxo-acids
such as CspPO>* phosphoric acid doped polybenzimidazole (PB$ulfonated—fluorinated
poly(arylene ether) multiblocks by McGrath and cokes$ and polymers comprising graft
chains of poly(sodium styrenesulfonate) and a pptgae (PS) backbone prepared by Holdcroft
and coworkerd. Some of the common difficulties encountered w/itilese polymers were used
as membrane materials for PEMFCs were their poematal stability and loss in mechanical
strength after absorption of water which turns theta a gel-like material. The acid used in the
acid doped PBI membranes and imidazole used in suintkese materials could simply get
washed away from the liquid water generated duasimgperation of a fuel cell.

Fluorinated polymers are still preferred today hs best choice for construction of
proton exchange membrane materials for PEM fudk.c&epending on the content of the
fluorine and its distribution along the chain ofeske polymers determine the thermal and
chemical stability and water repellant propertielse higher the fluorine content the larger the
thermal and chemical stability and better the dilitpbThese properties are a result of the much

stronger carbon-fluorine bond compared to the aatbarogen bond.
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During the operation of a PEMFC water is generatediquid and vapor forms.
Therefore the inside of a fuel cell will always bemidified during operation. It is important to
understand how proton conductivity is affected undgdrated conditions in perfluorinated
phosphonic acids compared to perfluorinated sulfaaids which are now commonly used for
construction of PEM materials. This chapter makescomparison study of the proton
conductivity and diffusivity data of GPOsH, with CRSOsH under different water contents.
Also reported are the proton conductivities undéerent water contents for (GRPO,H and
C4FoPOsH,. The compound (§59).PO;H is immmisible with water so its proton condudies

under different hydration levels could not be daiieed.

Experimental

Materials and reagentdJnless otherwise noted, starting materials receirad
commercial suppliers were used without furtherfmation. Trifluoromethyl sulfonic acid (98+
%), nonafluorobutyl sulfonic acid were obtainednfr&igma Aldrich. All the perlfluoroalkyl
phosphonic and phosphinic acids were synthesizeléssibed in chapters 2 and 3. Deionized
Millipore Milli-Q water with nominal resistivity ofLl8 MQecm was used in all experimerits,

%, and®P NMR spectra were recorded at 300.3, 282.7, ahdbIHz respectively, using
CDsCN as the solvent.

Acid water mixture preparationAll model acid + water electrolyte mixtures were
prepared from weighed amounts of the pure compsnérte pure acid and distilled water were
weighed into a glass vial on a top-loading MetRet60 single-pan balance (0.001 gram

accuracy) and then transferred into the condugtoetl and to the micro NMR tube for the
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measurements. For example the 1:3 molar ratio maatitrifluoromethylphosphonic acid to
water was prepared by weighing 200 mg of solid &ti@ mmols) and dissolving it in 72 mg of
water (4.0 mmols).

MeasurementsAll the measurements were done as described inetsap and 3.

Results and discussion

Effect of Addition of water on the ionic condudtiviThe water was added as 1, 3 and 20
moles to one mole of neat acid. A solid hydrate vi@sned as described in literature for
CFRSOsH with 1 mole of water. However, GFO;H, and (CFE),PO,H did not show formation of
solid hydrates with either 1 or 3 mole water miggirThe conductivity plots of the mixtures of
neat acid + waters for different water contents@ésPO;H, and CESO;H are shown in Figure
4.1 and Figure 4.2 respectively.

For all of the acids studied, as the water conpentmole of acid was increased, the ionic
conductivity of the acids also increased. Comparigbthe conductivity plots of the different
water contents shows that the difference in pramnductivity observed for a mixture with 3
waters to 20 waters at a given temperature is smian the conductivity change observed for a
mixture with O waters to 3 water molecules. Addihgater molecules to a neat phosphonic acid
causes an an order of magnitude increase in camdycAdding 17 water molecules to a acid
mixture already containing 3 water molecules cauges conductivity to increase by
approximately a factor of 2 or 3. For acid : wateixtures of 1:3 ratios, the conductivity of
C4FoPOsH, reaches close to 1 S/cm at 120  The increase in conductivity with addition of
water could be a combined effect of high degregarient dissociation of the acids which

increases the free charge carrier concentration iaciase in the mobilities of the charge
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carriers as result of decrease in viscosity. Additof water dilutes the acids leading to a

decrease in their viscosities.
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PFG NMR Studies:All acid + water mixtures show single peaks intproand fluorine
NMR spectra respectively. The self-diffusion cogéints of protons p and its conjugate base
Dcrs have been measured at“®for CRPO;H, and CESO;H at all their acid + water contents.
The results are shown in Table 4.1.

The self-diffusion coefficients of proton and aniocrease with addition of water for all
acids studied. At acid + water ratio of 1 :3 conmam of the values of proton and anion
diffusion coefficients for CEPO;H, to that for CESOs;H indicates that its proton and anion
diffusion coefficients are 3 times less than th#osic acid analog. However, at this acid to
water ratio the ionic conductivities of €FO;H and CEPOsH, at 85°C are 0.36 Scihand 0.37
Scmi’® respectively. Despite the lower self-diffusion ffiméents of the ions in CPOH, its
comparable conductivity to that of €O;H must be a direct consequence of the higher degree
of proton hopping mechanism present at this comagon. As the water content is increased to
20 and more water molecules, the value of the pre#if-diffusion coefficient ( B ) of all the
acids approaches the value of self-diffusion coeffit of a neutral water molecule. The
literature reported self-diffusion coefficient foure water at 86C is 6.25x10 (m%s)2 For the
CRsPQOsH; acid containing 100 water molecules, the \Rlue measured at 8& in this work is
6.40x10° (m?/s). At very high water contents (20 or more waterlecules per a molecule of
acid) the high conductivity in these solutions @@nthought of as occurring the same way as it

has been shown in literature for dilute aqueous $tiitions or other strong acids.
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Table 4.1 Diffusion coefficients of acid water mixtures

Dn Dr

Acid Acid : water molg (x 10°m%cm) | (x 13°m?cm) | D/Dg
1:0 1.12 0.50 2.25
1:1 2.1 0.91 2.30

CRPGOsH» 1:3 12.0 5.17 2.32
1:20 51.3 17.8 2.86
1:100 64.0 24.8 2.58
1:0 10.8 10.7 1.00
1:1 21.9 9.8 2.23

CRSGOH 1:3 39.4 18.3 2.15
1:20 60.7 28.7 2.11

Proton conductivity in other phosphorous based sClthe following Figures 4.3 and
Figure 4.4 show how the proton conductivity changehl addition of water in (C§,PO,H and
in C4FgPOsH,. These two acids also, similar to as it was olegwith CEPO;H,, show an order

of magnitude increase in conductivity with addit@ii3 water moles per a mole of neat acid.
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Construction of PEM membrane from protogenic gradigsussed in chapters 2,3 and 4
requires their immobilization in the polymer memimaAs it was discussed extensively in
chapter 1 in the section on phosphonic acid basbaner electrolytes, depending on the
flexibility of the spacers covalently linking thegbogenic group to the polymer backbone the
mobility of the model acids and the protonic chacggiers therein can be lost. However, if
same high local mobility as it can be observed wtidel acids can be guaranteed for these
protogenic groups after immobilization in polyméren phosphonic acid based ionomers should
show a higher ionic conductivity compared to aauilf acid based ionomer designed with a
similar concentration of acid groups under low lagam conditions. This is because 1) higher
conductivity of phosphonic acids compared to suf@etids under anhydrous conditions as seen
in chapters 2 and 3 because of the proton hoppeahanism and 2) increase in conductivity
upon addition of water as seen in chapter 4, madigbly due to the expansion of the hydrogen
bonded network of acid groups and water matrixdasing efficiency of transfer of proton

between them.

