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Abstract

Li and F Nuclear Magnetic Resonance Spectroscopy (NMR) was tosed
investigate of the nature of lithium triflate dissolved in mies of ether and amine
solvents. The transport of ions in the liquid and polymer electroigtedluenced by
the presence of the heteroatoms in the polymer or the liquid. Thesebeen
considerable research reported in the literature as far axyhen- and nitrogen-based
liquid electrolytes and solid polymer electrolytes are concerhéslalso reported in the
literature that polymer electrolytes based on hybrid esyst (oxygen and nitrogen
heteroatoms) such as the MEEP (poly[ bis(methoxyethoxyethoxy)pdwespd]) have
exhibited some of the best room temperature conductivities. Anotheragtiree
hybrid polymer, poly(N-(2-(2-methoxyethoxy)ethyl)ethyleneimin@PEI-G2) was
reported in the literature to show high conductivities with add#duin triflate.
Analysis of the LPEI-G2 polymer electrolyte showed evidence tbiutn cation
coordination to oxygen but no evidence of nitrogen coordination. To study pleisty
mixed ether-amine system further, model compounds and their nsixtitte dissolved
lithium triflate were studied usindLi and *F NMR as an investigative probe.
Conductivities, changes in dielectric constant, and self-diffusiorficeets data were
measured. Thé&i, *°F, conductivity, and self-diffusion data suggest that lithium teifla
does not exist as a dissociated species and mostly forms loissgggregates. A model
is presented which reconciles the different possible specidsrsliaggregates with the
“Li, *°F, conductivity, diffusion coefficient, and dielectric constant data. idagbn of
the Nernst-Einstein equation to the self diffusion data suggests 9%088%association

in an amine solvent (N,N,N’,N’-tetramethylethylenediamineaspared to an ether



solvent (monoglyme) which showed 99.97% ionic association. The conductivéy da
supports the ionic association data derived from Nernst-Einstein @guéti amine
solvents the conductivity is relatively low (~"1@/cm) and increases monotonically to
(~ 10* S/cm) on the addition of ether solvents. Changes in the dieleotrgtant for
samples with different fractions of nitrogen and oxygen hetienos suggest that the
dielectric constant of the medium which dissolves the lithiurtateifplays a role in the
different species formed by the lithium triflate but thaédfic interactions of the salt
with the solvent play a significant, possibly determinate rahe dmine content forces
formation of more or bigger clusters/aggregates that leads tr lo@nductivities. A
chelation versus coordination effect was seen for molecules tog$ two nitrogens

or oxygens compared to one nitrogen or oxygen, respectively.

In the course of this work a method to use Electron Paramad®esicnance
(EPR) to study of dielectric properties of liquids was developkd.signal response of
an EPR active species is attenuated by the medium itKeaping all other parameters
the same, the higher the dielectric constant of the mediumower the EPR signals
response. This behavior is problematic in studying EPR active spedigh dielectric
media but can be capitalized upon to determine the dielectric comstéamtmonitor
changes in the dielectric constant of the medium. Using a cdaRRlcell design, the
EPR signal of a stable nitroxyl radical compound (2,2,6,6-Tetrampipgtidin-1-oxyl
radical) in a low dielectric constant solvent in the inner tuladtéuated by the solvent
present between the inner and outer tubes (jacket medium). The @bienoereases
monotonically with an increase in the dielectric constant of Huketf medium.

Calibration curves can be constructed using jacket media of knowetdeonstants

Xi



ranging from 2 to 80 and the dielectric constant of a sample ssix gacket medium
can be determined by interpolation. The application of this technigdetéomine the
dielectric constants and/or composition of mixed solvents, to monittregate of a

reaction, and to the study of surfactant solutions is presented.

Finally, the synthesis and modification of poly(ethyleneimimgI} polymers
such as branched PEI (BPEI) and linear PEI (LPEI). The modidiicatf BPEI was
done by substituting allyl groups on the nitrogens as cross-linkieg. sThe allyl
groups were cross-linked under UV light in the absence of initiatoediminate any
interference caused by the initiators in the ionic transport pherani@e highest ionic
conductivity of the crosslinked BPAEIl/lithium triflate without angitiator was
measured to be 1.12 X 1®/cm and was compared to the cross-linked BPAE/lithium
triflate in the presence of initiator. No significant improvemienthe conductivity of
the BPAEL/lithium triflate cross-linked without any initiatoorapared suggested that
the initiators did not have a strong influence on ionic transport irBEEl/lithium
triflate electrolyte system. Linear poly(ethyleneiminedswpartially substituted with
different lengths (Gwhere x = 1,2,3) of PEO-like tethers and partially substituiéd w
allyl groups (LPAGEI), cross-linked in the presence of lithium triflate as g saltl the
conductivity of the resulting cross-linked polymers was investigalehe highest
conductivity for LPAGEI was measured to be 2.7 X “108/cm. The highest
conductivity for LPAGEI was measured to be 4.4 X1 ®&/cm. Comparison of the
LPAG;EI and LPAGEI electrolytes shows that increasing in the oxygen content in the
polymers does improve the conductivity. Model compounds for LREp&ymers

were synthesized and characterized using NMR.
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Chapter 1

1.1 Introduction to Batteries

“Electricity” is the one of the major utilities which benefits mankind in
enormous ways. Thermal, hydro and nuclear are some of the important ways teegenerat
electricity. Another way of generating electricity isatechemically. Electricity can
be produced electrochemically by the conversion of chemical netg electrical
energy and the reverse process is referred to as raufparfinese processes are
generally carried out using electrochemical cells known aereat®* The global
battery market is more than 50 billion dollars, out of which roughly#ibn dollars is
allocated to rechargeable (secondary) batteriEise growth of the battery industry is
estimated to be 6% annually. In the future it is predicted that mwesitike China, India,

Brazil and South Korea will record some of the highest marketsgas far as the

battery market is concerned.

With the supply of the fossil fuels running out, making breakthrough research in
the development of renewable energy sources (solar, wind, etbgtasie one of the
important agenda items for research scientists. Since theéeleade, tremendous effort
has been made to develop efficient methods to convert renewably émelectricity
for use in applications which are dependent on fossil fuels now. Rbleewaergy

could be a solution to the threatening problems of:
1. Securing energy and resources,

2. Steady economic growth, and



3. Preservation of the natural environment.

Although renewable energy is long lasting, it is also unstableekxample, the
sun does not shine all the time and the wind blows hard sometimes at aift'
Therefore storage of energy is necessary so that it caretdemnen required. Batteries

are one way to store renewable energy, making use of these resourcealpracti

A battery is an electrochemical cell that consists of attellyte which
separates two electrodes, the anode and the c&thadlethe three components, the
electrolyte, the cathode and the anode have been the subjectrobadoeis amount of
research over the past 30 years. In an attempt to make dsmtteare reliable and
durable, the battery electrolyte is one of the most studied agarched components of
a battery. A'battery electrolyte” is the medium in the battery through which the flow
of electric current takes place by ion migration. Batterytelgtes can be classified in
different categories known as liquid, gel and solid polymer elgtedf.
Commercially available batteries mostly use liquid electesly These liquid
electrolytes are commonly solutions of acids, bases, or saltsdiShdvantages of
liquid electrolytes include leakage of the electrolyte, lavergy density, and low
physical durability and reliability. Solid polymer electrolytesuld be a solution to
these liquid electrolyte problems as will be discussed latdris chapter. However, in
all kinds of electrolytes (liquid, gel or solid polymer electrejt one factor remains

common, ion transport in the electrolyte medium

For a battery the effectiveness depends on its conductivity, whidrim

depends on effective ion transport in the battery electrolyte. dospgort depends on a



lot of factors. The most important factor is the medium (elegepthrough which the
ions are transported. Regardless of nature of electrolytes ¢(sdiguid), heteroatoms
play an important role in ion transport mechanism since heteroaterhsas nitrogen
and oxygen have the capability to coordinate to metal cationstu@ly the effect of the
heteroatoms, it would be easier to study liquid model compounds, ratoerthe

corresponding solid polymer electrolyte, eliminating morphologisslies caused by

the bulky, long polymer chains.

The research presented in this thesis involves a detailed sty afd *°F
NMR spectroscopy of lithium triflate in liquid electrolyte madvith mixtures of two
different heteroatom (nitrogen and oxygen) solvents that represa@hpsbimers with
nitrogen and oxygen heteroatoms. Changes in the chemical shiftawfd *°F NMR for
different mixtures of nitrogen and oxygen containing solvents wilhisestigated. The
effects on the conductivity of the different electrolyte mixsunath different ratios of

nitrogen and oxygen containing solvents will also be investigated.

The change in the dielectric constant of the electrolyte mtwith different
ratios of nitrogen and oxygen containing solvents will also be inatstigusing EPR
(Electron Paramagnetic Resonance) spectroscopy. The applicatiamisofEPR
technique to measure dielectric constant of solvents, mixturesheénts, and study
different dielectric constant-related properties is also discussthis dissertation. The
observations made in the liquid model compounds will be useful of apphcati
developing new solid polymer electrolytes involving nitrogen and oxygehe same

polymer.



In this chapter, a brief history of batteries and statistics wnwglbattery use
will be followed by an introduction to liquid, as well as polymercetdytes. The role
of solvent heteroatoms in ion transport in electrolytes and a etktadcount of the

competition for coordination between nitrogen and oxygen will be discussed.
1.2 History of Batteries

The first use of batteries dates to almost 2000 years’ado 1936
archaeologists discovered a set of terracotta jars withoarrad in it. It is speculated
that these were ancient galvanic cells. It is also belidvadcommon food acids like

vinegar were used as electrolytes in these cells.

The first recorded reports of the invention of a battery datk teathe 1700’s.
In the year 1749 Benjamin Franklin was the first person to userthe‘battery”*?. He
referred to a set of capacitors he linked to perform an exeetimith electricity as a
battery. The capacitors were panels of glass coated witHsnoeteboth the surfaces.
The capacitors were charged using a generator and dischargedtacting it with a

metal electrode.

In 1800 Volta invented the first true batteljigure 1.3 *2**%° The cell was
known as a Voltaic pile. A Voltaic pile consisted of copper and zisc plates stacked
on top of each other. Each pair of copper and zinc plates was sdparateth soaked
in a brine solution which acted as the electrolyte. This bapferguced a continuous
and stable current. Volta experimented with a lot of metatdemsrodes and found out
that zinc and silver worked the best. Although these batteries gimme and

continuous currents, they had some disadvantages such as leakag&ajteleshort



circuit due to compression betw: the two electrodesand bubbles oflammable
hydrogenfrom the electrolyte being electrolyzed on the @, which also increased

the internal resistance of the batt

Electrolyvte _ N

—

Zinc A
Coppor  gEmmmmy | Flement

i(ﬁJ})

Figure 1.1 Representation of Voltaic Cell (Figure reprodent from

http://en.wikipedia.org/wiki/History of the_batti)

The Voltaic pile, though with some disadvantagesas whe first ever “we
battery” invented. This battery is the referencedib batteris made since then. Due
his important contribution to mankind, the term ‘Wahat represents the potent
needed to drive 1 ampere of current through atresitoad of 1 ohm is amed after
him. After the invention of Voltaic pile, a lot of effort vs put into research -
overcome the problems faced by these batt. William Cruickshank overcame tl
problemsof electrolyte leakage and short circuit facedtmyvoltaic pil**° He put the
copper and zinc plates horizontally rather thackstey trem one over the other. Tt

was known as a “trough batteryFigure 1.2.



Figure 1.2 Representation of Trough Battery (Figure reprockd from

http://en.wikipedia.org/wiki/History of the batti)

In 1836, a British chemist named John Fredric Dbaoeme up with a batter
which eliminated the problem of hydrogen bubble nfation in Voltaic pile

batterie$>?**’ (Figure 1.9).

[ Voltmeter J

salt bridge

Copper Sulfate Zinc Sulfate
Solution Solution

Figure 1.3 Modern representation of Daniell Cell. (Figuneeproduced fromn

http://en.wikipedia.org/wiki/Daniell_céll



The battery consisted of a copper pot with copper sulfate solutionhdémot
earthen pot was immersed in the copper sulfate solution with zifatesahd a zinc
electrode in it. The earthen pot is porous enough for the ions to pasghhout the two
solutions do not get mixed. Shown above is a modern version of DanielvideH is
used in laboratories to display Daniell cells. The Daniell patls out a voltage of

approximately 1.1 Volts.

William Robert Grove invented the Grove cell in the year 84%In this cell
the anode was a zinc electrode dipped in sulfuric acid and a platatbhode dipped in
nitric acid. The cathode and the anode were separated by porous\warthdt was
advancement over the Daniell cell in that it gave high currentse@ady two times the
voltage of the Daniell cell. This cell was a favorite at time for the American
telegraph services. However, this cell had some disadvantagewvdikeian of toxic

nitric oxide gas. Another disadvantage was that platinum was expensive.

Until the year 1859, all the batteries discussed were permarnksaty after the
chemical reaction was spefitA major breakthrough came in the year 1859 when

Gaston Plante invented the first rechargeable batteries.



Figure 1.4 Lead-Acid Cell (Figure reproduced from

http://en.wikipedia.org/wiki/History _of the battgry

The first rechargeable battery was the lead-acid cella# the first battery that
could be recharged by passing a reverse current through Ith@hee lead acid cell
consisted of a lead anode and a lead oxide cathode separated byshd#isr The
cathode and anode were dipped in sulfuric acid. The Plante’s leabbadtady was a
pretty large and bulky battery. Nonetheless, the lead actdrpas still being used
today in the automotive industry and is used most of the time in places where the weig

or size of the battery does not maltté?

In 1866 Georges LeClanchEigure 1.5 invented a battery which had a zinc
anode and a manganese dioxide/carbon cathode which was wrapped inotie por
membrane. The electrolyte solution used in the cell was ammoohlaride. It
provided voltage up to 1.6 volts. It became a huge success in poweriploteds

before telephones would power themselves from the telephone linadi€xuantage



was short lifetime, so that long conversations could not be had dalépdone using

this battery-81¢2°

G TERMINAL

TERMINAL | |
A

Figure 1.5 LeClanche Cell (Figure reproduced from

http://en.wikipedia.org/wiki/History _of the battgry

The year 1887 was very important as far as historic events dmtiery
research!®? It was the year the first “dry” battery was introduced. | Gaassner
modified the LeClanche cell to have an electrolyte that wsdid rather than a liquid.
The electrolyte consisted of an ammonium chloride - plasterraf paxture to make it
into a paste. Manganese dioxide, which acts as a cathode, was tphig paste and
packed in zinc containers that operated as the anode. Thisybased a “dry”
electrolyte, thus avoiding leakage problems, and could be used iari@nyation. It
provided a voltage of 1.5 volts. A modified version of Gassner cell wherplaster of
paris was replaced with cardboard was first mass-produced in T8®cell was called
a “Columbia dry cell” and was marketed by the National Carbon Coynpghe

modification allowed more room for the cathode and was easy to Oig.battery



was used in portable devices. The modification of the Columbia ceéluties a zinc
container as an anode and a carbon rod as a cathode is calledn¢h@aiion
Battery?>*® The cathode in the Zinc-Carbon Battery is dipped in a mixture of
manganese dioxide and carbon powder. Zinc chloride and ammonium chlansklis
as electrolyte in the Zinc-Carbon battery. Zinc-Carbon battemexe widely used

primary batteries and are still popular today.

In the year 1899, the first rechargeable alkaline batteryintemiuced. It was
called the Nickel-Cadmium battéfy It had nickel and cadmium as electrodes and a
potassium hydroxide electrolyte. It was the first time intdvgthistory an alkaline
electrolyte was used. These batteries were commerciahzethited States in 1946.

These batteries were robust and could be used to replace Lead-acid batteries

Up until 1955 Zinc-Carbon batteries were the popular primaryriestteAt that
time an engineer at Eveready (now Energizer), Lewis/,Usas given the task to
improve the life of zinc-carbon batterf®&® He thought that developing a new battery
would be more cost efficient than improving older ones. That's whenveated an
alkaline battery. These batteries used a manganese dioxmbeleatnd a zinc powder
anode with an alkaline electrolyte. His alkaline battery hadraktimes durability and
longer life than the Zinc-Carbon battery. The batteries wers prasluced in the year

1959 and have been popular since.

During the span 1970-1980 a lot of research was done on nickel cheamdtry
the application of nickel in batterf@$*?? During this period new battery chemistries

evolved using Ni-Cd (Nickel-cadmium) and NiM-H (Nickel-metal hgd). Since

10



cadmium is harmful to the environment, Ni-Cd batteries have lihgtations. These

batteries were used for energy storage in commercial communicatibitesate

The next generation of batteries was that of lithium batterieseBring work
was done by G. N. Lewis in 1912. But it was not until the 1970’sttiefirst non-
rechargeable lithium battery was introduced. Lithium battenresnan-rechargeable
batteries which involve lithium metal or lithium compounds as the anoit&um
metal is the lightest metal and therefore has a large energsity by weight. Lithium
batteries are therefore extremely light and are of greatdd in electronic and defense
applicationé’. Lithium batteries have replaced primary alkaline batteiesnany
applications. The first lithium ion battery was marketed by SGoyporation in the
1980'<°. Since the introduction of the lithium ion battery, the market tbiulin ion
batteries has been growing exponentially as compared to otherybektemistries.
Japan is the major producer of lithium ion batteries. In 1991 Sony ingddbe first
secondary (rechargeable) lithium ion batténBecondary lithium ion batteries have
been used in a lot of applications such as powering cellular phonesp e cameras,
minidisk players, etc. The lithium battery has a cathode, an anode, porus, inert
polymer separator soaked in a lithium salt liquid electrolytee $imple sketch of a

lithium ion battery is shown iRigure 1.6°

11
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Figure 1.6 (Figure reproduced from Hu, L. PhD Disgmtion 2005, University of Oklahoma)

The figure above shows the discharging process in a lithium iogryalih the
secondary lithium ion batteries the reverse process is the mpapgocess. The
chemical reactions taking place at the cathode (positive elec@madeanode (negative

electrode) are shown Bquation 1.1

Charge
Positive Electrode Lico0:z T Litx CoOz+xLi* + xe-

f—
Discharge

Charge
N egative ElectrodeC + xLi* +xe- ______* Clix
Discharge

Charge

Overall Reaction LiCoO2+C  (______  Lii-x CoOz+ ClLix
Discharge

Equation 1.1 Overall reaction for Lithium ion battg during charging and discharging. Equation 1.1

is reproduced from Ref. 51.

The electrolyte poses a leakage problem and it is also dliffteumake the

electrolyte thin enough to provide high energy densities. These polém lithium

12



ion batteries could be, in principal, solved by designing “solid di#teim ion

batteries”.

Solid state lithium ion batteries have the solid state polymaaratr which
serves a dual purpose. The separator separates the cathode and aveldasabeing a
transport medium for the lithium ions. Research on solid polyneetrelytes has now
been going on for more than 20 years and there is still a lot tosbevdred in this

relatively new field of battery electrolytes.
1.3 Battery statistics and future

Devices such as i-pods, calculators, digital cameras, cameraspham® portable
computing devices are driving growth and research in the baiwdy As seen in

Figure 1.7 batteries are a part of everyday3ife

Others ]
Potwavle AV
PDA
psc b ONiCd
r B NiMH
Cordless phone I ELiin
Power Took B L aminate

m
!

in

—m

I

Movie [H

Cellular [T
PC —

0 200 400 G600 300 1000

Global dernand (Million cells per year)

Figure 1.7 (Figure reproduced fronmttp://batteryuniversity.com/parttwo-55.htm
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Batteries can be classified as two different types, prirbatyeries and secondary

batteries. A primary battery is a battery which cannot be recharged woempletely

discharged; whereas a secondary battery can be recharged.

In 2007 it was estimated that the demand for primary and secdvatseyies by
the year 2012 would be worth over 15 billion dollars in the United Stdt@snerica
alone(Figure: 1.8) Every new incremental improvement in battery performance opens

up the possibility of new applications.

US Battery Supply & Demand

20000
§ 15000 :
E 10000 — Bactyal
£ | | ™ stim ated
£ 5000 1

|:| T T T
1897 2002 2007 2012 by Fres donia

Figure 1.8 (Data reproduced fromhttp://www.li-ion- battery.com/Knowledge/Battery _statistics.htm)

The demand for primary batteries is always higher than for segomdéteries.
Primary batteries can have storage lives over 10 years. riyrinadgteries also have
higher energy densities than secondary batteries. Among primtgyids alkaline

batteries are in higher demand than any other primary batterge $f the other

14



primary batteries used are lithium and zirkigure 1.9 gives a good statistical

projection of future demand.

Demand for primary batteries
4500
4000 3 i
= 3000 = —4— Primary Alkaline
£ 2500 |
£ 2000 - {  |—®— Primary Other
& 1500 ._’-//J Primary
= 1000
S00 |
|:| T T T 1
1995 2000 2005 2010 2015 by Freedonia

Figure 1.9 (Data reproduced fromhttp://www.li-ion- battery.com/Knowledge/Battery_statistics.htm)

As seen irFigure 1.9 the demand for primary alkaline batteries is worth 4000 million
dollars, whereas the demand for any other primary battedynisst 50 % less. Alkaline

batteries will continue to dominate the primary battery business

Among the secondary (rechargeable) batteries, lead acid éatterre and will
continue to dominate the secondary battery busirfagsireé 1.10. However, lithium

rechargeable batteries are closing the gap.

15



Demand for secondary batteries
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Figure 1.10 (Data reproduced fronhttp://www.li-ion- battery.com/Knowledge/Battery_statistics.htm)

The lead acid battery is generally used for automotive ank-l@@urposes.
The lead acid battery has a low production cost and is gregtgndable in the worst
weather conditions. The demand for lead acid batteries depends noainthe
production of vehicles. A tremendous amount of effort in battery résbascdecreased

the rate of battery replacement in automoBiles

Hybrid vehicles currently require a high voltage of more than 200 volts
functior??. This voltage is achieved using nickel-metal hydride (Ni-Hlsa@nnected
in series. Manufacturers generally give 8-10 year warramiis these batteries

because if these batteries fail they are very expensive to be replaced.

Among secondary batteries, lithium ion batteries show the begte sof
applications after the lead acid batteries. By the year 2018, ptedicted that the
demand for lithium ion batteries will be worth 4 billion dollars ahd demand will

keep on rising in the coming futdreAgain, the popularity of lithium metal in battery

16



applications is because of its light weight, great electroadad potential, and large

energy density by weight.
1.4 How Batteries Work

A battery is device that stores chemical energy and converrigielectrical
energy. The process can be separated into two parts, eleeamdathemical. The
electrical process takes place outside the cell whereashémical process takes place
inside the cell by ionic conduction in an electrolyte, driven by anaa potential. An
elementary battery consists of four different parts: an anodgafive electrode), a
cathode (positive electrode), an electrolyte and a load. This $etsip is known as a

galvanic cell. Figure: 1.11%*

& terﬁn’nai-'
Cathode

: ' e A electrolyte

e i
B, B s i

Cl e \ tE!ﬂ";;ﬂF:l

Na+- 4 =} E

Salt (MaCl solution ol
Flertrade.

Figure 1.11 (Schematic of a simple battery; Picture reproduced from

http://sciencewithalice.blogspot.com/2009/08/howtdrg-works.htmit?)

In the cell shown above, when the electrons flow from the anode tatthede through
the load the process is known as discharging. The reverse pratessthe electrons

flow from cathode to the anode is called recharging and involvesgstile chemical
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energy. The cell voltage (theoretical), B directly proportional to the free energy

change AG®) of the electrochemical reaction taking place in the égjuation 1.2.
AG® = nFE (Equation 1.9*

In equation 1.2n = number of electrons flowing through one electrode to the other and

F = Faraday’s constant.

A battery can be classified by the physical state of relgteé employed in it.
Batteries can be classified as wet (liquid electrolyiateries, dry batteries, or solid

state polymer batteries.

A good example of a wet (liquid electrolyte) rechargeablesbattiould be the
lead acid cell. The lead acid cell uses sulfuric acid aseatrelyte. Lead metal is used
as the anode and lead oxide as the cathode. The half (dischargotgnreagiven in

equation 1.8

Anode reaction: Pb+ HS@ -->PbSQ+H +2¢

Cathode reaction: PbQ + HSQ, + 3H" +2 € --> PbSQ + 2H,0

(Equation 1.3

At the anode, the lead metal reacts with the ionized sulfuret tacgive lead sulfate,
protons and two excess electrons. At the cathode, the lead oxidewdhdhe ionized

sulfuric acid, the protons, and the excess electrons transfarmedjh the load to give
lead sulfate and water. While charging, the flow of the elecigrsversed against the

electrochemical potential of the reactions. During the changiogess, the lead sulfate
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is turned back into the lead and lead oxide on the electrodes and ftivee sadid is
restored in the solution. Since sulfuric acid is a dense liquidjehsity of the solution
increases during charging and decreases during dischargingd&hsisy or specific
gravity can be used to gauge the charging and the discharging orbeasl acid
batteries have some disadvantages. Since a lead-acid batexyliqaid electrolyte, it
poses the risk of leakage of the caustic electrolyte. The ati@mtand placement also
play an important role in the proper function of this battery. THeséeries are

therefore used for non-portable applications.

To overcome the problem of leakage of the liquid electrolyte, “digttrolyte
batteries were introduced. A good example of a dry batteryintesduced by Carl
Gassner and was an improvement over the LeClanche battery.ellhisas known as
the Zinc-Carbon batteryeThe electrolyte, ammonium chloride, was mixed with plaster
of paris, making it into a paste that could not leak and could be useg placement
and orientation. The cell uses zinc metal as the anode and mandenade as the
cathode. At the anode, the zinc metal is oxidized to givE. Zt the cathode, the
manganese dioxide, which has an oxidation state of 4+, reduces to arooxstiate of
3+ to give manganese oxide and form hydroxide‘iofikere are some side reactions
involved in this cell. The hydroxide ions react with ammonium chlotmegive
ammonium hydroxide which dissociates to form ammonia and waker.oVerall
reaction of the cell can be given as follows (equation 1.3). Therpatops functioning

when all the manganese dioxide is used up in the reaction.
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Overall reaction: Zn(s) + 2MnO (s) + 2NH,*(aq)———— Mn,04(s) + Zn(NH,),2*(aq) + H,O())

EqQation 1.4)

Dry batteries usually have a higher density than that of thdattdries. Due to
their high energy density, these batteries are generally snsdze and can be used in
portable devices such as toys, radios, flashlights, etc. Dumdéo reactions these
batteries show some internal resistance that causes a voltage decileasaitety over
a period of tim&?*° Although these batteries are an improvement from their
predecessors, the use of liquid electrolyte is not totally e#itad and these batteries

too, pose a problem of leakage after some time.

Scientists all around the globe are working to develop a battatyfll be free
of the electrolyte leakage problem. Solid-state batteries cmute solution to most of
the disadvantages faced by liquid electrolyte batteries. Solmkstate batteries have
solid electrolytes, the electrolyte leakage problem is elimthatThe temperature at
which the batteries function can have a wider range with satd-siatteries. In liquid
state batteries, the functional temperature range of thenbatéd be a limitation
because the electrolyte may freeze or evaporate at cetaperatures. This is not a
problem with solid-state electrolytes. The solid electrolgkes$ less space than a liquid
electrolyte, thus making it possible to make batteries thinnememd space efficient.
High energy density and low internal resistance due to feidersactions are some of

the specifications of a solid state batfé} In order to have a proper functional
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battery, the ionic conductivity of the solid state electrolyte shbal considerably high

but should have no electronic conductivity to have a long shélf life

Various different chemistries have been applied to make a saletmttery. By
the 19" century scientists had realized some solid-state matehiave ionic
conductivities. With the increasing number of solids which can condoidaily, these
materials started gaining worldwide interest. Howeves ihithe last 30 years with the
discovery of many solid electrolytes with high chemical stgbiind high ionic
conductivity at room temperature that the application of theseaelitiolyte materials
increased. One example of such solid electrolyte material dedelojpea commercial
product is oxygen ion conducting, stabilized solid zirconium dioxide f)ZrOhe
zirconium dioxide solid electrolyte is applicable in the automotive tnguSodium-
B/p’-alumina has also been used as a solid electrolyte in sodium/saifdr
sodium/nickel chloride batteries also known as the zebra batt&ileer examples of

such solids include-Agl, AgsRbls and LiAICI,.?’

lonic transport in these solids mainly occurs due to atomic disordee crystal
lattice of these ions or compounds. Defects in the crystaiddikie vacancies (missing
ions) or interstitial ions (additional ions) are responsible daici conductivities in the
crystalline phasg. Large numbers of these available sites (defects in a Rrysign a
low enthalpy for hopping processes for the ions to move from oedcsianother is
responsible for high ionic conductivity in these materials at roempérature and
above. In a few cases, solid ionic conductivities are comparableose tof liquid
electrolytes as well as electronic conductivities of somethef semiconductors.
Although these solid-state materials have shown promising piegpehey still have
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their share of disadvantages. One of the biggest disadvantaggbyatese solid state
materials is the electrode interfacial resistance duiegdharging and discharging

cycles.

Right now there is great interest in the application of solidtrelytes in
secondary lithium ion batteries. Lithium is the lightest metal kndwhium metal also
has half cell potential of -3 V which is lower than any othetame.ithium has low
density and has high energy density by weight. These advantages By the lithium
metal and its compounds have already led to commercialized dagplgasuch as

pacemaker batteries which provide high energy density and reli&hbility
1.5 Polymer electrolytes

Another class of electrolytes that is of interest is the pelyeiectrolytes.
Polymers were relative late-comers in the field of solitesi@nics. It was in the year
1973 that the potential for use of polymers in solid state bedtesias realized.
Polyethylene oxide - salt complex systems were the brétet measured for its ionic
conductivity by Wright and his co-workéPs The importance of these electrolytes was
at first overlooked, but once recognized, a rapid growth in the obseand

development of other polyether - salt systems took place.

According to “The Handbook of Batteries”, the term “polymer etdygte” can

be classified into several different families of ion conducting matétials

1) A system consisting of metal salts dissolved in a polar, higleaulalr weight

polymer matrix,
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2) A gel electrolyte formed by dissolving metal salts in apeblvent and an inactive

polymer added to give mechanical strength and stability,

3) A plasticized electrolyte involving a polymer electrolyte dop#tth a small amount

of liquid with high dielectric constant to improve conductivity.

4) An ionic rubber that consists of mixtures of low temperatureamaalts with high
molecular weight polymers. These systems were first discdwerE993 and are still in

the early stages of development, and

5) A polyelectrolyte with inert backbone like “Nafion”. They ao®ped with
plasticizers like water to improve the conductivity. These kindsleftrelytes are

known for their proton conduction and used in solid-state polymer eleetrbigl

cells®,

This research thesis is mainly concerned with systems vehéteium salt is
dissolved in a highly polar, high molecular weight polymer matrithilum salts are
mainly employed in polymer electrolytes for the reasons memti@aelier. Polymer
electrolyte lithium batteries were first introduced in Nortiekica and Europe in 1980.
Due to uneven plating (dendrite formation) on recharging, andysafetes associated
with the use of lithium metal anodes, there has been a strong rbéaorie
commercialization of secondary lithium batteries with liquid tetégtes®. However,
under optimum conditions one could eliminate the problem of dendrite fortithe

anode has led to a new excitement among researchers.
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The polymer being employed in a polymer electrolyte must haceriin
properties. Firstly, the polymer should have coordinating groups becausel\vaton
enthalpy for the salt depends on the coordination strength betweewodttnating
groups and the cation of the salt. For example, poly(ethylene dR&€), [-CH-CH,-
O],) is a polymer which contains “oxygen” heteroatoms as coordingtimgps®. The
polymer should have facile segmental motion, which is possible if the energgtasmot
around the bonds is low. The spacing between the coordinating graupd also be
optimum for solvation. PEO provides the optimal spacing compared topmlyethers
such as [-ChO-], and [-CH-CH,-CH,-O-],. Last, but not least, the polymer employed
for polymer electrolyte should be should be thermally, mechanicdigmically and

electrochemically stabf&

Polyether-based, solvent free systems with lithium saltgheremost studied
polymer electrolytes for secondary lithium batteries. Theysangle to make and they
have unique mechanical as well as physical properties. Toeamem by which the
ionic conductivity occurs in these materials is reasonablyuwnelérstood. It is believed
that the lithium cation is supported by the multiple coordinatites sh the polymer,
such as the heteroatoms, forming transient bonds to the ®afitws, the lithium ion
resides in a pocket coordinated to various coordination sitgsré 1.13. lon transport
happens by ion jumps from one pocket to another pocket involving transient bond
breaking and transient forming process. It could be viewed thaatien “hops” from

one site to anoth&t
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Figure 1.12 Lithium ion jumps from one site to atiwer. (Figure reproduced from Lieyu Hu’'s Thesi%)

Entropy and enthalpy are both important factors as far as dissohftithe salt
in the polymer is concerned. Generally, the dissolution of sadtsiégative entropy in
polymer electrolytes. The negative entropy for dissolution caritbbused to the low
dielectric constant of the polymer matrix. The low dielectanstant causes less
dissociation of the salts and affects ionic conductivity. Forebetinic conductivity,
ionic dissociation is necessary for which the free energy afoldison should be
negative. When dissolved, ion pairs of the lithium salt need to dissauia solvate
with the solvent molecules to give the “hopping” transport of the lithzations
described earlier. lon pairs of the salt will not yield ionic catidily if not
dissociatetf?®

As mentioned earlier, the “hopping” mechanism of the lithiunooafiiom one
pocket of the polymer to another leads to ionic conductivity, which inisummeasured
as electrical current produced by the transportation of ions. l@mductivity is the
measure of transport of the ions through the polymer. lonic condyctien be

quantitatively stated by the Kohlrausch summation (Equatiofi'1.4)
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(Equation 1.5)

In the Kohlrausch equation the ionic conductivisy (s a function of temperature and

pressure and is directly related to:

1) The number of each charge carrying species (n),

2) The charge that each species actually carries (e), and
3) The mobility of the charge carriens)(

For example, when dissolved in a polymer (solvent), lithium triftateld completely
dissociate as “free” lithium cation (i and “free” triflate anion (CFSG0s). The
application of the Kohlrausch equatidmvould be easy to apply to this specific sample
since the exact number of charge carrying species (lithitioncand triflate anion) is
known. lonic conductivity can be easily calculated if the actualgehand mobility of
these charge carrying species is known. However, it iskmellvn that lithium triflate,
when dissolved in the polymer (solvent), does not simply dissoaitdithium cation
and triflate anion. There are other species formed when lithidiateris dissolved in

the polymer (solvent) as shownRigure 1.13*
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Figure 1.13Different speciations of lithium triflate with PEQpolymer?