Conclusions

Addition of water increases the conductivity of #le model acid types. An order of
magnitude increase in conductivity occurs for tleflporoalkyl phosphonic and phosphinic
acids at low hydration. The proton transport at loydration in perfluoroalkyl phosphonic acid
still appears to be occurring based on proton happnechanism. In contrast, sulfonic acid
shows high conductivity at low dilution due to adiissociation and greatly increased ion

mobilities compared to phosphonic acid.

93



References

(1)Scharfenberger, G.;Meyer, W.H.;Wegner, G.;Samsl.;Kreuer, K.D.;Maier, JFuel Cells
2006 6, 237-250.

(2)Susan, M.A.B.H.;Yoo, M.;Nakamoto, H.;Watanabe, ®hem. Lett2003 32, 836-837.

(3)Boysen, D.A.;Uda, T.;Chisholm, C.R.I.;Haile, S.Mcience (Washington, DC, United States)
2004 303, 68-70.

(4)Uda, T.;Haile, S.M.Electrochem. Solid-State Le2005 8, A245-A246.

(5)Xiao, L.;Zhang, H.;Scanlon, E.;Ramanathan, ICBae, E.-W.;Rogers, D.;Apple,
T.;Benicewicz, B.C.Chem. Mater2005 17, 5328-5333.

(6)Ghassemi, H.;McGrath, J.E.;Zawodzinski, TRPolymer2006 47, 4132-4139.

(7)Ding, J.;Chuy, C.;Holdcroft, SMacromolecule2002 35, 1348-1355.

(8)Yoshida, K.;Matubayasi, N.;Nakahara, M. Chem. Phy2008 129, 214501-214509.

94



CHAPTER FIVE

IONIC CONDUCTION IN POLYETHER-BASED LITHIUM

ARYLFLUOROSULFONIMIDE IONIC MELT ELECTROLYTES

Introduction
The work presented in this chapter was publisheBlectrochimica AcatéCopyright

2009). The citation for this manuscript is:

HerathM.B., Creager S. E., Rajagopal, R.V., Geiculescu,BEQ DesMarteau, D. Dlonic
conduction in polyether-based lithium arylfluordsuimide ionic melt electrolyteElectrochim.

Acta (2009), doit0.1016/j.electacta.2009.05.050

Cellular phones, laptops, cameras and other pertlBktronic devices require batteries
with high energy density. Lithium ion batteries atéractive because they have higher specific
energy than other battery types, for example leaid and Ni-MH(nickel-metal hydride)
batteries. Another important property of lithiunmidatteries is the fact that they are able to
deliver high power pulses, and therefore are tiedepred power alternativeor larger battery

systems used in Hybrid Electric Vehicles (HEV) &idctric Vehicles (EV).

Because of concerns about safety, the environnmeemory effect problems and the
relatively short life span associated with coniaml lithium batteries which use an organic
liquid electrolyte with dissolved lithium salt, tleeis interest in developing lithium polymer

batteries which have the potential to overcomeetipesblems.
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Lithium batteries in all applications must have #tlity to charge and discharge quickly
while maintaining a low internal resistance duringeration. During a rapid charge and
discharge cycle of a lithium battery, only lithiuons are released from and absorbed into the
electrodes. The ionic conductivity of the cell isedo the migration of the lithium cation and the
PR anion. There is no reaction for anions at thetedees so they tend to accumulate or become
depleted at the electrodes, resulting in a conagatr polarization of the electrolyte within the
cell. If the salt diffusion coefficient is not sidiently high for the salt depletion and
accumulation layers to reld% the internal cell impedance will increase and egugntly

degrade the power performance of the cell.

One solution to the salt concentration polarizawoablem is to immobilize the anion.
This can be achieved by covalently linking the anio a large polymeric structure which is
immobile on a macroscopic scale. This type of aenmltis called a single ion conductor because
only the lithium ion is macroscopically mobile, soe Li" transference number is unify
Previous attempts to design single ion conductaset on immobilization of the anion to the
polymer chain have met with limited success. Simgheconductors based on graft polymers of
polyacrylate ethePsby Kerr and co-workers, siloxyaluminate polyniérby Shriver and co-
workers and polyanionic electrolytes based on dinate structuresynthesized by Angell and

co-workers®1°

involved multi-step synthetic step reactions #mere were issues of isolating
the product completely devoid of starting materidleese materials had ionic conductivities
ranging from 10 to 10° S/cm at room temperature which is on the low diteli battery
applications. The polymers also tend to be diftical process, especially regarding integration

into the electrodes. Even so, salt concentratidaration does not occur in such materials,

which is an advantage for high power batteries.
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Research groups of Watandbend Sanche”Z have synthesized lithium salts with large
polymeric anions whose negative charges can be dadticalized. These salts minimize ion
paring and increase lithium ion transport. Anothpproach used by Watanabe and coworkers
was to use anion trap sitts™ that decrease the strength of coordination betwieemnion and
the cation of the lithium salt. These salts hag® ahown an increase in the lithium ion transport
rates. But the reported lithium transference nunfberabove described electrolytes was still
below unity suggesting that anion was not compydatamobile.

One possible solution to the problem of salt cotre¢ion polarization in electrolytes
involves the use of ionic liquids or melts in whitthium is the only mobile cation. Such
materials have been prepared by covalent attachafiemtions onto a lithium-solvating material
such as an oligomeric polyetfi&t®. Bulk salt concentration is fixed in such matisriaecause
they contain no non-ionic components to dilutegak. We recently described one such material
consisting of a fluorosulfonimide anion linked tolyether chains of variable length, and we
showed that on passage of DC current through suuhtarial, salt concentration gradients did
not form, even though the anions are macroscopicatibile”®. Such materials have an attractive
combination of relatively high ionic conductivityn@ high lithium transference number, which
could make them attractive for use as battery elbgtes.

In this paper we discuss our research on anotrengbe of an ionic melt consisting of a
lithium salt of an anion linked to a polyether eghaFigure 5.1 shows the architectures and
chemical structures of the ionic melts studiedhis work. Two different architectures were
studied. In the first as shown in Figure 5.1(a),sirggle anion is linked to one end of the
polyether chain, and in the second, shown in Figuté€b), the anion can be linked at both ends

of the polyether chain. These materials were ®gifled so that a selected structure from type
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5.1(a) had similar EO:Li ratio with a structurerfraype 5.1(b). This was achieved by choosing a

polyether chain two times longer than what wascsetefor 5.1(a) for that particular chemical

structure.
(@)
(b)
CF:SON(L)SO, (OCH,CH,)=—0 SO,N(Li)SO,CF;

Figure 5.1 Two different architectures of ionic melts basedithium salts linked to polyether



Lithium phenylsulfonyl(trifluoromethylsulfonyl)imide(LIPSTFSI) was selected as tl
salt for comparisons with the ionic melt. It isustiurally very similar to the ionic melts, whi
makes comparisons especially significi

Calculatedpolydispersities for the selected polyethylene glyavere close to unity (c
for example mPEG550, it was in the range (- 1.09) based on the supplier provided data.
was crucial to the study so that we could see lgieidie effect of a unique |lymer on
conductivity. The salt was attached to the polyetha thermally and chemically stable phe
ether bond. The overall synthesis is simple, ingsla low cost and gives a quantitative yi

Therefore these ionic melts could easily be masduced.

Experimental

Materials and reagents<Samples of polyethylene glycol (PEG) and polyethglglycol
monomethyl ether (MPEG) [mMPEG350, mPEG550, PEGBIREG750, PEG1000, PEG20
(polyethylene glycols whose average molecular weigt850, 550, 600750, 1000, 2000, D
respectively)] of various molecular weight were ghased from Aldrich and used as receiv
Acetonitrile and triethylamine were dried over caha hydride and distilled over phosphorc
pentoxide (BO,¢) prior to use. -Fluorobenzenesfonyl chloride and benzenesulfonyl chlori
were obtained from Sigmaldrich Company and used as received. Lithium biglijoromethyl)
sulfonyl]imide salt (LITFSI) was purchased from 30bmpany. C3SO,NH, and CIsSO,NHLI

were synthesized using a presly published proceduf®
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Scheme5.1 Synthesis of sulfonimide salts

Synthesis of [XEH:SQNSQCF3~ [NH(CHs)s]" (lab; X =H, F): Synthesis of the

indicated salt is illustrated in Scheme 1. Detaflshe synthesis of compourddh (X = F) are as
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follows. A solution of XGH4SO,Cl (X=F, 1.97 g, 10.2 mmol) in acetonitrile (15 mipas added
under a nitrogen atmosphere to a magneticallyestigolution of CESO,NHLi (1.58 g, 10.2
mmol) in acetonitrile (15 mL). The compound $SB,NHLi was synthesized according to the
published procedur®. Triethylamine (3.7 mL, 26.7 mmol) was added drag@énd the resulting
mixture was heated at 60- @for 16 hours!°®F NMR was used to monitor the progress of the
reaction. Precipitated white LiCl was removed Hirdtion and the filtrate was concentrated
vacuo to give a viscous orange oil. Based on ¢fSOCl, the desired product,
[XCeHsSONSQCFs~ [NH(C:Hs)s] ™ was obtained in a high yield (3.92 g, 95%). NMR
(CDsCN) & (ppm) 1.26 (t, 9H), 3.07(q, 6H), 7.20 (m, 2H,)8g.(m, 2H,), 8.60 (s,H)*°F
NMR(CD3sCN) 6 (ppm) -78.92(s, CR), -110.30 (s, F-Ph). A similar procedure gave ¢.a&f
compoundlain 95% yield.

Synthesis of [XEHsSONSQCF] [Li] *(2a,2b; X =H, F): To a stirred suspension bb
(0.200g, 0.512 mmol) in water (3 mL), LiOH (0.0861.536 mmol) in water (3 mL) was added
and the mixture was stirred at room temperature3fdormin. Water was evaporated and the
reaction mixture was dried under dynamic vacuurBQaiC overnight. The solid was extracted
with dry acetonitrile and filtered with 0.2 um PVDiker (Whatman) to remove the inorganic
salts. Acetonitrile was evaporated to give theirddsproduct as a dark orange solid. Yield
(0.143 g, 95%)H NMR (CDsCN) & (ppm) 7.45-7.56 (m, 3H). 7.82 (m, 2HF NMR(CD;CN)

d (ppm) -79.36 (CH). -110.30 (F-Ph). A similar procedure gave 0.850f compound®a 95%

yield.
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LiOH
CH;O0— (CH,CH,0)5 SON(LiI)SO,CF;
(33, Mw=350,n=7.2 ) (4an= 7.2)
(3b, Mw =550, n = 11.8) (4b,n=118
(3c, Mw =750, n= 16.3) (4c,n=16.3)

HO— (CH,CH,0);—H (2b) 2eq

-

LiOH
CF;SON(LI)SO, (OCH,CH,)7-O SON(LI)SO,CF;
(58, Mw =600, n=13.2) (6a,n=13.2)
(5b, Mw =1000, n =22.2 (6b, n=22.2
(5¢c, Mw =2000,n=45.0) (6c,n=45.0)

Scheme 5.2 Synthesis of ionic melts
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General Procedure for the Preparation of Lithiummio Melts: The following procedure
was used for the preparation of the ionic MeltAll the other ionic melts indicated in Scheme
5.2 (4a,b,cand6a,b,g were prepared in a similar procedure. In a 50frmind-bottom flask was
placed quantities dfb ( 0.200 g, 0.489 mmol) and mPE&:)(0.368 g, 0.489 mmol), and solid
LiOH (0.035 g, 1.467 mmol) with no solvent. The mibe was heated at 16G for 16 hours
under vacuum. The progress of the reaction was toredi by °F NMR. The complete
conversion of the reactant to product was indicéigthe disappearance of tHe NMR signal
from the fluorine atom at the para position of prenyl ring and the upfield shift of the aromatic
proton resonances. The residue was taken up modamethane (30 mL), filtered using a 0.2
pm PVDF filter (Whatman) and concentrated to givedkrless viscous liquid. The sample was
dried under vacuum for 4 hours. Yield (0.484 ¢¥®5'H NMR (CDsCN): & (ppm) 3.28 (s, -
OCHg,), 3.57(m, -(CHCH;O)13), 3.76(m, -CH), 4.14 (m, -CH) 6.96 ( d, ortho), 7.77(d, meta).
¢ NMR (CDsCN): & (ppm) -79.36(s, Cf

NMR analysis:** NMR and*H NMR spectra were acquired using a JEOL 300 NMR
spectrometer (300.5 MHH, 282.78 MHZF).

Thermal analysis:All measurements were acquired at a heating fat® 6/min using a
Perkin Elmer-7 DSC instrument.

HPLC analysis: High performance liquid chromatography(HPLC) an&lysvas
employed to purify and assess the purity of thelpct The system (Breeeze, Waters) consists
of pumps, an auto-injector and a dual-wavelengtiealer. The column was a;£analytical
column (Symmetry 4.6 x 150 mm, Bn particle size, Waters) with a;£guard-column. The
mobile phase uses solvent A (0.1 M ammonium adetzg&c acid pH 4.0, in water) and solvent

B (acetonitrile/methanol, 90/10, v/v) in differerdtios. The elution was isocratic with 20% A
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and 80% B at a flow rate of 1.5mL/min in 10 min.eTetection was by UV absorption at 280
nm. Data were analyzed using the Breeze softwast€l/, Milford, MA).

Electrospray lonization-Mass spectrometric (ESI-MSheasurements: ESI-MS
measurements were performed on a tandem (quadiomesf-flight) mass spectrometer (Q-
Tof™ micro, Waters, Milford, MA). The samples dissolved inthanol were injected directly to
the ion source through a capillary LC system (C&p Waters). The flow rate was 1uQ/min.
The ESI source voltage was 3000 V in the positore mode. The quadrupole mass filter was
scanned from 200 to 1208z in 1 s. Methanol was injected between runs to gmecarryovers
from previous runs.