As seen from Figure 1.13, there are at least four other reeagspecies when
lithium triflate in dissolved in the polymer. These specieshbégger than the “free”
lithium cation and “free” triflate anion species. Theoreticaipy charged species
should be able to carry charge in a polymer electrolyte. Ggntra smaller the charge
carrier, the greater it's mobility in the polymer electre|ytesulting in greater ionic
conductivity. Application of the Kohlrausch equation becomes more corgalisance
the number of charge carrying species cannot be exactly detersnd the mobility of

each species will be different.

Along with the speciation of the lithium salt, self-diffusion of thas through

the polymer plays an important role as far as the ion mohilitoncerned in polymer
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electrolytes. Self-diffusion coefficients are the measurehef diffusion of the ions
through the polymer or solvent matrix without the application of angtredefield on
the system. On the other hand, ionic mobility is the measureobflity of the ions
through the polymer matrix or solvent under the influence of a field.difhesion can

be related to the polymer matrix by the following equatBquation 1.6°

Equation 1.6)

In the above equation, D = diffusion coefficient and M = moleculaghteof the

polymer.

According to Equation 1.6, the higher the molecular weight of tharmol the
lower the diffusion coefficient. This observation holds only up to taitemolecular
weight. Structure and morphology also play an important role in a poiecrolyte’s
ionic conductivity. lon mobility in the polymer electrolyte depends onctlgstallinity
of the polymer and/or the polymer/salt mixture. An increase irctistallinity of the
polymer increases the ordering of the polymer and restricts tiverment (segmental
motion) of the polymer around the bonds as mentioned éArliEheoretically, an
amorphous polymer above its glass transition temperatyyeviuld be perfect to act
as a polymer electrolyte because amorphous polymers have alémyge of freedom
as far as segmental motion of the polymer is concernedkiioisn from the literature
that ion transport in a polymer electrolyte occurs through ther@mus phase of the
polymer®. Although the amorphous phase of a polymer/salt mixture abpgiv@s a
perfect morphological condition for ion transport, it does not givedheired physical

and mechanical stability for a solid polymer electrolfte So a balance between
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crystallinity and disorder in the polymer/salt mixture is muastthe balance between

ion transport and good mechanical and physical stability.

The glass transition temperatureg)(Tof a polymer/salt mixture is another
important factor for the ion transport in polymer electrolyte. Thess transition
temperature is the temperature above which the polymer becomesyrabtighe onset
of polymeric segmental motion improves ion mobility. Therefore tlagsgtransition
temperature of the polymer should be below use temperature to agoeseonic
conductivity. Cross-linking increases the glass transition temperatureeopdlymer,
making it rigid (less flexible), but in turn also increases gthgsical and mechanical
stability of the polymer. A lot of effort has been put into firglian optimum balance
between polymer gfand degree of cross-linking to achieve both flexibility and phlysica

and mechanical stability in solid polymer electrolyt&s

As mentioned earlier, PEO was the first polymer to be slude a solid
polymer electrolyte matrix. Since then a lot of different padysn and their
modifications have been extensively studied for their potential apiplrc in solid
polymer electrolytes. After the electrolyte properties of PE@ lithium salts were
recognized,Armand et alapplied PEO with lithium salts to make batteti&s
Although PEO is a good solvent for alkali metal salts due tmit®ng properties, its
crystallinity is a drawback for electrochemical applicatioREO-lithium triflate
systems show low room temperature conductivity &$0cm). Conductivity on the
order of approximately 18S/cm is required to make it applicable in practical batteries
The low conductivity restricts the application of PEO/Li salktomes as electrolytes at

room temperature for battery purpcSes
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Concerns about the crystallinity of PEO polymer electrolyées room
temperature and its adverse effects on conductivity eventually &gk tsynthesis and
study of MEEP Poly[ bis(methoxyethoxyethoxide)phosphazeffigule 1.14 as a

polymer electrolyte system, which is amorphous at room temperature.

(OCH,CH,),0CH,
=P
(OCH,CH,),OCH,

Figure 1.14 Structure of MEEP

MEEP with lithium salts dissolved in it as a polymer electrolyte systamfirst studied
by Shriver and Allcocket al A MEEP monomer unit consists of a phosphorus-
nitrogen backbone with two ethylene oxide side chains that hage¢beécscoordinate to
lithium ions. MEEP polymer electrolyte systems are amorphousa\age range of
temperatures (-100 — 10Q) and has reportedly shown high conductivity (~2.7 X 10
S/cm) at room temperature. However MEEP electrolyte systamglutinous materials
with tendencies to flow under mild compression and cannot be casteetstanding

films.*®
1.6 Poly(ethylenimine) as a polymer electrolyte matrix

Poly(ethylenimine) has been studied for application as a solid gyolym

electrolyte matrix. Two types of poly(ethylenimine) polymare known Figure 1.15

)36,37,9.

1) Linear poly(ethylenimine) (LPEI) and
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2) Branched poly(ethylenimine) (BPEI).

NH,

|
N
0.25
0.5
N

0.25

/{/\H/\k NéM
LPEI BPEI s

Figure: 1.15 Structure of LPEI and BPEI

PEO as a polymer is difficult to chemically modify but strualiyrsimilar LPEI
can be easily modified through the amine functional groups. The ldpEar unit has
secondary nitrogens instead of oxygens in the PEO repeat unit. ddralagy nitrogen
allows for modifications such as crosslinking or attaching si@ggns to eliminate the
problems seen in PEO as a polymer electrolyte matrix. Thaesiatof LPEI was first
reported by Saegusa effaffollowed by Tanak® using a different synthetic route. In
2001 our group synthesized LPEI via acidic hydrolysis of poly(2-étkoptazoline),

which is commercially availabi&®’

Conductivity studies on LPEI showed that its mixtures with salts retatively
low conductivities (~18 S/cm@20:1 N:Li ratio - 10S/cm@5:1 N:Li ratio}® at room
temperature as compared to MEEP systems which show conductivity on the dr@er of
> S/cnt>. The relatively low conductivity of the LPEI systems is httted to its high
crystallinity and high degree of hydrogen bonding in the systame. way to reduce or

eliminate hydrogen bonding is to N-alkylate the LPEI. The swmshef linear
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poly(methylethyleneimine) (LPMEI) from LPEI is done by Esher-Clark
methylation which was first reported by Tanakd,al The LPMEI-lithium triflate
polymer electrolyte system shows better room temperature covitu¢tilX10° S/cm)
than LPEI-lithium triflate polymer electrolyte system a@21 nitrogen:lithium ratio.
The LPMEI-lithium triflate system has potential as a polymnectrolyte system,
however the physical properties are poor as the system is vigodusannot form free

standing film&”.

Branched poly(ethyleneimine) (BPEI) as shown in Figure 1.15 Rak tatio of
primary, secondary, and tertiary nitrogens, respectively. B&&fl be easily be
synthesized by a ring opening polymerization of aziridine. BPEI andnidified
versions will be discussed in some of the future chapters in tlsisrdison. Due to the
complicated nature of BPEI with three different kinds of nitrogeris,adomplicated to
use BPEI for fundamental studies of PEI as a polymer eletgrdbdnce LPEI has all
secondary nitrogens, it is less complicated to study as d polymer electrolyte

matrix’.

LPEI and BPEI can be modified to make these polymers more ieéfesmd
useful as solid polymer electrolytes matrices. Cross-linkingR#&l and BPEI makes
robust elastomeric films with good physical and mechanical prepeir. Lieyu Hu
substituted BPEI with allyl groups, which could be easily crossdinkseing radical
initiators’. Though these films were strong and robust, their conductivity neas
sufficient. One concern was whether by-products from the radh#htors were

interfering with the conductivity. This problem can be dealt wighaloiding radical
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initiators in the system and cross-linking the polymer using uloletmUV) light. This

study was done in detail and will be discussed later.
1.7 PEO/PEI hybrids

As discussed earlier, LPEIl-based polymers did not have high enough
conductivities (18 S/cm) at room temperature. The highest room temperature
conductivity for a solid phase polymer electrolyte system was sea MEEP-lithium
triflate system (2.7 X 18S/cm @24:1 O:Li ratio). The ethylene oxide side-chains are
of interest because these side chains mimic the desirableefeatf PEO. Therefore
adding [-CH-CH,-O-], side-chains to PEI was a strategy to increase conductivibeof

polymer electrolyte.

In 2003 Dr. Albert Snow modified LPEI by reductive alkylation tonfdinear
poly(N-(2-(2-methoxyethoxy)ethyl)ethyleneimine) (LPEI-G2) Fidure 1.14.
Modification of LPEI backbone using tethered ethoxy (:CH,-O-) side chains gives

the new polymer some PEO-like structure propétties

%

O\/\}\

\O

Figure 1.16 Schematic presentation of LPEI-G2.
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The LPEI-G2 system with lithium triflate as an electrelytith a 20:1=0:Li
ratio has conductivity of 5x10S/cm at 28C which is lower than, but close to that of

MEEP-lithium triflate (2.7X10S/cm) at room temperatdre’”.

Fourier Tranform infrared spectroscopy (FTIR) was usedtasl &0 analyze the
LPEI-G2-lithium triflate system. Lithium triflate was chosas the salt because the
triflate anion shows absorption bands in distinct regions in the IRtrapthat are
diagnostic of ionic speciation. Two such regions are thg Syfmetric deformation
(~760 cm' - 751 cm') and SQ symmetric stretch (~1100 ¢m 1000 cnt). Band
assignments can be made for three ionic species, free ion (sekatated ion),
contact ion pair, and aggregate species e.gTf)iwhich contribute to the conductivity

of the polymer electrolyte system.

LPEI-G2 shows the best room temperature ionic conductivity amongHhe
based electrolyte systems. Comparison of the LPEI-G2 bands iedioa (1000 cri-
800 cm') to the bands from diglyme-lithium triflate suggested a siritjl in the
coordination of the lithium to the oxygen of the diglyme (a modelpmamd for PEO

polymer) Figure 1.17 and the tethered side chains in LPEI-G2.

/k\/ O+ SO
n
PEO Diglyme-model compoundfor PEO

Figure 1.17
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Dr. Snow did not report strong and unambiguous spectral proof in tie dala
for any coordination of the lithium to the backbone “nitrogens”. When compare
MEEP-lithium triflate system, the IR data showed similgeraction of the lithium

cation with the tethered PEO like side chains in both the sgstieREI-G2 and MEEP)

41,37

1.8 Nitrogen versus oxygen in polymer electrolytes (heteroatom’s compm®iti

As described earlier, although MEEP and LPEI-G2 with lithiuffate show
lithium cation coordination to the oxygens in the tethered chain, evdsas not been
given concerning whether lithium cations coordinate to nitrogeineilbackbone. These
observations give rise to a critical question. Is there anggair coordination effect

which cannot be studied using FTIR spectroscopy?

Since the heteroatom plays a major role in the transport adrieetibecomes a
crucial factor in designing a polymer electrolyte. The heterm in the polymer which
functions as a coordinating site to the cation to help ion transpouid coordinate to
the cation with optimum strength. In other words, the coordination toati@ndrom
the heteroatom should not be too tight or too loose. In both casel itnpact the
conductivity in a negative manner. Generally lithium saltschosen for these polymer
electrolytes for the advantages they have as discussed @atles chapter. Nitrogen
and oxygen are both compatible with the lithium cation as describegkxhaustible
literature on solid polymer electrolyt88’3*° However, still one question remains
unanswered, which heteroatom (oxygen or nitrogen) is more comp@iddedinates

better) to the lithium cation?
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The above questions would be easily answered if the thedHaofl and soft
acids and bases(HSAB) is taken into consideration. The HSAB theory is based on

three postulate®:

1) A majority of the chemical reactions can be considered to bglesiatid-base
type reactions and compounds as Lewis acids and Lewis bases,

2) The compounds involved in the reaction can be classified as hard, soft and
intermediate compounds, and

3) The chemical reactions take place in such a way that hard @eitsentially
coordinate to hard bases and soft acids preferentially coordinatdt toases.
Intermediate acids and bases can coordinated either way (hardftpr s

depending on special considerations.

Figure 1.18shows some relative trends established by Pearson as fadasdsaand

softness of elements are concerffed:

N>>P>As>S N<<P<As<S
Hard 0>>S>Se>T and sof 0<<S<Se<T

Figure 1.18 Comparision of Hardness and SoftnessEdéments?

Yatsimirskii*® gave another classification which showed that lithium cationsisoag

and hard acceptor. According to the above classification since bajermayd nitrogen
are hard bases and lithium cation is a hard acid, both nitrogen agénosiould
coordinate well. For a polyether, such as PEO, the strongesticolig with a hard

cation like Li" followed by N&, Mg?* and C&". Similarly, according to the HSAB

36



theory, the ranking for the best donors for the lewis acids could/ee Qy the relative

negative charge on the heteroafd(figure 1.19.
'O' > 'NH' >> 'S' Figure 1.19

When competition arises between nitrogen and oxygen to coordinate tibhiine
cation the lithium cation prefers to coordinate to the oxygen overnitnegen.
According to the HSAB theory oxygen is harder than nitrogen becaugeriy more
electronegative than nitrogen. A good example for this issue is momphPigure

1.20 which is discussed bgarnovskiiin his review over HSAE.

N
Figure 1.20 Mompholine

Morpholine, as seen in Figure 1.20 contains identically hybridized oxamy@mitrogen.
As mentioned earlier, the oxygen is harder than nitrogen since oxggemore
electronegative than nitrogen. It was observed that when a sdftar like Ag" (Agl)

is added to morpholine, the location of the coordinate bond between the losteaoal
the cation is at the nitrogen. Thus, the silver ion being softer prief@oordinate to the
relatively softer nitrogen over the oxygen. These conclusions amriplete agreement

with the HSAB theor$f.
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However, there are some discrepancies with the HSAB theoryexaonple, in
1967 Greenwood and Robinson observed that in N’-alkyl (aryl) substitutasl, tn@on

trifluoride coordinates to the nitrogen instead of the oxy§égyu¢e 1.2,

©
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R=alkyl or aryl

Figure: 1.21 : Resonance contribution d N'-alkyl (aryl) substituted uae

According to HSAB theory, boron in Bis hard acid and it should prefer to coordinate
to the more electronegative oxygen over the nitrogen. However, the bafenspio
coordinate to the nitrogen over the oxygen. The authors suggestddSABt theory

should be applied with a great caution.

Another example which shows a deviation from the HSAB theory wasl iyt
Cram and Wilsoff. They were studying the effects of solvents, temperatanes
reagents on the stereospecific synthesis of 2,3-diphenyl-2,3-butaneftmin
substituteda-hydroxyketones with alkyl or aryl lithium reagents. They obskreat
when TMEDA (N,N,N’,N’-tetramethylethylenediamine) waslded to the pot as a
solvent instead of pentane (non-polar solvent), the stereospeciffciiyeoreaction
decreased. They proposed two models for the reaction mechanismrefdkien, with

and without TMEDA Figure 1.23.
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Figure: 1.22: ¢yclic model without TMEDA and dipolar model ith TMEDA

The lowering of the stereospecificity with the addition of TMEBU#ggests that there is
competition between the nitrogens of the TMEDA and the oxygens duttsrate to

coordinate to the lithium of the alkyl (aryl) lithium reag@nt

As seen from the examples above, claims which support the HSABy thed
claims which deviate from the HSAB theory have both been makke.mentioned
earlier, this issue (nitrogen or oxygen coordination of lithium) besowery important
in designing a solid polymer electrolyte. Since research goaup is involved in
modification of PEIl-based polymers to make them more durable (goggicahand
mechanical strength) and more conducting over a large rantEmpkrature (Z&-

120°C), the question of heteroatom coordination to lithium cation becomes crucial.
1.9 Project Goals
The goals of this research project can be separated into three diffetent par

1) A study of the heteroatom competition (oxygen versus nitrogen)tiie
coordination to the lithium cation usifgi and *°F NMR (nuclear magnetic
resonance) and ionic conductivity as an investigative tool.

2) Investigation of the dielectric constant of mixed ether-amine eletdrsfstems.
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3) Modification of LPEI and BPEI by substitution with differentitets and cross-

linking of these polymers with lithium triflate present.

The fundamental issue of heteroatom competition will be addressedlfi and *°F
NMR were used in an attempt to solve the problem. To carry csg gtadies, different
model compounds that representing the PEI (nitrogen containing polynie®, P
(oxygen containing polymer), and PEO/PEI hybrids were either baughinthesized.
Working with model compounds simplified the studies, since for NMR workirtge
liquid state is much less complicated than working the solid. #ttteough NMR data
gives insight into the heteroatom coordination, dielectric constatite aolutions were
another factor which needed to be considered when analyzing theatatthé NMR.
The dielectric properties affect ion pairing and dissammatf the salt in the solution.
The dielectric constant effect of these solvent mixtures adnganitrogen and oxygen
with lithium salts was studied using Electron Paramagnetsni@ce spectroscopy
(EPR) as an investigative tool. With the intention of investigathe salt systems with
different solvents, it was realized that EPR could be usedohsot study the dielectric
constant of an unknown liquid by using a very simple set-up. A detaiplanation of
this EPR technique for studying dielectric properties will ivergin Chapters 3 and 4.
The EPR technique was also applied to studying dielectric prepatidifferent types

of materials.

The latter half of this thesis involves the radical cross-linkihg partially allylated and
partially G1, G2, G3 substituted respectiveiygre 1.23. The parameters for cross-
linking the polymers and the concentrations of salt used wesathe as that described

by Dr. Lieyu Hu in his dissertation. These polymers are ddtgreerest since they have
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mixture of heteroatoms which can be correlated to the previous madpboads and

imitate MEEP. These compounds were studied for their ionic conductivity.
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Figure 1.23

This research also included a detailed study of partiflilated BPEI (BPAEI) cross-
linked without a radical initiator and its comparision to BPAE$temns cross-linked
with initiators as studied by Dr. Lieyu Hu. The intention of stagythis system was to
investigate the effect of the radical initiator in the systen the ionic conductivity of
the polymer electrolyte. Data on BPAEI and linear poly(N-alhgeneimine-co-N-(2-
2-(methoxyethoxy)ethyl)ethyleneimine) (LPAHR) is taken from Dr. Lieyu Hu’'s

dissertation.
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Chapter 2

Investigation of N vs O Heteroatom Coordination in Lithium Electrolgt&ystems

Using NMR and EPR as Tools
2.1 Introduction to NMR??3

Nuclear magnetic resonance (NMR) is a widely used tool irfi¢hke of chemistry.

As the name itself suggests, the technique involves the absorpt@actibmagnetic
radiation of a specific frequency by atomic nucleushat is placed in emagnetic field
Over the past fifty years nuclear magnetic resonance (NiMiR)become an eminent
technique for structure determination, kinetic studies, quantitativéysayaand
examination of dynamic processes. Although a larger amount of sasnpeeded for
NMR than some of the spectroscopic methods, good data can be obtamadodérn
instruments and less than a milligram of sample. To use NMR as/estigative tool it
is necessary to understand the physical principles on which thie Mehnique is

based.

The principle of “Nuclear Magnetic Resonance” involves two sequestéps. The
first step involves the aligning of the nuclear spin with the magfield of the external
constant magnetic field g1 The second step involves the “perturbation” of the above
alignment of the nuclear magnetic spins by an electro-magmatio frequency (RF)
pulse. The frequency of the electromagnetic radiation applied depentise static

magnetic field (k) and the nuclei under observation.

The two fields, the constant magnetic fieldoHand the electromagnetic radio

frequency radiation, are generally perpendicular to each adhermaximizes the NMR

47



signal strength. The phenomenon of total magnetization (M) of thearugpins due to
both the applied fields (constant magnetic field and electromagragtiofrequency
radiation) is exploited in NMR spectroscopy. NMR spectroscopyg sgeng applied
magnetic fields (k) in order to achieve high stability and deliver good spectral

resolution.

All nuclei have charges on them. In some of the nuclei, the clmmegent on the
nuclei spins around the nuclear axis. The circulation of nuclear elgegerates a
magnetic dipole along the axis. The angular momentum cregtt [spinning charge
can be represented by its spin number (I). The nuclei of diffelenments have a
characteristic spin (I). Some nuclei have an integral spin (esdlL, 2, 3), some have
fractional spin (e.g. | = 1/2, 3/2, 5/2) and some have no spinwhate | = 0 (e.g**C,
10, *25 etc). The spin number can be determined from the atomic numbatosnid

mass as shown in takiel

Table 2.1%°
() Atomic mass| Atomic number Example nuclei
Half integer Odd Odd ™H, °H, N, ©F, P
Half Integer Odd Even °c, 0, “si
Integer Even Odd “H, N, B
Zero Even Even c,*0,%s

Nuclei such asH, °H, N, *°F, 3'p, °C, 0, #°Si have a spin number of 1/2 and a

uniform spherical charge distribution and their spectra can be yeatolibdined. The
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most widely observed nuclei ald and**C. Nuclei with spin number 1 and higher have
non-spherical charge distributions. This asymmetry is causedebiriedl quadrupole

moments which affect the line width and coupling with the neighboring nuclei.

A non-zero spin is always associated with a non-zero magneticent ) by

the relation
p=yl (Equation 2.1)
Wherey is the gyromagnetic ratio.

It is the magnetic moment that leads to NMR absorption speesulting from
transitions between nuclear spin levels. The nuclei with even nuroberstons and
even numbers of neutrons have zero magnetic moment and also haveagesdien
dipole. Therefore, nuclei with an even number of protons and an even number of

neutrons do not show NMR absorption.

Consider nuclei with ¥ spin, likiH, **C or *%F. The nucleus has two possible
spin states; m = (+) ¥2 and m = (-) % . The spin statealsoereferred to as spin up
and spin down, os. andp spin states, respectively. These states are degenerate, which
means they have same energy. Thus the number of atoms in tbedegenerate states
will be equal at equilibrium. When the nucleus is placed in an exteragnetic field
(Bo), there is interaction between the nuclear magnetic moment anéxtbmal
magnetic field which means that two states have no longer the saergy (Figure

2.1).
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Figure 2.1 Splitting of nuclei spin states whenggled in an external magnetic fieldB

The energy of the magnetic moment when in an external magnetic field is given by

E = -u.Bp = -ymhB,. (Equation 2.2)

Where m = magnetic quantum number (can take values from +| arid iiteger

steps).

h = Planck’s constant,

Yy = gyromagnetic ratio,
Bo = external magnetic field, and

m = magnetic moment of the nuclei,

As a result, the different nuclear spin states have differemg®s in a non-zero
magnetic field. The two spin states of spin %2 can be seergasdhvith or against the
magnetic field. Ify is positive, which is true for most of the isotopes, then m = % should
be the lower energy state. The difference in the energy is given by

AE =vhBay. (Equation 2.3)
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The difference in the energy always results in a small popalskewed towards the
lower energy state. The difference in the enerfy) (between the lower and higher

energy states depends on the strength of the applied magnetic §)e(Bi¢Bre: 2.1).

When a sample placed in the external magnetic field is cedj¢o a pulse of
radiation that corresponds to the energy difference betweeowlee spin and higher
spin states, nuclei in the lower energy spin state are promotied higher energy spin
state. The transition is called “flipping” of the spin. With metg currently available,
the energy difference between the lower energy spin statiharnigher energy state is
so small that only a small amount of energy is required tohfémuclei. The radiation
generally used to supply this energy is radio frequenty radiation of the
electromagnetic spectrum. When the nuclei absorb the radio frgguahation, a spin
flip occurs which generate signals whose frequency depends on #remti# in energy
(AE) between the lower and the higher energy spin states. The ${fd&rometer
detects the radiation given off and thus gives a plot of sigrgudrecy versus intensity
which is the NMR spectrum. The nuclei are said to be in resonaitbethe radio
frequency radiation. Thus, the spectroscopic technique is called édtublagnetic
Resonance”. In this context, resonance refers to the flipping dlélserons back and
forth between the lower energy state and the higher eneitgy A&amentioned earlier,
the energy differenceAE) depends on the external magnetic field, Therefore, as seen
from Figure: 2.1, stronger magnetic fields require higher eeergi radio frequency
radiation. NMR spectrometers are equipped with electromagaeliation sources that

can be tuned to different frequencies to obtain NMR spectra of differentfiuclei
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2.2 Shielding and deshielding effects

The frequency of an NMR signal depends on the external magieddideit by

the nucleus. If all the nuclei present in the compound were to experibacsame
magnetic field, then just one single peak would be seen iR $pectrum. But every
nucleus is surrounded by a different cloud of electrons which shieddsucleus from
the external magnetic field. Fortunately for chemists, the shielding by the electron
cloud is different for different nuclei within the molecule. Thecetens revolve around
the nuclei to create a local magnetic field that actsnagéie external applied magnetic
field and subtracts from the external applied magnetic field. €ffestive magnetic
field actually felt by the nucleus is smaller than thathef applied magnetic field. The

effective magnetic field felt by the nucleus is given by

Beftective = Bapplied — Biocal (Equation 2.4)

Therefore, the greater the electron density around the nudieugrdater is the
Biocal @and therefore Becive IS Smaller. The smaller the.Bqiive the lower the frequency
required to get the nucleus in resonance, i.e. to flip the spin of theusuels thaE is
smaller (Figure 2.1). Nuclei which are in an electron poor environmwéhtequire

higher frequency radiation to bring the nucleus into resofidnce
2.3 Chemical shifts

In an NMR spectrum, the energy-axis is generally given dmake in ppm (parts
per million). The position where the NMR peak occurs on this scatalied the

chemical shift§). The chemical shift is given by Equation 2.5.
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Distance downfield from reference (TMS)(Hz) (Equation . 2 5)
Operating frequency of the spectrometer (MHz) e

6 = chemical shift (ppm) =

The equation above shows that the chemical shift directly dependkeon
frequency at which the nuclei resonate. As mentioned earlier,i mtheelectron poor
environments require higher frequency radiation and therefore appehigreer
chemical shifts. Similarly, electron rich nuclei require lovilquency radiation and
therefore appear at relatively lower chemical shifts. Tietthylsilane (TMS) is usually
used as the reference in NMR spectroscopy. All the 12 hydsogee equivalent in
TMS and they absorb at a lower magnetic field than any protonyuse@n in normal
organic compound& TMS is also inert to most chemicals and soluble in most argani
solvents. Any signal at higher frequency from the referengaabiis referred as
downfield from the reference. Any signal relatively to thé (efgher frequency) on the

scale is referred to asiéwnfield” and any signal relatively to the right“apfield” °.
2.4 NMR in investigation of lithium ion electrolytes

The NMR technique was used by Siekierskial to investigate lithium ion
transport in different lithium salt electrolyfds™ Siekierski used thé.i and *F NMR
signals as an investigative tool to study the ionic associationoand donductivity of
different concentrations of lithium triflate in various ethers Iddgme, diglyme and
mixtures of monoglyme and dioxane. Siekierski used ¥ré&IMR shifts to quantify the
different species formed from lithium triflate with oxygeontaining solvents and
mixtures of different oxygen containing solvents. Using this papex eeference, we
thought’Li and **F NMR would be an appropriate tool to investigate the speciation of

lithium triflate for liquid electrolytes involving mixtures oblsents containing nitrogen
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and oxygen. The study of lithium ion transport is very importantitmum salt
electrolytes because of their importance in lithium ion ba#teriEhe transport
mechanism of the lithium ion in an electrolyte solution was disduss&hapter 1.
Nuclear magnetic resonance is a potentially important tool inirthestigation of
solvation of the lithium ion as shown by Siekierski éflLithium ions coordinate to
the heteroatoms of the solvent. lonic conduction occurs by the transmeping of
lithium ion from one heteroatom pocket to another. The coordination numbbke of t
lithium ion with the heteroatoms depends on lot of factors like thedf/gelvent, the
type of heteroatom, and also the atoms surrounding the heteroatonforidhewader
different circumstances different lithium ion-heteroatom coorttinais observed.
Different coordination will result in different electron densteround the lithium ion,
which will cause a change in tfieif NMR chemical shift. Depending on the solvent, the
counterion for the lithium ion will also show varying behavior. Thubeitomes very
important to monitor the counter io’k in triflate as anion) as wéll. Together, the
lithium ion spectra and the counterion spectra can give insight hietdoéhavior of
different heteroatom solvents and different lithium salts, whashio turn give insight

into lithium ion conduction in different electrolytes.

The purpose of this chapter is to investigate competition betwegyen and
nitrogen containing solvents in coordination to the lithium cation. Thidysivas done
using model compound solvents which are small model compounds for nitrogen and
oxygen based polymers used in SPE’s (Solid Polymer Electroljte)investigation of
the nitrogen versus oxygen issue is important for polymers whichbdudkieoxygen and

nitrogen (PEO/PEI hybrids) heteroatoms and also to understand rahspdrt
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mechanism of the lithium ion in these polymers as discussed in €ia@eme of the

guestions which arose for the polymers discussed in Chapter 1 are listed below.

% If LPEI-G2 shows same interaction of lithium cation withthe side chains as
in MEEP lithium triflate system, why is LPEI-G2 lithium triflate system
less conducting than MEEP lithium triflate®?

« If LPEI-G2 shows interaction with the ethylene oxide sidechains with no
proof of backbone nitrogen interaction, why is the LPEI-G2:LiTf less
conducting than PEO:LITf at elevated temperature§* %

+ Is there a role played by the back-bone nitrogen in LPEI-G2ithium triflate

system which cannot be diagnosed by IR?

These above gquestions are very important for the understanding and derdlabm

LPEI-G, systems.

Lithium triflate was the salt used in NMR investigationsoirthe above
mentioned questions. Since lithium triflate was used as thersaftarious different
solvents, ‘Li and **F nuclei were monitored using the NMR spectroscopy. NMR
spectroscopy allows for monitoring the lithium and fluorine nucleeally and thus
should give a direct indication of the electronic environment of lithaunah triflate in

the sample.

Different nitrogen and oxygen containing solvents were mixed irerdiit mole
fractions of the two solvents with lithium triflate as a saltthe ratio of 80:1

heteroatoms to lithium. The dilute concentration of lithium teflavas used to
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minimize the number of species that may form and to give moreéisbisolated”

species. The different solvent systems used are shown below.

R/
X4

Diethylether (DEE) vs triethylamine (TEA). (1 O vs 1 N)

L)

R/
°

Monoglyme (MG) vs tetramethylethylenediamine (TMEDA). (2 O vs 2 N)

7
L X4

Monoglyme (MG) vs triethylamine (TEA). (2 O vs 1 N)

>

Diethylether (DEE) vs tetramethylethylenediamine (TMEDA). ( €S2 N)

R/
25

% 2-methoxy-N,N-dimethylethanamine (G1) vs monoglyme (MG).
« 2-methoxy-N,N-dimethylethanamine (G1) vs TMEDA.

Figure: 2.2 shows the chemical structure for different solvents used in thegaties.

N \

/N (

AN

TMEDA MG Gl

TEA DEE

Figure 2.2 Chemical structures for different solvenunder investigation..

The different mole fraction mixtures of the two solvents in aesys(as
mentioned above) with lithium triflate were expected to show @iffechemical shifts

for each sample in a system. The chemical shift of lithiumflandne for a sample in a
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system is an averag# each fraction of species formed by the lithium cations vhi¢h t
heteroatoms and the triflate anions respectively. Theoretichffgrent mole fractions
of the two solvents should show different chemical shifts for lithiam the
concentration of oxygen and nitrogen atoms changes with each samplleuanthe

coordination of the lithium to the heteroatom changes too.