Electrochemical impedance spectroscodgnic conductivity of the samples was
determined by electrochemical impedance spectrgscap previously described’. The
instrumentation uses a Solatron model 1287 eldotimacal interface coupled to a Solatron
model 1260 frequency response analyzer in the émcgy range of 0.01Hz to 1000 kHz.
Measurements were performed over a range of temypesafrom 120 °C down to room
temperature acquiring spectra every 10 °C decremsngl a conductivity cell consisting of two
stainless steel blocking electrodes of area 0.h6separated by an annular spacer of thickness
0.023 cm. The resistance of the samples was detedrirom the Nyquist plot by plotting the
imginary vs. real components of the impedance adihjgolating to the high-frequency limit,
where the data intersect the real axis. The sgdoaifiic conductivitys, was calculated from the
resistance using the equatier= t/AR, where t = thickness of the spacer, A =aaend R is the

resistance determined from the Nyquist plot.
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Results and Discussion

Synthesis and characterization: Compound 1b was synthesized by reacting
CRSONHLIi with FCsHsSOCI to produce the S-N bond in the bis(sulfonyl)imidunctional
group. The product was initially isolated as thetlryl ammonium salt, then it was converted to
lithium salt by subsequent reaction with LIOH. eTprogress of the reaction was monitored by
% NMR whereby completion of the reaction is indéchtby the shift of the para-fluorine
resonance from -101.00 to -110.40 ppm.

Synthesis of the ionic melts was accomplished uangtative yield by a solvent-free
approach that was developed in our laboratory. Atune of compoundlb and theselected
polyethylene glycol was heated at 160 °C in thesgmee of LiOH base under vacuum for 16
hours to produce the target ionic melt. The detdHikhe synthesis are shown in Scheme 5.2.

The molecular structures of ionic melts preparedthis approach were confirmed y
NMR and ESI-MS. ForH NMR the doublet peaks centered at 7.77 ppm a8 ppm are
ascribed to the aromatic protons of the ionic méie signal in the region from 3.46 — 4.14 ppm
was attributed to the oxyethylene hydrogens of PE®@ur aromatic protons always represent
one lithium ion and four oxyethylene hydrogens espnt one EO unit. Based on this

assumption, EQO: Li ratios were calculated for eiacic melt using the following formula:

[(Area of EO peaks)/4] / [(Area of aromatic ped#Fy EO:LI
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Table 5.1 Chemical formula and EO: Li ratio of the ionic mel

lonic melt EO:Li* Exp. EO:Li**
Reference*** 11.8 11.8

4a 7.2 7.6

4b 11.8 12.4

4c 16.3 15.2

6a 6.6 6.9

6b 11.1 14.6

6¢c 22.5 26.2

* Calculated using Mw of PEG provided by supplier
** Obtained from NMR spectra as described in text
*** 1:1 mole mixture of 2a in 3a

Area of the aromatic peaks were obtained by integygpeak intensities in the region
around 6.90-7.80 ppm and the area of the EO peaks @btained by integrating peak intensities
in the region around 3.40-4.20 ppm. These expetafigrobtained values were compared with
expected EO:Li molar ratios calculated from supptievided average molecular weights of
PEG reactants. Comparisons for compousdsc and 6a-c are shown in Table 5.1. A good
correspondence was found between the expectedxgadimentally obtained values for all the
ionic melts synthesized in this work.

HPLC studiesFigure 5.2 shows chromatograms for the reactdPEGH50 (compound
3b, top) and its corresponding ionic melt (compodid bottom). The ionic melt has a retention
time of 2.5 minutes and the reactant mPEG550 hrateation time of 3.5 minutes, which agree
with their polarities in partitioning between polarobile phase and non-polangCsurfaces.
These two peaks were baseline separated by ondemilfitthere were any residual reactant
MPEG present in the ionic melt, then the bottomorciatogram will show two separate peaks
corresponding to the retention times discussedseAce of a peak corresponding to the residual
reactant mPEG (peak at 3.5 minutes) in the Figu2ebbttom chromatogram suggests that the
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ionic melt is free from reactant mMPEG. However, magiced that reactant mPEG has a lower
sensitivity to UV-280 nm detection. So this suggdsiat very low concentrations of reactant
mPEG may still be present in the ionic melt buteveot detected in this technique. Therefore, in
a separate study, two samples, a pure mPEG andrem melt sample was analyzed and

compared for masses of interest by ESI-MS.
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Figure 5.2 HPLC chromatograms for (top) starting polyethylgheol CHO(CH,CH,0);1 H.
(bottom) product ionic melt C¥D(CH,CH,0)11.6CsH4-SON(LI)SO.CF;. Absense of a peak
near 3.5 minutes in the bottom spectrum indicdtegptoduct is free of starting material.
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ESI-MS analysisThe mass spectra presented in Figure 5.3 arbdomPEG reactardb
(top) and for the ionic me#tb (bottom). The most noticeable feature of bothsreectra is the
presence of multiple clusters of ions that dispdagnass unit difference of 44Da between the
neighboring peaks, equal to the monoisotopic méssthylene oxide unit (-C)CH,0-). The
most abundant ion in the reactant mPEG550 spectwas observed at 517 Da, which
corresponds to the protonated structure of {€H,CH,0)H-H]" that has (n = 11) ethylene
oxide units. The corresponding ion in the ionic iiels a mass of 804 Da and corresponds to a
protonated structure [GB(CH,CH,0),CsHsSONHSO,CF:-H]® that also has 11 ethylene
oxide units (n = 11). The ESI spectrum (Figure &dm panel) shows that this is indeed the
case. The absence of a peak corresponding thmmgtaraterial in the region from 400-600Da in

the bottom spectrum confirms that no residual mP&a&tant is present in the ionic melt sample.
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Figure 5.3 Electrospray mass ionization spectra (top) otistgupolyethylene glycol CkO(CH,CH,0);1 H.
(bottom) Product ionic melt G (CH,CH,0)11.5CsH4-SON(LI)SO.CFs. The most abundant peak, 517 Da
of top spectra corresponds to the protonated sirei¢€HO(CH,CH,0):;H-H]". The most abundant peak,
804 Da of bottom spectra corresponds to the pré¢drstucture [CeD(CH,CH,0)::CsH4SONHSO,CFs-

HI*

Elemental AnalysisBased on the supplier provided,550 (n = 11.8) data it is possible
to calculate the theoretical elemental composifmnthe ionic melts. Calculated composition

for ionic melt4b, [CHsO(CH,CH,0)11 CeHa-SONSO,CF3] [Li] * is as follows: C, 44.95%; H,
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6.42%; F, 6.74%; N, 1.66%; S, 7.59%; Found: C, 4%24H, 6.82%; F, 6.18%; N, 1.66%; S,
6.91%. This is very good agreement which suppbdsstructural assignment féb.

lonic conductivity and thermal analysi§igures 5.4 and 5.5 present the temperature
dependence of the ionic conductivity of ionic meaidtstaining different EO:Li ratios derived
respectively from the architectures of Figure 5.Had Figure 5.1(b). Conductivity values for
1:1 molar binary mixtures of LITFSI and mPEG550 yathylene glycol and LIPSTFSI in
MPEG550 are also shown for comparison. The sirndaductivities in both samples containing
Li salt in mPEG550 show that modification of th& ESI with a phenyl linker does not affect its
overall transport properties very much. Therefae used the 1:1 molar binary mixture of
LIPSTFSI in mPEG550 as the reference sample to acenywith the conductivities of the ionic
melts discussed in this paper.

The highest ambient temperature conductivity of 2.10° S/cm was observed for
sampledb at an optimum EO: Li ratio of 11.8. At 40 and 120the ionic conductivity fodb
reaches 1.49 x 10and 6.92 x 10 S cmi?, respectively. The ionic conductivity requiredhiigh
performance Li-cells (single ion conductors) soufirt applications in electric and hybrid
vehicles by the United States Advanced Battery 6dinsn (USABC) is 10* S/cm? The data
for ionic melt4b shows that this material meets the program condtycyoal above 66C.

The samplegla and6a fow the influence of the much lower EO:Li ratio® (high salt
concentration) on conductivity compared4tio. These two samples may be expected to have a
higher conductivity because they contain more Uithiions and thus a higher charge carrier
concentration. However, the conductivity data igufes 4 and 5 show lower conductivities for
these samples than for sampgle These data suggest a trade-off between the efb¢atbain

flexibility and charge carrier concentration. Atgher salt concentrations, there may not be
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sufficient number of ethylene oxide units to soévatl the lithium cations, or all the ethylene
oxide units have been used in solvating the lithzation and so there are no left over ethylene
oxide units in the polyether chain to allow thenilitm cation to move within the ionic melt.
These conductivity results for lower EO:Li raticaronsistent with findings reported in a study
by Hallac et. al. on some closely related maleria addition these results extend the previous
findings by other researchers on the effect of E@dtios on Lithium-Polyether electrolyte
systems>*’

At very high EO:Li ratios conductivity decreaseeda polyether crystallization and also
due to the decrease in charge carrier concentrafiom highest EO:Li ratio investigated in this
study is for sample6c and4c. The sampledc and6c have comparable EO:Li ratios and their
carrier concentrations are relatively low compatedther samples. If the ionic conductivity
depends only on EO:Li ratios then both samples Ishtvave similar conductivities at all
temperatures. As expected, both of these samples ¢eamparable conductivities above %0
However, there is a sudden drop in conductivityoleBO °C only for samplesc. Thermal

analytical data presented in
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Figure 5.6 DSC traces obtained for ionic melts 4b and 6cfaureé PEG 5c.

Table 5.2DSC results of ionic melts 4b and 6¢ and pure PEG 5

material AH(J/g) T (°C) T, (°C)
4b - - -38

6¢c 15.7 26 -36
5c 182.8 58 -
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Figure 5.6 shows that at this temperature, thispdamstarts to crystallize. We did not
observe crystallization in the other samples. Tioeeethis suggests that ionic conductivity can
be influenced not only by the EO:Li ratio but algocrystallization of the polyether chain.

For this particular series of ionic melts, the séstr polyether chain length that
contributes to crystallization can be taken asléhngth of the polyether chain of the sampte
which has the longest polyether chain length dualbthe materials investigated. Previous
studies on pure polyethers show that when the dbagth gets longer the system is more prone
to crystallizatiof?. Crystallization causes the polyether segmentss® the sufficient flexibility
to coordinate to and move the lithium cations amekrdby decreasing conductivity. Based on
observations on crystallization and EO:Li ratia ¢an be concluded that any material that falls
outside of these limits, (1) longer chain lengthn6c (2) higher EO:Li ratio tha®c , will
have relatively low ionic conductivity at ambiertriperature.

The amount of crystallinity that has contributed thee significant lowering of the

conductivity of samplé&c at 30°C has been calculated as follows:

X¢ = AH/AHq x 100

where X% is crystallinity, AHo is the melting enthalpy of the pure PEG (see Table 2, M=
2000) andAH is the melting enthalpy of ther (see Table 5.2). Therefore the crystallinity éar
compared to pure PEG is 8.6%.

The highest ionic conductivity in this class ofteréls occurs at an optimal EO:Li ratio
of 12 for ionic meltdb. Figure 5.6 shows that no crystallization is asged with this material

and it is completely amorphous.
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Conclusions

The effect of several factors (e.g. temperatureppmmsition) on ionic conductivity was

investigated. The conductivities of ionic mettsand6éb reached 10 S cmi® value above 60 °C.

These ionic melt electrolytes are free of non-iamipurities.
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CHAPTER SIX
NEW ANION FOR ROOM-TEMPERATURE IONIC LIQUIDS
Introduction

There is great interest in ionic liquids as altékea electrolytes for replacing
conventional salt-in-solvent liquid electrolytesedsn some electrochemical applications. This is
due to their significant differencesm physical and chemical properties compared to the
conventional electrolytes. They are non-volatilel ason-flammable and have a high thermal
stability (>300°C). Other properties such as high ion content aiag wlectrochemical window
(> 4V) are also considered advantageous for eleltérical application?

Although a large number of ionic liquids have begnthesized, most of them are not
suitable for electrochemical application becausthefpoor conductivity (< 1 mS) and very high
viscosity (> 100 cp) at room temperature. Howeitehas been reported widely that the ionic
liquids formed from the combination of a fluoro amiwith a cation such aalkylimidazolium
have resulted in ionic liquids that display relatiw low viscosities and high conductivities
favorable in electrochemical applicatiSn&Examples for such flouro anions dRF]", [BF4],
[(CFSOy)2N]'and [CRSGs]™ anions.

In this paper we report the synthesis, charactieoizeand properties of a new room-
temperature ionic liquid based on the fluoro aniois(trifluoromethyl)phosphinate ([GRPO,

1). Some of the key physical and chemical propsroé ionic liquids based on this anion are
compared with those for ionic liquids based on Hig(trifluoromethylsulfonyl)imide-anion
(TESI). The chemical structures of the new IL anel TFSI anion based ionic liquid are shown
in Scheme 1 below. The common cation found inghe® ionic liquids is methybutylimidazole

([BMIM]).
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Scheme 6.1 chemical structures of (top) [BMIM] [(GPO,] and (bottom) [BMIM][TFSI]

Experimental

Chemicalsimidazolium bromidéand bis(trifluoromethyl)phosphonic acidere
prepared by procedures described in literatureylBugthylimidazolium
bis(trifluoromethyl)sulfonyl)imide [BMIM][TFSI]) iaic liquid was purchased from Sigma-

Aldrich.
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Analytical procedures’H, *F and®P NMR spectra were measured on a JEOL 300
(300.13 MHz for'H, 282.40 for'®F and 121.5MHz fof'P) and Brucker Avance 300 in
acetonitrile-D3 except where notefF chemical shifts were referenced to internal steshd
CFCk. 'H chemical shifts were referenced to lock solveBtCN. The external reference foP
NMR, 85% HPO, was positioned at O ppm. Infra-red spectra wertainbd using a Perkin-
Elmer 1600 series FTIR spectrometer. Energy disgeds-ray (EDX) spectra were recorded by
a SiLi detector (Oxford) attached to a SEM (S-3406litachi). Thermogravimetric analyses
(TGA) were recorded on a Perkin-Elmer TGA 7 under (). lonic conductivities were
measured as a function of temperature by electroa impedance spectroscopy (EIS). Data
were collected using a Solatron model S| 1286 edebemical interface coupled to a Solatron
model 1254 frequency response analyzer. The condyatxperiments were carried out inside
of a stainless steel apparatus using a conductoaty constructed from PEEK (polyether
etherketone) material and under a nitrogen atmaes@®sepreviously described by us in reference
[3]. The conductivity was calculated by dividingetbell constant value by the impedance value
extracted from a Nyquist plot. Viscosities were swad using a set of calibrated Cannon-
Manning Semi-Micro Extra-Low-Charge capillary viseeters. Densities were determined from
measuring the weight of the 1mL volume dispensedabyEppendorf micropipette. Cyclic
voltammograms were recorded on neat ionic liqguidgg a platinum (Pt) working electrode and
a Pt auxiliary electrode and silver (Ag) wire agederence electrode on CH 660 A (CH
instruments) instrument.