Along with the coordination effect of the lithium to the heteroatonmethe
another change which needs to be monitored, the change in the dielensiant of the
sample (salt solution). Since different samples involve differesie fractions of the
two solvents containing nitrogen and oxygen, the dielectric constant cfathple
changes. Each solvent mentioned above has different a dielectriantcansd therefore
a change in the dielectric constant is expected. lon separdigsogiation) of the
lithium triflate partly depends on the dielectric constant ofsibigent it is dissolved in.
It therefore is very important to have an assurance that changes chemical shift in
the 'Li and the®F NMR spectra are not simply due to changes in the dielectric
constant, which might cause the lithium triflate to either agsoor dissociate, and is
due to the coordination effect of the ions to the heteroatoms. The ciartpe
dielectric constant could also change the dissociation of thenghié solution, which
could be reflected in the NMR spectra. Thus it becomes a vergriant to monitor

changes in the dielectric constant.

The monitoring of the dielectric constant for different salt solusamples was
done using an EPR technique developed in our laboratory that will be eéddnss

detail Chapter 3 and Chapter 4. The dielectric properties ofalesautions were
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measured using the EPR technique to investigate the changendh dfedielectric

constant as the mole fraction of heteroatoms changes in a given system.
2.5 Lithium NMR: An overview?*

The element lithium was discovered in 1817 by Johan August Arfwedsan in
Swedish mineral called pelatite. Lithium metal has an atomideummf 3 and atomic
weight of 6.94. Lithium mainly exists in two isotopic fornf&j and ‘Li. Detailed
information aboufLi and Li is presented in Table 2.2. As seen from the tdhiehas a
higher abundance (93%) and larger quadrapolar and gyromagnetic nfoments
However,°Li has a spin number of 1 arftli has a spin number of 3/2. The range of
chemical shifts for lithium NMR are small, and therefdres not possible to resolve the
resonance of different lithium nuclei environments based solely oohérmical shift
interaction. The resolution can sometimes be improved by using higlestrength,
extracting some chemical data from the spectra. As fdreagesearch in this thesis is

presented, onl{Li was used as a tool for investigation.

Table 2.2
Natural Spin | Magnetic | Magnetogyric | Quadrapole | Resonance
abundance | (I) Moment | Ratio Moment frequency
N (%) u (uN) y (10' rad T | Q0% m?) |v (MHz)
15-1)
°Li | 7.42 1 1.1624 3.9371 -6.4x10 | 58.868
Li |92.58 3/2 | 4.2035 10.3976 -3.7x10 | 155.464
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2.6 Fluorine NMR: An Overview’

Aside from carbon and hydrogen, the fluorine nucleus is the mostdtddie
reason for this is the importance of molecules containing flacaind the fluorine
nuclei itself. To obtain a fluorine NMR spectrum, one must of cousse hAccess to a
spectrometer with a probe which can observe fluorine nuclei. Fogtynatost of the
high field NMR spectrometers available have this ability. Titnest commonly used

NMR spectrometers to obtain fluorine spectra operate at 300 or 400 MHz.

The F nucleus has a natural abundance of 100% that partly makes the NMR
spectra easy to obtain. It also has a high magnetogyrni; aftbut 0.94 greater than for
'H. The chemical shift range 6fF NMR is greater than 350 ppm. Therefore, the
resonances obtained in fluorine spectra for different F-containingespace well
separated. The nuclear spin quantum number for fluorine is 1/2 arelakation times

are sufficiently large fot°F nuclei.

Fluorotrichloromethane (CFg}lis the most commonly used internal reference
for the measurement d1F NMR spectra and it is assigned as a chemical shiferaf z
(0). Signals shift upfield from zero are assigned a negatives yalhereas signals that
shift downfield of zero are assigned positive values. ReporfSFoNMR chemical
shifts should be always reported in reference to ¢FCF NMR spectra are very
different than proton NMR spectra. For example, the effects gsb@apic magnetic
fields, such as those created by the ring currents, are muhnigsrtant than for
proton NMR spectra. This effect gives a complete overlap of igirgshd aromatic

fluorine chemical shift$.
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2.7 Determination of RelativéLi and °F NMR Chemical Shifts for “More Paired”

and “Less Paired” lons

The determination of the relative upfield and downfield chemicalssHdfr
“more paired” and “less paired” ions containifig and *°F, relative to the references,
was essential before investigating systems with nitrogenoaggen heteroatoms. A
system with carbon tetrachloride and diethyl ether as solvenss imeestigated.
Different mixtures of carbon tetrachloride and diethyl etherenmade with an 80:1
(heteroatom:Li) ratio of lithium triflate. The reference u$ed’Li NMR was lithium
triflate in D,O. The chemical shift for lithium triflate in X was set at 0 ppm and the
Li NMR chemical shifts for different solvent mixtures withhlitim triflate were
measured relative to it. The reference used¥6rNMR was CFGJ and the chemical

shift was set at O ppm for this reference.

O

I
Li® %—:s|.—CF3 Li—O—ﬁ—CFs

Free Lithium and free triflate Paired lithium and triflate

Figure 2.3 Free and paired lithium triflate

The assumption is made that addition of carbon tetrachloride toyldether
will force ion pairing in the lithium triflate. This assumptioancbe justified on the
basis that carbon tetrachloride has no strong coordinating heteroatomsanthe
dielectric constant of carbon tetrachloride is relatively l@w= 2.24). Addition of

carbon tetrachloride, with a relatively lower dielectric comista diethyletherg = 4.8)
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forces pairing of the lithium cation and triflate anion of the lithium triftk in the salt
solutiorf®. The chemical shift for the less-paired lithium cation and pes®d fluorine
of the triflate anion should be different from the more-paired lithéuna the fluorine of

the more-paired triflate anion.

The trend in'Li chemical shifts for different mole fractions of diethyher with

carbon tetrachloride is shown in Figure 2.4.
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Figure 2.4 Plot of diethyl ether mole fraction witbarbon tetrachloride versud.i chemical

shift.(Samples made with lithium triflate as saltitv 80:1 heteroatom:Li ratio and measured at 25°C)

As seen from Figure 2.4, the chemical shift trends toward megative values
on the addition of carbon tetrachloride to the diethyl ether. Thenidal shift moves
upfield on the addition of carbon tetrachloride to diethyl ether. Theeldp8Bhift
suggests that the lithium cation becomes more shielded on the additicarboin
tetrachloride to diethyl ether, which in turn suggests that mieetren density is
present around the lithium cation on the addition of carbon tetrachloride to diethyl ethe

When the lithium cation is more paired, the positive charge is anzallthere is greater

61



donation of electrons from the triflate ion and the lithium ion shouldhielded, thus

showing a signal upfield in relation to the more paired lithium cation.

Based on the above observation, an upfield shift of the chemical chétates
to more coordination around the lithium cation or more pairing ofulithcation with
triflate and downfield shift correlate with less coordinatioouad the lithium or less
paired lithium cation (Figure 2.5). It should be noted that the chandei INMR

chemical shifts for addition of carbon tetrachloride to diethyl ether appée linear.

Li NMR

Liless paired= > | i more paired
-—+Vve ppm——> ‘ ~—-ve ppm——>
0 ppm
downfield < » upfield
(deshielding) (shielding)

Figure: 2.57Li NMR chemical shift: ufield and dowrfield assignments

The *%F chemical shift trend for lithium triflate in different moleactions of

diethyl ether with carbon tetrachloride is shown in Figure 2.6.
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Figure 2.6 Plot of diethyl ether mole fraction witbarbon tetrachloride versuSF chemical

shift. (Samples made with lithium triflate as saltith 80:1 heteroatom:Li ratio and measured at 25°C)

From the plot of mole fraction of C£(e = 2.24) in diethyl ethere(= 4.8) and
% NMR chemical shift for the fluorine nuclei in the triflaaion, it can be seen that
on the addition of carbon tetrachloride to diethyl ether the chésiifa shifts in the
less negative direction, that is, downfield. Therefore, on the iadddf carbon
tetrachloride to the diethyl ether, the fluorine is deshieldeds Teans that on the
addition of carbon tetrachloride to diethyl ether, less electrontgesgpresent around
the fluorine. This behavior is expected as the triflate iomerwmore-paired, shares
more electron density with the lithium cation and thus lessretedensity is felt by the
fluorine in the triflate, resulting in a signal that is telely downfield. When less-
paired triflate is present in the solution, the negative chargé¢he oxygens is less
shared by the lithium cation and thus the fluorine in the triffaie®n feels more
electron density. Therefore less-paired triflate should apdatively upfield on the

% NMR scale when compared to more-paired triflate. It should dbednthat the
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change in°F NMR chemical shifts for addition of carbon tetrachloride tohgie¢ther

appears to be linear.

The relative assignment of shifts for more-free triflatd anore-paired triflate

anion can be made as shown in Figure: 2.7.

FI9INMR
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Figure: 2.7 % NMR chemical shft; yfield and dowrfield assignments

The conclusion is that thii and **F NMR data for lithium triflate in diethyl
ether and carbon tetrachloride mixtures is consistent with thenassns made for ion

pairing.

Having established basic parameters fai and °F NMR shifts, the
investigation of systems that mimic PEO/PEI solid electeslytill be discussed in the

following sections.
2.8 TEA (Triethylamine) versus DEE (Diethyl ether)- 1 Nitrogen sas 1 Oxygen
The first system that is an obvious choice for investigationngragen and 1

oxygen system, i.e. diethyl ether and triethylamine. Tylathine has a dielectric
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constant of 3.2 whereas diethyl ether has a dielectric corft@n8. The expectation
was to see effects similar to those observed with the additioarbbn tetrachlorides (

= 2.24) to diethyl ethere(= 4.8), due to the closeness of dielectric constant for carbon
tetrachloride § = 2.24) and triethylamines = 3.2), if there are no specific interactions
involved. Recall that a linear change in the chemical shiftseas with théLi NMR

data for the diethyl ether and carbon tetrachloride and would be edpiecthe’Li

NMR data for diethyl ether and triethylamine if changes @&lediric constant were the
only factor responsible for changes in the chemical shift with dddition of

triethylamine to diethyl ether.

The plot for the mole fraction of triethylamine in diethyl ethersus’Li NMR

chemical shift is shown in Figure 2.8.

Mole Fraction Diethyl ether
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Figure 2.8 Plot of Mole fraction of diethyl ethenitriethylamine and 7Li NMR chemical shift.

(Samples made with lithium triflate as salt with 80heteroatom:Li ratio and measured at 25°C)
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As seen from the plot, with the addition of triethylamine tohgilegéther in the
presence of lithium triflate as a salt, the chemical shithefsignal shifts upfield. The
most important thing to be noticed here is the difference betwleencarbon
tetrachloride-diethyl ethefLi chemical shift trend and the triethylamine-diethyl ether
"Li chemical shift trend. Contrary to the carbon tetrachloridénglieether system, the
addition of triethylamine to diethyl ether shifts tfie chemical shift downfield. This
suggests that the lithium cation is deshielded on the addition wiyteeine to diethyl
ether, which means less electron density around the lithium aatidghe addition of
triethylamine to diethyl ether. This, in turn, suggests thaulithcation gets less paired
as we add more triethylamine to diethyl ether. This observegioompletely opposite
to the observation made for the NMR data for diethyl ether and carbon tetrachloride.
On an absolute scale the chemical shift shifts from -0.325 ppm for @idPlether to
-0.125 ppm for 100% triethylamine. The change in the trend fofLihehemical shift
for the diethyl ether-triethylamine mixtures is not lineamauld be expected from the
diethyl ether-carbon tetrachloride mixtures. Initially a smadtlition of triethylamine to
diethyl ether causes a fast change in the chemical shift tipe 80% diethyl ether
point. After the 80% diethyl ether point, the further additionriethylamine does not
cause significant change in the chemical shift in the NMR. This observation
suggests the possibility that the nitrogen heteroatom from tthyiamine interacts
with the lithium more strongly than that of the oxygen of the gletther. The non-
linear curve initially suggests that equilibrium favors the co@on of lithium to

nitrogen over oxygen.
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If lithium cation becomes less paired, it was expected thatatluition of
triethylamine to diethyl ether would give higher conductiviti€s. investigate if the
conductivity is in agreement with tHei NMR data, AC conductivities were done on
the diethyl ether-triethylamine mixtures. Before discussiig tdata for the
conductivities, a brief introduction to AC conductivity measurementstamdell used

will be discussed in the following section.
2.9 AC conductivities

Conductivity is the measure of the ability of the electrolytilison to conduct
electricity. Conductivity measurements are widely applied in ingustten to measure
the concentration of ionic contaminants in water. The units for condyctvi
Siemens/cm (S/cm). Siemens in older texts is given as Mhoshwepresents that it is

the reciprocal of resistivity in Ohms.

All the mixed systems containing nitrogen and oxygen mentieagier have
been studied with regard to their AC conductivities. AC conductivityhats are
preferred in measuring ionic conductivity over DC methods begau3€ conductivity
measurement techniques electrode polarization occurs. A spdtiahseconstructed
in the laboratory. Using inverted T-shaped polyethylene tube with tawoless steel
electrodes at the end of the cell. A schematic sketch oethwith electrodes is shown

in Figure 2.9.
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Figure 2.9 Schematic sketch of the Conductivity Cel

The cell shown in Figure 2.9 was connected to a frequency genasatoe current
source with an ammeter in series. The AC current was melasuaréhe ammeter,
varying the frequency over a large range (10 HzHZ). A voltmeter is connected in
parallel and the potential drop across the two electrodes isuneglh A schematic

representation of the complete conductivity set up is shown in Figure 2.10.
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Figure 2.10 Schematketch for measuring AC conductivity.

The conductivity cell was tested for conductivity with a solutioiKGf whose
conductivity is known in the literature. The voltage (V) and curfgntere measured
for the system over a large range of frequencies. The msEs{@npedance for AC

measurements) is calculated from the voltage and the current.
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R=VI/ Equation 2.6

A plot of resistance versus logarithm of frequency is plotsesh@awn in Figure

2.11.
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Figure 2.11 (Plot for aqueous KCI 0.0008 M at 25jC Log Frequency versus Resistance.

It can be seen from the plot above that resistance is rejaitiekdpendent of the
frequency around 1000 Hertz. The conductivity is measured at 1000 Hertz as the change
in the slope for the resistance is minimal at 1000 Hertz. ghdri frequency, the
conductivity increases with increase in frequency as explainedthby Debye-
Falkenhagen effett The specific conductivityog) can be calculated from the equation

2.6%1
os = C * Cell constant. (Equation 2.6)

Where C = conductanc&/6hms=Siemenkis simply the inverse of resistance.
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The cell constant is dependent on the dimensions of the conductivityé8l|

Length or distance between the electrodes

Cell constant =

(Equation:2.7)

Area of the electrodes

The unit for specific conductivityes) is 1/(ohms*cm), which can be written as

(Siemens/cm).

The specific conductivityes) for the 0.0008 M KCI solution was measured 1.40
X 10* S/cm, which is close to the literature value (1.18 X BJcm¥*. The specific
conductivity for 0.0008 M KCI gave a confirmation that the cell wasatisfactory
design and could be used for specific conductivity measurements tthiben salt

solutions.

Having described the parameters for conductivity measurementsthand
construction of the cell, conductivity data for diethyl ethetfiglamine system can be

discussed.

The conductivity data for the diethyl ether-triethylamine eystis shown in Figure

2.12.
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Figure 2.12 Plot of Diethyl ether mole fraction veus Specific conductivity. (Samples made with

lithium triflate as salt with 80:1 heteroatom:Li o and measured at 25°C)

The conductivity, which is already fairly low in diethyl etheppears to
decrease abruptly with the addition of triethylamine. The changeiconductivity is
not linear, and conductivity decreases sharply up to the 80% didtied @&d 20%
triethylamine point. Although a change from 1.7 X®1® 2.0 X 1¢° S/cm is not a
significant conductivity change, a sudden jump of specific conducts/itiear at 80%
diethyl ether: 20% triethylamine. After that point, the condustimore or less levels
off. This appears to be contradictory to the interpration of th&lMR data observed
for the diethyl ether-triethylamine mixtures. If the lithiuzation tends to be more free
in triethylamine, the conductivity should increase with the adduiotniethylamine to
diethyl ether, but an opposite trend is seen as far as conduasivitgncerned. Of
course, conductivity also depends on the anion (triflate anion) ofatheTkerefore it

was decided to investigate the NMR shifts of the fluorine of the triflate anion.

% NMR spectra were taken for the diethyl ether-trietimjfe mixtures. The

% NMR data is shown in Figure 2.13.
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Figure 2.13'%F NMR data for TEA/DEE system. (Samples made witilim triflate as salt with 80:1

heteroatom:Li ratio and measured at 25°C)

The ' F data shows that with the addition of triethylamine to dieghiyer there
is downfield shift in the chemical shift. This suggests that on atdition of
triethylamine to diethyl ether the fluorine is deshielded astein density decreases
around the fluorine. ThéF data suggests that the triflate gets more paired on the
addition of the triethylamine to diethyl ether. THE data is in agreement with the
conductivity data where the conductivity decreases with more paifirige triflate.
One interesting feature of tH&F plot occurs upon initial addition of triethylamine to
diethyl ether. From the 100% diethyl ether to 80% diethyl ether-B@thylamine
point there is a downfield shift in the chemical shift but not asnprent as after the
80% diethyl ether-20 triethylamine point. An abrupt change in the chemitizhis80%
diethyl ether-20% triethylamine was seen with theNMR chemical shifts. A similar
break around 80% diethyl ether-20% triethylamine was also sedre inonhductivity

data.

Comparing the trends folLi and 'F NMR data, the'Li NMR data is in

contradiction with the conductivity and th&% NMR data. A possible explanation for
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these observations is that speciation does not result in discrepairgnor solvent-
separated ions but rather in poorly defined aggregate species. Alggrege species
involving more than one lithium and one triflate clustered togethlee. dggregate
speciation of the lithium and triflate complicates interpretatidggregates are well
known to be present in oxygen and nitrogen containing solvents, but etkesst
structural nature is not well known understood and is likely highliable"". Further, a
computational study done by Farid Ismail in our research groupsst@xformation of
aggregates from lithium triflate in both amine- and ether-baskargs and also in
mixtures of amine- and ether-based solvents. He has also shaateslitth changing
nitrogen to oxygen ratios, the nature of the aggregates changsid€org the
complexity of the species formed in these mixtures, two diffegeneral types of
aggregate can be hypothesized to give a simplified explanatidmefoiata observed for
lithium triflate in the diethyl ether and triethylamine misg¢s. The two different

aggregate types are discussed below.

1) Lithium rich aggregates: The numbers of lithium cations in the aggregates are
greater than the number of triflate anions (Figure 2.14). Thus the muwimore-free
triflate are higher and the chemical shift for would trend toward more-paired lithium
cation chemical shifts. Similarly, the chemical shiftf&% for triflate anion would trend

toward more-free triflate.
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Figure 2.14 Lithium rich aggregate species

2) Triflate rich aggregates: The numbers of triflate anions in the aggregate are higher
than the number of lithium cations (Figure 2.15). Thus the number eflitreum
cations is higher and the chemical shift would trend toward fneeelithium cation
chemical shifts. Similarly, th&F NMR chemical shift for the triflate would appear to

trend toward more-paired triflate ion chemical shifts.

Figure 2.15 Triflate rich species of lithium triflée
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It is important to note the number of “free” lithium cations aneét triflate
anions in the triflate rich aggregates and lithium rich aggrega¢spectively. In the
lithium rich aggregates, statistically, a number of more-friiates are present. The
more-free triflate would mean most of the lithium cations raere-paired and the
lithium NMR chemical shift will show up relatively upfield as per the disaussarlier.
On the contrary, in the triflate rich aggregates, statisticallpumber of less-paired
lithium ions are present. Thus thei NMR chemical shift will show up relatively
downfield. The conversion from lithium rich species to triflaté Species or vice versa

should go through a de-aggregated state of the lithium and triflate.

It is rather difficult to predict what the exact speciation is at a givert potime
because of the limitations of the NMR technique as the observexicaieshift is a
weighted average of all the species formed in the sample. Loekitige macroscopic
picture of the solution, we could have the presence of lithium gghnegates or the
triflate rich aggregates present in the electrolyte smutDynamics of the electrolyte
solution can complicate explanation further as these speciesm@stantly exchanging

with each other.

Nonetheless, the contradictory trends in fhe NMR, conductivity and*°F
NMR data allow for a putative model to be put forth for lithiurfiaie in the diethyl
ether-triethylamine mixtures. In 100% diethyl ether, if theme any aggregates present,
the CCl-diethyl ether data suggests the presence of triflate ggnegates (lithium
cation is less-paired). On the addition of small amounts of triethylamutietto/l ether,
Li NMR data suggests the lithium cation to be less-paired, butriftetet becomes

more-paired and the conductivity decreases. All these observatiggsess that there
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could be more formation of triflate rich aggregates on the additivnetiiylamine. As
the triflate rich aggregates are formed, the triflate gatse paired as observed in the
% NMR. Since the'Li NMR data suggest that the lithium get less paired on the
addition of triethylamine to diethyl ether, the formation ofldaté rich species can
explain that observation too. Since more triflate rich aggregatéeformed, the lithium
cation tends to be less-paired in the aggregates, which caremenséhe’Li NMR
shifts. On addition of more triethylamine to diethyl ether, tlvexdd be increase in the
number or the size of the triflate rich aggregates. The incredee number or the size
of the triflate rich aggregates would be consistent with the deeiaahe conductivity,
as it is a known fact that aggregates contribute less to cavitfét After a certain
point, (70% diethyl ether and 30% triethylamine) the triflateh raggregates have
mostly formed as most triflates are already engaged iaggeegates. This results in no
further decrease in the conductivity and the NMR chemical shift after adding ca.

30% triethylamine to diethyl ether.

The above explanation does not include any specific interactions keth t
solvents and the argument is solely based on the lithium andetiftgfregation. It is
well known that dielectric constant of the solvent often can haignéficant effect on
the speciation of a salt in a solv&nfTo investigate if the nitrogen and oxygen of the
triethylamine and diethyl ether respectively has any spdaiferaction with the lithium
triflate that would facilitate the aggregation in these ores$, changes in the trend of
dielectric constant of these mixtures were measured usingRBrtdehnique which will
be discussed in detail in Chapter 3. Since there will be a loteotiom to the EPR

technique to measure the change in the dielectric constant sh#pter, it is important
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to establish the basic relationship between the EPR signal itptemsl dielectric
constant. The EPR signal intensity decreases with increale ohdlectric constant of

the solvent or salt solution.

The aggregation phenomenon described could be attributed simply to the
decreasing the dielectric constant of the solvent mixtureshvdgcreases linearly from
4.8 for diethyl ether to 3.2 for triethylamineide infrd. However, the dielectric
constant data trend for the lithium triflate solutions studied byERR technique is

shown in Figure 2.16.
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Figure 2.16 Plot of DEE/TEA mole fraction versusHR signal intensity (a.u). (Samples made with

lithium triflate as salt with 80:1 heteroatom:Li rdo and error bars represent 3.5% error)

The EPR data for the diethyl ether-triethylamine withidm triflate system
shows little change in the EPR signal intensity (from 2820000 to 28900i0)
increasing the mole fraction of diethyl ether. The error barthe data represent a 3.93
% error in measurement of the signal intensity using thisnigue. The dielectric
constant of the salt solutions is constant within experimentat.efhere is a slight

increase in the intensity after the 80% diethyl ether point to the 100% didtbyleint

77



is observed. If correct this was unexpected since the EPR sigeakity of the
mixtures on the addition diethyl ether to triethylamine withows &tmium triflate
should decrease. THei and **F data suggests that on the addition of triethylamine to
diethylether, there is formation of triflate rich aggregaldse EPR data suggests that
the triflate rich aggregates formed are somewhat more patégizand therefore the
intensity decreases which means the dielectric constant sestedhe increase in
dielectric constant is seen up to 80% diethyl ether point, aftechwihiere is not a
significant change in the speciation, causing the EPR sigrasity to stay constant,
which suggests that the dielectric constant stays constant. TRed&R fits with the
conductivity and the spectroscopic data. Detailed explanation of élexiic constant
effect in these mixtures for diethyl ether and triethylamsxeomplicated due to the
aggregate formation. It is difficult to determine exactly howaggregate (triflate rich

or lithium rich) would affect the dielectric constant of the electrolyte smiuti

2.10 TMEDA (N,N,N’,N’-tetramethylethylenediamine) versus MG (Monogjg) - 2

Nitrogens versus 2 Oxygens

Although diethyl ether and triethylamine represent the hetersapyesent in
the PEO/PEI hybrid polymer, the diethylether-triethylamigstesm would not mimic
the PEO/PEI hybrid solid polymer electrolyte very closely.imastigate further and
choose a system that would much more closely represent PEQ/Pd polymers,
monoglyme and TMEDA were chosen as the nitrogen and oxygen based soWidnts.
these solvents, the chelating effects from having heteroatoohssi& spatial proximity
will be observed, which is expected in the PEO/PEI hybrid smilgmer electrolytes.

The’Li NMR data for monoglyme and TMEDA is shown in Figure 2.17.
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Figure 2.17 Plot for monoglyme mole fraction vers(Li ppm. (Samples made with lithium triflate as

salt with 80:1 heteroatom:Li ratio and measured 25°C)

The 'Li NMR chemical shift for TMEDA/Monoglyme with lithium tridte
covers a broader range when compared to the DEE/TEA systenraiipe of the
chemical shift for théLi NMR goes from 0.4 ppm to -0.75 ppm. The trend seen for the
system is similar to the TEA/DEE system. The NMR shows a shift in the chemical
shift from upfield to downfield, which suggests that the lithiumaorais becoming
deshielded on the addition of TMEDA to monoglyme. Thus, the lithium cagipeaas
to be less-paired on the addition of TMEDA to monoglyme. When comparétke
diethyl ether-carbon tetrachloride mixtures, the change irfLihehemical shift is not
linear as seen for the diethyl ether-carbon tetrachloride restliragain appears from
the plot (similar to the diethyl ether/triethylamine mixtures) thatrtitrogen holds on to
the lithium tightly and the equilibrium lies in favor of the effeftthe nitrogens of

TMEDA more than the oxygens of monoglyme.
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Since the'Li NMR did not explain the phenomena in detail, AC conductivities
were done on the monoglyme and TMEDA mixtures. The plot of motgidra of

TMEDA in monoglyme vs specific conductivity is shown in Figure 2.18.
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Figure 2.18 Plot of Monoglyme Mole Fraction in TMER versus specific conductivity. (Samples made

with lithium triflate as salt with 80:1 heteroatorhi ratio and measured at 25°C)

The specific conductivity data was surprising. Although the trenthspecific
conductivity looks similar to the TEA/DEE system, the specifioductivity covered a
much larger range than that of the TEA/DEE system. The fapeonductivity shows
higher values at the higher mole fractions of monoglyme. Thefigpeenductivity for
100% TMEDA is approximately 3 X 10S/cm and reaches all the way up to 4.5 X 10
S/cm for 100% monoglyme. The most interesting part of the trendresgien in which
the specific conductivity decreases with increasing mole énactif TMEDA. The
specific conductivity drops significantly until the 70% Monoglyme - 3U%EDA
point, after which further addition of TMEDA does not cause a sigmfichange in the
specific conductivity. Again, this was a contradiction to theNMR data where the
lithium cation appears to get less paired with the addition of TMEthe monoglyme

whereas the conductivity decreases with the addition of TMEDA ¢moglyme.
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Certainly, it appears that the formation of aggregates also alagmificant role in the
monoglyme and TMEDA mixtures. To add evidence for aggregate formagam,
monitoring of the triflate anion in the monoglyme and TMEDA mixtuséth the *°F

NMR was done and is shown in Figure 2.19.
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Figure 2.19 Plot for Monglyme mole fraction in TMER versus**F NMR chemical shift. (Samples

made with lithium triflate as salt with 80:1 heteatom:Li ratio and measured at 25°C)

The **F NMR chemical shift for TMEDA/Monoglyme system shows behavior
similar to that seen for the DEE/TEA system except forsthall downfield shift seen
at 90% monoglyme-10% TMEDA. On the addition of small amount oED¥ to
monoglyme, the chemical shift shifts upfield, which suggests ligatriflate becomes
less-paired. Further addition of the TMEDA to monoglyme shiftsctiemical shift
downfield, which suggests that the triflate starts becomes-p@ired. Again, this
behavior was surprising and not expected. The triflate data mbstlywith the
conductivity data where the triflate starts to get more pdhedconductivity starts to
decrease. But the initial upfield shift of the triflate does @atitt the conductivity data.
This behavior can again be explained by the formation of aggregaiespehough the

exact nature of these aggregates is difficult to predict baseony the data obtained, a
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speculation can be made about the aggregate formation based oratbbsdaved. On
an absolute scale, th# NMR chemical shift does not show a big shift. E6rNMR a
shift of approximately 0.4 ppm is small when compared to the rangeecbirethe™F
NMR (approximately 350 ppm). This suggests that the interadiadirsg place in these
solutions is not as large enough to create a big change in thecahsmft. Another
important observation to be made here is that relative t6°fh8IMR chemical shift
range for the TEA/DEE system, th& chemical shift range for TMEDA/Monoglyme
system is relatively downfield. This shows that the triflatenore paired over the entire

range than is seen in the TEA/DEE system.

From the’Li NMR, conductivity, and®F NMR data, speculation can be made
that on the addition of TMEDA to monoglyme there is formation dfate rich
aggregates. The initial dip in th& NMR where the triflate appears to move upfield,
suggesting that the triflate gets less-paired, is diffitmlexplain but could be due to
subtle changes in the aggregate speciation and this area maytby of further study.
After the dip on the'®F data, everything seems to fits the, conductivity, and*F
NMR data to suggest that the triflate rich aggregatesoameed. Similar to the diethyl
ether and triethylamine mixtures, assuming that the trifiate aggregates are formed
which will make the lithium appear less-paired and theatgflmore-paired. On the
addition of more TMEDA to monoglyme, the formation of triflatehriaggregates can
grow in size or number, which shifts thid NMR chemical shift downfield and shift
the F downfield. Further addition of TMEDA to monoglyme does not cause any
significant change in the triflate rich aggregates, whiche=stise’Li NMR chemical

shift and the conductivity to change insignificantly.
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The above explanation for the triflate rich aggregates does nlodé@ny
specific interactions of the solvents (monoglyme and TMEDA) wiitiiuim triflate and
only deals with aggregate formation between lithium and triffateinvestigate the
solvent interaction with lithium triflate, monoglyme-TMEDA satiixtures were also
measured for changes in dielectric constant. Before meastaenigtium triflate salt
solution of monoglyme and TMEDA mixtures, monoglyme and TMEDA medur
without the salt were measured (Figure: 2.20) for referenasotapare it with the
dielectric constant trend of the monoglyme and TMEDA mixturehl lithium triflate.
All the measurements were done using the EPR technique mentioried aad

discussed in detail in Chapter 3.
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Figure 2.20 Plot of Mole fraction of monoglyme inMIEDA (without lithium triflate) vs EPR Intensity
(a.u). Error bars represent 3.5% error in the intsity.

As seen in Figure 2.20, the EPR signal intensity changes lineartifferent
monoglyme and TMEDA mixtures. The dielectric constant for pureEDMW is 2.8
whereas the dielectric constant for pure monoglyme is 7.2. Withatlu#tion of

TMEDA to monoglyme without any salt, the change in the dielectitstant is linear
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for monoglyme -TMEDA mixtures. The data for the changethe dielectric constar

for different monoglym-TMEDA mixtures with lithum triflate is given in Figur 2.21.
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Figure 2.21 Plot of EPR intensity versus Mole fraction ®MEDA in Monoglyme. (Samples made wit

lithium triflate as salt with 80:1 heteroatom:Li réo)Error bars represent an error of 5%.

As seen from Figure 2.21, from 100% TME-lithium triflate to 100%
monoglymelithium triflate, the intensity changes from 21700t 2370000 with a
error of 2% for every measurement. This changeh@EPR signalintensity ismore
significant thanthe one seen in TE-DEE system. The more important issue is
change in thérend seen in the plot. The plot shows a nonlitesard for the change |
the dielectric constant for TMEL-Monoglyme system with lithium triflate as salt. T
comparision of the two plots, with and without satiggest that there is a spec

interacton of the solvent with the salt which affs the delectric constant of the mix
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systems. However, it is difficult to draw conclusions about the exact kimes&ctions

the solvents have with the salt with the data presented.