Synthesisin water (2 mL) solid Ag.O (1.1g, 4.9 mol) and (GRPOH (2.0 g, 9.9
mmol) prepared as described in reference 5 wenedtuntil the AgO had reacted completely

giving a clear solution. 1-Butyl-3-methyl-imidaaoh bromide (2.2g, 9.9 mmol) dissolved in
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water was then added to this solution. After I ktioring, the AgBr precipitate was filtered off,
and the filtrate was concentrated on a rotary esapn The resulting slightly yellow color
liguid was further dried overnight in a vacuum oven 120 °C to give 2.99 of
[BMIM][(CF 5).PO,] (85% yield)."H NMR (CDCNs, 300.13 MHz )3 = 0.91 (t, 3H, -CH), 1.26
(m, 2H, -CH), 1.78 (m, 2H, -Ch), 3.8 (s, 3H, -Ch), 4.10 (t, 2H, -CH), 7.35 (d, 2H, -CH), 8.59
(s, 1H, -CH).**F NMR (CDCN;, 282.40 MHz):8 = -72.73 (d, 6F, -CF3}'P NMR (CDCN,
121.5MHz ):6 = -6.10 (septet, -(G.P).

Elemental AnalysisAnal. Calculated for ¢H1sFsN2O2P : C, 35.3; H, 4.44; F, 33.5; N, 8.2; O,

9.4 %. Found C, 34.85; H, 4.73; F, 33.49; N, 8.0:@B0; O, 12.5%,

Results and discussion

Synthetic aspect$BMIM][(CF 3).PO,] was prepared by a metathesis reaction of 1-butyl-
3-methylimidazolium bromide, [BMIM]Br, with an egular amount of Ag[(C§.PO,] as
described in detail in the synthesis sectitit, *°F and*'P NMR spectra did not show any
signals of impurities and were in agreement with #xpected chemical structure. Chemical
composition analysis by elemental analysis (se¢hsgis section) gave results that agree with
the chemical formula dBMIM][(CF 3),PO,] . Energy-dispersive X-raygDS)spectral analysis
(see supporting information) did not indicate thhesgnce of bromide or any other inorganic
impurities. Comparison of the FT-IR spectra of [BMITFSI] and [BMIM][(CF 3),PO,] over
time in air indicate that [BMIM][TFSI] saturates igkly with a smaller amount of water uptake
from air whereas [BMIM][(CE).PQ;] appears to be more hydrophilic and thereforewhager

uptake from air is much greater. By placing a dsbnic liquid on the inside surfaces of one of
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the KBr windows at the ends of a FT-IR glass cetl §as analysis, and after evacuating the
inside air for 30 min using dynamic vaccum systeme recorded an FT-IR spectrum for
[BMIM][(CF 3).PQ,] (see Figure 6.7 in supporting information sectioAbsence of the —OH
stretching band in the 3200-3800 tmregion in the recorded spectrum showed that absorb
moisture in [BMIM][(CR).PG;] can be completely removed by thus drying in vaedar 30 m.

All relevant FT-IR spectra are provided in the sonpipg information section.

Thermal propertiesTable 6.1 shows glass transition temperatures,imgefioints and
thermal decomposition temperatures for the invastg) ionic liquids. The glass transition
temperature for [BMIM][(CE).PO,] was obtained from the differential scanning cahmtry
(DSC) curve recorded in the temperature range #®0D00°C at a heating rate of ®min™.
Compared to the [BMIM][TFSI], the new ionic liquidid not show a melting point suggesting
that it has a weaker tendency than TFSI based ianua for crystallization. The absence of a
melting point and roughly a same low glass tramsittemperature of [BMIM][(CE).PO;)
compared to [BMIM][TFSI] indicate that this new ierliquid is a good glass former. TGA data
were recorded with similar sample sizes, near 12and at sample heating rate of ZDmin.
Figure 6.1 shows the TGA curves recorded for these ionic liquids. [BMIM][(CFR;).PO,]
shows some minor weight loss, < 1%, below 2@ [BMIM][(CF3),PO,] appears to be
somewhat less thermally stable than its TFSI andlmgmal decomposition temperature of the

new ionic liquid is somewhat lower than TFSI analsge Table 6.1).
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Table 6.1 Physical parameters determined for ionic liquids

IL MW 0 T, Tor Tq M o
(@mol) (@ml) (°C) (C) (C) (cp) (mScrit)
[BMIM][TFSI] 419.4 145 84 3 459 497 3.7

[BMIM][(CF 3),PO;] 340.2 1.35 -88 a 380 101.8 2.4

Molecular weight (MW), densityp], glass transition temperaturey);Tmelting point
(Tm), decomposition temperaturegfand dynamic viscositynj, specific conductivityd)
are given. T = 25C.

% melting point was not observed

Pdetermined by DSC exotherm

“determined by TGA analysis

100 -

80 -

60 -

40 A

Weight percent/ %

20 4

[BMIMI[(CF),PO,] \
— —  [BMIMJ[TFSI]
O T T T T T
100 200 300 400 500
T/ °C

Figure 6.1 TGA results for [BMIM][(CR).PO,] and [BMIM][TFSI]
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Fluidity and ConductivityThe fluidity (inverse of viscosity) and the conduity of the
[BMIM][TFESI] and [BMIM][(CF 3),PO,] samples strongly depend on the temperature used f
the measurement. The behavior of viscosity (Figu?@¢ and conductivity (Figure 6.3) over the
temperature range between ®5and 100°C doesnot follow the Arrheniusaw, but can be best
described by the the Vogel-Fulcher-Tammann equatidrhe Vogel-Fulcher-Tammann

equations for viscosity and conductivity are givsnequations 6.1 and 6.2 below.

c=0c,exp[-B, /(T-T,)l Equation 6.1

1 1 Equation 6.2
H=—exp[-Bn/(T—To)] d

Mo

In these equations andn are the conductivity and viscosity respectivety(Scni') and
no (P ) are constants associated with conductivity @scosity, B (K) and B, (K) are pseudo
activation energies for conductivity and fluiditgnd To (K) is a characteristic temperature
corresponding to the freezing of the liquid withihe VTF theory. The values for these
parameters are obtained by non-linear fits of Baa(id Eq.(2) toy’-T ando-T datasets and are
given in Table 6.2 and Table 6.3 respectively.

The conductivity is defined as the product of thie concentration times the mobility of
the ions. It has been discussed in the liter8futeat the glass transition temperature Tg is a
measure of the mobility of the ions and the pseadivation energyB, is a measure of the
degree of dissociation of the ionic liquid. The &whe Tg value, the higher the mobility of the
ions and thus the conductivity. Lower the ®&alue, the weaker the temperature dependency of

ion transport of the ionic liquid. In the thernpabperties section we observed that thevalgies
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of both these ionic liquids are similar. Howevdre VTF fits show that the Bvalue of
[BMIM][(CF 3).PQ,] is less than the B value of [BMIM][(CF 3),PO,] suggesting that
[BMIM][(CF 3).PQ] is less ion-paired than [BMIM][TFSI]. This resu$ further supported by
the fact that the difference betweeionic conductivity of [BMIM][(CF 3).,PO,;] and

[BMIM][TFSI] is smaller than the difference betwetreviscosities of these two ionic liquids.