In Figure 2.21, the trend again shows a break at the 80% Monoglyme-20%
TMEDA point. The observation supports the data seéhiiNMR data and follows the
same trend as seen fdii NMR chemical shift. As seen from the EPR data, the change
in the dielectric constant of the system is significant (intgmange from 2170000 a.u
to 2370000 a.u). At the 100% TMEDA point, it shows a relatively higher iityens
which in turn means a lower dielectric constant. flig **F and specific conductivity
data suggest that with the increase in the TMEDA fractiontritiete rich aggregates
increase in size or number. As we add a fraction of TMEDA tontbeoglyme an
increase in the intensity is seen which suggests that thardeasrease in the dielectric
constant. This observation suggests that the species (not aggregas=anly) formed
in 100% monoglyme are more polarizable on the application of theielgeld. On the
addition of TMEDA, with the formation of triflate rich aggregatéee polarizabilty of
these aggregates is low and therefore the dielectric cord#argases. After the 80%
monoglyme-20% TMEDA point, we speculate that insignificant amoungggfegate
formation continues, which is reflected in the dielectric congikmtshowing minimal
changes in EPR signal intensity (dielectric constant) ef mhixtures. Although
unlikely, the change in the dielectric constant could also beudt @&sthe changing
volume fraction of the solvent and a change in the concentration of the lithiute frifla

the sample. More investigation is needed in this case to come to a strong conclusion.

Since the dielectric constant measurements showed that tlentsobo have

specific interactions with the salts, it was decided to stiay lithium triflate salt
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mixtures of monoglyme and TMEDA without any applied electricdfieThe self
diffusion coefficient for these monoglyme-TMEDA mixtures witthilim triflate were
measured using Pulse Field Gradient (PFG) techniques on bdth dred *°F. A brief
discussion of the theory behind PFG techniques will be discussea ifoltwing
section, after which the PFG results for the monoglyme-TMED#ures with lithium
triflate will be given. The self diffusion results will also beated to the conductivity

results for the monoglyme-TMEDA mixtures with lithium triflate.

2.11 Pulse Field Gradient NMR measurements for Lithium Tafe in the TMEDA-

monoglyme systent*>16:19

To investigate the TMEDA-monoglyme system in more detaif-dsffusion
coefficient studies were carried out on lithium triflate in eliéint mole fractions of
monoglyme in TMEDA using pulse field gradient NMR techniques. 8#ttision
coefficients measure the self diffusivity of the cation and therain the solution

without the application of any external field.

Self diffusion is a measure of the translational motion of nutdscor ions due
to the internal kinetic energy of the system. Self diffusioanismportant phenomenon
in a system as it is responsible for the collision of the matecuthen a reaction
between two molecules occurs. Diffusion depends on the moleculaf siee diffusing

species and is expressed by Stokes-Einstein equation (Equation 2.8).
D = KkT/f (Equation 2.8)

Where D = diffusion coefficient, k = Boltzman constant, T = Tentpeean °K, andf
= friction coefficient.
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The friction coefficientf) can be given as
f =Brnrs

wheren = viscosity of the solution and + Stokes radius of the species diffusing. From
the latter equation it can be seen that diffusion of the catiomion @alepends on the

viscosity and as the viscosity increases the diffusivity decreases.

Diffusion coefficients can also be related to specific conducthytyhe Nernst

Einstein equation (Equation 2.9§:%%°
2
o= % [D(Li*) + D(CF3503)] (Equation 2.9)

whereo = ionic conductivity, D = Diffusion coefficient, q = charge oe #pecies, n =
number of charge carriers per unit volume, k = Boltzman constant, artémperature

in °K.

The above-mentioned Nernst-Einstein equation can be applied to cailcniate
conductivity of the electrolyte solution. When the above equation is apioli¢de
system, an assumption is made that the salt is completebciditesi. Generally, ionic
conductivity values calculated using the Nernst-Einstein equationhigreer than
measured ionic conductivity values due to the different ionic spéoiesed in the
electrolyte solution, especially those which do contribute to the diffusionaeatfand

not to the ionic conductivity.

Since the scope of this thesis is limited to understanding trarcdfptbe lithium
cation and the triflate anion in mixed solvent systems containing nitrogen and oxygen as

heteroatoms, explanation of the Pulse field gradient techniqueb&ilimited to a
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gualitative explanation of the theory behind the experiment. In & felsl gradient
experiment, a coil of wire is placed around the x-axis which pvidlvide additional
magnetic field in addition to the static magnetic field (B@ng the z-axis. Figure 2.22
shows a schematic diagram of pulse sequence set up to measuddfuben

coefficients of the sampl&s™

T ' T
y

gradient
pulse

Acquisition

Diftusion Small signal

Y2 N
L D . D
O R 2
< <

Figure 2.22 Schematic of the pulse sequehicé

Consider a collection of spins diffusing at thermal equilibrium Isat tthe net
magnetization is along the z-axis. A 90° radiofrequency pulse igedppthich rotates
the magnetization in the x-y plane. During the firgieriod at timeit a gradient pulse

of time 6 and magnitudg is applied and, due to the gradient field applied, the spin of
the nuclei experiences a phase shift. At the end of the firstdpan, a 180° pulse is
applied which reverses the sign of the precession and alssesvire sign of the
applied field and the static field. At the time t\+another pulse of equal gradient and
magnitude is applied. If the spins do not have any translational mdteeffect of the
two gradient pulses cancel each other and thus, the spins refoclswando change in

the size of the observed peak. If there is a translational motia@hwnoves the spins,
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the extent of dephasing is directly proportional to the displaceimehe direction of

the gradient during the periadand the effects of the two gradient pulses do not cancel
each other. The extent of the non-cancellation enhances due ¢asesrin the phase
shift or increasing displacement along the z-axis. The haphatwase shifts are
averaged all over the collection of nuclei that contribute to the MMRal. Thus, the
NMR signal does not shift phases but attenuates, and the greateifftiseon, the

greater is the attenuation of the sidnal

The TMEDA-Monoglyme mixtures with different mole fraction mbnoglyme
in TMEDA with lithium triflate (80:1 = heteroatom:Li rati@s a salt were investigated
using the pulse field gradient NMR technique to measure thdifalion coefficients.

The results are summarized in Table:2.3.

Monoglyme % TMEDA % Li Diffusion | *°F Diffusion
Coefficients (nf/s) | Coefficients (nf/s)

0 100 6.93e-10 7.47e-10

20 80 7.43e-10 7.64e-10

40 60 8.46e-10 8.40e-10

50 50 8.53e-10 8.30e-10

60 40 8.93e-10 8.98e-10

80 20 9.21e-10 9.20e-10

90 10 1.07e-9 1.08e-9

100 0 1.23e-9 1.21e-9

Table 2.37Li and F Self diffusion coefficients for TMEDA-MG/LiTf (801 = Heteroatom:Li)

solutions. (Samples made with lithium triflate aals with 80:1 heteroatom:Li ratio and measured at

25°C)
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A plot of monoglyme mole fraction in TMEDA versus self diffusion coeffigent

for 'Li and *°F are plotted in Figure: 2.23.

The first and the foremost observation is that tieand *°F have similar self
diffusion coefficients. This could be due to ionic association ofitheii and triflate
to form ion pairs or aggregates which causes the lithium and iftaetto diffuse

together, thus resulting in the diffusion coefficients being similar for hthaumd triflate.
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Figure 2.23 Plot of mole fraction of monoglyme inMEDA versus self diffusion coefficients fofLi
and °F. (Samples made with lithium triflate as salt wit0:1 heteroatom:Li ratio and measured at
25°C)

From the plot it can be seen that thé and the'F self diffusion coefficients
values increase with an increase in the monoglyme mole fractiGiMEDA. The
increase is not linear and the increase of self diffusion caaftis slow up to ca. 80%
monoglyme point, after which there is a sudden increase in the sfopee self
diffusion coefficient. This observation is interesting as'thdlMR shifts, the dielectric
constant trend, and the specific conductivity show the same bredie atat 80%
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monoglyme point as discussed in the chapter earlier. As describied, ed the 80%
point, the speciation could be undergoing a drastic change saethavely more
lithium is less paired, thus exhibiting a break in the trend.h&sdielectric constant
shows the same trend (break at 80% monoglyme point), it hints thasatne
phenomena in which species form that orient better in the eléetdand can be more

polarized. Quantification of the ionic association from the self diffusion ddtavs.

The Nernst-Einstein equation establishes a relationship betweeit i
conductivity and diffusion coefficient§.One of the assumptions made by the Nernst-
Einstein equation is that when the salt is dissolved in the solveastagsumed to be

completely dissociated. The Nernst-Einstein equation can be modified todbqRA1D:
2
o(calculated) = % [D(Li*) + D(CF3503)] (Equation 2.10)

It is also known from the literature that not all the salt $saltiated and there is
ionic association seen in the solution. The actual measured congu@tivitasured) IS
lower than the calculated ionic conductivity. The difference in riteasured ionic
conductivity and the calculated ionic conductivity is due to ionio@sson and the
formation of species which contribute to the diffusion and not to the emmductivity.

A quantification of the ionic association can be given by Equation Z1°1..
O (measured)— O(calculated) (1-4) (Equation 2.11)

The equation gives the fraction of ions that are ionically assatand also the
fraction of ions which are free. Table 2.4 summarizes the neshstonductivity,

calculated conductivity, and fractions of ionic associated spefxjes (
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Mole fraction of | Measured Calculated | Fraction of | % of lonic
Monoglyme in | conductivity | conductivit | lonic associated

TMEDA with LiTf | 6measured y associated species (%
(80:1=Heteroatom:Li) Gcalculated speciesA) A)

0 3.00e-6 0.907 0.999(99669)99.9(99669)
20 7.80e-6 1.01 0.999(99227)99.9(99227)
50 1.38e-5 1.25 0.999(98893) 99.9(9889
80 8.19e-5 1.53 0.999(94656) 99.9(9465
90 2.55e-4 1.86 0.999(86293) 99.9(8629
100 4.59e-4 2.20 0.999(79148) 99.9(7914

Table 2.4 lonic associated species fraction in mghane and TMEDA mixtures with lithium triflate as

salt (Numbers shown for three significant figuredNumbers in parentheses are shown to display the

calculated small change in the ionic assocuition eddition of TMEDA to monoglyme).

Figure 2.24 shows a plot for data of % fraction of ionic assocspedies is

plotted against monoglyme mole fraction.
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Figure 2.24 Plot of % Monoglyme in TMEDA vsus % Fraction of lonic associated species.

(Samples made with lithium triflate as salt with 80heteroatom:Li ratio and measured at 25°C)
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As seen from the Figure: 2.24, considering the absolute fractiolonod
association, more than 99 % of the ions are ionically assocrateither pure solvent
and only a small amount of the ions tend to be free. But relatittedyamount of free
ions increases on the addition of monoglyme. Although a decrease irortize i
association is observed, the change is not linear. The decrehsefiaction of species
being ionically associated decreases initially at a slovaee wuntil the ca. 80%
monoglyme point. After the 80% monoglyme point, the decrease in the ionic
association is fast and a break is seen in the trend at the 8@%glyme point. This
observation is important as the change in the dielectric corietinis the same trend.
Comparing the dielectric constant data and the ionic associatianotat can speculate
that with the formation of different species of the lithiumlatd in the TMEDA-
monoglyme system, the change in the dielectric constant monsible for the

speciation and the mobility of the ions in the system.

An interesting observation can be made by comparing the selfidiffdata to
the ionic association data, especially in the region from 0% mypmegito 80%
monoglyme. For the self diffusion data, the region from 0% monoglym808b6
monoglyme shows a slow but steady increase in the self diffusiothe 80%
monoglyme point. When the ionic association data is considered, thshiata not
much of a change in the ionic association till the 80% monoglyme wbiich tracks
the trend shown by the specific conductivity data. This is consisigh the specific
conductivity depending largely on the “freer” ions present in ttetisn, whereas the

self diffusion coefficient depends on all the species. After the B@#toglyme point,
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the speciation changes and more free ions are present whicibatento both the self

diffusion coefficient and the specific conductivity.

As mentioned in Section 2.4, to carry out the investigation further on the
systems which mimic the PEO/PEI systems, more solventisnitipgens and oxygens

were studied. The systems which were studied are given below;

1) Triethylamine (TEA) vs Monoglyme
2) TMEDA vs Diethylether (DEE)
3) G1 vs Monoglyme

4) G1vs TMEDA

Z

O

\

Figure 2.25 Structure of 2-methoxy-N,N-dimethylethamine (G1)

To get a larger picture of the phenomena taking place in the dtiorpet
between nitrogen and oxygen with the lithium and triflate, masits for ‘Li, *°F,
specific conductivity and change in dielectric constant are plotidtieke master plots,
"Li, *°F, conductivity and change in dielectric constant data for TEREE, TMEDA
vs Monoglyme, TEA vs Monoglyme, TMEDA vs DEE, G1 vs Monoglyme &ddvs

TMEDA are plotted on the same scale on a graph and will be compared.
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2.12: Master Plots fofLi, *°F and Specific Conductivity:

The Li, **F, conductivity data and change in the dielectric constant fohall t

systems were plotted on the same chart. This will be helpfabmparing all the

systems together on similar scale. Since all the systewatve mixed heteroatoms,

nitrogen and oxygen, it will be easier to compare all the systéth6 oxygen on the

x-axis rather than having the mole fraction of a particular solmemixed nitrogen and

oxygen solvents. When plotting on the same plot, the plotting of the @ fraction

becomes a problem as G1 molecule has one nitrogen and one oxygtre 5ake of

simplicity, all the plots will be plotted against % oxygen veréLis '°F, specific

conductivity and change in dielectric constant.

Figure 2.26 shows a plot for % oxygen verdisNMR chemical shifts in ppm.
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Figure 2.26 Plot of % Oxygen versus 7Li NMR chemlcshifts in ppm.

triflate as salt with 80:1 heteroatom:Li ratio ancheasured at 25°C)
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The Li shows significant changes with increasing % of oxygens irthe|
systems. The first observation to make here is the TMEDA-mgmegkystem, covers
the largest range of chemical shifts in fhé NMR chemical shifts. Comparing the
TMEDA-monoglyme to triethylamine-diethyl ether system, thethylamine-diethyl
ether curve does not show much of a change in‘lth&iMR chemical shift. This
suggests that chelation effect of the TMEDA and monoglyme slzoWwage effect

versus just the coordination effect of the triethylamine and diethyl ether.

One interesting observation is systems which have one chelating solvent and one
coordinating solvent, i.e. triethylamine-monoglyme and TMEDA-diegtlyer. A large
chelation effect can be seen triethylamine-monoglyme syatehthe TMEDA-diethyl
ether system. In the TMEDA-diethyl ether system, on the addifiamall amount of
TMEDA to diethyl ether, the huge downfield shift suggests thatlietation effect of
TMEDA competes strongly against the diethyl ether coordinatibecte On the
contrary, the coordination triethylamine appears to compete sg#bctwith the
monoglyme but not to the same extent as that of the chelatiort efen in the
TMEDA-monoglyme system. The coordination of nitrogens of trigiimghe competes

and balances the chelation effects of the oxygens of monoglyme.

Another important effect is the comparision between G1-TMER?L-
Monoglyme and TMEDA-Monoglyme. Essentially, the G1-TMEDA and - G1
monoglyme systems together should structurally represent tlEDRMMoONoglyme. So
the G1-TMEDA and G1-monoglyme should show similar chemicalsshifd trends as
the TMEDA-monglyme system. However, there is a big differdreteveen the change

in ‘Li NMR shifts for G1-monoglyme, G1-TMEDA and the TMEDA-monoglm
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system. The data suggests that the chelation effects of tsel@ht are different than
that of the TMEDA solvent. This can be explained by the fact@iahas two different

heteroatoms, nitrogen and oxygen, which have different coordinating tendencies.

Further, similar master curve was plotted for conductivity fotha systems. It
would be of real interest to see any chelation effects andohster effects discussed
for the’Li NMR master plot have effect on the conductivity of the systéFhe plot for

% oxygen versus specific conductivity (S/cm) is given in Figure 2.27.
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Figure 2.27 Plot of % Oxygen versus Specific coatlvity (S/cm). (Samples made with lithium triflate

as salt with 80:1 heteroatom:Li ratio and measurat25°C)

The very first and important observation to make is the speoifiductivity for
triethylamine-diethyl ether. As compared to the other systdrag,onductivity does not
show any significant change and is low. This observation could be eat efflower
dielectric constant of both the solvents involved and no chelation efiket.lower
dielectric constant could allow no dissociation of the salt spemeks thus cause

formation of species (aggregates) which do not contribute towards conductivity.
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The comparision of conductivity trends between TMEDA-monoglyystes,
triethylamine-Monoglyme system and the G1-monoglyme system isnadsesting. All
these systems do show a decrease in the conductivity with theoaddfitihe nitrogen
based solvents (TEA, TMEDA and G1). However, the trend differs frolweist to
solvent. In the TMEDA-monoglyme system with the addition of 20% reineg the
conductivity almost flattens out, whereas for the TEA-monoglymsesy, on the
addition of 30% nitrogens the conductivity flattens out. This behavior agaild te
attributed to the fact that TMEDA can form a chelate whictthexmodynamically
stablé®, thus affecting the transport of lithium ion which is responsitle®nductivity
whereas TEA does not form any chelates. However, the G1-monoglyoves lower
chelation effect when compared to the TMEDA-monoglyme and TEA-nigmeg
system. In the G1-monoglyme system the conductivity does deareake addition of
G1 to monoglyme but does not decrease as fast as seen with tH2ATiM& oglyme
and TEA-monoglyme systems. The G1 solvent having two heteroatoansolecule
can also a form a chelate, then why does the conductivity de@eastower rate than
the TEA-monoglyme system? This could be explained by the heiaradfects. In the
G1l-monoglyme system, the chelation effect may be offset bgxigen present in the
G1 molecule. This could lead to slower decrease in the conductivithe G1-

monoglyme system.

Another system, where the heteroatom effects are strongtyceeepeting the
chelation effect is the TMEDA-DEE system. Even with the aoldiof 40% TMEDA,
no decrease of conductivity is seen which may suggest that thersxggdiethyl ether

strongly compete against the chelation effect of the TMEDA.
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Since it was concluded from the data that the formation of t&iflech
aggregates might be taking place in many of these systemifi, be of big interest to
see all*°F data for all the same systems plotted on the same scale. The mastir pl

F is shown in Figure 2.28.
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Figure 2.28 Plot of % oxygen versus 19F NMR cheartishifts in ppm. (Samples made with lithium

triflate as salt with 80:1 heteroatom:Li ratio ancheasured at 25°C)

The most important observation to make in the master curdéF%MR is the
difference in the chemical shifts for the TEA-DEE and tHdEDA-monoglyme
system. The TMEDA-MG systems appear much downfield than th&ieof EA-DEE
system. This suggests that the triflate overall is moregair the TMEDA-monoglyme
system than the TEA-DEE system. This effect could explain averall lower
conductivity for TEA-DEE system than the TMEDA-monoglyme gystdn the
TMEDA-monoglyme system since tighter triflate rich aggtegaare formed, the

lithium could be chelated by the heteroatoms better than the OEA-system which
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lead to better conductivity. In the TEA-DEE system the tefls less paired which
means the lithium could be still loosely coordinated to the triflate anion which lgise

sites for the heteroatom to coordinate, this lowering the conductivity.

Another surprising effect is the similarity between the TMERonoglyme
system data and the G1-TMEDA and G1-monoglyme systems data.Glhe
monoglyme and G1-TMEDA more or less show the same trend and cateshift
when compared to the TMEDA-monoglyme system. However, a signtfichange is
seen in théLi NMR chemical shift for the TMEDA-monoglyme, G1-monoglyraed
G1-TMEDA systems. These comparisions of the chemical shiftestgghat as far as
the TMEDA-monoglyme, G1-monoglyme and G1-TMEDA systems areerned, the
triflate engages into similar speciation or aggregation, whéneaactual interaction of

the lithium with the solvent heteroatoms governs the conductivity.

Another important observation is the big change intheNMR chemical shifts
in the mixture of chelating and non-chelating solvents (TEA-monoghmadeTMEDA-
DEE). The TEA-monoglyme and the TMEDA-DEE undergoes significiuiainges in
chemical shift as compared to other systems. This could be dggaito the chelating
and the non-chelating effects competing which could lead to diffepmdiations as far
as the triflate anion is concerned. This is just a speculationrmane investigation is
required for these systems. It appears overall, that thaterifinion does not undergo
big speciation changes in all the systems except a fewhanldhium cation chelation

or coordination to the solvents molecules is the limiting factor for these system
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As mentioned in the TMEDA-monoglyme system section, thagds seen in
the 'Li NMR, conductivity and*® NMR data could be contribution of dielectric
constant. Thus it was important to plot the changes in the dieleotrstant of different
systems on the same scale and make a master plot for clatigeslielectric constant
against % Oxygen. Again, the EPR technique by which these chamghslectric

constant were measured will be discussed in chapter 3.

The plot of Intensity versus % Oxygen is given in Figure 2.29.
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Figure 2.29 Plot of % oxygen versus EPR intenditya.u. (Samples made with lithium triflate as salt

with 80:1 heteroatom:Li ratio)

Figure 2.29 shows the changes in EPR intensity with varying é&yafens to
nitrogens. Intensity is inversely related to dielectric constanthigher the intensity,
lower is the dielectric constant. Since the measurements flerait systems were
made at different times, the intensities were corrected sb alhathe measured

intensities could be in the same range.
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From the plot it can be observed that there is no significanmigehan the
dielectric constant of any of the systems investigated eXoep small observable
change in TMEDA - monoglyme and triethylamine - monoglym&tesy. Among all
the systems studied, TMEDA-monoglyme and triethylmine — monaoglhjhas the
relative biggest dielectric constant difference (TMEBA 2.8 and monoglyme = 7.2
and triethylamines = 3.2). However, overall the dielectric constant does not seem to
change significantly and the data suggests that though dielemtistant of the solvents
does play a role, it is not the only factor responsible for therdifit speciations of

lithium triflate in mixed nitrogen and oxygen solvent systems.

In an attempt to see a complete picture of the phenomena takoggipléhe
nitrogen versus oxygen competition, it is important to put togetham#ister plots for
“Li, % and specific conductivity. From tH&i NMR plot it seems that for all the
systems, the addition of nitrogen to oxygen makes the lithium cassrplired though
the range of the chemical shifts is different for differentesys from 100% oxygens to
100% nitrogens. However, similar to TMEDA-monoglyme system, civeductivity
drops on the addition of nitrogen to oxygen even if the lithium catiayetng less
paired in all the systems. This observation could be attributed t@agbeegation
phenomena where triflate rich aggregates are formed as explainthe TMEDA-
monoglyme systems and also fits {fie NMR master curve. The observation suggests
that the aggregation effect of lithium triflate outweighs theermiring effect of the

lithium triflate in mixed nitrogen and oxygen involving solvents.
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2.13: Conclusion and future studies:

The investigation of the competition between nitrogen and oxygen as a
heteroatom to coordinate to the lithium cation in lithium triflagéng ‘'Li and **F NMR
as a tool showed some complications in the analysis of theTdetige are many factors
which need to be considered when considering the mixed solveainsystith lithium
triflate as the salt. Firstly, the change in the dielectanstant of the sample with the
change in the mole fraction could cause changes in the seiatspe once placed in
electric or magnetic field. The solvents used, mainly the araee relatively low
dielectric constantefmepa=2.8, etea=3.2). The lower dielectric constant causes low
separation of the cation and anion which may form aggregates wikti@abordination
to the heteroatoms of the solvent. Thus the variation in the dieleotrgtant could be
causing an effect on the dissociation of the ions in the eledrebjittion. Secondly,
since the lithium triflate is added in the mixed solvent systemheteroatom basis
(80:1=Heteroatom: Li) ratio, there is a change in the concentrétiotarity) of the
mixed solvent system. There is also a strong possibility thatadtlee change in the
concentration, there could be change in speciation solely due to thentration
change. Thirdly, there is a chelation versus the coordination sfect in théLi and

the specific conductivity.

The TMEDA-Monoglyme system being a good mimic for PEI-PE&esn was
investigated further by measuring the self diffusion coeffits and quantifying the
ionic association of the ions (Lithium and Triflate) in the solutiome Belf diffusion
and the quantification of the ionic species data gave an importsighi into the

amount of ionically associated species and could explain why wea sgse in the

103



conductivity increase at the 80% monoglyme point as there issticdchange in the

free ions after the 80% monoglyme point.

The actual purpose of the studies made in this chapter to invegtiganitrogen
versus oxygen coordination to lithium cation was obstructed by the preldach as
formation of aggregates in the mixtures of nitrogen and oxygen corgasalvents.
Since the NMR signal is an average of all the differentispdormed in the system, it
was difficult to quantify and detect different species formedérixture of solvents
with lithium triflate. Also, mixing of two different solvents thilithium triflate did alter
the dielectric constant of the mixture and the alteration in tHectlie constant plays a
major role in the speciation of the lithium triflate salt. Thwrge in the dielectric

constant which affects the speciation does affect the mobility of the ions.

Determination of the self diffusion constants for all the systemmecessary to
give the quantification of how many of the species are actaalhgributing to the
conductivity. The measurement of self diffusion coefficients bellimportant and will
help many of the unexplained phenomena observed during this investiGatikierski
et al has reported a bubble sort algorithm to quantify free, pawedggregates formed
by lithium triflate in mixtures of monoglyme and diox&n&he same bubble sort
algorithm could be used to quantify different species formed \hlithium triflate

when mixed in different nitrogen and oxygen involving solvents.

Also, it will be interesting to actually investigate thetedged systems in this
chapter with computational calculations. It will be interestiogstudy and quantify

different species formed with lithium triflate via computationalculation and match
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the results to experimental results. On that note, Farid I$raml my research group is
actively involved in investigating the different nitrogen and oxygen involsygiems

with lithium triflate with computational chemistry.

2.14 Experimental

A: Solvents and reagents:

TMEDA, monoglyme, triethylamine, and diethyl ether werguaed from
Sigma-Aldrich. The solvents were distilled from sodium and storeddried-air glove
box over molecular sieves. Lithium triflate (reagent gradey aayuired from Sigma-
Aldrich. Lithium triflate was stored in a dried-air glove boxl the samples for the
mixtures of solvents were made in the dried-airglove box. The G1lmsodgound
was acquired from Dr. Matthew Meredith in our lab and was stordekiglove box as

well.

B: NMR Instrumentation:

Chemical shifts for all the samples and diffusion coefficierdé
TMEDA/monoglyme system, TEA/DEE system, TEA/monoglyme eyst
TMEDA/DEE system, G1/monoglyme system and G1/TMEDA sysiere measured
using a Varian VNMRS 400 MHz NMR spectrometer with an AutoX{Braadband

probe. Temperature was regulated using an FTS sample cooler.

C: EPR Instrumentation:

All the measurements were carried out on Bruker EMX EPR rgpeeter

operating at the X band. The spectrometer has a Bruker 048T Miedsradge and
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Bruker ERO73 Magnet. The cavity used in all measurements wasstdmelard
rectangular configuration operating in the TE102 mode (Bruker 4102a8fy) The
signal channel was kept constant at a magnetic field modulagqueincy of 100 kHz.
The microwave frequency is held constant at 9.725 Ghz and the mier@oaer was
held constant at 0.201 mW for all the measurements. The EPRetelp swill be

described in Ch. 3.
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Chapter 3

Electron Paramagnetic Resonance: A tool for studying dielectric propsrtoé

solutions
3.1 Introduction to dielectric constants

A dielectric is a material that is an electrical intalaand which may be
polarized when an electric field is applied. When a dielectritenad is placed in an
electric field, electrical charges do not flow through the dielectateral as it does in a
conductor, but only shifts from their normal equilibrium position causinget
polarization. The dielectric polarization causes the positive chéogaign towards the
field and the negative charges to align against the elemlic This creates an internal
electric field. The internal electric field created by pwdarization cancels out part of
the external field. When put in an electric field, the molecolies dielectric may

reorient themselves to orient their axis of symmetry with the applief.fiel

The term dielectric is generally used to define materiéls lvgh polarizability.
The extent to which a material is polarizable is given by a numhih is generally
referred to as “dielectric constant” and also known as thativel permittivity” of the
material. It is very important to distinguish between relapeemittivity and another
term referred to as “absolute permittivity”. The general cphoéabsolute permittivity

is given by Equation 3°t:
E=¢g & Equation 3.1
Whereg = Absolute or actual permittivity or complex permittivity.
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¢ = Relative permittivity or dielectric constant.

€0 = Vacuum permittivity or permittivity of space or electric constant.
Vacuum Permittivity £o) is generally given by the equation 3.2:

£0= 1/q™ po= 8.8541878176* 1& Farads/metef.  Equation 3.2
Where,c is the speed of light in free space.

Mo is the vacuum permeability.

The unit of vacuum permittivity is given by Farads/meter. The gquinoé absolute
permittivity will not be discussed in detail here as it is outhef scope of this research

dissertation.

As mentioned earlier, relative permittivity also known as tlededtric constant
(er) of a material, which is the measure of the extent to wlitichoncentrates
electrostatic lines of the flux. Although dielectric constarthes most commonly used
term for relative permittivity in the literature, some otherms used are relative
dielectric constant and static dielectric constant. While adletherms are common, they
are sometimes ambiguous and have been used with great cautiombipeity arises
for two different reasons. First, some older authors use the'dézhactric constant” for
absolute permittivity rather than for relative permittivity. &sd, the modern usage of
dielectric constant refers to relative permittivity, which cdobk either static relative
permittivity or frequency dependant relative permittivity. Irsttissertation, “dielectric
constant” mainly refers to “static relative permittivity” Relative permittivity is

generally given by the ratio of amount of electrical endogya stored in a medium for
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a given applied voltage, relative to the electrical energyedtdny a vacuum. It is
generally measured by measuring the capacitance of wittethe medium of interest
within it. It is also given by the ratio of the capacitancetha capacitor using the
material as a dielectric to the similar capacitor witbuwan as the dielectric. It is given

by the equation 3.3:
e= CJ/Co Equation 3.3

wheres; is the static relative permittivity (also known as the “dielectric @ of the
sample, ¢is the capacitance of the capacitor with the material adi¢hectric, and ¢

as the capacitance of the capacitor with vacuum as the dielectric.

Figure 3.1 shows a pair of parallel conducting plates of Aresparated by a
distance “h”, connected to an ideal voltage source which generatdsntonsltage
“V”. Connecting the plates to the voltage source, a surge oérduflows to produce a
charge +Qon the inner surface of the upper plate and a charge @br@he inner

surface of the lower plate.

EEmm—— s
J - & e Ty “[EG;’JI
== == "o‘o-‘{ﬂgfj]

Co= (8o ¥)=(€,A/0)

Figure 3.1. Sketch of parallel conducting plates atdistance of “h” and connected to a voltage soearc
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The charges +§and -Q are given by ifpA) and —60A) respectively whereyg is the
electric flux density produce due to the surface charge denattig “A” is the area of
the plates. The ratio of the charge produceg) (Q the voltage (V) is given as the

“capacitance” of the system and is denoted gy C

Co= Qo V Equation 3.4

The capacitance of a system is completely dependent on thetggahthe plates and

is given by the equation (3.4).

Co=¢g0A/h Equation 3.5

where G is the capacitance of the systesnis the electric constant, A is the area of the

plates and h is the distance between the two plates.

When a dielectric material is inserted between the tweglat further flow of
charge takes place, increasing the charge)(t@X+Q) and (—@ to (-Q) (Figure 3.2).
The total difference in charge (Q)Qwhere Q is the total charge of the system when
the dielectric material is inserted and 19 the total charge of the system when the

dielectric material is not placed in between the two plasedué to the polarization of
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the dielectric material due to the electric field.

Figure 3.2

The new capacitance {Cfor the system after the insertion of the dielectric ntés

given by the Equation 36
Cx=Q/V Equation 3.6

The ratio for the new capacitance depends on only on the matenalwhich the
dielectric is made of. The “static relative permittivitfgtatic dielectric constant) can
then be given as mentioned earlier in Equation 3.3, the ratio of theiteapa of the
system with the dielectric material to the capacitancehef dystem with vacuum

(without the dielectric material).

Some of the other (apart from capacitance) techniques used taonideter

dielectric constants include:
1) Microwave Dielectric Spectroscopy
2) Cavity Perturbation Methofis

3) Ellipsometry, and
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4) Solvent Dichromatisi**

One of the biggest disadvantages of these methods is the volumesafrthke
used in these techniques. Each one of these techniques, including thiacepac
method, uses at least 6-7 mL of sample (for weak dieleciversts). Another problem
of some of these techniques is the interaction of the probe witmakerial. Strong
advantage of the EPR technique discussed here is that the volumeesahiple used is

less than 0.5 mL to study the dielectric properties of liquids.
B: Why are “dielectric” properties important?

As mentioned earlier, the science of dielectrics has beeweafor over a
hundred years. This branch is one of the oldest branches in physics eodely
related to chemistry, materials, and electrical engineefihg term “dielectric’ was
first introduced by Faraday to suggest that there is somethial@gous to current
which flows through a capacitor during the charging process witcemrent applied at
one plate “flows” through the insulator to the other plate. The nmagbrtant
consequence of applying a static external field across the tapadhat the positively
and negatively charged features in the dielectric materiainbe@olarized. It is a well-
established fact that dielectric materials reacts to ectred field differently compared
to free space (vacuum) because the dielectric material has chimagedes” that can be
displaced. In Figure 3.3, some of the different configurations that gmgelarization

when an external field is applied have been illustfated
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All material systems have such features and their colleefifests can be quantified

using dielectric constants.

In time, the focus in dielectric science and technology has kwedd&om
materials used in traditional applications such as capacitods semiconductors.
Recently, materials with unique dielectric responses have beeied and utilized in
novel ways. Some of the major fields and areas where dielscteiece is involved are
polarizability, relaxations, ions, phase transitions, bonding, crygtaid-fields,

electronic correlations, interfaces, interphases and many more.

Figure 3.4 illustrates the different interactions among theyraad diverse core
areas of dielectric science and technology that present ropialle possibilities for

scientists, technologist and engineers in research development and manufacturing
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Figure 3.4 Figure reproduced from Dielectric Scieacand Technology: The Electrochemical Society

Interface 2006, 28-31.

3.2 Electron Paramagnetic Resonance
A) Theory of EPR.

Earlier in this century when scientists began to apply quantuohanes to
understand atoms and molecules, they found that atoms have discesteestelh with a
corresponding discreet energy. Spectroscopy is a tool for theurasent and
interpretation of the energy differences between atomic, anecmial, states. Knowing
this information, very detailed insight of the identity, structared dynamics of a

sample can be achievéd*

The energy differenceAE) between states can be measured because of the
important relationship betweexE and the absorption of the electromagnetic radiation.

According to Planck’s law, when electromagnetic radiation is absorbed:
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AE= hv Equation 3.7
Where h is the Planck’s constant anig the frequency of the radiatitn*

Typically, the absorption of energy causes a transition frohowlez energy
state to a higher energy state. In conventional spectroscopfR)Nible frequency is
varied and the frequency at which the absorption takes place correspdahdssnergy
difference between the two energy levels. This record of the @lmsom|t a particular
frequency is called a spectrum. In electron paramagnetnaase spectroscopy (EPR),
the concept is slightly different. As mentioned earlier, in coneoeat NMR
spectroscopy the magnetic field is kept constant and the freqisescgnned to achieve
a spectra. On the contrary in EPR, the frequency of the elegnati@radiation is kept
constant and the magnetic field is varied across the field. Tlypitee frequencies for
spectroscopy vary from the megahertz range (radio waves) fé&t tkbugh those for
visible light and ultraviolet light. Radiation in the gigahertaga (the same as used in

our microwave oven) is used in the EPR spectrost¢dpy
B) The Zeeman effect:

EPR spectroscopy is a spectroscopic method which is applicablefanly
samples with unpaired electrons. The energy differences studied) the EPR
technique are mainly due to the interactions of the unpaired eleatrtmes sample with
the external applied magnetic field created by the magrteeifaboratory. This effect
is called the Zeeman Effect. Electrons have a magnetic ntoamel when placed in

external magnetic field (; they act like tiny compasses or a bar magtefs
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Figure 3.5

As shown in Figure 3.5, when the moment of the electrois, aligned with the
magnetic field, B, it will have the state of lowest energy. Alternatively, whee
moment of the electrom, is aligned against the magnetic field, B will have the state
of highest energy. The higher state and lower state of enerdgsignated by the
projection of the electron spin, Mon the direction of the magnetic field. As the
electron has spin number of %, the parallel state is labeleMsasl/2 and the

antiparallel state as #M+1/2.

From quantum mechanics, the most basic equation for EPR are given by:

AE = hv = gugByg Equation 3.8

Whereg is the g-factor, which is a proportionality constant Of ca. 2.0ni@st samples,
but can vary depending on the electronic configuration of the radi¢ahoifhe Bohr

magneton {g) is the unit of electronic magnetic moment. When there is n@tgmetic

118



field, there is no energy difference to measure (Figure 3.6in FHigure 3.6, it can be

seen that the measured energy difference depends linearly on the misgd&titt

Mg = + 172
=
g - AE=Eqq2-Eqp
ui
mg = - 1/2
By=0 By#0 Magnetic Field

Figure 3.6

The energy difference between the two states can be chaggearying the magnetic
field strength. In EPR spectroscopy, as mentioned earlier, th@ngxeectromagnetic
radiation is kept at a constant frequency and the magnetic field is scanpeak # the
absorption will occur when the magnetic field “tunes” the two sfates so that the
energy difference between the two states matches with thegyensf the

electromagnetic radiation. This field is called as theldfigf resonance”. The field of
resonance is not a unique fingerprint for the identification of a compautiteapectra
can be achieved at different frequencies. The “g-factor”, beingpemtkent of the

microwave frequency, is much more unique pararfieter
C) EPR signal intensit}?

Along with the position of the signal, the size of the EPR siglsal matters as
far as the concentration of EPR active species in the saimgde ghe size of the signal
is generally defined as the integrated intensity, i.e. the wrdar the curve. In EPR

signal intensity does not solely depend on the concentration of ERR sjmecies in the
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sample but also depends on the microwave power. The signal intens#gsies as the
square root of power until the saturation effect is reached, adatehigher powers the

signal diminishes and broadéhs
D) Basic EPR Instrumentatiof?

It was during World War I, during the development of radar, thafiteeEPR signal
was detetcted by Zavoisky in 1945. The simplest possible spetaohmas three basic

components:

1) A source of electromagnetic radiation,
2) A sample, and

3) A detector.

In an EPR spectrometer (Figure 3.7), the electromagnediatian source and the
detector are in a box called the “microwave bridge”. The sangpinserted into the
metal box, which is called a microwave cavity. The microwaatg helps to amplify
the weak signals from the sample. As mentioned earlier, dhtycis placed in a
magnetic field to “tune” the electronic energy levels. In toldito the magnet, we have
a “console” which controls the signal processing and elctronics. Aut@mis used for

analyzing the data as well as coordinating all the units for aquiring awgpect
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Figure 3.7Sketch of the EPR Instrumentation
E) The EPR cavity'?

This section will highlight in brief the properties of microwa#R) cavities and how
changes in these properties due to microwave absorption resultBRRrsignal. As
mentioned earlier, microwave cavities amplify the weak sgyfi@m the sample. A
microwave cavity is simply a metal box which is generadigtangular or cylindrical in
shape which “resonates” with the microwaves like an organ pipe tesondh sound
waves. The word “resonance” as far as the EPR spectroscopgdsrned means that
the cavity stores the microwave energy and at resonance frgguarowaves will not

be reflected back, but will remain inside the cavity (Figure: 3.8).

T

reflected
microwave
power

V—-

Figure 3.8
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The EPR microwave cavities are characterized by theirfaQbr, which indicates how
effective is the cavity in storing the microwaves. Higher thé&aQor, the higher the

sensitivity of the spectrometer. The Q factor is defined as:

Q= 2n (energy stored)/energy dissipated per cycle Equation 3.9

The energy dissipated per cycle is the amount of energy lostgdarnie microwave
period. Energy loss can occur to the side walls of the cavityeasicrowaves generate

electrical currents in the side walls of the cavity which in turn gersehaiat.

As a consequence of the resonance achieved in the cavity tHereeva
standing wave inside the cavity. Standing electromagneticsnzaee their electric and
magnetic field components exactly out of phase, meaning whenlatiicefield is
minimum, the magnetic field is maximum and vice versa. Theaspldtribution of the
amplitudes of the electric and the magnetic field in the E®Ry is shown in Figure

3.9.

sample
stack
—\\ -

L

microwave magnetic field microwave electric field

Figure 3.9
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The spatial seperation of the magnetic and the electrical comigavfethe microwaves
in the EPR cavity is taken advantage in the EPR technique. Moptesahave a non-
resonant absorption of the microwaves by the electrical fieldrdiiave ovens work
on the principle of non-resonant absorption of the microwaves e@diatd. The “Q

factor” will be degraded by an increase in the dissipatedggnlit is the magnetic field
which is responsible for the absorption in the EPR. EPR sampléseaeéore placed in
the cavity where the electric field is minimum and the magretld is maximum to

achieve the maximum signal and the highest sensitivity.

The microwaves are coupled into the cavity using a hole cafleds. The size
of the iris controls the amount of microwaves which will be rédle@dack from the
cavity and how much will enter the cavity. The iris couples therawaves by
matching or transforming the impedances of the cavity and tkieguale (rectangular

pipe used to carry the microwaves).

So how do all these different properties of the cavity givetosen EPR signal?
The sample in the cavity absorbs some microwave energy ardshedecrease in the
“Q”". There is a decrease in the “Q” due to the increased losses and the cobphgegs
as the absorbing sample changes the impedance of the ddnatynicrowave cavity is
no longer critically coupled and the microwave is reflected lacthe bridge thus

giving rise to an EPR signal (Figure 3.10).

123



spectrum

y-axis (infensity)

*-axis (B,

bridge |

cavity
and
sample|

Figure 3.10

3.3 Relation between EPR (microwave radiation) and dielectric constant.

EPR signal responses depend on a lot of factors like sample amthrdta
volume, sample and standard concentration, positioning of the sample irPke E
cavity, different cavities, and dielectric constants. Ther@aaery few references in the
literature which deal with the complicated effect of dielectriaterials on the EPR

signal.

In microwave electronics, relative permittivity is given'By:
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g =¢lgg Equation 3.10
where relative permittivity,f is a dimensionless quantity.
The equation (3.10) can also be given as:
g =¢&leg = [(¢'-] €") go]= (&) &)= & (1-jtan d¢) Equation 3.11

where ¢ = complex (absolute) permittivity,e, = relative permittivity, &g =
8.8541878176* 16 Farads/meters,’ = real part of the complex relative permittvity,
g =imaginary part of the complex relative permittiviignéd. = dielectric loss tangent,
andd, = dielectric loss angle. As seen from the equation 3.11, théveefarmittivity
(dielectric constant) has two parts to it; energy storage aedyy dissipation. Energy
storage describes the lossless portion of the exchange of enasgeéehe field and
the material and energy dissipation occurs when the electrotitagnergy is absorbed
by the material. So permittivity is generally expresseddmplex numbers to describe

the storage (real parts®) and dissipation (imaginary parts? ) effects>*°

Microwave fields interact with a dielectric sample in whfferent ways. Firstly,
the electric component of the field is responsible for the movewfatite electric
dipoles in the sample. As a result of this phenomena, a part of thewave energy is
being lost. The amplitudes of both, the electric and the magndti¢ iirethe cavity
decrease proportionally. As the “Q” factor decreases, the HdffRlsntensity also
diminishes. This interaction, due to the electric component peoetiato the sample

volume, depends on the imaginary gart) of the sample dielectric constant. There are
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different ways suggested by authors in the literature to naenséimple signals with a

signal given by a standard permanently present in the Eatty.

Unfortunately, there is a second effect, too. As mentioned above, &ltnthe
proportional decrease of the amplitudes because of the dielectds |dsere are some
disproportionate changes in the amplitude in the cavity. This phenom&naws as
the “sucking in” effect of the microwave field into the digtecor the “lensing effect”.

This effect of the field perturbation depends on the real gdjt ¢f the dielectric

constant®1%20

As shown in the literature in mathematical terms, the EBRakintensity is a
combination of the value of the microwave field amplitude in the sampl the
different degrees of microwave field perturbation in the saffipté’ Knowing all the
parameters and establishing a relationship between the micronaaiegion and
dielectric constant, it is well established fact that the BRjRal intensity decreases as
the dielectric constant of the material increases. As omedi earlier, a correction

method for this error has been given in the literature

N.D. Yordanov et al, has shown a direct relationship betweekRife signal
intensity and the dielectric constant. A very unique coaxial géwercell (Figure:3.11)
was used to show the relationship between the EPR signal iptemsl dielectric

constant.
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Figure 3.11. Construction of the holder for referee external to the unknown sample standard

(dimensions in mm).

The reference standard used in this cell was external unkti@vn
sample in consideration. Its holder was made of a PTFE tubeawsftecial hollow
profile in the middle of its length in which the reference stéadidvas pressed. The
reference standard is a mixture of 90% (w/w)fmagnetically diluted in (1:500) in
MgO and 10% (w/w) paraffin wax, which was used as a binder. ATeE tube
contaning the standard is fixed in the EPR cavity and the diffsodwénts to be studied
were placed in the central tube. An internal reference, TEMEZD?2,6,6)-
tetramethylpiperidine-1-oxy radical), was mixed with the solwerder study. The EPR
signal intensity from the TEMPO radicals are then normalizginat the EPR signal

intensity from the external reference (MiMgO) mixturée™.

Yordanov et al, showed a relationship between the EPR signaliintans

dielectric constant and the sample diameter (Figure®.12)
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Figure 3.12. Magnitude relative to reference starrdaof EPR signal intensity of TEMPO dissolved in
CCl,;, CHCI;, t-BuOH, EtOH, MeOH, CHCN and H,O accomodated in sample container with d = 1.0

(D), 1.2(C), 1.5(B) mm and flat cell with 0.6 X &&m (A).

As seen from Figure: 3.12, Yordanov et al showed a linearaesip between
the EPR signal intensity and dielectric constant of differelveats €: 2.2-78). From
Figure 3.12, it can also be concluded that the EPR signal intehsityges with the
change in the diameter of the sample tube. Although the techniguedlient to show
the relationship between the EPR signal intensity and dielectnstant, there are some
disadvantages to this method if it were to be used to study aumeethe dielectric
properties of the solvents. Firstly, the cell assembly is atgiand the use of quartz
tubes makes the assembly expensive. Secondly, it can only work wigmtsolvhich
can dissolve TEMPO, the internal referetic&hirdly, the TEMPO may interact with
the solvent or other solutes in specific ways. Lastly, EPRsenaitive technique where

only a small amount of TEMPO is needed. Consistently weighing ouaddlidg the
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same amount of TEMPO to each solvent could introduce significans eespecially if

smal amounts of sample are to be used.

In this chapter, the construction of a new and simpler cell ddgemll be
discussed for the EPR technique, where TEMPO dissolution in the nsjlve
weighing/addition errors, and the question of specific interactiangdanot be issues.
The parameters (placement of the tube in the cavity, coaxial valtithe sample) for
optimum signals with the new assembly will be discussed. Thaoredhip between
EPR signal intensity and dielectric constant will be employednvestigate the
dielectric constant of an “unknown liquid” sample using a calibratiorvec from
solvents with known dielectric constant values. The EPR techniquals@sised for
some practical application like finding the concentration of witea water/dioxane
mixture, monitoring the kinetics of a reaction over a period of tipi@ase transition
detection, measuring the dielectric constant of electrolytgisnk, and correlation with
the “critical micelle concentration” of surfactant solutiondl e discussed in the next
chapter (Chapter 4). Studies of the changes in dielectric piexpéor lithium ion salts
in mixtures of solvents (model compounds for solid polymer electrylyimge been

discussed in Chapter 2.

3.4 Construction of the coaxial assembly

A simple coaxial assembly (Figure 3.13) with different diam&t®R tubes
(capillary, 3mm, 4mm and 5mm) was constructed taking into acchanproblems
which may be encountered as far as the assembly discussed Osnd‘wrwas

concerned.

129



~N

P
Inner Glass NMR Tube with TEMPO in
L Hexane solutio

[ Polyethylene Seal
P

=

N
Outer Glass NMR Tube with the solvent g
salt solution under consideration

(& J

Polyethylene
stopper

EPR Cavity

4[ Teflon stoppe ]

Figure 3.13 Sketch of the coaxial EPR cell assemi{jote: The above sketch is not to scale.)

As seen in Figure 3.13, the assembly is made up of coaxial NBHR glbes.
The inner tube is filled with a solution of TEMPO in hexanes. TEMRO2, 6, 6-
tetramethylpiperidine-1-oxy radic&f)is a very stable oxygen radical species which is
EPR sensitive and gives a very clear spectra around 3480 Gausstruidheres of

TEMPO is given in Figure: 3.14.

Figure 3.14. 2,2,6,6-tetramethylpiperidine-1-oxgdical (TEMPO)
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TEMPO is the most commonly used reference compound used as faPRis E
spectroscopy is concern&dThe stability of TEMPO can be attributed to delocalization

of the radical from the oxygen to the nitrogen atom and gpeoiection by the methyl

groups.
TEMPO gives EPR spectra as shown in Figure'3%5

A .
3 lowy concentration

intermediate concentration

p—.

.&; high concentration

Figure 3.15 Signal Splitting for TEMPO in EPR atifferent concentrations

In EPR spectrum, the hyperfine splitting pattern is givethbyequation 2ni+1,
where the “I” is the nuclear spin and “n” is the number of the emnvahuclei
interacting with the unpaired electron. As seen in Figure 3.15,ighal splits into a
triplet which can be attributed to the nitrogen attached to the ox@iece for'°0, | =
0, the splitting pattern could come from the nuclei bonded to the oxygemtrogen.
“N has spin number | = 1. Therefore according to the splittingrpatie signal should

split into 3 lines as shown in Figure 3'45°
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Figure 3.15 also shows the concentration effects of the TEMPIDe splitting
pattern. At low concentrations, the signal for TEMPO is resolvedalheterogeneous
broadening and as the concentration of the TEMPO increases, thaspons remain
localized to one molecule and exchanges with other radical speies giving the
broadening effect of the sighal For this particular application, it is useful to have a
concentrated solution of TEMPO, since a coaxial assembly is ndéth@ concentrated
TEMPO in the inner tube allows a larger range of dielecinstants to be studied for

media in the outer volume.

Hexane is used as a solvent for the TEMPO as it is resaliyple and hexane is
a non-polar, low dielectric constart=(1.89f* solvent. The lower dielectric constant of
hexanes lessens attenuation of the TEMPO signal caused by higbtradielossy
samples. It is very important to minimize the loss occuringenréference solution as it
would be additive to the loss caused by the sample being studiednridretube is
sealed under an inert argon atmosphere. The sealing of the refemesictube serves
two purposes, first, it prevents any evaporation of the TEMPO/hexaluios,
preventing any change of concentration of the standard solution and stbeoselling
of the reference tube under the argon inert atmosphere gets rid @trangpheric

oxygen present in the tube which might have some quenching effect on the TEMPO.

As a concentrated solution of TEMPO/hexane solution is used, sgharee is
fast and the EPR signal shows a single peak. To simplify Bfe &gnal intensity
measurement, the derivative is taken of the signal. All the &BRal intensities are

reported as the first derivative of the EPR sigihal
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The polyethylene seal on the outer tube is designed so thatseehthe outer
tube and prevent any evaporation from the tube. The polypropylene stopiber outer

tube can be moved up or down to adjust the depth of the tube in the microwave cauvity.
In this chapter, some of the topics covered will include:

% The different diameters of the coaxial tubes used and theitefia studies will
be discussed. The depth to which the cell is inserted in the @adtits effects
will also be investigated.

** The use of the EPR coaxial cell to record the EPR sigrasityy of solvents
with dielectric constants from 2.2 to %80 plot a calibration curve, which can
then be used to estimate a dielectric constant of an unknown solvent.

** The use of the EPR coaxial cell to measure the EPR sigaakity of a mixture
of solvents (water/dioxane mixtures) with the dielectric constange of 2.2-78
and use of a calibration curve to measure the dielectric constantherefore

the composition of, an unknown mixture of solvents.
3.5 EPR as a tool to investigate dielectric constants of unknown liquid samples

Before discussing the actual experiments, some of the impantaatneed to be

discussed for using EPR as a tool for applying the technique.

% It is very important that the settings of the instrument (fraquenodulation,
the position of the iris, the microwave power) remain the samaealfothe
solvents used in a given set of experiments. Consistency of pgarame
throughout the measurements is really important to keep any arnsirg) from

the instrument constant throughout the measurements.
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s Though the thickness of the glass of the tubes seem even throughout the
circumference of the tube, the tubes may have uneven thicknessméycadd
some error. To keep the error constant throughout the measuremenitsrit
important to put the tubes in the same position for each and every measurement.
« The depth to which the tubes are inserted in the cavity should bentieefca
each measurement of the solvents. The polyethylene stopper makes sure that the
tubes stay at the same depth for each measurement. The depttchothvehi
tubes are inserted should be optimum. In order to cover the entire odng
dielectric constant from 2.2 to 78, the tubes were inserted only tdeibi
where the cell would give an EPR signal. If the tubes wserted too deeply,
the samples with higher dielectric constant (lossy samplesyvib@uiimpossible
to tune to the magnetic field. On the other hand, if the tubes weneseotad to
a sufficient depth EPR signals were not observed.
s When known, all the measurements were done from lower dieleotigtant to
higher dielectric constant. The system worked optimally if tharpaters were

set so that the “Q” factor was around 1800-1900.

It was necessary that the practical guidelines were follaldlethe time if the method

was used to measure dielectric constants.

As mentioned earlier, different diameters tubes were used as and inner
tubes to investigate the EPR signal intensity of different atdv&@ he following Table

3.1 shows different outer and inner tube diameters used in the coaxial assembly.
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Outer tube diameter (mm) Inner tube diameter (mm)
3 Capillary tube
4 Capillary tube
5 Capillary tube
5 3
S 4
4 3

Table 3.1. Inner and outer tube diameters in mm.

3 mm-capillary tube:

This coaxial cell was set up with 3mm outer tube and cap#isuthe inner tube.

The plot of “dielectric constant versus Intensity” is shown in Figure 3.16.
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Dielectric constant vs Intensity
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Figure 3.16 Dielectric constant versus Intensity opl for 3 mm-capillary cell. §=2.24 Carbon

tetrachloride,e=4.81 chloroform,&=11.9 t-BuOH,e=24.3 ethanolg=32.6, methanolg=78 water)

As seen from the plot, the EPR signal intensity is on the yyand the dielectric
constant on the x-axis. The EPR signal intensity decreadeshsiincrease in dielectric
constant as expected. The EPR signal intensity is best it pylynomial equation.

There were a few problems with using this assembly to get a calibratign cu

+« The capillary (inner tube) does not sit in the middle of the outer &ind leans
on an angle which gives a non-uniform distribution of the sample and the
TEMPO in the coaxial volume of the cell. This uneven distributiamses a
change in the parameters of the cell resuting in errorshwdiiange with every
different solvent. Though it is possible to cover a large rarfgeamples
(solvents) with different dielectric constants, the leaning ofirther capillary
tube towards one inner wall of the outer tube makes introduces cigmiérrors

which are reflected in the correlation coefficient (R &s\Rlue of the plot. The
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estimation of dielectric constant of an unknown sample (solvent) ghriner
and outer diameter gave large error margins.

% The sealing of the capillary was done only with a Bunsen burrtbouti any
inert atmosphere. There is a possibility that the presendenotpheric oxygen

in the TEMPO solution may also cause errors.

4 mm NMR tube-Capillary tube:

Dielectric Constant versus Intensity 4mm-
Capillary tube

y = 0.9816x2 - 30.627x + 283.65

250 - -
2.24 R?=0.9718
200 -
Intensity 150 1 \¢.81

100 - & DCyvs intensity

50 - 10.36 20.7 —— Poly. (DC vs intensity)

O T T T T 1

0 5 10 15 20 25

Dielectric Constant

Figure 3.17 Dielectric constant versus Intensity opl for 4 mm-capillary cell. §£=2.24 Carbon

tetrachloride,&=4.86 chloroform,£=10.36 dichloroethanes=20.7 acetone,)

As seen from the plot of dielectric constant versus intensitya férmm outer
tube and capillary as the inner tube, only a short range of dieleonstants can be
covered. Compared to the 3 mm-capillary tube assembly, the cwakliane of the 4
mme-capillary assembly is much larger and accommodates moretstiiae the 3 mm-
capillary assembly. Therefore, having more volume of the solvetlthanassembly

causes more losses from the microwaves and, after a dielsmtstant of ca. 21, it is
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not possible to tune on the TEMO signal. When the absolute valuedRrsignal
intensity of the 3 mm-capillary assembly are compared to timemdcapillary, the

values for the 3 mm-capillary are higher by a factor of 3.

5 mm-Capillary tube:

The 5 mm-capillary assembly was also employed to getnd tréth different
solvents with different dielectric constants. The coaxial volumea large in this
assembly that it is not possible to tune the sample, even with diébectric constant

solvents.

3 mm -5 mm coaxial assembly:

600000 +
I | 2.24
An 500000 481
v 1400000 -
e e
r n 300000
a s - 32.6
| y =-235.1% + 152.81x + 443639
g i 200000 R2=0.9529
® 1100000 -
y
O T T T T T T 1
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Dielectric constant

Figure 3.18 Dielectric constant versus Average Ins#ty plot for 3 mm — 5 mm cell¢€2.24 Carbon
tetrachloride, &=4.86 chloroform,¢=11.9 t-BuOH, &=24.3 ethanol,é=32.6 methanol). The error bars

represent a 3.5% error which was measured and Wéldiscussed later in Section3.7(B).

Figure 3.18 shows a plot of dielectric constant versus average intelasifor 3
mm — 5 mm assembly. The diameter of the inner tube is 3 mmeastre diameter of
the outer tube is 5 mm. As seen from the plot, the intensity iavamage of two
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different measurements taken on the same solvents with difidiedectric constants at
different times with the same assembly and keeping the parangetestant. With the 3
mm — 5 mm assembly it is still difficult to measure thegéarrange of dielectric
constants (2 - 78). The problems (leaning against the outer tube andphémc
oxygen) discussed in the capillary assembly section do not octug game extent in
the 3 mm — 5 mm assembly. But again it is the large voluméeosample, as the
difference in the tube diameters is 2 mm, which makes it infged®s tune the sample
in the microwave cavity beyond a dielectric constant of ca. 33. Thouty a certain
range of dielectric constants are covered, the polynomial fiendicely on the data
points giving the R coefficient about 0.95. The high correlation coefficient is the
reflection of the fact that the assembly is better in sewsegls than the capillary

assemblies.

The data analysis for the data was done with two fits, liaedrpolynomial as

shown in Table 3.2.

Fit for the data Average Error (dielectric constant units)
Polynomial 5.84

(R?=0.953)

Linear 6.47

(R?=0.910)

Table 3.2 Average Errors for Polynomial and Lineéits for the 3mm-5mm coaxial assembly
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As seen from the table, the polynomial fits better than the liite#®n average
error was calculated for each fit, which is a total averagdefindividual difference
from known literature values. The average error for the polynontiisl 5.84 dielectric
constant units and is lower than the average error for lined.4if dielectric constant
units). The cubic fit was also tried for the above data. Althoughkubi fit was better,

the average error is much higher than that for the polynomial fit.

The polynomial trend to fit the data from 3 mm — 5 mm assenthlidde used
to predict dielectric constant of an unknown sample only if the unknown diakeatric
constant in the range from 2 - 33. The other important observationfroat¢he 3 mm
— 5 mm plot is the polynomial equation’s first variable is negathse seen from the
plot, the change in slope of the EPR signal intensity with the initial sansoleerits) is

low and goes on increasing as the dielectric constant increases.

Since only a small dielectric range could be covered on the 3 mBmmm
coaxial assembly due to larger absorption, it would be helpful to havera coaxial
diameter differenc. Two different coaxial assemblies weredudor further

investigation, the 4 mm — 5 mm and the 3 mm — 4 mm coaxial assemblies.

4 mm — 5 mm coaxial assembly:

The 4 mm — 5 mm assembly consisted of a 4 mm diameter mpenthich
contains the reference solution, whereas the outer tube is 5 mamietdr. The plot for

the 4 mm — 5 mm assembly is shown in Figure 3.19.
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Figure 3.19 Literature values &2.02 Cyclohexaneg=7.58 THF, £&=10.4 Dichloroethane,=18.5
Methyl ethyl ketoneg=24.3 ethanol,¢é=37.5 acetonitrile,¢=69.0 Propylene carbonate=78.0 water).
The error bars represent a 3.5% error which was reeged and will be discussed later in Section
3.7(B)

The difference in the diameters of the two coaxial tubes s bnhm. Thus the
volume of sample required in the coaxial tubes is lower than them3— 5 mm
assembly. Due to the smaller radial difference (0.5 mm)dezithe two tubes, a larger
range of dielectric constants (2 - 78) can be measured. Contpaiteel capillary tube
assembly or the 3 mm — 5 mm coaxial assembly, the errors foeatthy each solvent

as an unknown using this assembly is lower as seen from Table 3.3.
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Fit for the data Average Error (dielectric constant units)

Polynomial R*=0.992 3.85

Linear R°=0.991 5.07

Table 3.3 Average Errors for Polynomial and Lineéits for the 4 mm — 5 mm coaxial assembly.

As seen from Table 3.3, the linear fit gives a correlatiotofa@?) of 0.991 and the
polynomial fit gives a correlation factor {Rof 0.992. Thus, similar to the 3 mm — 5
mm assembly, the polynomial fit is better for the 4 mm — 5 msembly data. The
average error calculated for the linear fit is 5.1 dieleatnits, whereas the average

error calculated for polynomial fit is 3.9 dielectric units.

Another important fact that needs to be considered is that the polyrfansa
not 100% fit to the data. Therefore the error involved in fittingdda could be carried
forward in estimating the dielectric constant of the unknown safnpin the quadratic

equation.
3 mm — 4 mm coaxial assembly:

The 3 mm — 4 mm assembly consists of a 3 mm diameter innemtoich
contains the reference solution, whereas the outer tube is 4 mametdr. The plot for

the 3 mm — 4 mm assembly is shown in Figure 3.20.
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Figure 3.20 Literature Values §2.02 Cyclohexaneg=7.58 THF, ¢=10.4 Dichloroethane,=18.5
Methyl ethyl ketoneg=24.3 ethanol,e=37.5 acetonitrile,é=69.0 Propylene carbonate=78.0 water).

The error bars represent a 3.5% error which was rmeeed and will be discussed later in Section3.7(B)
The 3 mm — 4 mm assembly has a diameter difference of 1 hch vg, again,
smaller than for the 3 mm - 5 mm coaxial assembly. The abagiume is less than the

4 mm - 5mm assembly. Table 3.4 shows the correlation factors arabawrors for

the linear and the polynomial fit.

Fit for the data Average Error (Dielectric Constant Units)
Polynomial R*= 0.991 5.66
Linear R= 0.973 7.91

Table 3.4 Average Errors for Polynomial and Lineéits for the 3mm-4mm coaxial assembly.
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The correlation factor “R is 0.991 for thepolynomial fit whereas it is 0.97 for
the linear fit, which again suggests that a polynomial fit ttebheThe average error was
calculated for both the fits and the average error for the polyhditig5.66 dielectric
constant units, whereas it is 7.91 dielectric constant units foirtbar Ifit. Similar to
that of the 4 mm — 5 mm coaxial assembly, the error causea dine keaning effect of
the inner tube on the inner side of the outer tube is lesser when eantpathe
capillary assemblies and the 3 mm — 5 mm coaxial assefmbhly 3 mm — 4 mm
assembly is similar to the 4 mm — 5 mm assembly as theratiffe in the radial
diameters of the inner and outer tube is 1 mm in both cases and batssémblies
show similar results as far as trend of the data points ioweat. The comparison of
the absolute values of the EPR signal intensity of the 3 mmm4nd 4 mm — 5 mm
assembly show that the EPR signal intensity for 4 mm — 5 mriowaes than those of
the 3 mm — 4 mm assembly. This difference in the absolute itytenisithe two
assemblies is due to the fact that although the 4 mm — 5 mm amth 3 4 mm
assemblies both have 1 mm radial diameter differences, th@mlwalume of the 4 mm
— 5 mm assembly is greater than for the 3 mm — 4 mm assenhlbly, the greater the

coaxial volume, the greater the energy losses to the solvent being measured.

Comparing the 4 mm — 5 mm assembly to the 3 mm — 4 mm assehdaly be
seen from the average error comparision that the 3 mm — 4 maalcassembly gives
a larger error than the 4 mm — 5 mm coaxial assembly. Hsemeor this could be due
to the shrinking cross-sectional area of the entire assemiigther important

observation to be made is the fact that the data for every agsétaldetter with a
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polynomial fit than that for a linear fit. The reason for thiseobation could be a result

of the circular geometry of the coaxial cell that could be causing imdeefect.

As seen from all the data above, it can be concluded that the Icass@nblies
could be used on the EPR to estimate the dielectric constant of a unkalwent, with
some errors involved, by measuring the intensity of solvents with rkraielectric
constants to give a calibration curve and then interpolating theulieleonstant of the
unknown solvent. The errors involved in these measurements may comehigom
geometry of the coaxial assembly, the water content in thergsl{tbe solvents are not

distilled and measurements are made in open air) and the positioning of the tube.

3.6 EPR as as tool to investigate dielectric constant of unknawirture of solvent

samples

As the EPR coaxial assembly was effective in estimahiegdielectric constant of
solvents, it was of interest to see the application of the EPRiataassembly to
measure dielectric constants of mixtures of solvents. The nstensyinvolves the
measurement of the EPR signal intensity for different wefgidtions of water in

dioxane. The two reasons for the selection of these two solvents are;

+ Dioxane has a dielectric constant of 2.24 and water has a delemistant of
78. By making mixtures of dioxane and water (w/w) it is posdibleover a
large range of dielectric constants. Problems associated ratth water in the
solvents are decreased since water is purposefully a part of the system.