100
0 [BMIM][(CF 3),PO;]
O [BMIM][TFSI]
10 4
HA
'O
2
(@]
e
IS:
1 -
01 * * * * T * * * * T * * * * T
2.6 2.8 3.0 3.2 3.4

1000/T (K%

Figure 6.2 Fluidity data for [BMIM][(CF;).PQ,] in comparison with
[BMIM][TFSI]
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Figure 6.3 lonic conductivity of data for [BMIM] [(CE).SOG:N] in
comparison [BMIM][(CFR).PQ,] conductivity values.

Table 6.2 The best fit parameters for the fluidity data

no (P) B, (K) To (K)
[BMIM][(CF 3),PO,]  0.00164 827.7 169.4
[BMIM] [TFSI] 0.00167 740.5 168.2

Table 6.3 The best fit parameters for conductivity data

oo(Scni’) B, (K) To (K)
[BMIM][CF 3),POy] 0.382 442.6 211.1
[BMIM][TFSI] 0.800 678.8 171.7
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Figure 6.4 Cyclic voltammetry of neat [BMIM][(CE).PO;,)] and neat [BMIM][TFSI]
at 23 °C, on a platinum electrode, with a platincoanter electrode and Ag/Ag+
pseudo reference electrode with a sweep rate ohV¥)

Electrochemical stabilityThe electrochemical stabilities were determineadbiath ionic
liquids using cyclic voltammetry (CV) at platinuneetrodes vs. a silver quasi-reference
electrode in their neat liquids. CV scans were gbvarst recorded from positive to negative
direction.  Cyclic Voltamgrams for the ionic liggidare shown in Figure 6.5. For
[BMIM][(CF 3),PO;] an electrochemical window of 4.5 V was determin€lde electrochemical
window of [BMIM][TFSI] was about 4.2V. This suggeghat [BMIM][(CFs).PQ,] is somewhat
more electrochemically stable than [BMIM][TFSI]. &lsmall additional reduction peaks at -2V

and -1V could be due to reduction of absorbe® dr dissolved @
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Conclusions

A new ionic liquid [BMIM][(CF3).PO;] based on a new fluoro anion (§§fP0, is reported. Its

chemical and physical properties were investigateaiiiding thermal stability, viscosity, voltage

window, and conductivity. This substance may bdulses an electrolyte in batteries.
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Supporting Information

FT-IR spectra:Figures 6.5, 6.6, 6.7 and 6.8 shows the FT-IR tspecf the compounds

[BMIM][(CF 3),PO], [BMIM][TFSI], [BMIM]Br and (CF3),POK. It should be noted that the only
the FT-IR spectra given in Figure 6.7 is recordedar vacuum conditions so that we could find out
if we can get rid of all the moisture present ie #ample. The vibrational bands appearing in the al
these FT-IR spectra can be assigned as follows.

FT-IR (Thin film, cm") : 3200-3500 (-OH stretch, H-bonded), 3000-315%-(& stretch,
aromatic),2800-3000 (-C-H stretch, alkanes), 15ZFC- stretch, aromatic), 1466 (-C-H bending,

methyl), 1168 (-C-N stretch, amines), 1133 (-C+€tsh, alkanes), 1280-1340 (-P=0 stretch )
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Figure 6.5 FT-IR spectrum of the [BMIM][(CE).PQ,] ionic liquid
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Figure 6.6 FT-IR spectrum of the [BMIM][TFSI]
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Figure 6.7 FT-IR spectrum of the [BMIM][(CE).PQ,] ionic liquid
obtained under vacuum conditions. Note the absehttee -OH stretcl

that appears at 3200-3500 Ciinat appeared in Figure 6.5.
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DSC dataThe DSC curve of [BMIM][(CE).PO;] is shown in Figure 6.8.

0.15
—— [BMIM][(CF 3),P0;]

0.10 +

0.05 A1

0.00 +

Heat flow (exo up)

-0.05 +

-0.10 ~

-0.15 L L L L . L L L L . L L L L .
-100 -50 0 50 100

T (°C)

Figure 6.8 DSC spectrum of the [BMIM][(C§.PQ;,] ionic liquid
EDX date Energy dispersive X-ray spectrum of [BMIM][(@EPQO,] is shown below in
Figure 6.7. Indicates that there no peaks can textdel corresponding to elements other

than what constituted the material.

Spectrum 2

i
o]
M £
T T T T T T T T T T T T T .l T T T T T T T T T

a 0.2 0.4 0.6 0.8 1 12 14 16 18 2 22 2.4 26 28 3
Full Scale 4039 cts Cursor: -00326 (0 cts) ke

Figure 6.9 EDX spectrum of the the [BMIM][(C§.PQ,] ionic
liquid. The two K, lines centered at 1.5 kv shows the where a

for Br is expected
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Table 6.4 The self-diffusion coefficients of cation {Pcnfs?) and anion (Q cnfs?) of
the ILs

At 25°C At 60°C
Compound /10’ D/10’ D'/10’ D/10"
[BMIM] [(CF 3),POj] 1.1 0.9 4.9 4.1
[BMIM] [(CF 3),SO:N]” 2.8 2.2 9.0 7.5

* the diffusion data were obtained from Pef

Activation Energy Calculation:
The tangent line to the curve y = f(x) at x has a slope tx;) and passes through the point

[X1,f(x1)]. The equation of the line with that slope pagsimough that point is

y =f(x;) +(x-x) * £1x,)

This can be rearrange to give y=f{(x,) *x+C whereC=f(x,)—x, *f(x,)

Taking f(x) =y = logs and x = 1/T and substituting these values in aqd taking the

derivative of eq 1 with respect to 1/T, we get

d(logo) -B,
d(UT)  (1-T,*x)?

Therefore the equation of the tangent at x =I(T;

“5lT)
logo=C—-——o——| =
(1-T,*x,)°\ T

The equation of this line is parallel to followidgrhenius equation

lo 0——E(lj
= RIT
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Therefore the Arrhenius activation energy at agitemperature T can be calculated from VTF

equation and it is equal to,

., R*B.T?
: (T_To)2

Additional FT-IR spectra:

110.6,
100

90

80

70 580.76
2447.03
60 2736.20 2062.82

50
%T 950.00

404 1020.65 §96.59
1B381.75

30 1336.38 14.89 A
1627.18 1j1p9.52 840.26 azahs
20
; 754.41
10 314180 1464.65 652.03
E 1873.16
1571.07 621.90

0] 1168.97

3434.81 3074.36
2960.11

-10.0

4000.0 3000 2000 1500 1000 450.0
cm-1

Figure 6.10FT-IR spectra of [BMIM]Br
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CHAPTER SEVEN