+« The dielectric constant values for different mixtures (w/ve) presented in the

literature in 1936 by Gosta Akerlof and Oliver SAYrA detailed chart for the
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dielectric constant with the addition of water to dioxane (w/vgiven in Figure

3.21.
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Figure 3.21. Curves for logarithm of the dielectrimonstant of dioxane-water mixtures of constant

composition and varying temperature

Table 3.5 shows the weight fraction of the water-dioxane mixtures their
corresponding dielectric constants extrapolated from the data at 25 °C in Eigllre
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% Dioxane in water Dielectric constant
0 81.28
10 72.44
20 63.09
30 53.7
40 43.7
50 35.48
60 26.3
70 18.62
80 12.58
90 5.62

100 2.14

Table 3.5 water-dioxane mixtures\fy and their dielectric constant at 25°C.
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C 80
o070
n 60
550
t 40
a30
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Figure 3.22 Plot of Dioxane % in water/dioxane mixe v/s Dielectric Constant at 25%€
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As seen from Figure 3.22, the slope for the plot of dioxane % irridi@beane mixture
does not change exactly linearly and a polynomial fit gives @rbettrrelation. The

possible reason for this behavior will be discussed later in this chapter.

4 mm — 5 mm assembly-water/dioxane mixtures:

The 4 mm — 5 mm assembly was used to measure EPR signaltiegefts
different dioxane/water mixtures. Table 3.5 show the weight fnactif the water-

dioxane mixtures and their corresponding dielectric constants.
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Figure 3.23 4 mm — 5 mm assembly. Plot of Dielectdonstant for various water/dioxane mixtures
versus EPR Intensity in a.u. The error bars represea 3.5% error which was measured and will be

discussed later in Section 3.7(B)

From Figure 3.23, it can be seen that a wide range of dieleotistants can be
covered with the 4 mm — 5 mm assembly with the water-dioxantirasx The most

important observation to be made here is the calibration curve fis voigh a
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polynomial fit as seen earlier with the solvent calibratioweuihe polynomial fits the
data with a correlation factor “Rof 0.9553, which is satisfactory as far as the fitting of

data is concerned.

Two unknown mixtures were prepared (w/w % not known during the
measurement) to measure their EPR signal intensity and atalctiieir dielectric

constant from the the calibration curve. Table 3.6 shows the data favahenknown

mixtures.
Water/dioxane (w/w) % Literature value®” (g) Calculated Value from
4mm-5mm coaxial from Table 2 the Polynomial fit
assembly
80% water/20% dioxane 63.1 61.3
40% water/60% dioxane 26.3 28.7

Table 3.6 4 mm — 5 mm coaxial assembly in measuidngectric constant of water/dioxane mixtures

The first unknown mixture gave an EPR signal intensity of 120000Tael.
calculated value for dielectric constant from the polynomial eguas 61.3. The
unknown 1 was a (w/w) mixture of 20% dioxane-80% water. The corresponding
dielectric constant for the 20% dioxane-80% water is 63.09 (Tableh2)EPR signal
intensity for unknown mixture 2 was measured to be 340000 a.u. The wvaltieef
dielectric constant was calculated as 28.7. The unknown mixturen2w$ ihixture of
60% dioxane and 40% water. The literature value of dielectric constant for 60&heliox

and 40% water is 26.3. The error of approximately 2 dielectric aunstits is seen for
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both the unknowns from the literature values. The errors could occwafaus
reasons. First, water content present in the “100% dioxane” couldspensible for
some of the error. Secondly, weighing errors could add up to tHeetoba to give
deviations from the literature values. Since the same outerisubsed for all the
measurements, the cleaning of the tube after every measursmemquired. If the tube
is not cleaned properly after every measurement, it could alscoatié errors in the

system.

Another issue with above data in specific is the fitting of tha.daince the data
is fit to parabolic curve (polynomial of degree 2), at the higherdnithe dielectric
constant the intensity starts to go higher again which phygisaiinpossible. Thus the
data at the higher end of the dielectric constant axis will Hegieer error in the
measurement of the EPR signal intensity. This problem could besaddrby trying to

fit the data differently, and then interpolating the dielectric constant.
3mm-4mm assembly-water/dioxane mixtures:

The 3 mm — 4 mm assembly was also used to measure different mixtures (waigiof w
and dioxane. Figure 3.24 shows a plot of dielectric constant of dioxaiee-mixtures
versus the EPR signal intensity. Similar to the 4 mm — 5 nsanalsly, the 3 mm - 4

mm assembly can also be used to cover a wide range of dielectric constants.

Similar to the 4 mm - 5 mm assembly, the data measured witm3- 4 mm
assembly also fits a polynomial equation well. The correlatatof “R” is 0.983 is

even better when compared to the 4 mm — 5 mm assembly.
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Figure 3.24 3 mm — 4 mm assembly. Plot of Dietectonstant versus Intensity for water-dioxane
mixtures. The error bars represent a 3.5% error whiwas measured and will be discussed later in

Section 3.7(B)

Two unknown mixtures (w/w) were prepared to check the EPR sigteaisity
and hence their dielectric constant could be calculated from thiegooial equation of

the calibration curve. The data is shown in Table 3.7.

Water/dioxane (w/w) % Literature value®” (g) Calculated Value from

3 mm — 4 mm coaxial from Table 3.5 the Polynomial fit

assembly
82% water/18% dioxane 63.2 61.8
58.3% water/41.7% 41.0 38.6

dioxane

Table 3.7 3mm-4mm coaxial assembly in measuringetitric constant of water/dioxane mixtures

Unknown mixture 1 gave an EPR signal intensity of 631200 a.u. The cattulat

value for dielectric constant from polynomial equation for unknown mixtuise 61.8.
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Unknown mixture 1 was 18% dioxane-82% water. From the data in Table 3.5, the
dielectric constant for 18% dioxane-82% water is 63.2. Similarly, unkrmowture 2
gave an EPR signal intensity of 846600 a.u. The calculated value eftdetonstant
from the polynomial equation for unknown mixture 2 is 38.6. The unknown mixture 2 is
a mixture of 41.7% dioxane-58.3% water. From the Table 3.5, the dieleotrgtant
value for 41.7% dioxane-58.3% water is 41.0. Similar to the 4 mm — 5 sembly,

the 3 mm — 4 mm assembly also shows an error of approximately 2 dielectric units

The 4 mm — 5 mm assembly and the 3 mm — 4 mm assembly bothesdem
reasonable assemblies to measure the dielectric constants of uriqoas) The only
difference in the 3 mm — 4 mm assembly and 4 mm — 5 mm bBserthe volume of
solvent used in the measurements. The 4 mm — 5 mm uses slightlysarope

(solvent) than the 3 mm — 4 mm assembly.

One very important observation made is in the way the slope changes
mixture of solvents from that of the pure solvents. As mentioned rearliégure 3.22,
the data plotted for dioxane% in water/dioxane mixture versuscttiele€onstant at
25°C, which is derived from Akerlof and Short, does not show a linear cHartge
shows a same trend of change as seen in the plots for dieleotrstant versus
intensity. This observation could be attributed to the hydrogen-bondidgrtey of the
water. Dioxane, being an aprotic solvent, has no hydrogen bonding cap&mlithe
addition of water, being a protic solvent, it starts to hydrogen bogdr@B.25 ) with
the dioxane and with itself. Thus, on the addition of more water, thedmsulbonding
effect increases which could be the reason for the differenckeirway the slope

changes for dioxane/water mixture than seen in the regular solvents.
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Figure 3.25 Hydrogen Bonding for watand Dioxane

The other related factor which could affect the way the slkdmnges as
compared to the pure solvent data is the change in density. Witddhi®ma of every
aliquot of water to dioxane or vice versa, there is a chandie idensity of the mixture.
Thus along with the hydrogen bonding, changes in the density codlte lveason that

the slope for the dioxane/water mixture changes in a different (opposite) way.
3.7 Measurement of Errors

Different types of error were measured for the cell andngteument. For all the error

purposes 4mm-5mm coaxial assembly was used unless mentioned otherwise.
A: Placement Error without changing the aliquot of solvent for the coaxial asgly.

Placement error analysis was done with two different sblwath different
dielectric constants. Methylene chloride (§{Chy € = 8.93) and water (#D ¢ = 78) were
the two solvents measured. The coaxial assembly was filldd avisolvent under
consideration and the measurement of the EPR intensity for the salagnaken. The

coaxial assembly was then removed from the cavity and wasdptea again in the

153



cavity without changing the aliquot of the solvent. This processme&esured several

(7-8) times for both the solvents.

An average for the measured EPR intensities was taken forthmtsolvents
respectively. The difference between the individual intensitieshanedverage intensity
is calculated for each measurement. The value with the hidlilesence between the
individual intensities and the average intensity is considered aitttdiby the average

intensity. Table 3.8 shows the values for methylene chloride and water in percent.

Solvent Dielectric Constant)( Percent Error (%)
Methylene Chloride 8.98 0.79
(CH:Cly)
Water 78 1.38
(H0)

Table 3.8 Placement Errors for coaxial assemblyhaitit changing the aliquot of methylene chloride

(CH,CI,) and water (HO)

B: Placement Error with changing the aliquot of solvent for the coaxial as®éym

In this error measurement method, two different solvents weesl with
different dielectric constant. Methylene chloride ¢(CiH £ = 8.93) and water (D ¢ =
78) were the two solvents measured. The coaxial assembly ligdswiith the solvent
under investigation (water or methylene chloride). The coaxsainalsly is then inserted
in the cavity and EPR intensity is recorded. The coaxial ddgesmthen removed from

the cavity, filled with another aliquot of the same solvent (watenethylene chloride),
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inserted in the cavity and EPR intensity is recorded again. fdee$s is continued

several (7-8) times.

An average for the measured EPR intensities was taken forthmtsolvents
respectively. The difference between the individual intensitieshanedverage intensity
is calculated for each measurement. The value with the hidlilesence between the
individual intensities and the average intensity is considered aitttdiby the average

intensity. Table 3.9 shows the values for methylene chloride and water in percent

Solvent Dielectric Constang)( Percent Error (%)
Methylene Chloride 8.98 0.88
(CH:Cly)
Water 78 3.48
(H0)

Table 3.9 Placement Errors for coaxial assembly lwithanging aliquots of methylene chloride

(CH.Cly)and water (HO)

Since most of the measurements discussed earlier with theSémnmeoaxial
assembly, 3mm-4mm coaxial assembly and 3mm-5mm coaxial blgsemwolves the
changing of the solvent after every measurement an maximomo#r8.93 % ( shown

in Table 3.9) were applied to the systems.

C: Errors for drift in the Intensity over regular interval of time

In this error measurement method, two solvents with different dielectratant

were used. Methylene chloride (gE; € = 8.93) and water (D £ = 78) were the two
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solvents measured. The coaxial assembly was filled with thergalnder investigation
(water or methylene chloride). The coaxial assembly is iegrted in the cavity and
EPR intensity was recorded at regular intervals of timerye¥® mins). The solvents
were measured over a span of 2 hours. During the measurement tta assembly is
not moved at all in the cavity. Precautions were taken to premgribss of solvent by
evaporation by sealing the coaxial assembly with Teflon tapendtire measurement

no visible evaporation was seen.

An average for the measured EPR intensities measured fbyleret chloride
and water was calculated respectively. The difference betimeendividual intensities
measured at regular time intervals and the average intensigicislated. The value
with the highest difference between the measured intensitietharalerage intensity
for a particular solvent is considered and divided by the averagesiiytdor that

solvent. Table 3.10 shows the values for methylene chloride and water in percent.

Solvent Dielectric Constang)( Percent Error (%)
1,2-dichloroethane 10.36 1.35
(CH4CI)
Water 78 1.67
(H20)

Table 3.10 Drift Errors for coaxial assembly for 2, dichloroethane (GH,Cl,)and water (HO)
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D: Fluctuation in the Temperature of the Microwave Cavity of the EPR

A thermocouple was attached to the microwave cavity and the clarbe
temperature of the microwave cavity was measured at evearyrd0for 7.5 hours. The
reaction of triethylamine with different concentration allglaride was studied and is
discussed in detail in Chapter 4 using a 3mm-5mm coaxial assdambbautions were
taken to prevent any loss of sample by evaporation by sealingak@kcassembly with

Teflon tape.

The starting temperature was 21.2 ° C of the microwaveycatitich increased
22.4 ° C at the end of 7.5 hours. A difference of 1.2 ° C is seen iertipetature after
7.5 hours. Most of the measurements made on the EPR are done oveofZXhaars
and after 2 hours (120 minutes) the temperature was 21.2 ° C. Tha#trtwo hours
no fluctuation in the temperature was observed. After 3 hours onhceease of 0.4 °
C was seen in the temperature from the starting temperatoeeefdre, temperature

fluctuation are not as significant in the microwave cavity.

3.8 Conclusion

From this chapter, it can be concluded that EPR as technique assedbdor
many other purposes than just the traditional purpose of EPR dftidgteadical
species. EPR can be used as tool to investigate the dieleaiperities of different
liquid media, including estimating dielectric constants from thébiedlon curve.
Different types of coaxial assemblies were studied and optincboice of the
assemblies was made for further studies. The 3 mm — 4 mm lcaagid mm — 5 mm

coaxial assembly was the best choices for the assembfyrtber studies as a large
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range of dielectric constants (2-78) could be covered with thheseoaxial assemblies.
Although the technique involves errors in determining the exact dielectri@aotnstth
some precautions, this technique would be an apt technique to give afalngjectric
constant with an error of roughly (+) or (-) 5 dielectric constant units. Wittedurther
research, especially on the coaxial cell geometry, the emaysbe able to be reduced
more accurate values for the dielectric constant of an unknowplesafiquid)
obtained. The circular geometry does account for some error due tentheffect,

which can be taken care of with a flat cell geometry.

This coaxial assembly EPR technique can also be used to hridietectric
properties of mixtures of solvents. The use of this technique tsurethe dielectric
constants of mixtures of dioxane-water was also discussedsihhpter. Again with
the mixtures, a large range of dielectric constant was covertd different w/w
mixtures of dioxane and water and the errors were lower tean ®r the use of
technique to determine the dielectric constants of single soh\@&omse other practical

uses of this EPR technique will be discussed in the next chapter.

3.9 Experimental

A: EPR instrumentation

All the measurements were carried out using a Bruker EMX §j&etrometer
operating at the X band. The spectrometer has Bruker 048T Microlridge and
Bruker ERO73 Magnet. The cavity used in all measurements wasstdmelard
rectangular one operating in TE 102 mode (Bruker 4102 ST cavity)sighal channel

was kept constant at a magnetic field modulation frequency of 100Tkidzmicrowave
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frequency was held constant at 9.725 Ghz and the microwave power ld/assant

at 0.201 mW for all the measurements.

B: Coaxial assembly

The capillary tubes used in the capillary-3 mm, capillary-4 amoh capillary-5
mm assemblies were melting point capillaries. The NMR tuBearq, 4 mm, 5 mm)
were from Wilmad Lab Glass. The tubes were cut accordingetoeiquired length of
the tube. The inner tubes (3 mm and 4 mm) containing hexane and TiaklleQ@ealed

under inert atmosphere using an acetylene torch.

C: Solvents and reagents.

All the solvents used for the calibration curves were reagadegolvents used
straight out of the containers. Distilled water was used fdbredion curve estimation

and for the dioxane-water mixtures.
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Chapter 4

Practical applications of the coaxial EPR assemlslio study dielectric

properties of liquid media

The coaxial assemblies, especially the 4 mm — 5 mm and 3-#mm could be
very useful in several practical applications like measulmgamount of water in a
solvent, monitoring the rate of a reaction etc. In this section, ffraséical apllications
of the EPR technique for studying dielctric properties will bscussed. The

applications discussed in this chapter are listed below:
1) Determining the water content in water-dioxane mixture,

2) Studying changes in the dielectric constant of ele¢edplutions as a function of

salt concentration,
3) Detecting phase transitions,
4) Monitoring the rate of a reaction, and

5: Correlation of changes in the dielectric properties of stafidcsolutions to their

critical micelle concentrations (CMC).
4.1 Application to measuring % water in water/dioxane mixtures

In synthetic chemistry, the presence of water in solveats Gause major
differences in reaction pathways and the yield of desired produrctsynthetic
laboratories, great effort is often made to exclude water Bolvents. Dehydration
techniques are usually used to make sure of the removal of watirearegbroducibility
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of the experimental results. Also, in analytical chemisteygresence of water can be a
major concern as it may have adverse effect on measuremieats water interfers.
Analytical chemists have come up various techniques to detecinibnvent of water in

solvents.

In this section of the chapter, the application of the EPR technoqgéudy
dielectric properties was used to determine the weight % tdrvpmesent in water-
dioxane mixtures. The the 3 mm — 4 mm and the 4 mm — 5 mm caas&hblies were

used to measure the weight % of water in water/dioxane mixtures.

4 mm — 5 mm assembly in meausrement of % water atendioxane
mixtures
The measurement of % water in water/dioxane mixtures can iedi&éom the

dielectric constant data plot which is presented in Ch. 3. Thegldidlectric constant

versus Intensity is shown in Figure:4.1.
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Figure 4.1. Plot of Dielectric constants for % Diaxe mixture versus EPR signal intensity. (4 mm -5

mm assembly) The error bars represent a 3.5% ermeasured and discussed in Section 3.7(B)
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The determined dielectric constant is related to the weighy %hecorrelation
plot of dioxane % in water/dioxane mixture versus intensity at 2i@&ed from the

data of Akerlof and Short (Figure 3.21, chapter 3). The calculated #r wathe

unknown water/dioxane mixtures is shown in Table:4.1.

Dioxane/water Literature Calculated % Water in dioxane
Mixture (w/w) 1 value from literature
Value Value from the
Actual weight fit
()
%
()

20% Dioxane 63.1 61.3 20.8% Dioxane

80% Water 79.2% Water
60% Dioxane 26.3 28.7 58.0% Dioxane

40% Water 42.0% Water

Table 4.1 Values for Weight % of water in water/dane mixtures from Akerlof and Short correlation

chart for 4 mm — 5 mm assembly.

As seen from the Table 4.1, the unknown water/dioxane mixture which had
calculated value of 61.3 as the dielectric constant, shows a & vedtie of 79.2%. The
actual weight % of water in the unknown water/dioxane mixture898&s. Similarly for
the other unknown water/dioxane mixture, which had a calculated val2@. dfas the

dielectric constant, shows 58% of water in the mixture. The unknower/diaixane
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mixture contained 60% water. Both the unknown water/dioxane mixturesinar
agreement with the actual water % (weight %) in the watetéie mixtures. There is an
error of ca. 2% water content involved which could be due to weighiogseturing the
making of these samples. The above results prove that the 4 mmm-assembly can
be used to measure the % water % in solvent mixtures withativedy small error

involved.

3 mm — 4 mm assembly in measurement of % water in water-dioxane mixtures

Figure 4.2 shows a plot of dielectric constant of water/dioxaméuras versus

the EPR signal intensity.
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Figure 4.2. Plot of Dielectric Constant for watatioxane mixtures versus EPR signal intensity. (3 mm

— 4 mm assembly) The error bars represent a 3.5%remeasured and discussed in Section 3.7(B)

The plot is the same plot as shown in Chapter 3. The dieleanstant

calculated from this plot were correlated to the % water fpdod of dioxane % in
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water/dioxane mixtures derived from the correlation chart showikieylof and Short

in the literature.

The correlated % water from the calculated dielectric cahstata from the

literature is given in the Table 4.2.

Dioxane/water Literature Calculated Calculated value from
Mixture (w/w) n literature for Dioxane
Value Value from the
. _ and water %
Actual weight fit
(2)
%
(2)
18% Dioxane 63.2 61.8 20.2% Dioxane
82% Water 79.8% Water
41.7% Dioxane 41.0 38.6 45.7%Dioxane
58.3% Water 54.3%Water

Table 4.2 Values for Weight % of water in water/dane mixtures from Akerlof and Short correlation

chart for 3 mm — 4 mm assembly.

The dielectric constant for the first unknown water/dioxane mixtues w
calculated as 61.8 in the previous chapter. The corresponding watertcease’9.8%.
The actual % water in the water/dioxane mixture was 82%. Tbe iarthe calculated

and the predicted value is again ca. 2% water. Similarly, #leatlic constant for the
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second unknown water/dioxane mixture was calculated to be 38.6. Thepoadies
% water was 54.3%. The actual % water in the second unknown watandioxxture

was 58.3%. The error was ca. 4% water.

There are likely various sources of errors for the measuremésitthe amount
of dioxane changes, the relationship between instrumental signalagdodielectric
constant (and thus composition) becomes complex with regard to the doonpos
values. There could also be some amount of water present in the disoiaeat
already on top of weighing error. Third, the cell errors discuss&thapter 3 during
measurement of the dielectric constant could be carried fotedlis application. The
4 mm — 5mm assembly appears to give less error, likely stegnfrom an increased
sensitivity due to its larger sampling within the dielectrimdewvolume. All error

sources considered, the method works remarkably well.

To summarize, the use of these coaxial assemblies (3mm -afytih mm — 5

mm) with the EPR technique can be applied to detect the % watelvents. A double
calibration technique has to be used to measure the % water arathanysolvent
mixture whose information has not been investigated in the lrerat=irst, the
dielectric constants of the various water/solvent mixtures candasured using the
calibration technique with solvents of known dielectric constants as shown in Chapte
Second, a second calibration curve can be plotted to with the % water mixtures
versus the measured dielectric constants determined from the fiosacah curve. The
dielectric constant of the unknown can be then correlated to theat#r ¥Wom the

second calibration curve.
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4.2 Application in studying the dielectric properties of electrolyte sans

The relationship between ionic transport in liquids and polymermrelges and
the static dielectric constant of the solution has been widigdgussed in the
literaturé>*° According to Walden'’s rule, the size, charge of the ions andsitgaf
the medium are responsible for ionic mobilities. However, ionic migsiloften do not
simply depend on the above mentioned parameters and it becomes intpamaasure

other properties of electrolyte solutions, such as dielectric corfstants

In an earlier chapter, the dependence of ionic conductivity on the s&déctdc
constants of the solution was discussed. In 2008, Petrowsky and R@ebdsthe
importance of measuring the static dielectric constant of ssdittions in different
solvents to explain the ionic mobilities of ions in the systemthedmpact the change
in the dielectric constant can have on molar conductivities. Figurehdvdsshe molar
conductivities of tetrabutylammonium triflate solutions in solvenith vdifferent
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Figure 4.3 Dependence of molar conductivity of elimlyte solutions on dielectric constant of diffent

solvents
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It is well known that the addition of salts to solvents will daseeor increase
the dielectric constant of the electrolyte solution depending omsdivent the salt is
dissolved in. A good example of this is the addition of alkali andiatk&arth metal
halides to water and methanol, which decreases the dielectrimicbos the solution.
The decrease in the dielectric constant with the increase totieentration of the salt
continues up to a certain point, after which the dielectric constaets| off (stays
constant). Initially, the addition of the salt to water or methaeslilts in ion solvation
by the solvent molecules which causes the rotation or the orentatithe solvent
molecules in the electric field to become more difficult, redgi¢he dielectric constant.
After a certain concentration, with the addition of more salt tiseaedeficit of solvent
molecules in the solution, resulting in a reorganization of theagoh layers, which
then causes the leveling effect on the dielectric constant. Onthiee hand, in low
dielectric constant solvents such as benzene and acetone, ions fend ton pairs.
The ion pairs formed in the solution have a higher dipole moment tharofthiae
solvent alone. Therefore, upon the addition of more salt, more ion paifsraned and
the dielectric constant goes up. At higher concentration the tlieleonstant stays
constant. This observation has been attributed to aggregation of theOsalés.the
aggregates are formed, they have negligible dipole moments whiphtheelielectric

constant steady

In this section initial studies of the use of the EPR techriigustudy dielectric
properties will be applied to salt solutions. Two different soleathyl acetate and
tetrahydrofuran, with different concentrations of lithium perchlofat€10,4) will be

investigated and discusfedince the dielectric constants of both these solvents are
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pretty low (THF = 7.8, Ethyl acetate = 6. 02), the dieleatnastant is expected to

increase as the concentration of Ligi@creases.

Ethyl acetate and LiCIQ

Figure 4.4 shows the calibration plot with regular solvents versiengity.
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n 2.00E+05 -
_S 1.50E+05 10.36
I 1.00E+05 - y =-1609.5x2 - 9290.4x + 427834
U £ 0oE+04 - R?=0.9914
y 0.00E+00 . . . . . .
0 2 4 6 8 10 12
Dielectric Constant

Figure 4.4 Calibration curve with solvents. (cyclekane=2.02, chloroform=4.81, ethyl acetate=6.02,

ethylene dichloride=10.36). Error bars represent -3.5% error in the intensity

Three different concentrations of LiC{On ethyl acetate were measured. The
data is summarized in Table 4.3. As seen from the plot, witheasorg salt
concentration there is a decrease in the intensity of the EfPRl.sirhis observation
suggests that the dielectric constant of the solution increasieghei increase in the
concentration of LiCIQ The observation is in agreement with that of the trend shown

in the literature.
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LICIO 4

concentration in

Dielectric constant

from the

Intensity*10° (a.u)

measured on the

Dielectric

Constant

ethyl acetate (M) Literature ® EPR calculated from
the calibration
curve (Figure:)
0.1 7.57 242 8.23
0.2 9.4 230 8.57
0.4 12.7 180 9.85

Table 4.3 Measured Intensity and calculated Dieléct constant from the calibration curve for
different ethyl acetate/LiCIQ The error bars represent a 3.5% error, measureddadiscussed in

Section 3.7(B)

The average error from the literature value is calculatedxplained earlier in
Ch. 3. The average error was 1.4 dielectric units. The deviation fr@iitdrature value
could be a result of various factors such as the errors inaligration curve as
discussed earlier. It is also possible that the static digleinstants measured using
this method may actually be more appropriate than those obtainedagsiaghniques
as they are carried out at higher frequencies (GHz) anck tise no electrode

polaraization.
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THF and LiClO4

Similar to the ethyl acetate-LiClQ@ystem, different concentrations of LiGI(D
THF were measured. Solvents with different known dielectrictaots were employed

for the calibration curve.

4.00E+05 -
3.50E+05 -
3.00E+05 -
2.50E+05 y =-291.18% - 566.69x + 341584
2.00E+05 - R? =0.9881
1.50E+05 -
1.00E+05 -
5.02E+04 -
1.50E+02 . . . . .

0 5 10 15 20 25

Dielectric Constant

< =+ =— »m» >3 O® —+ 35 —

Figure 4.5 Calibration curve with solvents. (cyclekane=2.02, chloroform=4.81, THF=7.58, 1-
butanol=17.51, acetone=20.7).The error bars reprgsa 3.5% error, measured and discussed in

Section 3.7(B)

The intensity of 5 different concentrations of LiGl@ THF were measured and
are summarized in Table 4.4. As seen from the data, the dieleotigtant of the

solution goes up higher with the increase in the concentration of L.#3®xpected.
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LiCIO 4 Dielectric constant | Intensity * 10°(a.u) Dielectric

concentration in from the measured on the Constant
THF (M) Literature ® EPR calculated from
the calibration
curve (Figure:)

0.1 8.81 294 11.84

0.25 11.95 242 17.54

0.4 13.9 235 18.18

0.6 16.2 228 18.8
0.8 18.2 206.7 20.57

Table 4.4 Measured intensity and calculated digtecconstant from the calibration curve for diffemnt

THF/LICIO ,

The average error was calculated for the THF/Li3¢stem as explained in Chapter 3.

The average error was calculated to be 3.6 dielectric units.

The error seen in the THF/ is higher than those for the etleyht/ LiCIQ by
approximately 2 dielectric units. In addition to the error carrie@r oivom the
calibration curve and the coaxial assembly geometrical eth@sHF likely has some
amount of water in it, which would increase the dielectric consfatfite solution. This
supposition can be supported by the fact that the measured diatecisiant is always
higher than its literature dielectric constant value for thé-/LHCIO, by roughly the
same amount for each sample. Such a behavior is not seen withythecetate/LiCIQ

system.
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4.3 Application in monitoring phase transitions

The EPR technique for studying dielectric properties can be asedtool to
monitor a phase change in the reaction. In spite of magnitude ehergchnique is
guite sensitive to changes in dielectric constant. When a reaakies place, with time
more and more of the reactants are converted to product arel pfdduct formation
involves a phase change (liquid to solid), there should be a change delkbetric
constant of the entire system. As we have shown that the ERRcee is sensitive to
the change in dielectric constant of a liquid, therefore it isipesto monitor a phase
change in the system. It is worthwhile to mention that the egijin of this technique
to monitor phase changes was an accidental discovery. A reaasomitially set up to
evaluate if the technique could be used to monitor the rate ofedwdian, but the
reaction chosen was too fast and the product formed crystallizédh& solution
solidified, resulting in an abrupt change in the signal intensity andtltieudielectric

constant.

It is known from the literature that when a salt is added smlaent, the
dielectric constant of that sample generally increases. Theissociation causes the
polarization of the cation and anion in the solvent, increasing thecttiel constant of
the sample. With increasing salt concentration more and more zadi@ni occurs to
give further increases in the dielectric constant. The diedeminstant increases up to a
certain concentration, after which saturation is reached andatien and anion are
forced to be ion paired. The ion pairing brings the positive an@tivegcharges

together and thus the dielectric constant starts to decrease.
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With the intent to investigate whether the EPR technique can essetool to
monitor the rate of product formation during a reaction, a reactasciosen where
the reactants will react to form a quaternary ammonium shé. idea is that as the
reaction proceeds more and more quaternary ammonium salt is forrtiesl system
and the dielectric constant would go’ups the dielectric constant of the system goes
up, the EPR signal intensity should decrease. The rate of dedreéhe EPR signal
intensity should be directly proportional to the rate of formation ofghartenary
ammonium salt. The reaction chosen for study was triethylariytdi@mide, reaction

of which gives a quaternary ammonium salt.

N\

Br

1 mol 1.5 mol

/\N/\ CH,CN A(\
Br
o

Figure 4.6. Reaction scheme for triethylamine (loth and allyl bromide (1.5 mol) to form a

guaternary ammonium bromide.

In Figure 4.6, the reaction scheme for triethylamine wityl &lomide to give
the quaternary ammonium bromide salt is shown. In the reactiethyfamine is the
limiting reagent and allyl bromide is the excess reagent.r&aetion is carried out in
acetonitrile that is 2.5 M with respect to triethylamine. Tdeson for using acetonitrile
as a solvent for the reaction is that acetonitrile is padhrest and will help the
guartenary ammonium bromide salt to stay in solution. The reast@nsmixed and

put in the 3 mm — 4 mm coaxial assembly. The coaxial tubes pugrato the EPR
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cavity and the signal intensity was measured every 30 minutissexpected for the

EPR intensity to decrease with the increase in the product.

Figure 4.7 shows the plot of time (in minutes) for the reaat@sus the EPR

signal intensity.

Triethylamine allyl bromide reaction time
EPR Intensity vs Time (mins)

1400000 - 240 270 330
150 189 510 300
1350000 -

1300000 - 120
1250000 -

30 60 90

1200000 - . .
=¢==Triethylamine allyl

1150000 - bromide reaction

time vs intensity
1100000 -

< ~—»n 3o ~> —

1050000 T T T T T T T T T T 1

0 30 60 90 120 150 180 210 240 270 300 330
Time (minutes)

Figure 4.7. Plot of time (minutes) versus EPR sa@rintensity. (3mm-4mm assembly). The error bars

represent a 1.67% error, measured and discusse8iantion 3.7(C).

The reaction of triethylamine and allyl bromide showed a diffebaftavior
than expected. As seen from the plot, the EPR signal intensityasded somewhat, as
expected, for the first 90 minutes and then there was a suddeasacn the EPR
signal intensity significantly, then the EPR signal intengiigteaus somewhat. This
unexpected behavior can be explained. The reaction of triethylamdnallgd bromide
occurs quickly, and solid product crystallizes in the tube at ca. 80tes. As the

reaction proceeds, the product concentration increases and thus manerargblid is
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crystallized out of the solution which explains the increase imtkasity up to the 150
minute point. After the 150 minute point, the reaction slows and theofatbhange

attenuates.

A parallel study for the same reaction was done using 1H-NMiIR reaction

was monitored every 15 minutes and the spectra are shown in Figure 4.8.

120 Minutes

e ~k 90 Minutes

AL " ud 60 Minutes

" . ad 30 Minutes
LM d k. Initial

T T T T T T
6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 ppm

Figure 4.8 NMR spectra every 30 minufes the triethyamine and allyl bromide reaction.

It can be seen from the NMR spectra that the reaction proceddgves sharp
peaks and continues to form the product until the 90 minute point. At the ibR@m
point the peaks become unusually broad and no splitting of the peaks camerbe

anymore. The most interesting part this parallel NMR erpant is the time at which
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the peaks start to become broader and less resolved. Comparing tharidMifie EPR
data, the reaction shows no crystallization until the 90 minutes jpobuth the cases,
after which there is a sudden change in the intensity due ttalination, resulting
broadening of the peaks in the NMR. These observations show thaEhé&Ehnique

on the EPR can be used for the monitoring of phase changes.
4.4 Application to study relative kinetics for the triethylamine-allyloride reaction

As seen from the earlier section, the triethylamine-dilgimide reaction was
too fast to monitor well using the EPR technique. To investigateeiyrallyl chloride
was chosen to replace allyl bromide. Since the reaction likelgepds mainly by a
nucleophilic substitution mechanism, chloride is not as good a leavimgp gas

bromide.

NN . TN
k N [ e

Figure 4.9. Reaction scheme for triethylamine andlya chloride to form quaternary ammonium

bromide.

Figure 4.9 show the reaction scheme for the reaction of traettiye with allyl
chloride. The reaction was monitored using the EPR technique for tieredif
stoichiometric ratios. The two different stoichimetric raticss mole triethylamine:1.5

moles allyl bromide and 1 mole triethylamine:1 mole allgdrbide. The rate of the
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reaction with 1.5 moles allyl bromide should be ca.1.5 times fasaer that of the
reaction with 1 mole allyl bromide. Both the reactions (1 mold Allomide and 1.5
moles allyl bromide) are carried out under the same conditiofts #se triethylamine-
allyl bromide reaction. The reactants are mixed and put in the 3-fimnm assembly
and placed in the EPR cavity. Both the reactions are monitored 8Pemjinutes by

measuring the EPR signal intensity every 30 minutes.

EPR Intensity versus Time (minutes)

210000 -

200000 -
| 190000 - ¢ 1:1.5 (TEA: allyl
n 180000 chloride)
t | B 1:1(TEA: allyl
€ 170000 - y = 0.3083x2 - 312.16x + 209248 chloride]
n R = 0.9958 ——Poly. (1:1.5 (TEA: allyl
g 160000 - ' chloride))
i 150000 - ——Poly. (1:1 (TEA: allyl
t chloride))
y 140000 -

130000 - y=0.141x? - 163.6x + 171967

R?=0.9966
120000 T T T T ]
0 100 200 300 400 500
Time (minutes)

Figure 4.10. Time versus intensity plot for trigttamine and allyl chloride reaction in acetonitrilat
room temperature. (3 mm — 4 mm assembly). The etvars represent a 1.67% error, measured and

discussed in Section 3.7(C)

Figure 4.10 shows the progress of the triethylamine and allgtidbl reactions.
It can be seen that rate of the reaction with 1:1.5 (triethylesallyl chloride)

stoichiometry is faster compared to the 1:1 (triethylaming:ehloride). As seen from
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the plot, the reaction is slower with allyl chloride than with binemide and is not

complete after 450 minutes.

The reaction of triethylamine and allyl chloride goes throaghucleophilic
substitution mechanism to give the product. Therefore the rate oéalston is given

by Equation(s) 4.1.
Rate=k[Allylchloride] or Rate=k[Triethylamine][Allylchloride] '° Equation(s) 4.1

In Equation(s) 4.1 k = rate constant for the reaction, [triethiyla] = concentration of
triethylamine, and [allyl chloride]= concentration of allyllaride. Since the reaction
can go through either any® or §2 reaction, we chose to vary the amount of allyl

chloride as the rate of the reaction depends on its concentration in any event.

Using the first several data points (low conversion) for eacktioga to
approximate constant reactant concentrations, the EPR signal titertsch changes
ca. linearly, could be used to monitor the relative rates of the reaction (Bi@@je The

set of 5 points in the data cover 150 minutes.
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Figure 4.12. Plot of EPR intensity versus time (mites)(the first 5 points). The error bars represem

1.67% error, measured and discussed in Section@)7(

As seen from Figure 4.12, both the sets of data show the ratengfecbhEPR
signal intensity which in turn reflects the rate at which tleglpet is formed. The slope
for the first line, 1:1.5 (triethylamine:allyl chloride), is 258.38B¢€Tslope for the second
line, 1:1 (triethylamine:allyl chloride), is 155.67. Comparing the tWopes, the rate
formation of product is faster in 1:1.5 (triethylamine: allyl cldej reaction since it has
a higher slope than that of the 1:1 (triethylamine:allybdlk). Theoretically speaking,
initial rate of formation of product in the 1:1.5 (triethylaminkdathloride) reaction
should be 1.5 times faster than the 1:1 (triethylamine:allyl icdpr From the
comparision of the two slopes, it shows that the 1:1.5 (triethylaatiylechloride)
reaction forms the product 1.66 times faster than the 1:1h{tlaenine:allyl chloride)

reaction, agreeing reasonably well with the theoretical value of 1.5.
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4.5 Application in studying the delectric properties of surfactant solutions

The property of the surface of a liquid to resist any exteloae is known as
“surface tensiont™'*** Surface tension has the dimension of force per unit lengtheogyen
per unit ared**'? Surface tension is also known as “surface energy”, which o
general term that includes solids as well as liquids. Surface tensionlitertieire is denoted
as %"*3 It is well known that short-range forces of attraction exitveen molecules. The
phenomenon of surface tension (and interfacial tension) is explaydtese forces of
attraction. For example, in the liquid/air interface, the molecidethe bulk of the liquid
experience an equal force from directions whereas the molecukb® @urface experience

unbalanced attractive force which leads to a net inward pull (Figuré%.13)

-*ffv‘??f"??\? ‘_ﬁ?’_-
%é%age

qumd — - - —

— o — m—— ——— — ot e

Figure 4.13 Attractive forces at the surface andtime interior of the liquid.

Due to the uneven forces at the surface, as many molecytessble leave the surface and
go into the bulk. This phenomenon causes the surface to contract inwards ffie reason
that droplets of liquids and gas tend to attain spherical $hape

Surface active agents (surfactants) are molecules whicheréldeisurface tension of
a liquid. Surface active agents consist of molecules having both gradanon-polar groups

and are called amphiphilic molecules. On the addition of a sunfaiiaa liquid, a strong
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adsorption of the surfactants on the surface of the liquid takes foldoem an oriented
monomolecular layer on the surface of the liquid. This observed phenomememées
“surface activity”. For example, a surfactant molecule in wéitst adsorbs to form a
monolayer in such a way that the hydrophilic group is in the aqupbase and the
hydrophobic part sticks out in the air (Figure 4.14). Surface actigitya dynamic
phenomenon, which establishes an equilibrium between the adsorption and eomyiled
of the molecules in the liquid due to the thermal motion of the m@sailthe surface or the

interfacée®.

Vapour
phase

WMMUQW
— / Aqueous“ _“% _"

— _ phase
—Os——— —

r—— o — —

Figure 4.14 Adsorption dfet surfactant molecules on the water surface.

The tendency of the surfactants to pack at the interface fawmsxpansion of the
interface, which in turn balances out the tendency of the interfacentract under normal
surface tension forces. It is the surface pressure exerted by the adsorbed layer of

surfactants, the surface tension will be lowered to the value given by equatibn 4.4

Y = (yo—m) Equation 4.4
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It is worthwhile to take a note of the fact that longerhigdrophobic (hydrocarbon
chain) part of the chain, the greater the number of surfactantuiedeat the surface, and

hence the lower the surface tension.

Surfactants are generally classified as anionic, cationicsiamo or ampholytic
depending on the charge carried by the surface active part omdhecule. Anionic
surfactants are the most used surfactants as they are che&yavandood performance.
Cationics, although expensive, have some germicidal action that thekesiseful for some
applications. The advantage of non-ionics is that the chain length lofthmthydrophobic

and hydrophilic groups can be varied.

Micelle formation'>®

Solutions with highly surface-active agents (surfactants) disptauisual physical
properties. In a dilute solution of surfactant, the surfactant bela@vasiormal solute which
means in the case of ionic surfactants a normal electrdigt@vior is observed. At some
concentration of the surfactant, an abrupt change in the physical pegesmotic pressure,
electrical conductivity, turbidity etc) of the solution is observedBMn explained this
phenomenon by change in the speciation of the surfactant moleculbe paint of abrupt
change, there is formation of reasonably well-defined aggregltesknown as “micelles”

(Figure 4.15).

Figure &.2A generic micelle structure

184



The micelles have the hydrophobic part (hydrocarbon chain) orienteddsyweaaving the
hydrophilic part (charged part) forming the outer surface of tleeliai which is in contact
with the polar aqueous phase. The concentration above which the marellésrmed in
appreciable amounts is called as the “critical micelle aunaton” or the “CMC” of the
surfactant.

One of the several applications for surfactants in solutions atieveCMC is
solubilization of non-polar organic materials in aqueous media that wotlde solubilized
media otherwise. The organic material is incorporated in tleeiontof the micelle where
there is the presence of the hydrophobic (organic) part of the tamtacSolubilization is a
very important phenomenon, including in the pharmaceutical industry whreerg anganic
compounds have to be solubilized in aqueous media, for detergents wkeareves dirt and
oil, emulsion polymerization, and organic reactions involving mice#alygsis. Due to these
wide applications mentioned above, the CMC of a surfactant is an importanegaram
Measurement of the CMC Point

In the literature, electrical impedance spectroscopy carsée to measure the CMC
of a surfactant solution. Although the change in conductivity is wideéd to measure the
CMC, many other techniques such as UV-Vis spectrosc¢ofiyninescence spectroscéfly
light scattering, potentiometlyy and Nuclear Magnetic spectroscbpgre also used as tools
to measure CMC’s. Some of the other physical properties thdtecareasured to determine
the CMC are surface tension, turbidity, osmotic pressure, etc. The ywhbere an abrupt
change is seen shows the CMC point for the surfactant. A plot af m@hcentration versus

the change in these properties is shown in Figure 4.16.
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Figure 4.16 Changes in physical properties of thafactant solution with change in molar concentratn

From Figure 4.16, it can be seen that there is a sudden chamgany of the

properties of the surfactant solution at a certain concentrdtainid considered to be the

specific CMC of the surfactarit

Apart from the physical properties of the surfactant solutiossd to measure

CMC's, it has been reported in the literature by Neto #tadldielectric constant can be used

to measure the CMC poifit(Figure 4.17).
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Figure 4.17 Dependence of concentration of sodiuwdécy! sulfate (SDS) on bulk dielectric constant
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Figure 4.17 shows the change in the bulk dielectric constant changése
concentration of sodium dodecyl sulfate (SDS). It seems from théhalowvith the addition
of SDS to water the bulk dielectric constant changes #titkis the same as that for water (
= 78) until the CMC. After the CMC point (8 X £omoles/Liter) for SDS, the dielectric
constant begins to increase approximately 10% with further adaifidhe surfactants to
water. The authors suggest that, after the CMC, counter ionsypegshe micelles surface
become more easily polarized and results in an increase in the diatecstarit’

Most of the dielectric constant investigations made on surfastdations in the
literature are highly frequency dependent and are carried th# irmnge of 1-10HZ***° At
lower frequencies, the electrode polarization occurs but atrhiigggriency, the electric field
changes direction before the dipole of the molecule orients to ¢lek thus at higher
frequency the dielectric constant is smaller.

Since in the earlier sections it has been shown that EPR techodguiee used to
measure changes in dielectric constants, including phase chandedsediterature shows
that the dielectric constant of the solution changes past the CME ts section addresses
the question of whether the EPR signal intensity as a functicurédctant concentration
correlates with the CMC for different surfactants. Threeedffit kinds of surfactants were
taken under investigation.

A) Sodium dodecylsulfate (SDS) ------- Anionic Surfactant

o\/o
/\/\/\/\/\/\()/S\E)9 Na

®

Figure 4.18 Structuof sodium dodecylsulfate (SDS)
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B: Cetyltrimethylammonium bromide. (CTAB) ------- Cationic Surfactant

—

N P P P e’ Y
@\ o
Figure: 4.19 Structure of cetyltrimethylammonium Bmide (CTAB)
C: Pluronic F127-------- Non-ionic Surfactant
-[PEO-PPO-REO]

Figure 4.3ructure of Pluronic F127

The Pluronic F127 is a triblock copolymer with the repeat unit strictfr ca. -

[EOg9oPOssEOyg]n-, Where EO are ethylene oxide units and PO are propylene oxide units.
Solutions of different concentrations were made by the dilutiohaodetwhere a

concentrated surfactant solution was prepared by dissolving the cegameunt of

surfactant in water, sonicating the solution for 30 mins, dilutingeasled to achieve desired

concentration, and then studied using the EPR technique.

A) Application to sodium dodecylsulfate solutions

Large Concentration Range.

SDS solutions were made with concentrations ranging from 0.0001 M ¥.0lhe

plot of concentration of SDS versus Intensity (a.u) is shown in Figure 4.21.
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Figure 4.21 Plot of SDS concentration versus EPRysal intensity (a.u). The error bars represent a

3.5% error, measured and discussed in Section 3)7(B

It can be seen from the plot that the intensity does not remaitanbasd breaks at
several concentrations. The literature value for the CMC & Baround 0.0082 f#?% As
seen from the plot, a peak around 0.008 M is seen which correlabes@C of SDS. The
explanation to this phenomenon could be complex. There could be variousamapiséses
between the surfactant monomer and the micelle formation thalt ie several intensity
changes or breaks and hence in the dielectric constant of thetautrfaolutions. The
features are reproducible. These are initial studies and furthestigation in this area is

required to interpret the behavior seen over the large range of conceatration

The goal of this section was to investigate whether the &Rl be used to study
surfactant solutions and correlate the data to the CMC point sutfectant. Therefore, the
investigation was focused more on the region where the CMC ofo8B\i8s, as reported in

the literature i.e 0.0082 M.

189



Small Concentration Range for SDS (Close to the CMC point)

Figure: 4.22 shows a plot of SDS concentration versus Intensity.
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Figure 4.22 Plot of SDS concentratigsmall concentration range) versus intensity (a.u)

As seen from the plot, the concentration range has been attemuna the range
where the CMC for SDS has been reported has been investigated thpioydgiking
some more measurements in the attenuated range. The plot shewsitioir peak at
around 0.008 M concentration of SDS. The peak corresponds to the CMC value for
SDS in water. Looking at the data from dielectric point of view,dileéectric constant
decreases (increasing signal intensity) with the increadeeidncentration until the
CMC point, after which the dielectric constant starts to irsgemain. Before the CMC
point, addition of the hydrophobic part of the surfactant dominates chantfes bulk
dielectric constant and thus on the increase in the concentratidecrease in the
dielectric constant is seen until the CMC point is reached. AICIHE, due to the
micelle formation that involves the conversion of the hydrophobic partshef

surfactant molecules into the micellar interior and exposurbeopolarizable charged
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surface to the aqueous media, an increase in the dielectric coisstedn. As the
hydrophobic effect from the hydrophobic part of the surfactant molesule longer
prominent, the polarization of the counter ion near the micelle sud&es over to give

an increase in the dielectric constimis additional surfactant forms more micelles.

Thus intensity data from the EPR technique can be correlatéad t6MC of
SDS but the other features of the plots remain to be explainede 8iaccoaxial
assembly could be used to measure the CMC of SDS, which is an anionic surfactant, the

next obvious step would be to investigate a cationic surfactant.
B) Application to cetyltrimethylammonium bromide (CTAB) solutions
Large range concentration for CTAB

CTAB solutions were investigated over a broad range of comtemrfrom
0.00001 M to 0.01 M. Since the CMC value for CTAB reported in theatiiez is
0.00093 M*?*% the range under investigation is dilute by a factor of 10 compared
the SDS concentration range. A plot of concentration of CTAB versusSRReintensity

in arbitrary units (a.u) is shown in Figure 4.23.
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Figure 4.23 Plot of CTAB concentration (M) versustiensity (a.u). The error bars represent a 3.5%

error, measured and discussed in Section 3.7(B)

Similar to the SDS, a wide range was covered with the CTABortc
surfactant. There is a similar kind of behavior where thereaiateast two transition
points before the CMC point. As mentioned before, in depth investigatienseaded

to resolve or to explain these transitions seen before the CMC.

Small Concentration Range for CTAB (Close to the CMC point)

The plot of concentration of SDS versus EPR intensity for thelamange of

concentrations is given in Figure 4.24.
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Figure 4.24 Plot of SIxoncentration (M) versus EPR intensity (a.u)

CTAB was investigated over a short range of concentratians €.0001M to
0.0018M. Since the CMC of CTAB is reported to be 0.00093 in the literatgreange
would allow investigating the CMC with much clarity and depth. TAAR shows a

similar behavior as seen with SDS as would be expected

C) Comparision of the large-range data for CTAB and SDS

While it is gratifying that local features in the signatensity-concentration
plots for SDS and CTAB can be correlated to their respective’§ M other features
are perplexing. As mentioned earlier, it becomes essentigvestigate the various
transitions seen throughout the entire concentration range. $em@ative causes for
these other features include changes in microwave absorption odietfacial
surfactant absorption/concentration (glass-liquid or gas-liquid).eSglass of the

coaxial assembly cell can be charged (depending on the pH wiettiem and the point
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of zero charge of the glass), the other features, especiallydahosacentrations below
the CMC’s, may be related to such interfacial phenomena. Above th€'sCM
transitions to other surfactant phases (e. g. micelle to rod) may beingciMore study

is needed in any event to elucidate the nature of the observed phenomena.

To investigate these phenomenon a bit further, a non-ionic surfactargniel
F127, was investigated over a range of concentrations (Figure 4l@®niP F127 is
non-ionic surfactant that is uncharged. As described earlieorftuF127 is a tri-co-
block polymer with PEO and PPO repeat units. As the non-ionic csanta is
uncharged, it should not show strong solid-liquid adsorption phenomena as ggeculat

upon with the SDS and CTAB surfactants.
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Figure 4.25 Plot of Pluronic F127 concentration (Mversus EPR intensity. The error bars represent a

3.5% error, measured and discussed in Section 3)7(B

The plot of Pluronic F127 concentration versus EPR signal intenghoisn in

Figure 4.25. As expected, there were no strong transitions seehe alower
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concentration until the reported CMC point was reached which is 0.00656. Mt
around 0.0006 M there is a peak which again correlates to the CRiE.the CMC
point, there is decrease in the intensity, from which it can legred that there is an
increase in the dielectric constant. The micelle core is mpad PPO and the exterior
is made up of PEO which could be more polarizable through interagiibrwater or
micellization diminishes the effectiveness of the non-polar poriwdribe molecule at

keeping the dielectric constant lower.

Figure 4.26 shows a plot of concentration (M) of SDS, CTAB and Pluroni
F127 versus the normalized EPR intensity to get all the 3 plotSD&, CTAB and
Pluronic F127 on the same scale. The concentration is divided btoadéd 2 so that
the CMC for all the three surfactants, SDS, CTAB and Pluronic [Ead27be plotted

approximately on the same scale.
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Figure 4.26 Plot of Concentration of Surfactants [, CTAB and Pluronic F127) versus EPR

Intensity
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4.6 Conclusions

In this chapter, it can be seen that the EPR technique udyisy dielectric
properties can potentially be applied to the study of many typesystéms. Some
examples included estimating the water content in solvents, magitofi a phase
transition during a reaction, measurement of the relative rateezction and the study

of surfactant solutions.

At this point the technique appears to be quite sensitive to idgtettange in
dielectric properties but suffers from two drawbacks: 1)rteed to do a calibration
curve using the same cell every time it is desired to measwestimate the actual value
of the dielectic constant of the medium and 2) the significant anauertror for the
calibration curves, most likely largely due to impure standardsth& technique is
developed further, it is anticipated that improvements in cell designuse of better

standards will decrease measurement errors and enhance the utilityechthigue.

4.7 Experimental Section

A) EPR instrumentation

All the measurements were carried out using a Bruker EMX §tRRtrometer
operating at the X band. The spectrometer has a Bruker 048T Migddradge and
Bruker ERO73 Magnet. The cavity used in all measurements wasstdmelard
rectangular one operating in TE 102 mode (Bruker 4102 ST cavity)sighal channel
was kept constant at a magnetic field modulation frequency of 190Tkté microwave
frequency was held constant at 9.725 Ghz and the microwave power ld/@assant
at 0.201 mW for all the measurements.
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B) NMR instrumentation

The monitoring of the allyl bromide and triethylamine reactios d@ane using a Varian
VNMRS 400 MHz NMR with an AutoX-Dual Broadband probe. Temperature wa

regulated using a FTS sample cooler.

C) Coaxial assemblies

The NMR tubes (3 mm, 4 mm, 5 mm) were commercially acquireih
Wilmad Lab Glass. The tubes were cut according to the redeingth of the tube. The
inner tubes (3 mm and 4 mm) containing hexane/TEMPO were sa@adledl an argon

atmosphere using an acetylene torch.

D) Solvents and reagents.

All the solvents used for the calibration curve were reagenegaldents used
straight out of the containers. Distilled water was used fodibveane-water mixtures.
Lithium perchlorate was acquired from Sigma-Aldrich and storedl \eeighed in a

continuous air-purge drybox.

Triethylamine, allyl chloride and allyl bromide were frongi@a-Aldrich and

were used as-is.

The surfactants sodium dodecylsulfate (electrophoretic grads) agquired
from Sigma-Aldrich, cetyltrimethylammonium bromide was acquifesm ?7? and

Pluronic F127 was acquired from BASF. All surfactants were used as-is.
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Chapter 5

Investigation and modification of Linear and Branched poly(ethylenimine)adi&

Polymer Electrolyte
5.1 Introduction:

In this chapter different polymers have been investigated with ddgatheir
application as solid polymer electrolytes. Several differentyrpeis have been
investigated with the final goal of achieving batteries thatleak-free. A lot of these
polymers are modified to enhance their performance. With tbisl gn mind,
poly(ethyleneimine) (PEI) based polymers have been invesligaig discussed in this
chapter. Modification of PEI by substituting different groups on therpetybackbone
and cross-linking to make the films more physically and chelpictible will be
discussed in this chapter. In the first part of this chapter, moatidn of branched PEI
and the ionic conductivity of the resulting films will be investiggh In the second part
of this chapter, linear PEI synthesis, modification, and the ionidustivity of the

films will be discussed.

5.2) Branched poly(ethyleneimine) (BPEI) and Branched poly(adtylyleneimine)

(BPAEI):

BPEI is an inexpensive and commercially available polymer. stheture of

BPEI is shown in Figure 5%

200



BPEI

Figure 5.1 BPEI (The structure doest represent the actual structure of BPEI)

Figure 5.1 does not show the exact structure of BPEI. Thel attuature is
more complicated but the above structure helps in displaying the $tascture of
BPEI. BPEI has three different types of nitrogens; primamgorsgary and tertiary. The
ratio of primary:secondary:tertiary nitrogens is 1:2:1. BP&lviscous and clear
polymer. BPEI has a lowgJ glass transition temperature, of -50°C. BPEI and some of
it's simple chemical modifications do not have the physical rittetp be applied as a
solid polymer electrolyte material. There have been reportsd literature where the
physical properties of BPEI are improved by cross-linking. Wwiéyu successfully
substituted the nitrogens of BPAEI with allyl groups that weren thess-linked

radically. The modification of the BPEI is shown in Figure’5%2.

NH> G%JH/\/ NS
_ — Allyl Bromige NI H/—/ N\ Extract with benzene | KA
. P~ O\ SN
BPEI BPAEIH-Br BPAEI

Figure 5.2 Scheme for synthesis of BAABranched Poly(allyl-ethyleneimine).

The BPEI is treated with allyl bromide in the presence bhse (potassium
carbonate). The nitrogens of the BPEI backbone do a nucleophilic attatheon

electrophilic carbon next to the bromide on the allyl bromide. The, lpagassium
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carbonate help in deprotonation of the quaternary ammonium species toegival
nitrogen based polymer. The salt and the polymer are separategl thei solvent
extraction technique using benzene. Benzene, being a non-polar solvesitedisise
polymer and the salt is precipitated out of the solvent, which caseparated by
filtration. The NMR spectrum for BPAEI is shown in Figure 5.3. $pectrum matches

perfectly with that shown as by Dr Hu for BPAEI
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Figure:5NBVIR spectra of BPAEI

The resulting BPAEI was cross-linked with different radicatiators with the
intention of application of these films as solid polymer electeslyin fuel cells or

lithium ion batteries.

Dr Lieyu Hu investigated the cross-linking of BPAEI with difflat amounts of
lithium triflate and different cross-linking radical initiatoasid investigated the cross-
linked films for their ionic conductivify Based on the results given in his dissertation,

it was shown that cross-linking of allylated PEI-based polynsesspractical strategy
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for the improvement of the physical properties of solid polymectellytes (SPE). Dr
Hu studied several cross-linking radical initiators and found 2,2-azebis(2
amidinopropane)dihydrochloride (V-50) the optimum initiator for the eliokeng of
BPAEI. A possible cross-linking mechanism described by Dr Hsh@vn in Figure

5.4,

R—N=—N—R —= }I3++2R0 S N/“\/..
AN rlq N\/.‘\,R lll , \/(
T a2 - <D N

P 2N =
Allyl-BPEI /_/\_./f “ _ FL] P N
—~" <N

|
—MN
: i N\V/%\\ /Y -
N
! T e VR

—n —

<> N
Figure 5.4 Different possible species formed duritite cross-linking of the allyl groups.

The highest ionic conductivity was obtained with 20:1 (N:Li) ratd a60:1
(N:initiator) ratio. The ionic conductivity was on the order of Xcm at 20°C which
increases to I0S/cm at 80°C. Dr Hu speculated that the chloride ions from the initiator
V-50 could seriously hinder the ionic conductivity in BPAEI SPH$e chloride ions
could migrate under the influence of electric field to the edeetrelectrolyte interface
and deposit on the electrode in the form of LiCl. The formation liuft chloride on

the surface of the chloride can block and hinder the ionic trandport

To investigate the matter further and to verify if the chloridem interferes
with the ionic transport phenomena in the SPE, cross-linking of lfheyedups without

any initiators was taken under consideration. It is well knowndbable bonds can be
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polymerized with UV (ultra-violet) light. Therefore to elimieathe possibility of the
chloride ions interfering in the ion transport mechanism, thé@ibups were subjected
to cross-linking using UV light. BPAEI with 20:1 (N:Li triflateptio was cast from
methanol and subjected to UV radiation for 3 days. A self-stgnBPAEI/LITT film
was obtained which was brown and opaque in appearance after 3 dayshenddt t
light. The ionic conductivity for the film was tested on the impedaatalyzer. The
ionic conductivity for the film was measured to be on the order ¢f $0cm at 22°C
which increased to the order of 4@/cm at 41°C and was 1.12 X 1@t 53°C. The
conductivity after this was difficult to measure as the filroke in the cell and cell
short-circuited. Comparing the data to Dr Hu’'s data, it showsiahat conductivity is
significantly lower. The lower mechanical stability of thienficould be due to the fact
that UV light does not provide optimum cross-linking. This gives intdegence that
the chloride anion may not be interfering with the ion transport merhanhen the
thermal initiator is used and/or the lower values of conductivity dcoog a

morphological in nature.

An attempt to cross-link BPAEI with a different initiator thdes not involve
chloride anions was also tried. An attempt was made to use compokmds,8,0s
and KS,0g to cross-link the allyl groups under UV light. Though the films doksf

link, the films were not physically robust enough to measure the ionic conductivity
5.3 Linear poly(ethyleneimine) (LPEI) and linear poly(allylethyleineine) (LPAEI)
BPAEI showed lower conductivities and the conductivities did not eéawgn

when the cross-linking was done using UV light. This suggests thathtbade ion
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plays little role in the conductivity of the polymer electrolyds mentioned earlier, the
lower conductivities could be due to the morphological changes of BBARUOdition
of Lithium Triflate. It would be of interest to study LPAEI whihas a linear backbone

as opposed to the branched backbone of BPAEI.

LPEI is synthesized by hydrolyzing PEOz (poly(N-ethyl etaee) under acidic
conditions (Figure 5.5). The hydrolysis forms a polyammonium salt ishéarther
neutralized with NaOH to give neutral LPEI The formation of LPEI was analyzed by
proton NMR spectroscopy. The spectrum is shown in Figure 5.6. The Nbdrsm
shows a singlet peak at 3.3 ppm for the,@rbups (2H) on the backbone. It has been
shown that LPEI has low conductivities with added lithium triflate uthe extensive
hydrogen bonding of the N-H’s in LPEI. Therefore substitution of nittoggh a
functional group to avoid hydrogen bonding is a good strategy to avoiddgmr
bonding.

IR T SERT S

n Reflux 5 days

Figure 5.5 Schematic representation for synthesfd ®E|.®
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Figure 5.6 NMR spectrum of LPEI.

100% LPAEI was synthesized by reacting allyl bromide with ILiREhe presence of a
base such asXKOs;. The scheme of the reaction is given in Figure 5.7. The Th&LPA
product was analyzed by using NMR spectroscopy. The spectrubfP A&l is shown

in Figure 5.8

4/\”/# 1: Allyl bromide, K,CO3 /k\N/\>

n 2: Extract with Benzene n

/

Figure 5.7 Schematic representatimm conversion of LPEI to LPAEI
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Figure 5.8 NMR spectrum of LPAEI

The 100% LPAEI shows a multiplet at 5.9 ppm (vinyl methine proton, H),
doublet at 5.2 ppm (vinyl methylene protons, 2H), a broadened sin@et ppm (N-
methylene proton on the side chain, 2H), and a singlet 2.5 ppm (backbtngems
4H). LPAEI is whitish viscous polymer. The substitution of nitrogenRiLwith allyl
groups serves dual purpose. First, there are no more hydrogens omathensitn the
backbone, which eliminates hydrogen bonding and secondly, the cross-linkafigl of

group gives physical and mechanical stability to the films formed.

Dr Hu showed that BPAEI gave good conductivities with 20:1 (N:l[fiatg)
ratio and V-50 as an initiator with 60:1 (N:initiator) ratic. PAEI was cross-linked
under the same conditions with the same concentration of lithiflaterand initiator
(V-50) at 80°C in a vacuum oven. lonic conductivity measurements wereodothne

films at different temperatures. The data is summarized in Table 5.1
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Temperature (°C) lonic Conductivity (S/cm)
22 1.98 X 10°
41 2.04 X 10°
61 4.52 X 10°
86 1.17 X 10
100 5.17 X 10°

Table 5.1 lonic Conductivity data for LPAEI 20:1 (i) ratio of lithium triflate and 60:1 (N:initiator)

ratio.

The LPAEI with 20:1 (N:Li) ratio and V-50 as the initiator with:BQN:Li) ratio
showed ionic conductivities even lower than that for BPAEI with 20:Li{Matio and
V-50 as the initiator with 60:1 (N:Li) ratio. Attempts wereaalade to cross-link
LPAEI using UV light in combination with different initiators suels KS,0g, V-50
and LbS;Og with the N:initiator ratio 60:1. The films were exposed to UV a#idn for
3 days, and turned into viscous solutions but did not form films which couldddal
to measure ionic conductivity. Out of the three initiatorgSl0s showed better cross-
linking (less free flowing) of the allyl groups in LPAEI. SinceAEIl did not cross-link
under UV light, LPAEI was tried with higher concentration of$0s. Different films
were tried with different N:Li ratio such as 5:1, 10:1, 15:1, 20:1, 25:lliYkatios with
30:1 (N:initiator) of LpS,0Og at 80°C under vacuum. The data is summarized in Table

5.2.
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Temperature 5:1 10:1 15:1 20:1
°C (N:Li) (N:Li) (N:Li) (N:Li)

o (S/lcm) o (S/lcm) o (S/cm) o (S/lcm)

25 5.61X10° | No Fittothe | No Fit to the 2.20X10°

Data Data

45 8.67X10° 1.55X10™ 2.27X10'° 8.70X10°

65 3.68X10’ 6.20X10™ 4.39X10° 5.87X10°

85 1.03X10° 7.75X10" 1.58X10° 3.44X10°

100 1.90X10’ 1.23X10™ 1.61X10° 5.82X10°

Table 5.2 lonic conductivity data for LPAEI with ffierent concentration of LiTf with 30:1 (N:Li) ratd

LPAEI was also cross-linked with a 25:1 (N:Li) ratio of lithidnflate with Li,S,Og at

30:1 (N:initiator). The data is shown in Table: 5.3.