CONCLUSIONS AND OUTLOOK
Introduction
Chapters 2 discussed the synthesis and charatiamizaf short chain perfluorinated
model compounds functionalized with phosphonic, spininic, sulfonic and carboxylic acid
protogenic groups. The model compounds were claraetd with respect to proton
conductivity, viscosity, proton and anion (conjugabase) self-diffusion coefficients, and
Hammett acidity. The results of the study colleetyvsupported the hypothesis that anhydrous
proton transport in the phosphonic and phosphiaid enodel compounds occurs primarily by a
structure diffusion/ proton hopping based mechaniather than a vehicle mechanism. Further
analysis of ionic conductivity and ion self-diffosi rates using the Nernst-Einstein equation
reveals that the phosphonic and phosphinic acidsrelatively highly dissociated even under
anhydrous conditions. In contrast, sulfonic andoaylic acid-based systems exhibit relatively
low degrees of dissociation under anhydrous caoubti
Chapter 3 discussed the effects of increasing #lupoalkyl chain length on the

molecular properties of viscosity, diffusivity apdoton conductivity of phosphonic, phosphinic
and sulfonic acid model compounds discussed inteh@ The results of the study concluded
that proton conductivity of the phosphorous basedsais dependent on the fluorine to proton
content. Perflourinated phosphonic acids show mhbigiher conductivity (by an order of
magnitude) than perfluoroalkyl phosphinic acids ewhthe perfluoroalkyl chain length is
increased. The proton conductivity of sulfonic ad&treases with the increasing perfluoroalkyl
chain length. The decrease in proton conductivitysulfonic acids was proportional to the

decrease in viscosity observed with the increaperfjuoroalkyl chain length. This observation
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was in contrast with the relation observed phosph®rbased acids on viscosity and
conductivity.

Chapter 3 discussed the effect of addition of waterpefluorinated phosphonic,
phosphinic, and sulfonic acids. An order of magphét increase in proton conductivity was
observed with phosphonic and phosphinic based .athds proton conduction mechanism at low
hydration in phosphonic acids appears to be predamiy based on the structure
diffusion/proton hopping mechainism. In contrabg tonductivity increase with addition of low
content of water in sulfonic acids appear to beeias vehicle mechanism as it indicated by the
high mobilites of the charge carriers.

Most of the polymeric materials discussed in thaptr 1 as proton exchange membrane
materials are random copolymers constituting a ¢ghobic fraction and a hydrophilic fraction.
Hydrophilic fraction contains the protogenic growgueh as phosphonic or sulfonic acid groups
that provide conductivity. Hydrophobic fraction ef§ the mechanical strength. Mixing of
hydrophilic and hydrophobic content in a copolynteads to isolated morphological domains.
Depending on the preparation methods a copolymetacong hydrophobic and hydrophilic
fractions can exhibit different morphologies anéréfore can influence the resulting proton
conductivties. High proton conductivity can be &efeid only if a highly percolated morphology
of hydrophilic domains is ensured within the copoér system. Poor conductivities of
fluorinated phosphonic and phosphinic acid basednibnanes discussed in chapter 1 were
speculated most probably due to a poorly percolatetphology. While there are many papers
available that discuss how to synthesize phospkdmatmbranes for PEMFCs, scientific papers
that discuss the transport properties of a phosgiednmembrane in terms of its distinct

differences in microstructure are still lackinditerature.
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The model compound study does not take into coretid@ how the immobilization of
the phosphonic and phosphinic protogenic groupkaffiéct the transport properties of comb-
branch ionomers. Immobilzation limits the translal motion of the protogenic groups.
However, since the proton transport of the phospimbased acids are predominantly rely on
structure diffusion mechanism, where protons aagsfierred via the formation and breaking of
hydrogen bonds between the acid groups, the phospéa polymers must show high transport
properties as model compounds. However, it sholdd &e noted that depending on the
flexibility of the spacers that are used to covHietink the protogenic group to the polymer
backbone the mobility of the protogenic group ane protonic charge carriers therein can be
lost. Therefore it is important to guarantee thmedlexibility for the spacers as in model acids

to avoid any loss in conductivity that can incureafmmobilization in a polymer.

The polymer membranes must also posses good theecbanical properties for use in
high temperature operation fuel cells. For exantple Nafion membrane is mechanically
unstable at temperatures above 2G0due to its low glass-transition djTtemperature (J for
Nafion®-112 is 11°C). We showed in chapters 2 and 3 that how thetheafythe spacer group
affect the proton conductivity. It may be also hesgible that depending on the length of the
spacer connected to the phosphorous-based acigd greu value of the polymer to increase or
decrease. While it is possible to predict the catidity depending on the spacer length, it is not
possible to predict thegivalues of polymers or how thg Values are going to be affected based
on the model acids investigated in this study. Eoample with a shorter spacer group the
polymer may exhibit a lower gTand high conductivity and with a longer spacerugrghe
polymer may exhibit a highergTand poor conductivity. A membrane with a highgr(@ove

120°C) is thought to have good thermo-mechanical ptasefor PEMFCs that operates at or
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below 120°C. A higher Tg shows that the polymer is moretelaand therefore can withstand
higher temperatures.

It was discussed in chapter 1 that the ionic cotidtye of the polymer membranes
depends on its ion exchange capacity (IEC) valtigs. higher the IEC value of a polymer the
higher the expected conductivity. Based on the ideast can shown that for the phosphorous-
based model acids investigated here have IEC valuel®se to 10 meg/g. In chapter 1, we saw
that for all the phosphonic and phosphinic acicedgsolymers, their IEC values did not exceed
much above 3 meq/g . This suggests that there beusbme technical difficulties in achieving
very high concentrations of phosphorous-based apmisps during the immobilization process.
Most probably increasing the IEC values close t@d result in membranes with compromised
mechanical properties. Membranes with poor mechapioperties can either swell too much or
can leach out easily from the PEM.

The chapter 5 describes the synthesis, charadienzand ion transport of lithium
polymer electrolytes that can provide rechargeétileim batteries with high power/ high rate
capabilities by overcoming concentration polar@atilnvestigation of the purity of the ionic-
melt by HPLC analysis and electrospray ionizatioessspectrometry indicated that the ionic-
melt is free of non-ionic impurities. The higheshic conductivity of 7.1 x 16 S/cm at 30 °C
was obtained for the sample consisting of a lithigait of an arylfluorosulfonimide anion
attached to a polyether oligomer with an ethylem®xEO) to lithium ratio of 12. The
conductivity order of various ionic melts havingfelient polyether chain lengths suggests that at
higher EO:Li ratios the conductivity of the eledytes at room temperature is determined in part

by the amount of crystallization of the polyethertmpn of the ionic melt.

139



The chapter 6 describes the synthesis and chdeatien of a new room-temperature
ionic liquid based on a alkylimidazolium cation amew fluoro anion [(CE.POy].
Investigation of itdhermal stability, viscosity, voltage window, anohductivity suggests that it

may be a useful as an electrolyte in batteries
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Appendix A

Conductivity Cell
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Figure A-1: PEEK conductivity cell
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NMR spectra for the phosphonic acids

Appendix B

3P NMR spectra of GJPOsH,
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'H NMR spectrum of CEPOsH,
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°F NMR Spectra (CH,POH
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3P NMR Spectra §POsH;
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'H NMR Spectra GFoPOsH,
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3IF NMR Spectra (¢Fg),PO:H
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abundance

Appendix C

lonic melt

'H NMR: CH;0-(CH,CH,0)11 Ph-SAN(L)SO,CFs
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'H NMR: CH;O-(CH,CH,0)11 ¢Ph-SQN(Li)SO,CF;
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