Temperature 25:1 (N:Li)
°C o (S/cm)
22 3.50X10°
50 9.14X10°
74 2.04X10°
97 3.59X10°

Table 5.2 lonic conductivity data for LPAEI with 2% (N:Li) ratio of LiTf with 30:1 (N:Li) ratio
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The ionic conductivity for LPAEI shows that ionic conductivity ranfyesn the
factor of 10 to 10® S/cm. The ionic conductivities are exceedingly low and are not
close to the benchmark (Approx on the order of Bicm§* required for a Solid
Polymer Electrolyte for a battery. A possible reason foralaedonductivity in LPAEI
with lithium triflate could be a high degree of cross-linking whechuld be limiting the
polymer segmental motion. It is well known from the literaturat tthe segmental
motion allows the ion transport to occur in the solid polymer elgtéolAnother
possibility is that the lithium cation could be coordinating to thegéns, which locks
the backbone in a conformation(s) which could, again, limit the seginmotion that

could lead to decreases in the ionic conductivity

5.4 Linear Poly(N-allylethyleneimine-co-(N-(2-methoxyethythgleneimine))
(LPAG;EI), Linear Poly(N-allylethyleneimine-co-(N-(2-(2-
methoxyethoxy)ethyl)ethyleneimine)) (LPAEI), Linear Poly(N-allylethyleneimine-
co-N-(2-(2-(2-(methoxyethoxy)ethoxy)ethyl)ethyleneimin@)PAGsEl))and their

model compounds.(LPAEI series: x = 1,2,3)

As seen from earlier sections, the linear and branched poletimine)-
based SPE’s gave low ionic conductivities. The main issue is timaizgtion of the
SPE’s where they are physically and mechanically stabt;galvith good ionic
conductivities. The polymer electrolytes which give good conductiViiltiesMEEP®
are not physically stable to incorporate in a battery, wheRs based polymer
electrolytes as described earlier have good mechanical pespeudt do not have high

ionic conductivities?
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As described in Chapter 1, polymers having PEO like tethers hase good
ionic conductivities. For example Poly(bis-methoxyethoxyethoxyphosphazene
(MEEP), a liquid polymer with aglof -84°C, has been investigated in depth by Allcock
et aP®. Also, Snow et al has investigated polyamine electrolytes VED-Fke tethers,
such as poly(N-(2-(2-methoxyethoxy)-ethyl)ethylenimine) (L2)). LPEI-G2 is a
viscous liquid with a J of -76°C. LPEI-G2 with lithium triflate in a 10:1 (N:Li) rat
has shown an ionic conductivity of 5 X 4@/cm at 25°C which increases to 7 X°10
S/cm at 60°C® Though, the conductivities for LPEI-G2 and MEEP are high, the

mechanical stability of these polymers restricts the use of these pslgm&PE’s.

Since LPEI-G2 was mechanically unstable, Hu et al substit@86 of the
nitrogens on LPEI with allyl groups and 50% were substituted withGthdether as

shown in Figure 53

A\
RS

0.5 0.5

NN \/\?

Big 5.9 Repeat Unit for LPAGEI

Dr Hu also showed that the conductivity of LPALB with lithium triflate at
20:1 (N:Li) ratio and 30:1 (N:V-50) cross-linker ratio was 1.3X18/cm at room
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temperature which increase to 7.1X18/cm at 100°€ When compared to PEO based

electrolytes, which shows ionic conductivity on the order 6f3@m, LPAGEI shows
exceptional ionic conductivity

Dr Hu's synthetic scheme is shown in Figure 5.10
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Figure 5.10 Scheme of synthesis of LPAG2EI from LEAas reported by Hu (Scheme reproduced

from Dr. Lieyu Hu thesis)
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As seen from the Figure 5.7, the substitution of the ethylemke-dikie tether on
the nitrogen of the backbone of PEI was done using a reductivatatkymethod by

reacting the PEI with acid analog of the ethylene oxide ether. Theore&mbk 5 days.

The goal of this section was to use a different strategyubstitution of the
ethylene oxide-like tether on the nitrogen of the backbone of PEkabhsof the
reductive alkylation as reported by Dr Ha simple substitution reaction\Sreaction)
between the nucleophilic nitrogen in the backbone of the LPAEI andleb&ophilic
halide derivative of different lengths of ethylene glycohées (G1-Cl, G2-Cl, G3-ClI)

was carried out (Figure 5.11).

Cl (Br) §c (Br) §c (Br)
o\ o O
G1-Halide 2 2
/ s
G2-Halide g
o}

\

G3-Halide
Figure 5.11 Structuof G1-Halide, G2-Halide, G3-Halide.

Since the G1-, G2-, and G3-Halide were synthesized bpgmes means, the
tethers will be referred to as GO-CH,-CH,-),-Cl (Br), where n =1, 2 or 3 depending

on the tether. The scheme for synthesizings-CB+CH,-CH,-),-Cl (Br) is shown in
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Figure 5.12. As seen from the scheme, thes&@ies alcohols are easily available and
can be converted to halidey Ganalog in good vyields. The G1-Cl is available
commercially and was not synthesized in the laboratory. The IGH& G3-Cl is
synthesized from G2-OH and G3-OH by reacting it with S&Clhe G1, G2, G3
chlorides were then reacted with 50% substituted LPAEI in therpresd a base. The
resulting polymer was extracted using benzene. All the polymers wharacterized
usinng-NMR spectroscopy.

H,  Hs SOC, Pyridine H, Hy
HsC o—c —c OH ——— > HiC o——c —c Cl
n CHCI

n

?
IZ%H/%&/N% K,CO,

2: Extract with Benzene

n=1,2,3 n=1,2,3

A

Figure 5.12 Synthetic scheme for synthesizing LP&B

A) LPAG;EI

The NMR for LPAGEI is shown below in Figure 5.13. The respective signals
for the different protons are assigned in Figure 5.13. The NMR shawgltipolet at
5.83 ppm (vinyl methine proton, 1H), a triplet at 5.21 ppm (vinyl methypgo&ons,
2H), a broad multiplet from 3.41 ppm to 3.58 ppm (side chain O-methylenenpr
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2H), a singlet at 3.31 ppm (O-methyl protons, 3H), a doublet at 3.10 adjyingfoup

side chain N-methylene protons, 2H), a triplet at 2.65 ppirsi@® chain N-methylene
protons, 2H) and 2 overlapping singlets from 2.48 to 2.62 (backbone methylene protons,
8H). The integrations show that the allyl:G1 group substitutionapasoximately 1:1.

While one set of peaks is likely due to residual solvent, the natduhe small but non-
negligable absorptions at ca. 2.0 ppm is unclear. The whole purposedgihg this
system was to measure the conductivity of films formedrbgs-linking the film under

the reaction conditions as described by Hu, i.e. 20:1 (N:Li) ratiohadm triflate and

30:1 (N:Initiator) ratio of the V-50

Fulea Sequesce: mipul
Fu—— aes C
Felux. dela; - F F
Fules 45.0 Secr N
v /k\N/N/ \%/
15 repacitien 0.5 F'os
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TR L D
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\E B G v
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6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 PpPm

Figurel3."H NMR spectra for LPAGEI

The films were cast and were cross-linked at 80°C under vacUlenionic

conductivity for the films was measured and is summarized in Table 5.3.
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Temperature (°C) Specific Conductivity @) S/cm
25 8.71 X 10
60 1.09 X 10
80 1.41 X 10
100 2.73 X 10

Table 5.3 Conductivity data for LPA®&I with 20:1 (N:Li) ratio and 30:1 (N:Initiator) ratio.

The conductivity for LPAGEI is 8.71X10° S/cmat 25°C, which increases up to
2.73X10" S/cm at 100°C. It is seen from the liquid electrolyte studietiepahat the
N:O ratio governs the conductivity of the electrolyte. This couldhleereason for the

low conductivity where the N:O ratio in the polymer is not optimum.
B) LPAG,EI

To study the Gx series further, LPAE polymer was synthesized using the
same scheme as shown in Figure 5.12. The NMR spectrum for JH?A€5shown in
Figure: 5.14. The respective signals for the different protonssargnad in Figure 5.14.
The NMR shows a multiplet at 5.83 ppm (vinyl methine proton, 1H),péetrat 5.15
ppm (vinyl methylene protons, 2H), a broad multiplet from 3.41 ppm to 3.62 gigm (
chain O-methylene protons, 6H), a singlet at 3.31 ppm (O-methyl protons, 3H), atdoubl
at 3.10 ppm (allyl group side chain N-methylene protons, 2H), a tap265 ppm (&
side chain N-methylene protons, 2H) and 2 overlapping singlets fromt@.2872

(backbone methylene protons, 8H). The integrations show that tHeGallgroup
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substitution was approximately 1:1. Again the origin of the smalkpseen from 2.0 to
2.3 ppm is unknown, although they are consistent with those seen for the;ERAG
suggesting they are a feature of the polymer, perhaps asdowgiditenon-substituted
segments. One important observation to be mentioned is that althowsgtbgtieution of
the G-side chain was done using a different synthetic stratbg@yNMR spectrum was

consistent with that reported by Hu
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Big 5.14'H NMR spectrum for LPAGEI

The polymer was cast into films with a 20:1 (N:Li) ratiolidfium triflate and
30:1 (N:Initiator) ratio of V-50. The conductivity was measured déiht temperatures

and the data is summarized in Table 5.4.
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Temperature (°C) Specific Conductivity @) S/cm
25 1.96 X 10°
60 3.96 X 10
80 1.24 X 10
100 4.43 X 10

Table 5.4 Conductivity data for LPAGI with 20:1 (N:Li) ratio and 30:1 (N:Initiator) ratio.

When the ionic conductivity for the LPABI is compared to the values reported
by Hu for LPAGEI (1.3X10° S/cm at room temperature which increase to 7.15&@m
at 100°C¥, the conductivity shown in the table is low by a factor of 2. Thivadse
could again be due a lower degree of substitution or some small aof@uternization
which does not show clearly in the spectrum. The substitution of th&d&2:zhain is
done using a different synthetic strategy, so different react@rdittons such as
temperature and reagents may lead to small structuragebkan the polymer, which in

turn could impact the conductivity.
C) LPAGsEI

Since the LPAGEI did not show as high conductivity as reported by Df, dn
attempt to put @side chains on 50% substituted LPAEI was made. A similar synithe
strategy was used to substitute thgsidlechain on the LPAEI backbone. The NMR

spectrum for LPAG3EI is shown in Figure 5.15.
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Figurel5*H NMR spectrum for LPAGEI

The respective signals for the different protons are askignieigure 5.14. The
NMR shows a multiplet at 5.83 ppm (vinyl methine proton, 1H), a trigie$.15 ppm
(vinyl methylene protons, 2H), a broad multiplet from 3.41 ppm to 3.62 pioi@ ¢kain
O-methylene protons, 10H), a singlet at 3.31 ppm (O-methyl protons, 3idlkdet at
3.10 ppm (allyl group side chain N-methylene protons, 2H), a trip26& ppm (G side
chain N-methylene protons, 2H) and 2 overlapping singlets from 22820backbone
methylene protons, 8H). From the integration it can be seen thauliséitution of the
LPAEI with G3-side chains was far from complete. The reactvas run for more than
24 hours and no increase in the G3-side chains substitution was seentebhnation

shows that less than 25% of the nitrogens are G3-substituted. Neasttlee polymer
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was cross-linked with a 20:1 (N:Li) ratio of lithium triflaa@d 30:1 (N:Initiator) of V-50.

The ionic conductivity data for LPA4EI is summarized in Table: 5.5.

Temperature (°C) Specific Conductivity ) S/cm
25 1.77 X 10
40 2.50 X 10°
60 5.47 X 10
80 5.73 X 10
100 7.43 X 10

Table 5.5 Conductivity data for LPAGI with 20:1 (N:Li) ratio and 30:1 (N:Initiator) ratio.

The ionic conductivity shown by the LPAE is low and with temperature it
does not show much rise in the conductivity. The ionic conductivity data stutige
even with increase in temperature there is not much of an indreéise ion transport.
The low conductivity may be attributed to the non-substituted mitr@gwhich could be
involved in hydrogen bonding, either restricting segmental motion orastieg with

triflate ions.

Among the LPAGEI series, the LPAEEI looked the most promising as a
polymer electrolyte. Although LPAdEI showed somewhat lower conductivity than that
reported by Dr Hu, it was higher than any of the LRBGor LPAGEI. The use of a
nucleophilic substitution strategy, rather than the reductive ammatethod of Dr Hu,
to put Gx-side chains on the LPAEI backbone clearly has some problentse used

effectively, reaction would need to be controlled to give more cam@esubstitution
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while completely prohibiting quaternization; specifications that rha impossible to

achieve using this synthetic methodology.
5.5 LPGEI model compounds

In an attempt to understand the €eries polymer in detail, LREI model
compounds were synthesized. Similar synthetic strategy as musdRAGEI polymers,
was used to synthesize the LIEGE model compounds. The reaction scheme for these
compounds is reported in Figure 5.16. Diethylamine was reacted wittal@es using
acetonitrile as solvent to give the DEA-Gx salt; which wastralized with base, and

extracted with benzene to give the LIEGmodel compound.

H

SN T+ Hscﬂﬁo_éz—éz%c. CHON_ [~

H
n=1,2,3 /§
R 1: K,CO

2: Extract with benzene ™™ 1,2,3

(@]

\A{

n=1,2,3
Figure 5.16 Reaction scheto synthesize LP&I model compound.

The LPGEI model compounds were analyzed usthy NMR spectroscopy.

Diethylamine was the limiting reagent in the synthesisRGIEI model compounds. The
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procedure for the synthesis of LFES model compounds is discussed in detail in the

experimental section (Section 5.8).
A) LPG;El model compound

The LPGEI model compound was synthesized as shown in Figure 5.16. The product

was analyzed stepwise using th¢ NMR. The'H NMR spectrum is shown in Figure

Pulse Bequence: mapul
operater: deg
Relax. delay 1.000 oo B B
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hog. time 2,556 meo
wWidth 10000.0 Hz N
4 repstitiona
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T size §553
Total time 0 min 28 0s0 C
O\
C,D
L
T T T T T [ [ T o T [ [ T e e
3.6 3.4 3.2 3.0 z.8 2.8 2.4 2.2 2.0 1.8 1.6 1.4 1.2 1.0 PEmM

Figure 5.1%*H NMR spectrum for LPGEI model compound.

The'H NMR spectrum shows that there are four different sigfualslifferent
hydrogens. Two signals overlap at ca. 3.5 ppm. *Fh8IMR assignments are labeled in
Figure 5.18 (a) (triplet at 1.0 ppm (methyl group in the diethylanpart, 6H), a quartet

at 2.46 ppm (methylene in the diethylamine part, 4H), a si2gd& ppm (methyl group
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on the G1 tether, 3H) and a multiplet from 3.12 ppm to 3.2 ppm (methgtenps in the

G1 tether, 4H)).
B) LPG,EI model compound

The LPGEI model compound was synthesized as shown in Figure 5.16. The

product was characterized usitt NMR. The 1H NMR in Figure 5.18.

B
/B\N/\
A A

c

Figure 5.18 'H NMR spectrum for LPGEI

The 'H NMR spectrum shows that there are five different signaisdifferent
hydrogens. The 1H NMR spectra the assignments can be mate foPGEI model
compound structure. The assignments are shown in Figure: 5.18ig#t &t 0.82 ppm

(methyl group in the diethylamine part 6H), a quartet at 2.38 ppethf/lene in the
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diethylamine part 4H), a triplet at 2.5 ppm (N-methylene gr2idp a singlet 3.2 ppm

(methyl group on the G1 tether 3H) and a multiplet from 3.3 ppm tp 3.5 ppm

(methylene groups in the G1 tether 6H)).

C) LPGsEI model compound

Similar to the LPG@EI and LPGEI model compounds, the LBE model compound

was also synthesized as mentioned in Figure: 5.16. The product obtairsddisid

purified by distillation technique. The LRBl was also analyzed BY4 NMR in Figure:

A

5.19.
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Figure 5.19H NMR spectrum for LPGEI
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The 'H NMR spectrum shows that there are six different signals ditferent
hydrogens. The 1H NMR spectra the assignments can be made faPGEI model
compound structure. The assignments are shown in Figure: 5.19 (agt @ti.96 ppm
(methyl group in the diethylamine part 6H), a quartet at 2.50 ppeth@iene in the
diethylamine part 4H), a triplet at 2.60 ppm (N-methylene group 2kinglet 3.3 ppm
(methyl group on the G1 tether 3H), a triplet at 3.50 ppm (N-QElthylene group 2H)
and a multiplet from 3.3 ppm tp 3.5 ppm (methylene groups in the G1 &)erThe
intention was to investigate the model compound further with lithiuttat&isalts in it
and see the speciation of lithium triflate in the model compound. Whik is still
pending and can be insightful project to investigate the N vs Q@dicabion issue

(Chapter 2).

The LPGEI model compounds were successfully synthesized and were
analyzed by'H NMR technique. As these compounds are model compounds for the
LPAGEI polymer series, they will help providing some more insight in to the isshe of t
effects of nitrogen and oxygen containing solvents on the ionic tranmgchanism of
lithium triflate. The detailed 7Li and 19F study on these sohasnigquid lithium triflate
electrolytes should be done. Also it will be helpful to measuraliglectric constant of

these solvents neat and with lithium triflate in them.
5.6) BPAEI as a proton exchange membrane (PEM’s)

A proton exchange membrane or polymer electrolyte membraiae sismi-
permeable film or membrane that is designed to conduct protons andbwvhas

permeability to gasé% Glatzhoferet al has reported that linear poly(ethyleneimine)
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hydrochloride/phosphoric  acid could be crosslinked from 1,1,3,3-
tetramethoxyproparit The material displays good conductivity and mechanical
stability. Since LPEI displayed good conductivity and mechastedility, it would be

of great interest to apply BPEI as a proton exchange membrane.

Allyl substituted BPEI (BPAEI), as mentioned earlier, hasyl aliroups
substituted on the nitrogens of the BPEI which can be cross-linkednitiitors. In
this section the scope of cross-linking of BPAEI with differamtiators with 1:1
(N:H3POy) will be discussed. An attempt was made to cross-link BPAteh imethanol
with 1:1 (N:HPQy) and 2,2-azobis(2-amidinopropane)dihydrochloride (V=5(nd
(2,2"-azobis [2-methyl-N-(2-hydroxyethyl) propionamide]) (VA-08@} initiators with
30:1 (N:Initiator) ratio. The polymer was then subjected to he@®d@ under vaccum.
The films formed from methanol did cross-link but the cross-linkiag woo fast and
the films foamed up. This foaming could be a result of the methanahdait the
initiator releasing hgas. A V-50 initiator with similar concentration was used toszros
link a sample under UV light. It did cross-link but once again the dmdssd film
showed a lot of foam (air bubbles) trapped in it. This again could b&odbe release
of N> gas.

To avoid the foaming effect, the flms were cast from watsteiad of methanol.
The cross-linking conditions were the same (1:1 @R®) and 30:1 (N:Initiator) ratio.
Though the films cross-linked, the cross-linking was too fast. The-tnbesl films
were mechanically friable. Since the cross-linking was tog &adifferent initiator was
chosen, i.e AIBN (azobisisobutyronitrile). AIBN did not dissolve inthmmaol and

caused the whole polymer to crash out of the system.
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Potassium persulfate §80sg) (30:1 = N:initiator ratio) was also tried several
times under heat and vacuum to use as a cross-linking agent tdirdkd3BAEI in the
presence of PO, but each time the cross-linking was too fast and the film would tur
out brittle. To investigate further, different concentrations ¢b,Rs were employed
with different concentrations of BPAEI in water. The polyme%3concentration in
water, 40% concentration in water, 50% concentration in water) difflerent
concentration of K50z (3 mol % and 4 mol %) was subjected to heat at about 45°C.
The 50% polymer in water with 4 mol % initiator cross-linked, butdtiers did not.
Cross-linking was attempted using3Og at higher temperatures but the resulting films
were too brittle.

Potassium persulfate §&0g) (30:1 = N:initiator ratio) was used to cross-link
LPAEI under UV exposure and it did cross-link and gave a stalohe Eithium and
ammonium persulfate ($,0g and (NH)2S,0s) (30:1 = N:Initiator ratio) were tried as
initiators. Where LiS,0g gave a stable film, (NDLS,0s did not cross-link the film at
all.

5.7) Conclusion:

BPAEI was synthesized using BPEI and allyl chloride. The sgiztbe BPAEI
was cross-linked with lithium triflate present under UV ligiid in the absence of
initiator. Conductivities were similar to those reported by Hthwai cross-linker. The
cross-linking under UV light of BPAEI indicates that the chloride isos the V-50
initiator do not interfere with the ion transport mechanism and do notaerthe ionic

conductivity. The low ionic conductivity for both systems is likely dtm
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morphological characteristics resulting from a high degreeragseinking, reducing
the segmental motion of the polymer chains.

Fully allyl-substituted LPAEI was also cross-linked underilsimconditions
(20:1 = N:Li ratio and 60:1= N:Initiator ratio). The conductivitiestlodése films were
low (on the order of 1 S/cm). UV light gave poor cross-linking results. Lithium
persulfate as an initiator worked better and showed some promisurtsras far as the
cross-linking was concerned. LPAEI (100% substituted) was tried withNeMit{ator)
ratio and different concentrations of lithium triflate. The higlwstductivity achieved
with on the order of 18S/cm at 100°C, which is much lower than needed for battery
applications.

Since the solely nitrogen-based SPE’s gave lower conductivitiegjlibgtgtion
of oxygen-containing tethers on the nitrogens of the backbone;HIR@Gd LPAGEI)

did increase the ionic conductivity as reported by Hu. The synttetitegy was altered
to make the syntheses easier but the ionic conductivities of thiémgsystems were
lower than those reported by Hu.

The G1, G2 and G3 polymers made by the new synthetic strategyd be
investigated with regard to theig$ and the data compared to those of Hu. IR studies
on the polymer electrolyte systems on the G1, G2 and G3 systemd alsmube done.
Model compounds should also be investigated with lithium triflate ustrgnd NMR
techniques to understand the speciation of lithium triflate and giveetter

understanding of the speciation in the polymers.
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5.8) Experimental

A) Synthesis of LPEI

LPEI was synthesized by acid hydrolysis of linear poly{Bdebxazoline) which was
acquired from Aldrich (MW 200,000) as reported in Dr Albert Snow Th@&siscedure
reported on Page number 52 in Dr Albert Snow PhD THesis)

B) Synthesis of BPAEI

BPAEI was synthesized from BPEI which was acquired from élidaind allyl bromide
as described by Dr Lieyu Hu

C) Casting BPAEI films

BPAEI (0.5 gm) was dissolved in a minimal amount of methanol. Tdnaresl amount
of lithium triflate and initiator (if required) was added wittirreng until the lithium
triflate completely dissolved. The films were cast onto gidates and put in a vacuum
at 80° C for 12 hours oven or under UV lamp till a film was formed, ri#ipg the
method chosen for cross-linking. The cross-linked films were wWreemoved from
the glass plate using a razor blade. The films were usedofic conductivity
measurements.

D) Synthesis of LPAEI

LPAEI was synthesized from LPEI as reported by Dr Lieyu Hu in hi3 @issertatioh
E) Casting LPAEI films

LPAEI (0.5 g) was dissolved in a minimal amount of methanol and tjugreel amount
of lithium triflate and initiator (if required) was added to tHeAEI/methanol solution
and stirred until all solid dissolved. The viscous solution was theronas glass plates

and put in a vacuum oven at 80° C for 12 hours or under UV light untilnisfar film,

229



depending on the method chosen for cross-linking. The cross-linked wiens
removed with a razor blade from the glass plate. The filmse wesed for ionic
conductivity measurements.

F) Synthesis of LPAGEI series

LPAEI 50% substituted with allyl groups was synthesized as tegpdsy HE. The
substituted LPAEI (3 g) was dissolved in acetonitrile in a 250 mL réaatidm flask.
K>CQO; (1 equivalent) was added to the round bottom flask along wHGI@& = 1,2,3)
(0.5 equivalent). The reaction was refluxed for 12 hours at 50° C - 60° t€: Af
completion of the reaction, the acetonitrile was removed under reguesslire on the
rotavap. It should be noted that the Gx-Cl should not be added in excessdafficult

to remove. Any excess Gx-Cl was removed by adding methanesudfoidien ether to
the round bottom flask. On the addition of methanesulfonic acid, the polgmer
protonated and forms a salt which can be easily separatedebgtidh. The protonated
polymer is mixed with methanol and treated with NaOH until netdrgH paper. The
resulting polymer is then extracted with benzene and filtered.eBens then removed
under reduced pressure on the rotavap.

H) Casting LPAGEI films:

0.5 gms of LPAGEI polymer was dissolved in mimimum amount of methanol. Lithium
triflate is added to the LPA&I/methanol solution so that the heteroatom: lithium ratio
is 20:1. V-50 initiator (N:Initiator = 30:1) is added to LPf&¥methanol solution. The
polymer solution is then stirred till the lithium triflate atite initiator is completely
dissolved. The viscous LPA&I/methanol solution is cast on a glass plate and is put in

a vacuum oven and is heated to 80° C for 12 hours. The cross-linked films we
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removed with a razor blade from the glass plate. The filmse wsed for ionic
conductivity measurements.

G) Synthesis of LPCEI model compounds:

Diethylamine (5 g) in acetonitrile was added to a round bottosk.fi&x-Cl (1.5
equivalent) was added to the round bottom flask. The reaction waseckfluixh a
reflux condensor for 12 hours at 60° C. The reaction was cooled andikteremvas
treated with methanesulfonic acid. The protonated product is isddgtiiration, thus
removing the excess of x&Il. The protonated model compound is dissolved in
methanol and treated with NaOH till neutral to pH paper. The metha removed
under reduced pressure on the rotavap. ThesEPfodel compound is then extracted
with benzene. The resulting polymer is then extracted with benaedefiltered.
Benzene is then removed under reduced pressure on the rotavap. The mpdeincom
was distilled to give pure Gx model compound over NaOH pelletsvio mire model
compound.

H) Conductivity Measurements by Complex Impedance

Films of the cross-linked polymer/lithium triflate were sandveid between 12.5 mm
stainless steel electrodes in an airtight conductivity. cEHe temperature was
maintained by using a vacuum oven. A thermocouple was used to monitor the
temperature. Complex impedance is measured over a frequenay o&rfPHz to
10,000 Hz using an HP 4192 LF impedance analyzer and over a rangepefdtire
from room temperature to 100°C. The data achieved from impedanceanalgs

analyzed by fitting the data to an ellipse equation by using the LEVM 7.1 seftwa
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Chapter 6

6.1 Conclusions and Future Work
A) Investigation of liquid and polymer electrolytes

Detailed investigation of the TMEDA-Monoglyme system usfhgand *°F
NMR spectroscopy, self-diffusion measurements, dielectric aoinsterend
measurements, and ionic conductivity measurements gave evidenceetdnsish
lithium triflate existing mostly in aggregates in TMEDA. #Withe addition of
monoglyme, the aggregates start to de-aggregate somewhat. The mosingtpaesof
the investigation was the change in the trend seen ifLit¢MR chemical shift data.
The 'Li NMR chemical shift suggested that after 80 mole% monoglyrelded there
is a significant change in the speciation of the lithium ion. @dh&a is strongly
supported by thé’F NMR data, conductivity data, self-diffusion coefficient data and
the dielectric constant data. Applying the Stokes-Einstein eqdatiomas also shown
guantitatively that after 80 mole% monoglyme was added, signifdaaggregation
occurred. It will be of great interest to also measure self-diffusioriiceets of lithium
and fluorine in the triethylamine-diethylether system. Since thethylamine-
diethylamine system non-chelating, it would give greater insigtd the lithium
coordination and speciation. It would be of interest to measure theiffgdion
coefficients for the other systems, especially the G1 modeboond mixed with
monoglyme and TMEDA. The G2 and the G3 model compounds have also been
synthesized and analyzed witdi NMR. The investigation and comparison of the self-

diffusion coefficients of lithium and fluorine in the G1, G2 and G3 compowitis
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lithium triflate will also give a better understanding of theerble nitrogen and oxygen
plays in the speciation and ion transport of lithium and the triftate Based on the
observations made in the mixed solvent (N and O) electrolytesputdwbe very
informative to apply the observations to the polymer system. It wouidt&esting to
synthesize and investigate polymer system with the ratio of=Ni3:85 such that the
polymer has 15% of the nitrogens and 85% of oxygens to be applied a3l kElea
is conceived from the observation made from the mixed liquid elgtrsystem,
TMEDA-Monoglyme with lithium triflate, where the conductivith@wvs a significant

rise.

Since Dr Hu has compared poly(propyleneimine) with lithiuntatefto PE3?
it would be investigate model compounds of PPI which would be the 3-carbon analog of
TMEDA. 3-Carbon analogs of TMEDA and monoglyme were synthesizediyt
initial investigations were made. THei NMR, F NMR, ionic conductivity and
dielectric data for the 3-carbon analog of TMEDA and monoglymebeacompared to
the 7Li, 19F, ionic conductivity and dielectric constant trend of TMB®@noglyme
system. It would be also interesting to synthesize and invespghtmer systems with

PPI (polypropyleneimine) substituted with ethylene glycol-like tasther

B) Investigation and application of coaxial assembly in measuring eaottic

constants and properties affected by dielectric constant

As shown in Chapter 3 and 4, the use of a coaxial cell asseont#PR can be
used to measure dielectric constants of a solvent as well esnsohixture. The

dielectric constant was measured by using the calibratior ¢achnique, where signal
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intensities for jacket solvents with known dielectric constanés measured and a
calibration curve was plotted. The dielectric constant of an unknown soisent
estimated from the calibration curve. The coaxial assemily tried with different
inner and outer tubes. The 3 mm-4 mm and the 4 mm-5 mm coaxalldgggave the
best dielectric constant measurements among all the asserrdgz Though the 3
mm-4 mm and the 4 mm-5 mm assemblies gave good measurememsdidléectric
constants, there are several errors involved with the measusenng the coaxial
assemblies. Some errors arise from the alignment of the inberinn the outer tube.
Though an attempt is made to align the inner tube by holding it in the center of the outer
tube with a laboratory made holder, there is always a possibfligignment on one
side of the inner wall of the outer tube that results invigKing effect”that gives an
error in the measurement of the dielectric constant. One walymmate the wicking
effect is to have the inner tube bottom sealed to the bottom otitke tube which will

hold the inner tube in place.

Another error involved with the circular coaxial assembly islénsing effect
that is the caused by the circular geometry. A flat coaxdsémbly could be used to

minimize the error caused by the lensing effect.

More serious errors likely involve trace water content presethe solvents,
which could be causing errors in the measurement. Investigation ofa$dheesolvents
used for calibration curve should be performed after distillrgdolvents to remove

water.
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The solvents used in the measurement for calibration solvenis allenon-
aromatic. It would be very interesting to actually measure atiorsolvents. Because of
the polarizability of the aromatic system, it may be necgdsdnvestigate the aromatic

solvents as a different class.

The coaxial assembly can be used to measure the dielectriardasfsmixtures
of solvents. The trend of the intensity seen for water-dioxaneurastfollows a
different trend than seen with the regular solvents. Hydrogen lprisbtween the
molecules of water and dioxane, as well as significant chantie ivolume fraction of
the total sample upon mixing, gives a different curvature to tlee Wavould also be of
great interest to investigate mixture of solvents that would caviarge dielectric
constant range with no interaction between the molecules and inteskigarend. The
trend was investigated for closer dielectric constant rangeEQOM (¢ =2.8) and
monoglyme § = 7.2)). The trend shown for these two solvents was approximately

linear.

The coaxial assembly was also used to determine the amounteofinvevater-
dioxane mixtures. The amount of water was predicted from literatalues that were
measured by a completely different independent method. ValuesxXtures treated as
unkowns were measured using the EPR method for the amount of watere

close agreement with actual values.

The coaxial assembly was also used for the EPR method taummethe
dielectric constants of lithium electrolyte solutions. Only twdedént solvents, THFg(

= 7.8) and ethyl acetate £ 6.2), were investigated with a few concentrations of lithium
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triflate. While trends were in reasonable agreement wittatiteg vales the magnitudes
of the dielctric constants did not match. To carry out the investigatn detail, more
concentrations should be investigated on both the ends of concentratioasgddwgh.
It would be also interesting to investigate solvents with highediet constants with

lithium triflate dissolved in them.

The EPR method was used to study phase transitions as wedl ratative rates
of a reaction. The reaction between triethylamine and allgricld in acetonitrile at
room temperature was monitored with different concentrations off etlpride. It

would also be interesting to monitor a different reaction with the EPR method.

The EPR method was also used in studying the behavior of surfachations.
Three different types of surfactants (anionic (SDS), cationitA& and non ionic
(Pluronic F 127)) were used to demonstrate the correlation of RReiiensity data
with the CMC of the surfactants. The surfactant showed difféypeis of transitions
before the CMC point of the cationic and anionic surfactants. lsivawn by the non-
ionic surfactant measurements that the transitions seen witbati®ic and anionic
surfactant were not an EPR instrument artifact. Some of th&€MiD-transitions could
be due to adsorption phenomena occurring at the solid-liquid interfahe gfass and
the water containing the surfactant. A change in the dietecbmstant is seen before
and after the CMC point for the surfactants. It would be useful tosiigage more

concentrations before and after the CMC point.

Coaxial assemblies can be used to measure the dielEmistant of some other

materials, like ionic liquids and liquid crystals. The EPRnisity of a few ionic liquids
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were measured but not enough is known in the literature to compar¢hwittata. It
would also be interesting to measure the dielectric constant ol lagqystals using the
EPR technique. Measurement of dielectric constant of liquid csystad problem by

the traditional methods due to their anisotropic nature.
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